
Lawrence Berkeley National Laboratory
LBL Publications

Title
Chapter 2 Advanced biofuels: Perspectives and possibilities

Permalink
https://escholarship.org/uc/item/2qz667nx

Authors
Awasthi, Deepika
Shanmugam, KT

Publication Date
2022

DOI
10.1016/b978-0-323-88427-3.00021-0
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2qz667nx
https://escholarship.org
http://www.cdlib.org/


C H A P T E R

2

Advanced biofuels: Perspectives and
possibilities

Deepika Awasthia and K.T. Shanmugamb

aLawrence Berkeley National Laboratory, Berkeley, CA, United States bDepartment of

Microbiology and Cell Science, University of Florida, Gainesville, FL, United States

1 Introduction

The economic engine that drives human welfare is dependent on fossil fuels. Among the
various fossil fuel sources, coal, crude oil, and natural gas are the dominant sources of energy
contributing to about 80% of the total world energy consumption in 2019 (IEA, 2020). The
transportation industry that requires energy-dense liquid fuels consumes >70% of the crude
oil extracted from the ground. Proven world reserves of crude oil (�1.65 trillion barrels in
2016) are expected to be about 50-times the current annual rate of consumption of this re-
source (about 35 billion barrels in 2016) assuming no new reserves are identified. It should
be noted that this estimated oil reserve represents the total economically recoverable and
not technically attainable resource. As the economically recoverable oil reserves dwindle,
the cost of liquid transportation fuels is expected to rise due to an increase from the current
average worldwide breakeven price of oil at about US $47 in 2018. Besides the putative neg-
ative impact of this potential increase in energy cost on the world economy, the use of fossil
fuels contributes to adverse climate change due to the accumulation of atmospheric CO2, the
product of energy extraction from fossil fuels. It is imperative that renewable liquid fuels with
no net CO2 emission are developed to replace petroleum at a cost that is competitive with
petroleum-derived transportation fuels.

Today’s fossil fuels are transformed biomass produced millions of years ago and this tem-
poral separation of production and consumption is the cause of current environmental pollu-
tion leading to significant global climate change. By short-circuiting this process, an
environmentally sustainable process can be developed for the production of liquid fuels with
no net CO2 evolution (Fig. 1). Among the various potential fuel molecules, ethanol is an attrac-
tive alternative to petroleum-derived liquid fuels owing to the long history of the fermentation
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industry producing ethanol from grains and fruit juices (McGovern et al., 2004). The main
polysaccharide in cereal grains is starch, an α-1,4 or α-1,6-linked homopolymer, that yields glu-
cose upon enzyme hydrolysis. This glucose and the disaccharide sucrose from sugarcane and
sugar beets are fermented effectively by Saccharomyces cerevisiae to ethanol accounting for more
than 95% of the current world production of about 29 billion gallons (110 billion liters) in 2019
(https://afdc.energy.gov/data/10331). Volumetric productivity of ethanol as high as 5g/(L.h)
has been reported for yeast in simple batch fermentations indicating the effectiveness of this
microbial biocatalyst in ethanol production (Rajoka et al., 2005).

The need for feeding an increasing world population negates the use of grains and sugars
for the production of ethanol and other fuel molecules leaving nonedible lignocellulosic bio-
mass as the preferred feedstock (Zilberman et al., 2013). As presented in Fig. 1, the carbohy-
drates in the recalcitrant biomass need to be hydrolyzed to sugars before fermentation by
various native and/or engineered microorganisms to the desired biofuel or other chemicals
that are currently derived from petroleum. This chapter will focus on critical factors that need
to be addressed as an economically viable cellulosic biomass-based biofuel and biochemical
industry is developed. It should be noted that Governments use mandates and subsidies to
support biofuel industries. However, for long-term survival, these biorefineries need to
develop technologies that can support effective competition in the marketplace without Gov-
ernmental intervention. Specific discussions on pretreatment of biomass, enzyme hydrolysis
of carbohydrates to sugars and fermentation are covered in other chapters in this book and the
readers are referred to these chapters (Chapters 8, 9, and 10).

2 Cellulosic biomass as a feedstock for microbial fermentation
to fuels and chemicals

The production cost of any biofuel, produced from grains and sugars or from cellulosic
biomass, needs to match that of gasoline (petrol) for economic viability, now and in the near

Biomass        Carbohydrates        Sugars  

[CO2 + H2O] + Energy
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Butanol, 
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FIG. 1 A generalized scheme for conversion of lignocellulosic biomass to fuels and chemicals. Pretreatment of bio-
mass by acid and heat generates free sugars, such as xylose and arabinose, while making cellulose accessible to en-
zyme hydrolysis. Other pretreatment processes using base or ionic liquids releases mostly carbohydrates. Only few
examples of fuels and chemicals are listed. Combustion of the fuel molecules releases energy for transportation and
the CO2 released is reassembled into sugars, carbohydrates and biomass using the solar energy captured through
photosynthesis. Sugars are also fermented to chemicals that are converted to products such as plastics. Upon end
of life, these are converted to CO2, for recapture by photosynthesis.
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future, due to the dominance of petroleum-derived liquid fuels in the world economy. The
cost of production of gasoline varies with the price of crude oil and in October 2020 it aver-
aged at about US$1.66/gal (about $0.44/L) in California, USA that uses a special blend (at a
higher cost of production), at a world crude oil price of about $40.00 per barrel. Cost of dis-
tribution, taxes, and other margins account for the rest of the retail price. It should be noted
that in August 2021, the cost of gasoline production in California, USA was $2.96 per gal
(about $0.61/L) due to the higher price of crude oil (West Texas Intermediate) at $67.73
per barrel (https://ww2.energy.ca.gov/almanac/transportation_data/gasoline/margins/
index_cms.php). In comparison, the cost of ethanol production from corn in 2019 in a com-
mercial plant in Iowa, USAwas calculated at about $1.70/gal ($0.45/L) (Irwin, 2020) and due
to the low energy content of ethanol compared to gasoline (�0.7), this price increases to $2.40/
gal ($0.63/L) on an equal energy basis (GGE, gallon gasoline equivalent). In August 2021, pro-
duction cost of ethanol increased to $2.31 per gal (about $0/61/L) (https://www.extension.
iastate.edu/agdm/energy/html/d1-10.html) but was still lower than the cost of gasoline
production at that time. Apparently, market price of corn ($3.85 in 2019 to $6.33 per bushel
(56 pounds) in August 2021; https://www.macrotrends.net/2532/corn-prices-historical-
chart-data) is a major contributing factor to the production cost of ethanol. However, based
on energy content (GGE), the production cost of ethanol in August 2021 ($3.30/gal; $0.87/L)
was still higher than that of gasoline. Co-products generated during the ethanol production
process, such as DDGS (distiller’s dried grains with solubles) and corn oil, help improve the
economics of the corn ethanol biorefinery. In addition, government subsidies ($0.45 per gal-
lon of ethanol blended with gasoline in the USA) make ethanol a viable fuel.

In contrast to grains, lignocellulosic biomass is a complexmixture of several polymerswith
a composition that varies by plant species. Cellulose, a β-1,4-linked glucose homopolymer, is
the dominant polysaccharide accounting for about 30%–50% of the total mass. Hemicellulose,
a heteropolymer of hexoses, pentoses, and their derivatives, is another carbohydrate in this
biomass (19%–25% of total weight) (Williams et al., 2016). These two carbohydrates, lignin,
and other minor components form the structural part of plants providing rigidity and resis-
tance to multiple attacks. Since cellulose and hemicellulose in the raw biomass are not readily
accessible to appropriate enzymes to produce fermentable sugars, various physicochemical
treatments of biomass are employed to improve enzyme access (Blanch et al., 2011; Kim et al.,
2011; Tao et al., 2011).

Due to the complexity of sugar extraction from such biomass, the cost of production of cel-
lulosic ethanol is expected to be higher than that of corn ethanol (Tao et al., 2011). Various
analyses project a production cost of ethanol using dilute acid and steam pretreatment pro-
cess between US$1.97 and $4.16 per gallon ($0.50–1.10/L) in a commercial scale biorefinery
(Cheng et al., 2019; Gubiczaa et al., 2016; Johnson, 2016; van Rijn et al., 2018). For cellulosic
ethanol to compete with gasoline, current biomass pretreatment and enzyme hydrolysis pro-
cesses need significant improvements to lower the production cost of sugars (Brown
et al., 2020).

Among the various pretreatment methods used for fermentative production of biofuels,
dilute acid at elevated temperatures can be universally applied to plant materials, with ap-
propriate modifications to suit plant density, to partially hydrolyze hemicellulose to hexoses,
pentoses, and oligosaccharides (Kim et al., 2011). The cellulose in the posttreatment solids
fraction is also readily accessible to cellulases. With sugarcane bagasse, this process
(pretreatment and enzyme hydrolysis) can yield as high as 85% of the total sugars in biomass
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for fermentation (Geddes et al., 2013; Nieves et al., 2011). This process also led to a theoretical
ethanol yield of 86% with wheat straw as feedstock (Saha et al., 2015). However, a disadvan-
tage of the dilute acid process is the co-generation of microbial growth inhibitors that hamper
both enzyme hydrolysis and fermentation (Franden et al., 2013; Geddes et al., 2015; Kumar
et al., 2013; Martin et al., 2018; Miller et al., 2009). In an alternate process, lignin can be selec-
tively solubilized by alkali and the solids containing cellulose and hemicellulose are sepa-
rated for hydrolysis by a mixture of enzymes that hydrolyze both cellulose and
hemicellulose ( Jin et al., 2010). Depending on the source of biomass, ammonia treatment is
also reported to generate microbial growth inhibitors (Ong et al., 2016). Although a multistep
pretreatment process that generates cellulosewithout contaminating solids and inhibitors can
improve the efficiency of enzyme hydrolysis and allow enzyme recycling to lower the cost of
enzymes in the overall process, the increased fixed and operating costs of such a pretreatment
process in the production cost of ethanol needs to be addressed. A promising biomass
pretreatment process is based on the use of low-cost protic ionic liquids for dissolving lignin
away with or without also hydrolyzing hemicellulose (ionoSolv) from biomass leaving cellu-
lose for effective enzyme hydrolysis (Brandt-Talbot et al., 2017; Sun et al., 2017). The advan-
tages of this ionoSolv process are, (1) lower pretreatment reactor cost due to the less corrosive
characteristics of the ionic liquid compared to other pretreatments discussed above, (2) lower
enzyme loading for cellulose hydrolysis with potential enzyme recycling, and (3) minimal
toxicity to enzymes andmicroorganisms based on the chemistry of the protic ionic liquid used
in the process. However, recycling of ionic liquid and water is critical in this process. The es-
timated minimum selling price of ethanol with the low-cost protic ionic liquid pretreatment
process at US$3.5/gal (Sun et al., 2017) indicates that this process is yet to meet the challenge
of economically competitive biofuel from biomass. It would suffice to state, the pretreatment
process including enzyme hydrolysis developed for generating sugars from lignocellulosic
biomass for fermentation to fuels needs to be simple, minimal, and efficient (both fixed
and operating costs) (Geddes et al., 2011; Gubiczaa et al., 2016).

The cost of enzymes is the second or third highest variable cost component of a cellulosic
ethanol biorefinery after feedstock and chemicals and this can be 20%–25% of the total pro-
duction cost of ethanol (Cheng et al., 2019; Gubiczaa et al., 2016; van Rijn et al., 2018). This is
more than 10-times the cost of enzymes used in a corn to ethanol process (McAloon et al.,
2000). It is unrealistic to accept that the cost of cellulases can be lowered to that of starch hy-
drolyzing enzymes per unit of ethanol produced, due to the differences in the complexity of
the substrates and the variations in the specific activities of the two enzyme systems (Lynd
et al., 2002). However, cellulases are another target for cost reduction in cellulosic ethanol
production (Klein-Marcuschamer et al., 2012).

To further lower the cost of ethanol, all the released hexoses and pentoses need to be rap-
idly fermented to completion by a new class of microbial biocatalysts since S. cerevisiae and
Zymomonas mobilis lack the ability to ferment pentoses to ethanol (Scalcinati et al., 2012; Yang
et al., 2016). Although diverting part of the sugar stream, especially the pentoses, for the pro-
duction of high-value co-products is attractive from an economic standpoint, it should be
noted that the worldwide demand for liquid fuels far outstrips the demand for chemical feed-
stocks. In 2019, an average of 41% of petroleum was consumed in the USA as gasoline while
less than 2% of petroleum was used for the production of petrochemical feedstocks for the
manufacture of various chemicals, synthetic rubber and plastics (https://www.eia.gov/
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dnav/pet/pet_cons_psup_dc_nus_mbblpd_a.htm). This shows the importance of R&D for
maximizing the yield of liquid fuel from biomass while attempting to lower production cost.

Based on the discussion above, idealized integrated biomass to ethanol process can be vi-
sualized (Fig. 2) (Geddes et al., 2011; Gubiczaa et al., 2016). In this process, biomass after size
reduction is treatedwith dilute phosphoric acid at high temperature and the slurry is liquified
with enzymes to lower viscosity to decrease the capital cost associated with pumping and
mixing. The liquified slurry at the highest solids loading is simultaneously saccharified
and all the released sugars are fermented to ethanol (SScF) in a single vessel, preferably in
a continuous mode. After removing ethanol by distillation or other means, liquid fraction
of the stillage is separated and used as a nutrient-rich material to support an algal farm that
captures the CO2 released during fermentation. Algal oil is a secondary product of the
biorefinery for conversion to biodiesel. Glycerol generated during this process can be
fermented to ethanol or other desired chemicals by appropriate microbial biocatalysts. The
solids from the stillage, rich in lignin, is a valuable feedstock for the production of other prod-
ucts (Abdelaziz et al., 2016; Beckham et al., 2016) aswell as a source of power and steam, either
directly or after anaerobic digestion (Khan andAhring, 2019). Enzymes needed for the hydro-
lysis of carbohydrates in plant biomass are produced and consumed at site in this integrated
biorefinery. This design achieves the following.

1. Simplified and integrated process lowers the capital cost since this is the highest
contributor to cellulosic ethanol production cost (Brown et al., 2020).

2. Use of a less corrosive phosphoric acid (or low-cost protic ionic liquids) further lowers
capital cost by eliminating the need for expensive alloys associated with the use of

FIG. 2 An idealized biofinery.
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corrosive acids like sulfuric acid. After pretreatment and pH adjustment with NH3, the
phosphate and ammonium salts are used as nutrients for various microorganisms, thus
eliminating the cost of removal and disposal of the spent acid (Gubiczaa et al., 2016).

3. On-site production of enzymes lowers capital cost and eliminates the cost of concentration
and transportation of enzymes ( Johnson, 2016).

4. Liquefaction followed by SScF of all the sugars in one vessel at a high rate by an effective
microorganism minimizes capital cost and also retention time (Geddes et al., 2010).

5. Additional co-products derived from algal oil and lignin improve the economics of the
biorefinery while also lowering waste treatment cost, including CO2 mitigation.

What are the challenges in achieving this idealized biorefinery for cost-competitive biofuel
production?

1. Maximize conversion of biomass to sugars without generating growth-inhibitory side-
products.
(a) Maximize biomass pretreatment and enzyme hydrolysis to a hexose and pentose yield

of �85%.
(b) Lower the amount of enzyme needed for hydrolysis of carbohydrates by increasing

catalytic efficiency of fungal enzymes and/or production of enzymes with high
specific activity by the ethanol-producing microbial biocatalyst (consolidated
bioprocessing) (Davison et al., 2020; Lopes et al., 2021; Lynd et al., 2005).

(c) Lower the cost of fungal enzymes by increasing the rate and titer of enzyme production
by the fungi beyond current levels (Agrawal et al., 2017; Fonseca et al., 2020; Ogunyewo
et al., 2020).

2. Fermentation of sugars to ethanol.
(a) Co-fermentation of both hexoses and pentoses at the same rate and product yield,

either by appropriately engineered single or multiple microorganisms (Demeke et al.,
2013; Xie et al., 2020).

(b) Microbial biocatalysts are not inhibited by side-products generated during the
pretreatment process (Martin et al., 2018).

(c) Highest yield of ethanol (�0.46g ethanol/g sugar fermented) both on a total sugar and
dry biomass basis.

3. Algal process for oil production
(a) Cost-effective algal photobioreactors for continuous operation using solar energy for

illumination (Anto et al., 2020). Although open ponds are inexpensive to construct and
operate compared to photobioreactors, this culture system has the advantage of high
algal productivity due to its ability to maintain axenic cultures in a controlled
environment (Hannon et al., 2010). The higher energy demand of photobioreactors, in
comparison to open ponds, is a challenge that can be met by appropriate integrated
solar power stations.

(b) Engineered algal strains for higher than current photosynthetic and CO2 fixation
efficiency (Gimpel et al., 2015).

(c) Engineered algal strains convert a major fraction of photosynthate into neutral lipids
without compromising growth and biomass production (Gimpel et al., 2015).
Several strategies toward achieving these objectives in algal oil production are discussed

in another chapter (Chapter 4) and are not detailed here.
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4. Products from lignin

(a) Extraction and purification of lignin for the production of chemical feedstocks and/or
end products of significant commercial value from lignin (Wang et al., 2019b).

(b) Chemical and microbial catalysts for cost-effective production of high-value products
from lignin (Abdelaziz et al., 2016; Wang et al., 2019b).

Overcoming a part of these of challenges, especially at the level of sugar production and
fermentation, can lower the production cost from the current estimates and close the gap to
that of gasoline from petroleum (Shanmugam and Ingram, 2021; van Rijn et al., 2018).

In addition to ethanol, several other chemicals (fuels and chemical feedstocks) can be pro-
duced from sugars using microbial biocatalysts, although the rate, titer, and yield of these
chemicals are not high enough for industrial deployment. As the microbial biocatalysts for
production of these chemicals are being developed, it should be noted that the cost of produc-
tion is expected to be the lowest in an anaerobic process compared to aerobic or O2-limitation
conditions. Besides the increase in capital cost associated with maintaining the needed O2

concentration in large industrial-scale fermenters, microenvironments with differing O2

levels within the large vessels have the potential to introduce unexpected side-products with
an additional cost of product purification.

Ethanol and lactic acid are currently produced by anaerobic fermentation and butanol is
another fuel molecule that was previously produced by fermentation. Improvements in mi-
crobial biocatalysts that can significantly lower the production cost of these chemicals are
discussed in the following sections.

3 Cellulosic ethanol

Although several cellulosic ethanol biorefineries are being designed and constructed
worldwide, only 5 plants are reported to be operational in 2019 and contribute less than
1% of the total ethanol produced (IEA, 2020; Padella et al., 2019). These biorefineries use
the steam explosion of biomass as pretreatment with/without dilute acid followed by en-
zyme hydrolysis to generate fermentable sugars. Depending on the plant part and species,
hemicellulose accounts for about 25%–44% of the total carbohydrates in lignocellulosic bio-
mass (Robak and Balcerek, 2020) and the dilute acid and heat pretreatment hydrolyzes a frac-
tion of the hemicellulose with pentoses as dominant monomeric sugars reaching a yield as
high as 85%. Although glucose from cellulose can be readily fermented by S. cerevisiae or
Z. mobilis, these microorganisms lack the metabolic potential to ferment pentoses in hemicel-
lulose (Scalcinati et al., 2012; Yang et al., 2016). It should be noted that S. cerevisiae has the ge-
netic capability of converting xylose to glyceraldehyde-3-phosphate, an intermediate in
glycolysis, but fails to grow using xylose as C-source due to very low level of expression
of these genes, especially xylitol dehydrogenase (Moyses et al., 2016; Toivari et al., 2004).
Availability of amicrobial biocatalyst that can ferment pentoses released from biomass to eth-
anol at a rate that is comparable to that of glucose fermentation by S. cerevisiae, an industrially
preferred microbial biocatalyst, is a major challenge in the cellulosic ethanol biorefinery.

Two alternative approaches are used to constructmicrobial biocatalysts for fermentation of
both hexoses and pentoses in the pretreated biomass slurries: endowing S. cerevisiaewith pen-
tose fermentation potential by introducing an active pathway and metabolic engineering of a
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microorganism with a native ability to ferment pentoses, such as Escherichia coli, for homo-
ethanol production. A pioneering example of the second approach was introducing genes
encoding pyruvate decarboxylase (pdc) and alcohol dehydrogenase (adhB) fromZ. mobilis into
E. coli (Ohta et al., 1991) (Fig. 3). In this example, the engineered E. coli converted close to 90%
of hexoses and pentoses to ethanol while ethanol accounted for less than 10% of the sugar
fermented in batch cultures of the wild-type E. coli. Further metabolic engineering removed
the co-products resulting in ethanol as the only product. Ethanol production by an alternate
pathway resulting from engineering native genes was also demonstrated in various pentose-
fermenting bacteria ( Jilani et al., 2017; Kim et al., 2007; Su et al., 2010; Zhou et al., 2008) (Fig. 3).
However, the average productivities of ethanol that is �2.0g ethanol/(L.h) by these
engineered microbial biocatalysts including yeast is significantly lower than the rate of eth-
anol production from glucose by yeast of about 4.0g/(L.h) (Alterthum and Ingram, 1989;
Demeke et al., 2013; Gonzalez et al., 2002; Jilani et al., 2017; Ohta et al., 1991; Wang et al.,
2019c; Xie et al., 2020). In addition, low ethanol tolerance of many of these bacterial
biocatsalysts restricted ethanol titer to about 6% and limited the use of this group of
engineered microbial biocatalysts by ethanol biorefineries.

In pentose fermenting microorganisms, sugar is transported into the cell by a specific
transporter or by nonspecific sugar transporters. Pentose in the cytoplasm is phosphorylated,
transformed in the pentose phosphate pathway (PPP) and the resulting metabolic intermedi-
ates enter the glycolytic pathway at the fructose-6-phosphate and glyceraldehyde-3-
phosphate level for further conversion to the desired product. Since glucose and pentose
fermentation pathways are common from fructose-6-phosphate to ethanol, the rate-limiting
steps in pentose fermentation are in transport and conversion of pentoses to fructose-6-
phosphate and glyceraldehyde-3-phosphate. Various strategies in the construction of a
xylose-fermenting S. cerevisiae and improving the rate of fermentation are discussed in other
chapters and are not discussed here. Toward this objective, a co-culture of two S. cerevisiae
strains, each fermenting only one sugar (glucose or pentose), has the advantage of rapidly
and simultaneously fermenting all the sugars released from biomass without the negative
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2 CO2

2 NADH

2 NAD+

2 NADH

2 NADH
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FIG. 3 Two alternative pathways for conversion of pyruvate to ethanol. PDC, Pyruvate decarboxylase; ADH,
Alcohol dehydrogenase; PDH*, engineered pyruvate dehydrogenase.
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effect of glucose on pentose fermentation (Eiteman et al., 2008; Hanly et al., 2012; Wang et al.,
2019c). It is sufficient to say, that pentoses can account for as much as 25%–30% of biomass by
weight and these readily available sugars need to be fermented to the primary product by the
biorefinery to lower production cost of ethanol.

4 Butanol

Butanol, a 4-carbon alcohol, is more reduced than ethanol and as a result has a higher en-
ergy content than ethanol (ΔHc of�2.68 vs�1.41MJ/mole, respectively) (Domalski, 1972). In
addition to reaching about 94% of the energy content of gasoline, it is also less volatile, less
hygroscopic, and less corrosive than ethanol and is considered a drop-in liquid fuel with gas-
oline. Several anaerobic bacteria do ferment sugars to butanol and this fermentation process
was commercially exploited during the early- to mid-20th Century ( Jones andWoods, 1986).
However, current industrial production of butanol is based on petrochemical feedstocks since
the minimum selling price of butanol produced by fermentation of biomass-derived sugars
($0.85/L; $3.22/gal) is higher than that of gasoline as seen with cellulosic ethanol as a fuel
(Qureshi et al., 2020).

In contrast to ethanol, native butanol-producing bacteria, such as Clostridia, do not pro-
duce butanol as the sole fermentation product due to the make-up of the metabolic pathway
that is not redox balanced (Fig. 4). Redox imbalance of the native pathway can be overcome by
metabolic engineering of the organism leading to butanol as the sole organic product (Fig. 5)
(Abdelaal et al., 2019; Atsumi et al., 2008; Kim et al., 2007; Shen et al., 2011; Tucci and Martin,
2007). In Clostridia, fermentative production of butanol from acetyl-CoA requires 5 NADHs
while glycolysis and pyruvate-ferredoxin oxidoreductase (PFOR) combined only produce 2
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NADHs during the conversion of glucose to 2 acetyl-CoAs (Fig. 4). Additional reductant
available during the oxidative decarboxylation of pyruvate to acetyl-CoA is lost as H2 with
either reduced ferredoxin (Clostridia) or formate (enteric bacteria, such as E. coli) as interme-
diates. To capture this reductant, a formate dehydrogenase that generates NADH has been
used in engineered E. coli (Fig. 6) (Shen et al., 2011). An alternate strategy was to capture
the reductant directly as NADH during pyruvate decarboxylation using an engineered py-
ruvate dehydrogenase (PDH*), either by mutational alteration of the enzyme or by promoter
exchange in E. coli (Fig. 5) (Abdelaal et al., 2019; Kim et al., 2008; Zhou et al., 2008).

The enzyme complex butyryl-CoA dehydrogenase (BCD) in native Clostridia utilizes 2
NADHs to reduce crotonyl-CoA to butyryl-CoA, a 2-electron/proton step. The reductant
in the second NADH is released and lost as H2 (Li et al., 2008). Replacing this enzyme with
a trans-enoyl-CoA reductase (TER) from other microorganisms that utilize one NADH for
this reduction eliminates this loss of reductant (Atsumi et al., 2008; Tucci and Martin,
2007). The engineered butanol fermentation pathway incorporates these two changes:
PDH* and TER (Fig. 5) (Abdelaal et al., 2019).

Another challenge in butanol production, in contrast to ethanol production, is the low tol-
erance of microbial biocatalysts to this solvent that limits butanol titer to �20g/L during
batch fermentations irrespective of the microbial biocatalyst (Qureshi et al., 2020; Wilbanks
and Trinh, 2017). Several attempts to increase butanol tolerance of microbial biocatalysts have
resulted in small increments in tolerance and final butanol titer. Process modifications en-
abling continuous product removal, such as gas stripping, vacuum fermentation, distillation
in situ, etc. have the potential to minimize product toxicity and increase butanol titer but at an
increase in capital and operating costs (Qureshi et al., 2020).

An alternative to processmodifications to lower butanol toxicity is to alter the final product
to butyrate (Fig. 6). Butyrate is comparatively less toxic than butanol to the microbial biocat-
alyst and the butyrate titer is reported to reach about 45g/L ( Jang et al., 2014; Luo et al., 2018;
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Wang et al., 2019a; Wang et al., 2015). Potential to increase this titer to over 100g/L can be
realized by engineering butyrate-tolerant bacteria that grow in the presence of 70–80g/L
butyrate. Butyrate can be chemically reduced to butanol to very high concentration using
the H2 generated during the production of butyrate (Fig. 6) (Lee et al., 2014). This chemical
reduction process overcomes the toxicity associated with butanol production by microbial
biocatalysts while also eliminating ethanol as a co-product of butanol since the enzymes that
convert butyryl-CoA to butanol also catalyzes the reduction of acetyl-CoA to ethanol.

Under appropriate conditions, butyrate can be combinedwith butanol as produced or sep-
arately to generate butyl butyrate, an eight-carbon ester as a drop-in biofuel for diesel (Noh
et al., 2018; Sjoblom et al., 2017; Xin et al., 2016). Although butyl-butyrate production by
microbial biocatalysts has been demonstrated, toxicity of this ester to the microorganism
precludes the production of this ester at high concentration by fermentation (Wilbanks
and Trinh, 2017).

5 Thermotolerant microbial biocatalyst for production of fuels

One of themajor cost components of ethanol or other product production using biomass as
feedstock is the fungal enzymes with a pH and temperature optima for the activity of about 5
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and 50–55°C, respectively (Patel et al., 2005). In an idealized biorefinery, the microbial
biocatalysts ferment the sugars as released by enzymes to product (SScF) to minimize the in-
hibitory effect of sugars on enzymes and to lower the capital cost (Lynd et al., 2002; Pemberton
and Crawford, 1980). In cellulosic ethanol production process, the optimum temperature for
yeast growth and fermentation activity is 30–35°C (Salvado et al., 2011). Because of the dif-
ferences in temperature optimum for the yeast and cellulase, SScF is conducted at an inter-
mediate temperature that lowers the specific activity of the enzymes and increases enzyme
cost. A microbial biocatalyst that optimally grows and ferments sugars to ethanol at
50–55°C (Bacillus coagulans, B. stearothermophilus, etc.) can significantly lower enzyme loading
and cost without compromising activity (Ou et al., 2009; SanMartin et al., 1992; Su et al., 2010).
Several attempts to evolve S. cerevisiae for growth at about 50°C are yet to produce a derivative
appropriate for SScF. Yeast strains that can grow at 40°Chave been described; however, at this
temperature the fungal cellulase activity is only about 60% of the activity at the optimum tem-
perature indicating the need for higher cellulase loading and enzyme cost compared to SScF
at 50°C (Ogunmolu et al., 2017; Pandey et al., 2019; Patel et al., 2005). Metabolic engineering of
thermotolerant microorganisms for production of ethanol at a rate and yield observed with
S. cerevisiae is critically needed for an idealized biorefinery.

In addition to lowering enzyme cost in SScF at 50–55°C, cooling cost of fermentation tanks
is also expected to be lower compared to fermentations at 37°C. Higher operating tempera-
ture can also lower energy cost associated with continuous product removal as suggested for
butanol to minimize product toxicity and maintain high productivity. Additional advantage
of fermentation at 50–55°C is lower risk of contamination of fermentation vessels by
mesophilic microorganisms (Firmino et al., 2020) that can lower product yield.

6 Lactic acid

Besides ethanol, lactic acid is a fermentation product that is easy to produce at high titer,
yield and productivity. Like ethanol, lactic acid fermentation by microorganisms also has a
long history (Prajapati and Nair, 2017). Traditionally, lactic acid is used in food industry as a
preservative and flavoring agent, and additionally has applications in cosmetics and
pharmaceutical industries. Production of poly-lactic acid (PLA), a biodegradable and sustain-
able polymer, is a recent use of optically pure lactic acid (Auras et al., 2010). Themarket size of
lactic acid in 2019 was about US$1.3 billion and PLA accounts for about 45% of this total. De-
mand for PLA is expected to increase by an annual rate of about 10%during the next 5years as
a bio-based alternative to petroleum-derived plastics (Ahuja and Mamtani, 2020).

Although lactic acid can be made from petroleum, fermentation is the preferred produc-
tion method due to the enantiomeric purity of the product needed by the plastics industry.
The calculated production cost of lactic acid from corn grain is US$ 844–1251 per ton
depending on the microbial biocatalyst used and associated fermentation/product purifica-
tion steps (Manandhar and Shah, 2020). The higher cost of PLA at about $0.85/lb. compared
to PET at about $0.65/lb. in 2018 makes PLA less attractive (https://packaging360.in/
insights/polylactic-acid—a-sustainable-bioplastics-packaging-option). This disadvantage
in cost can be overcome by the sustainability and biodegradability of PLA. However, to
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realize the shift from petroleum-based plastics to bio-based plastics, the production cost of
lactic acid and other feedstocks needs to match that of petroleum-derived starting materials.
Considering lactic acid and PLA as prime examples, the challenge is in minimizing product
toxicity and simplifying product purification.

Various challenges in lactic acid production are listed below and some are already
addressed successfully.

1. Fermentation of sugars to lactic acid is a simple process like that of ethanol (Fig. 7) but at a
higher product yield of 1g lactic acid per g sugar fermented (ethanol, 0.51g/g).
Considering the yield and ease of production of lactic acid, a significant part of production
cost is associated with purification of lactic acid. Although ethanol can be readily removed
by distillation from a postfermentation beer containing various solids and liquids,
purification of lactic acid from such a complex mixture is difficult and expensive. Mineral
salts medium with sugars as feedstock is preferred by the lactic acid industries to simplify
purification.

2. Growth inhibition of lactic acid bacteria, such as Lactobacillus, by lactate lowers product
titer (Goncalves et al., 1997) and requires a base for neutralization that needs to be removed
and disposed. Extractive fermentation increases product titer, but the associated cost of
this process is prohibitive at an industrial scale (Othman et al., 2017).

3. High titer of lactic acid is achieved by neutralization with Ca(OH)2. The cost of disposal of
gypsum generated during purificationwith the use of lime is an addition to the production
cost. The use of yeast as a microbial biocatalyst that can tolerate a high concentration of
lactic acid is an alternative to lactic acid bacteria (Manandhar and Shah, 2020).

4. Postfermentation purification of lactic acid is based on separation of lactic acid as calcium
lactate, recovery of lactic acid from the calcium salt, esterification of the free acid formwith
methanol followed by distillation and hydrolysis (Filachione and Fisher, 1946; Manandhar
and Shah, 2020). Amicrobial biocatalyst that can ferment sugars to lactic acid at a pH that is
lower than the pKa of lactic acid (3.86) that is also tolerant to a higher concentration of the
product is preferred to lower production cost. Lactic acid-producing yeast strains appear
to meet these requirements yielding a cost advantage over lactic acid bacteria as microbial
biocatalysts (https://www.foodingredientsfirst.com/news/cargill-awarded-for-
innovation-in-lactic-acid-production.html).
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FIG. 7 Comparison of ethanol and lactate fermentation pathways. Pyruvate produced by glycolysis of sugars is
either converted to ethanol or lactate as per the microbial biocatalyst to maintain redox balance during growth
and fermentation. ADH, alcohol dehydrogenase; LDH, lactate dehydrogenase; PDC, pyruvate decarboxylase.
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5. A thermotolerant microbial biocatalyst that grows and ferments sugars in mineral salts
medium at a pH that is less than 4.0 at high rate and yield is an ideal microorganism for
industrial production of optically pure lactic acid that in addition will also lower cooling
cost of fermentation vessels as discussed above.

Although the fermentation conditions, yield and purification steps in the production of
other organic acids may vary from that of lactic acid, product tolerance, thermotolerance,
and mineral salts medium are process steps that are challenges shared with lactic acid pro-
duction to achieve cost-effective industrial production of other bulk chemicals as chemical
feedstocks.

7 Conclusion

As the world strives to wean away from fossil fuels as the dominant source of energy by
envisioning alternate sustainable biofuels and biochemicals, numerous challenges stand in
the way of achieving cost parity with petroleum-derived fuels and chemicals. An idealized
biorefinery that has the potential to yield fuel ethanol that is cost-competitive with gasoline
is presented and discussed. Minimal challenges associated with achieving this idealized lig-
nocellulosic biomass biorefinery that uses nonfood carbohydrates as feedstock are identified
and presented. Overcoming these obstacles to achieve a green economy is vital for the con-
tinued growth of the world economy without further deterioration of the environment.

Acknowledgment

This work by D.A. was supported by the Office of Science, Office of Biological and Environmental Research, of the
U.S. Department of Energy under Contract No. DE-AC02-05CH11231 between Lawrence Berkeley National Labora-
tory and the U. S. Department of Energy.

References

Abdelaal, A.S., Jawed, K., Yazdani, S.S., 2019. CRISPR/Cas9-mediated engineering of Escherichia coli for n-butanol
production from xylose in defined medium. J. Ind. Microbiol. Biotechnol. 46, 965–975.

Abdelaziz, O.Y., Brink, D.P., Prothmann, J., Ravi, K., Sun, M.Z., Garcia-Hidalgo, J., Sandahl, M., Hulteberg, C.P.,
Turner, C., Liden, G., Gorwa-Grauslund, M.F., 2016. Biological valorization of low molecular weight lignin.
Biotechnol. Adv. 34, 1318–1346.

Agrawal, R., Satlewal, A., Sharma, B., Mathur, A., Gupta, R., Tuli, D., Adsul, M., 2017. Induction of cellulases by di-
saccharides or their derivatives in Penicillium janthinellum EMS-UV-8 mutant. Biofuels 8, 615–622.

Ahuja, K., Mamtani, K., 2020. Lactic AcidMarket Size by Application (Industrial, Food & Beverage, Pharmaceuticals,
Personal Care), Polylactic Acid (PLA)Market Size by Application (Packaging, Agriculture, Transport, Electronics,
Textiles), Industry Analysis Report, Regional Outlook, Application Potential, Price Trends, Competitive Market
Share & Forecast, 2020–2026. https://www.gminsights.com/industry-analysis/lactic-acid-and-polylactic-acid-
market.

Alterthum, F., Ingram, L.O., 1989. Efficient ethanol production from glucose, lactose, and xylose by recombinant
Escherichia coli. Appl. Environ. Microbiol. 55, 1943–1948.

Anto, S., Mukherjee, S.S., Muthappa, R., Mathimani, T., Deviram, G., Kumar, S.S., Verma, T.N., Pugazhendhi, A.,
2020. Algae as green energy reserve: technological outlook on biofuel production. Chemosphere 242, 125079.

Atsumi, S., Cann, A.F., Connor, M.R., Shen, C.R., Smith, K.M., Brynildsen, M.P., Chou, K.J., Hanai, T., Liao, J.C., 2008.
Metabolic engineering of Escherichia coli for 1-butanol production. Metab. Eng. 10, 305–311.

34 2. Advanced biofuels: Perspectives and possibilities

http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0010
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0010
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0015
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0015
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0015
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0020
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0020
https://www.gminsights.com/industry-analysis/lactic-acid-and-polylactic-acid-market
https://www.gminsights.com/industry-analysis/lactic-acid-and-polylactic-acid-market
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0030
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0030
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0035
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0035
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0040
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0040


Auras, R., Lim, L., Selke, S.E.M., Tsuji, H., 2010. Poly(Lactic Acid): Synthesis, Structures, Properties, Processing and
Applications. Wiley, New York.

Beckham, G.T., Johnson, C.W., Karp, E.M., Salvachua, D., Vardon, D.R., 2016. Opportunities and challenges in bio-
logical lignin valorization. Curr. Opin. Biotechnol. 42, 40–53.

Blanch, H.W., Simmons, B.A., Klein-Marcuschamer, D., 2011. Biomass deconstruction to sugars. Biotechnol. J. 6,
1086–1102.

Brandt-Talbot, A., Gschwend, F.J.V., Fennell, P.S., Lammens, T.M., Tan, B., Weale, J., Hallett, J.P., 2017. An econom-
ically viable ionic liquid for the fractionation of lignocellulosic biomass. Green Chem. 19, 3078–3102.

Brown, A., Waldheim, L., Land€alv, I., Saddler, J., Ebadian, M., McMillan, J.D., Bonomi, A., Klein, B., 2020. Advanced
biofuels—potential for cost reduction. In: IEA Bioenergy: Task 41:2020.01.

Cheng, M.H., Wang, Z.Q., Dien, B.S., Slininger, P.J.W., Singh, V., 2019. Economic analysis of cellulosic ethanol pro-
duction from sugarcane bagasse using a sequential deacetylation, hot water and disk-refining pretreatment. Pro-
cesses 7, 642.

Davison, S.A., den Haan, R., van Zyl, W.H., 2020. Exploiting strain diversity and rational engineering strategies
to enhance recombinant cellulase secretion by Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 104,
5163–5184.

Demeke, M.M., Dietz, H., Li, Y., Foulquie-Moreno, M.R., Mutturi, S., Deprez, S., Den Abt, T., Bonini, B.M., Liden, G.,
Dumortier, F., Verplaetse, A., Boles, E., Thevelein, J.M., 2013. Development of a D-xylose fermenting and inhibitor
tolerant industrial Saccharomyces cerevisiae strain with high performance in lignocellulose hydrolysates usingmet-
abolic and evolutionary engineering. Biotechnol. Biofuels 6, 89.

Domalski, E.S., 1972. Selected values of heats of combustion and heats of formation of organic compounds containing
the elements C, H, N, O, P and S. J. Phys. Chem. Ref. Data 1, 221–277.

Eiteman, M.A., Lee, S.A., Altman, E., 2008. A co-fermentation strategy to consume sugar mixtures effectively. J. Biol.
Eng. 2, 3.

Filachione, E.M., Fisher, C.H., 1946. Purification of lactic acid - production ofmethyl lactate from aqueous solutions of
crude acid. Ind. Eng. Chem. 38, 228–232.

Firmino, F.C., Porcellato, D., Cox, M., Suen, G., Broadbent, J.R., Steele, J.L., 2020. Characterization of microbial com-
munities in ethanol biorefineries. J. Ind. Microbiol. Biotechnol. 47, 183–195.

Fonseca, L.M., Parreiras, L.S., Murakami, M.T., 2020. Rational engineering of the Trichoderma reesei RUT-C30 strain
into an industrially relevant platform for cellulase production. Biotechnol. Biofuels 13, 93.

Franden, M.A., Pilath, H.M., Mohagheghi, A., Pienkos, P.T., Zhang, M., 2013. Inhibition of growth of Zymomonas

mobilis by model compounds found in lignocellulosic hydrolysates. Biotechnol. Biofuels 6, 99.
Geddes, C.C., Peterson, J.J., Mullinnix, M.T., Svoronos, S.A., Shanmugam, K.T., Ingram, L.O., 2010. Optimizing cel-

lulase usage for improved mixing and rheological properties of acid-pretreated sugarcane bagasse. Bioresour.
Technol. 101, 9128–9136.

Geddes, C.C., Mullinnix, M.T., Nieves, I.U., Peterson, J.J., Hoffman, R.W., York, S.W., Yomano, L.P., Miller, E.N.,
Shanmugam, K.T., Ingram, L.O., 2011. Simplified process for ethanol production from sugarcane bagasse using
hydrolysate-resistant Escherichia coli strain MM160. Bioresour. Technol. 102, 2702–2711.

Geddes, C.C.,Mullinnix,M.T., Nieves, I.U., Hoffman, R.W., Sagues,W.J., York, S.W., Shanmugam,K.T., Erickson, J.E.,
Vermerris, W.E., Ingram, L.O., 2013. Seed train development for the fermentation of bagasse from sweet sorghum
and sugarcane using a simplified fermentation process. Bioresour. Technol. 128, 716–724.

Geddes, R., Shanmugam, K.T., Ingram, L.O., 2015. Combining treatments to improve the fermentation of sugarcane
bagasse hydrolysates by ethanologenic Escherichia coli LY180. Bioresour. Technol. 189, 15–22.

Gimpel, J.A., Henriquez, V., Mayfield, S.P., 2015. In metabolic engineering of eukaryotic microalgae: potential and
challenges come with great diversity. Front. Microbiol. 6, 1376.

Goncalves, L.M.D., Ramos, A., Almeida, J.S., Xavier, A.M.R.B., Carrondo, M.J.T., 1997. Elucidation of the mechanism
of lactic acid growth inhibition and production in batch cultures of Lactobacillus rhamnosus. Appl. Microbiol.
Biotechnol. 48, 346–350.

Gonzalez, R., Tao, H., Shanmugam, K.T., York, S.W., Ingram, L.O., 2002. Global gene expression differences associ-
ated with changes in glycolytic flux and growth rate in Escherichia coli during fermentation of glucose and xylose.
Biotechnol. Prog. 18, 6–20.

Gubiczaa, K., Nieves, I.U., Sagues, W.J., Bartaa, Z., Shanmugam, K.T., Ingram, L.O., 2016. Techno-economic analysis
of ethanol production from sugarcane bagasse using a liquefaction plus simultaneous saccharification and
co-fermentation process. Bioresour. Technol. 208, 42–48.

35References

http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0045
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0045
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0050
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0050
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0055
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0055
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0060
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0060
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0065
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0065
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0065
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0070
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0070
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0070
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0075
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0075
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0075
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0080
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0080
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0080
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0080
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0085
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0085
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0090
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0090
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0095
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0095
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0100
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0100
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0105
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0105
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0110
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0110
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0115
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0115
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0115
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0120
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0120
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0120
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0125
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0125
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0125
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0130
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0130
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0135
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0135
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0140
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0140
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0140
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0145
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0145
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0145
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0150
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0150
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0150


Hanly, T.J., Urello, M., Henson, M.A., 2012. Dynamic flux balance modeling of S. cerevisiae and E. coli co-cultures for
efficient consumption of glucose/xylose mixtures. Appl. Microbiol. Biotechnol. 93, 2529–2541.

Hannon,M., Gimpel, J., Tran,M., Rasala, B., Mayfield, S., 2010. Biofuels from algae: challenges and potential. Biofuels
1, 763–784.

IEA, 2020. World Energy Outlook 2020. https://www.iea.org/reports/world-energy-outlook-2020.
Irwin, S., 2020. 2019 ethanol production profits: Just how bad was it? In: Farmdoc Daily. Vol. 10. University of

Illinois, p. 16. https://farmdocdaily.illinois.edu/2020/01/2019-ethanol-production-profits-just-how-bad-was-
it.html.

Jang, Y.S., Im, J.A., Choi, S.Y., Lee, J.I., Lee, S.Y., 2014. Metabolic engineering of clostridium acetobutylicum for butyric
acid production with high butyric acid selectivity. Metab. Eng. 23, 165–174.

Jilani, S.B., Venigalla, S.S.K., Mattam, A.J., Dev, C., Yazdani, S.S., 2017. Improvement in ethanol productivity of
engineered E. coli strain SSY13 in defined medium via adaptive evolution. J. Ind. Microbiol. Biotechnol. 44,
1375–1384.

Jin, M., Lau, M.W., Balan, V., Dale, B.E., 2010. Two-step SSCF to convert AFEX-treated switchgrass to ethanol using
commercial enzymes and Saccharomyces cerevisiae 424A(LNH-ST). Bioresour. Technol. 101, 8171–8178.

Johnson, E., 2016. Integrated enzyme production lowers the cost of cellulosic ethanol. Biofuels Bioprod. Biorefin. 10,
164–174.

Jones, D.T., Woods, D.R., 1986. Acetone-butanol fermentation revisited. Microbiol. Rev. 50, 484–524.
Khan, M.U., Ahring, B.K., 2019. Lignin degradation under anaerobic digestion: influence of lignin modifications -a

review. Biomass Bioenergy 128, 105325.
Kim, Y., Ingram, L.O., Shanmugam, K.T., 2007. Construction of an Escherichia coliK-12mutant for homoethanologenic

fermentation of glucose or xylose without foreign genes. Appl. Environ. Microbiol. 73, 1766–1771.
Kim, Y., Ingram, L.O., Shanmugam, K.T., 2008. Dihydrolipoamide dehydrogenase mutation alters the NADH sensi-

tivity of pyruvate dehydrogenase complex of Escherichia coli K-12. J. Bacteriol. 190, 3851–3858.
Kim, Y., Mosier, N.S., Ladisch, M.R., Pallapolu, V.R., Lee, Y.Y., Garlock, R., Balan, V., Dale, B.E., Donohoe, B.S.,

Vinzant, T.B., Elander, R.T., Falls, M., Sierra, R., Holtzapple, M.T., Shi, J., Ebrik, M.A., Redmond, T., Yang, B.,
Wyman, C.E., Warner, R.E., 2011. Comparative study on enzymatic digestibility of switchgrass varieties and har-
vests processed by leading pretreatment technologies. Bioresour. Technol. 102, 11089–11096.

Klein-Marcuschamer, D., Oleskowicz-Popiel, P., Simmons, B.A., Blanch, H.W., 2012. The challenge of enzyme cost in
the production of lignocellulosic biofuels. Biotechnol. Bioeng. 109, 1083–1087.

Kumar, R., Hu, F., Sannigrahi, P., Jung, S., Ragauskas, A.J., Wyman, C.E., 2013. Carbohydrate derived-pseudo-lignin
can retard cellulose biological conversion. Biotechnol. Bioeng. 110, 737–753.

Lee, J.M., Upare, P.P., Chang, J.S., Hwang, Y.K., Lee, J.H., Hwang, D.W., Hong, D.Y., Lee, S.H., Jeong,M.G., Kim, Y.D.,
Kwon, Y.U., 2014. Direct hydrogenation of biomass-derived butyric acid to n-butanol over a ruthenium-tin bime-
tallic catalyst. ChemSusChem 7, 2998–3001.

Li, F., Hinderberger, J., Seedorf, H., Zhang, J., Buckel, W., Thauer, R.K., 2008. Coupled ferredoxin and crotonyl co-
enzyme A (CoA) reduction with NADH catalyzed by the butyryl-CoA dehydrogenase/Etf complex from clostrid-

ium kluyveri. J. Bacteriol. 190, 843–850.
Lopes, A.M.M., Martins, M., Goldbeck, R., 2021. Heterologous expression of lignocellulose-modifying enzymes in

microorganisms: current status. Mol. Biotechnol. 63, 184–199.
Luo, H., Yang, R., Zhao, Y., Wang, Z., Liu, Z., Huang, M., Zeng, Q., 2018. Recent advances and strategies in process

and strain engineering for the production of butyric acid by microbial fermentation. Bioresour. Technol. 253,
343–354.

Lynd, L.R., Weimer, P.J., van Zyl, W.H., Pretorius, I.S., 2002. Microbial cellulose utilization: fundamentals and bio-
technology. Microbiol. Mol. Biol. Rev. 66, 506–577.

Lynd, L.R., van Zyl,W.H.,McBride, J.E., Laser,M., 2005. Consolidated bioprocessing of cellulosic biomass: an update.
Curr. Opin. Biotechnol. 16, 577–583.

Manandhar, A., Shah, A., 2020. Techno-economic analysis of bio-based lactic acid production utilizing corn grain as
feedstock. Processes 8, 199.

Martin, C., Wu, G., Wang, Z., Stagge, S., Jonsson, L.J., 2018. Formation of microbial inhibitors in steam-explosion
pretreatment of softwood impregnated with sulfuric acid and sulfur dioxide. Bioresour. Technol. 262, 242–250.

McAloon, A., Taylor, F., Yee, W., Ibsen, K., Wooley, R., 2000. Determining the Cost of Producing Ethanol From Corn
Starch and Lignocellulosic Feedstocks. National Renewable Energy Lab. (NREL), Golden, CO, United States.
NREL/TP-580-28893.

36 2. Advanced biofuels: Perspectives and possibilities

http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0155
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0155
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0160
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0160
https://www.iea.org/reports/world-energy-outlook-2020
https://farmdocdaily.illinois.edu/2020/01/2019-ethanol-production-profits-just-how-bad-was-it.html
https://farmdocdaily.illinois.edu/2020/01/2019-ethanol-production-profits-just-how-bad-was-it.html
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0175
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0175
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0180
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0180
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0180
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0185
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0185
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0190
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0190
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0195
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0200
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0200
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0205
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0205
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0210
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0210
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0215
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0215
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0215
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0215
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0220
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0220
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0225
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0225
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0230
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0230
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0230
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0235
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0235
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0235
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0240
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0240
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0245
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0245
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0245
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0250
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0250
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0255
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0255
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0260
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0260
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0265
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0265
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0270
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0270
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0270


McGovern, P.E., Zhang, J.H., Tang, J.G., Zhang, Z.Q., Hall, G.R.,Moreau, R.A., Nunez, A., Butrym, E.D., Richards,M.-
P., Wang, C.S., Cheng, G.S., Zhao, Z.J., Wang, C.S., 2004. Fermented beverages of pre- and proto-historic China.
Proc. Natl. Acad. Sci. U. S. A. 101, 17593–17598.

Miller, E.N., Jarboe, L.R., Turner, P.C., Pharkya, P., Yomano, L.P., York, S.W.,Nunn,D., Shanmugam, K.T., Ingram, L.-
O., 2009. Furfural inhibits growth by limiting sulfur assimilation in ethanologenic Escherichia coli strain LY180.
Appl. Environ. Microbiol. 75, 6132–6141.

Moyses, D.N., Reis, V.C., de Almeida, J.R., de Moraes, L.M., Torres, F.A., 2016. Xylose fermentation by Saccharomyces

cerevisiae: challenges and prospects. Int. J. Mol. Sci. 17, 207.
Nieves, I.U., Geddes, C.C., Mullinnix, M.T., Hoffman, R.W., Tong, Z., Castro, E., Shanmugam, K.T., Ingram, L.O.,

2011. Injection of air into the headspace improves fermentation of phosphoric acid pretreated sugarcane bagasse
by Escherichia coli MM170. Bioresour. Technol. 102, 6959–6965.

Noh, H.J., Woo, J.E., Lee, S.Y., Jang, Y.S., 2018. Metabolic engineering of Clostridium acetobutylicum for the production
of butyl butyrate. Appl. Microbiol. Biotechnol. 102, 8319–8327.

Ogunmolu, F.E., Jagadeesha, N.B.K., Kumar, R., Kumar, P., Gupta, D., Yazdani, S.S., 2017. Comparative insights into
the saccharification potentials of a relatively unexplored but robust Penicillium funiculosum glycoside hydrolase 7
cellobiohydrolase. Biotechnol. Biofuels 10, 71.

Ogunyewo, O.A., Randhawa, A., Joshi, M., Jain, K.K., Wadekar, P., Odaneth, A.A., Lali, A.M., Yazdani, S.S., 2020.
Engineered Penicillium funiculosum produces potent lignocellulolytic enzymes for saccharification of various
pretreated biomasses. Process Biochem. 92, 49–60.

Ohta, K., Beall, D.S., Mejia, J.P., Shanmugam, K.T., Ingram, L.O., 1991. Genetic improvement of Escherichia coli for
ethanol production: chromosomal integration of Zymomonas mobilis genes encoding pyruvate decarboxylase
and alcohol dehydrogenase II. Appl. Environ. Microbiol. 57, 893–900.

Ong, R.G., Higbee, A., Bottoms, S., Dickinson, Q., Xie, D., Smith, S.A., Serate, J., Pohlmann, E., Jones, A.D., Coon, J.J.,
Sato, T.K., Sanford, G.R., Eilert, D., Oates, L.G., Piotrowski, J.S., Bates, D.M., Cavalier, D., Zhang, Y., 2016. Inhi-
bition of microbial biofuel production in drought-stressed switchgrass hydrolysate. Biotechnol. Biofuels 9, 237.

Othman, M., Ariff, A.B., Rios-Solis, L., Halim, M., 2017. Extractive fermentation of lactic acid in lactic acid bacteria
cultivation: a review. Front. Microbiol. 8, 2285.

Ou, M.S., Mohammed, N., Ingram, L.O., Shanmugam, K.T., 2009. Thermophilic Bacillus coagulans requires less cellu-
lases for simultaneous saccharification and fermentation of cellulose to products than mesophilic microbial
biocatalysts. Appl. Biochem. Biotechnol. 155, 379–385.

Padella, M., OConnell, A., Prussi, M., 2019.What is still limiting the deployment of cellulosic ethanol? Analysis of the
current status of the sector. Appl. Sci. 9, 4523.

Pandey, A.K., Kumar, M., Kumari, S., Kumari, P., Yusuf, F., Jakeer, S., Naz, S., Chandna, P., Bhatnagar, I., Gaur, N.A.,
2019. Evaluation of divergent yeast genera for fermentation-associated stresses and identification of a robust sug-
arcane distillery waste isolate Saccharomyces cerevisiae NGY10 for lignocellulosic ethanol production in SHF and
SSF. Biotechnol. Biofuels 12, 40.

Patel,M.A., Ou,M., Ingram, L.O., Shanmugam,K.T., 2005. Simultaneous saccharification and co-fermentation of crys-
talline cellulose and sugar cane bagasse hemicellulose hydrolysate to lactate by a thermotolerant acidophilic Ba-
cillus sp. Biotechnol. Prog. 21, 1453–1460.

Pemberton, M.S., Crawford, S.D., 1980. Method for Ethanol Fermentation. United States Patent 4,224,410.
Prajapati, J.B., Nair, B.M., 2017. The history of fermented foods. In: Farnworth, E.R. (Ed.), Handbook of Fermented

Functional Foods, second ed. CRC Press, Boca Raton, Florida, pp. 1–24.
Qureshi, N., Lin, X., Liu, S., Saha, B.C., Mariano, A.P., Polaina, J., Ezeji, T.C., Friedl, A., Maddox, I.S., Klasson, K.T.,

Dien, B.S., Singh, V., 2020. Global view of biofuel butanol and economics of its production by fermentation
from sweet sorghum bagasse, food waste, and yellow top presscake: application of novel technologies. Fermen-
tation 6, 58.

Rajoka,M.I., Ferhan,M., Khalid, A.M., 2005. Kinetics and thermodynamics of ethanol production by a thermotolerant
mutant of Saccharomyces cerevisiae in a microprocessor-controlled bioreactor. Lett. Appl. Microbiol. 40, 316–321.

Robak, K., Balcerek, M., 2020. Current state-of-the-art in ethanol production from lignocellulosic feedstocks.
Microbiol. Res. 240, 126534.

Saha, B.C., Nichols, N.N., Qureshi, N., Kennedy, G.J., Iten, L.B., Cotta, M.A., 2015. Pilot scale conversion of wheat
straw to ethanol via simultaneous saccharification and fermentation. Bioresour. Technol. 175, 17–22.

Salvado, Z., Arroyo-Lopez, F.N., Guillamon, J.M., Salazar, G., Querol, A., Barrio, E., 2011. Temperature adaptation
markedly determines evolution within the genus Saccharomyces. Appl. Environ. Microbiol. 77, 2292–2302.

37References

http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0275
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0275
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0275
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0280
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0280
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0280
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0285
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0285
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0290
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0290
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0290
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0295
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0295
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0300
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0300
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0300
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0305
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0305
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0305
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0310
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0310
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0310
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0315
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0315
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0315
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0320
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0320
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0325
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0325
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0325
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0330
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0330
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0335
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0335
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0335
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0335
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0340
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0340
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0340
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0345
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0350
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0350
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0355
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0355
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0355
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0355
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0360
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0360
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0365
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0365
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0370
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0370
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0375
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0375


San Martin, R., Bushell, D., Leak, D.J., Hartley, B.S., 1992. Development of a synthetic medium for continuous anaer-
obic growth and ethanol production with a lactate dehydrogenase mutant of Bacillus stearothermophilus. J. Gen.
Microbiol. 138, 987–996.

Scalcinati, G., Otero, J.M., Van Vleet, J.R., Jeffries, T.W., Olsson, L., Nielsen, J., 2012. Evolutionary engineering of Sac-
charomyces cerevisiae for efficient aerobic xylose consumption. FEMS Yeast Res. 12, 582–597.

Shanmugam, K.T., Ingram, L.O., 2021. Principles and practice of designing microbial biocatalysts for fuel and chem-
ical production. J. Ind. Microbiol. Biotechnol. https://doi.org/10.1093/jimb/kuab016. In press.

Shen, C.R., Lan, E.I., Dekishima, Y., Baez, A., Cho, K.M., Liao, J.C., 2011. Driving forces enable high-titer anaerobic
1-butanol synthesis in Escherichia coli. Appl. Environ. Microbiol. 77, 2905–2915.

Sjoblom, M., Risberg, P., Filippova, A., Ohrman, O.G.W., Rova, U., Christakopoulas, P., 2017. In situ biocatalytic syn-
thesis of butyl butyrate in diesel and engine evaluations. ChemCatChem 9, 4529–4537.

Su, Y., Rhee, M.S., Ingram, L.O., Shanmugam, K.T., 2010. Physiological and fermentation properties of Bacillus

coagulans and a mutant lacking fermentative lactate dehydrogenase activity. J. Ind. Microbiol. Biotechnol. 38,
441–450.

Sun, J., Konda, N.V.S.N.M., Parthasarathi, R., Dutta, T., Valiev, M., Xu, F., Simmons, B.A., Singh, S., 2017. One-pot
integrated biofuel production using low-cost biocompatible protic ionic liquids. Green Chem. 19, 3152–3163.

Tao, L., Aden, A., Elander, R.T., Pallapolu, V.R., Lee, Y.Y., Garlock, R.J., Balan, V., Dale, B.E., Kim, Y., Mosier, N.S.,
Ladisch, M.R., Falls, M., Holtzapple, M.T., Sierra, R., Shi, J., Ebrik, M.A., Redmond, T., Yang, B., Wyman, C.E.,
Hames, B., Thomas, S., Warner, R.E., 2011. Process and technoeconomic analysis of leading pretreatment technol-
ogies for lignocellulosic ethanol production using switchgrass. Bioresour. Technol. 102, 11105–11114.

Toivari, M.H., Salusjarvi, L., Ruohonen, L., Penttila, M., 2004. Endogenous xylose pathway in Saccharomyces cerevisiae.
Appl. Environ. Microbiol. 70, 3681–3686.

Tucci, S., Martin, W., 2007. A novel prokaryotic trans-2-enoyl-CoA reductase from the spirochete Treponema denticola.
FEBS Lett. 581, 1561–1566.

van Rijn, R., Nieves, I.U., Shanmugam, K.T., Ingram, L.O., Vermerris, W., 2018. Techno-economic evaluation of cel-
lulosic ethanol production based on pilot biorefinery data: a case study of sweet sorghum bagasse processed via L
+SScF. Bioenergy Res. 11, 414–425.

Wang, L., Ou, M.S., Nieves, I., Erickson, J.E., Vermerris, W., Ingram, L.O., Shanmugam, K.T., 2015. Fermentation of
sweet sorghum derived sugars to butyric acid at high titer and productivity by a moderate thermophile Clostrid-
ium thermobutyricum at 50°C. Bioresour. Technol. 198, 533–539.

Wang, L., Chauliac, D., Moritz, B.E., Zhang, G., Ingram, L.O., Shanmugam, K.T., 2019a. Metabolic engineering of
Escherichia coli for the production of butyric acid at high titer and productivity. Biotechnol. Biofuels 12, 62.

Wang, H.L., Pu, Y.Q., Ragauskas, A., Yang, B., 2019b. From lignin to valuable products-strategies, challenges, and
prospects. Bioresour. Technol. 271, 449–461.

Wang, L., York, S.W., Ingram, L.O., Shanmugam, K.T., 2019c. Simultaneous fermentation of biomass-derived sugars
to ethanol by a co-culture of an engineered Escherichia coli and Saccharomyces cerevisiae. Bioresour. Technol. 273,
269–276.

Wilbanks, B., Trinh, C.T., 2017. Comprehensive characterization of toxicity of fermentative metabolites on microbial
growth. Biotechnol. Biofuels 10, 262.

Williams, C.L., Westover, T.L., Emerson, R.M., Tumuluru, J.S., Li, C.L., 2016. Sources of biomass feedstock variability
and the potential impact on biofuels production. Bioenergy Res. 9, 1–14.

Xie, C.Y., Yang, B.X., Wu, Y.J., Xia, Z.Y., Gou, M., Sun, Z.Y., Tang, Y.Q., 2020. Construction of industrial xylose-
fermenting Saccharomyces cerevisiae strains through combined approaches. Process Biochem. 96, 80–89.

Xin, F., Basu, A., Yang, K.L., He, J., 2016. Strategies for production of butanol and butyl-butyrate through lipase-
catalyzed esterification. Bioresour. Technol. 202, 214–219.

Yang, S., Fei, G., Zhang, Y., Contreras, L.M., Utturkar, S.M., Brown, S.D., Himmel, M.E., Zhang, M., 2016. Zymomonas

mobilis as a model system for production of biofuels and biochemicals. Microb. Biotechnol. 9, 699–717.
Zhou, S., Iverson, A.G., Grayburn, W.S., 2008. Engineering a native homoethanol pathway in Escherichia coli B for

ethanol production. Biotechnol. Lett. 30, 335–342.
Zilberman, D., Hochman, G., Rajagopal, D., Sexton, S., Timilsina, G., 2013. The impact of biofuels on commodity food

prices: assessment of findings. Am. J. Agric. Econ. 95, 275–281.

38 2. Advanced biofuels: Perspectives and possibilities

http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0380
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0380
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0380
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0385
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0385
https://doi.org/10.1093/jimb/kuab016
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0390
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0390
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0395
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0395
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0400
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0400
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0400
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0405
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0405
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0410
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0410
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0410
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0410
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0415
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0415
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0420
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0420
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0425
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0425
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0425
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0425
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0425
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0430
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0430
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0430
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0435
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0435
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0440
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0440
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0445
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0445
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0445
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0450
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0450
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0455
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0455
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0460
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0460
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0465
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0465
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0470
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0470
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0475
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0475
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0480
http://refhub.elsevier.com/B978-0-323-88427-3.00021-0/rf0480

	Chapter_Awasthi et.al.2022_978-0-323-88427-3 40
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 41
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 42
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 43
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 44
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 45
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 46
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 47
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 48
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 49
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 50
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 51
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 52
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 53
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 54
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 55
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 56
	Chapter_Awasthi et.al.2022_978-0-323-88427-3 57



