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Abstract: This review covers the recent progress in the design and application of microbial biofuels,
assessing the advancement of genetic engineering undertakings and their marketability, and lignocel-
lulosic biomass pretreatment issues. Municipal solid waste (MSW) is a promising sustainable biofuel
feedstock due to its high content of lignocellulosic fiber. In this review, we compared the production
of fatty alcohols, alkanes, and n-butanol from residual biogenic waste and the environmental/eco-
nomic parameters to that of conventional biofuels. New synthetic biology tools can be used to engineer
fermentation pathways within micro-organisms to produce long-chain alcohols, isoprenoids, long-
chain fatty acids, and esters, along with alkanes, as substitutes to petroleum-derived fuels. Biotechno-
logical advances have struggled to address problems with bioethanol, such as lower energy density
compared to gasoline and high corrosive and hygroscopic qualities that restrict its application in pre-
sent infrastructure. Biofuels derived from the organic fraction of municipal solid waste (OFMSW) may
have less environmental impacts compared to traditional fuel production, with the added benefit of
lower production costs. Unfortunately, current advanced biofuel production suffers low production
rates, which hinders commercial scaling-up efforts. Microbial-produced biofuels can address low
productivity while increasing the spectrum of produced bioenergy molecules.

Keywords: advanced biofuels; bacterial fuels; synthetic biology; organic waste biomass;
pretreatment; climate change; greenhouse gas emissions

1. Introduction

Transportation fuel is responsible for a considerable amount of global greenhouse
gas emissions. The transport sector consumes 60% of the global oil production and is es-
timated to rise from 85 million barrels to 104 million barrels per day by 2030 due to pop-
ulation growth, industrialization of developing countries, and increased affluence [1]. The
clean energy mandate to generating biofuels from sustainable biomass is needed to offset
fossil fuels use that affects climate change [1].

Currently, bioethanol, the most used biofuel, is derived from either corn or sugar and
is considered a first-generation biofuel [2]. However, bioethanol-blended fuels have ad-
verse properties due to their lower energy content and being hygroscopic in nature, thus
limiting its use in transportation [2]. Besides, it is miscible in water and corrosive. The
drawbacks of first-generation renewable fuels led to the development of second-genera-
tion biofuels [3]. One such process based on Fischer-Tropsch conversion produces ad-
vanced liquid aviation and diesel fuels known as synthetic paraffinic kerosenes (SPKs)
from biomass [4,5]. The large-scale use of second-generation biofuels is restricted by the
availability of feedstock [6].

Therefore, the limitations of first- and second-generation biofuels have driven the
development of biofuels from abundant energy-rich nonfood feedstock such as organic
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waste and wastewater [6]. Particularly, European nations are increasingly focusing on ag-
ronomic cellulosic waste and waste from forests to form renewable biofuels [7]. Further-
more, excess food waste in Asian countries can provide additional feedstock for the gen-
eration of superior biofuels [8].

Microbial-derived biofuels present an opportunity to produce renewable biofuels
from the organic fraction of municipal solid waste (OFMSW). The challenge is to develop
microbe strains that can convert the OFMSW to drop-in biofuels that are anatomically and
chemically analogous to mainstream fuels. However, for biofuel production and usage, it
will be possible to achieve a net carbon dioxide emissions balance because the carbon is
part of the cycle, while fossil fuels give rise to a net addition of carbon dioxide to the at-
mosphere, as shown in Figure 1 [9].
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Figure 1. Conventional oil and biofuels net production pathways. Reprint with permission [9]; 2020,
Elsevier.

The use of synthetic biology tools allows for the engineering of microbes to convert
biomass and waste and control carbon flows for desired biofuels, as shown in Figure 2.
Recombinant enzymes are accessible from a wide range of microorganisms and may even
be produced heterologously in a designed host organism [10]. Genetic recombination
techniques for the introduction of selected metabolic pathways into microorganisms such
as Escherichia coli and Saccharomyces cerevisiae can be used to increase the production level
of different advanced biofuel precursors [10].

However, the development of industrial-scale nonethanol sustainable biofuels is a
more challenging task than that of ethanol production. As short-term economic forces are
challenging for industrial development, the need for strategies to enhance biofuel perfor-
mance and productivity in engineered microbial strains is crucial. In addition, microbial
product inhibition, which adversely impact yield, efficiency, and operability, is one of the
biggest obstacles for new bioprocesses [11,12].
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Figure 2. Advanced biofuels produced in engineered microorganisms from biomass. Reprint with
permission [13]; 2016, Elsevier.

The microbial production of biofuels utilizes four key metabolic pathways: the alco-
hol, fatty acid, isoprenoid, and alkane pathways. Additionally, the polyketide synthesis
pathway has recently been investigated as an additional metabolic pathway to produce
biofuel precursors [13]. Microbial biofuels production can utilize a variety of abundant
underutilized carbon sources, such as algal biomass, greenhouse gasses, lignocellulose,
carbon monoxide, and carbon dioxide. Residue from feedstock, such as lignocellulose that
contains almost 70% sugar, is the most easily obtainable universal biomass [12]. However,
these sugars need to undergo chemical and physical pretreatment prior to the release of
sugars for microbial fermentation. The conversion of atmospheric CO: into biofuels may
be viable by carbon fixation through either the Wood-Ljungdahl pathway or through pho-
tosynthetic pathways. Carbon monoxide, derived from the thermal ignition of lignocellu-
losic biomass and plentiful in steel-mill flu fumes, can be assimilated by microorganisms
into high-bioenergy molecules [12].

Careful attention to downstream conditions and final product use should be assessed
during the design phase of a microorganism for the biofuels production pipeline: engine
type (flicker or density ignition), energy content, combustion adeptness, ignition poten-
tial, cloud phase, volatility, grease, viscidness, chafing, smell, injuriousness, water misci-
bility, and expenditure [12]. The prime limitation to using microorganisms to convert bi-
omass into cutting-edge biofuels is the lack of understanding of the endogenous metabolic
pathways for biofuel generation at large-scale production. The introduction of exogenous
biofuel pathways into productive hosts, such as E. coli and S. cerevisiae, has shown prom-
ise, but this technique has experienced challenges in handling recombinant enzyme ex-
pression and control with increased metabolic instability during the scaleup phase [14].

2. Residue and Biomass

Biomass residues may be classified into major, secondary, and tertiary ranks. Initial
residues are usually yielded through the sowing of food harvests and forest products in
the region, such as corn stalks and straw. Secondary residues are extracted when harvests
are fully grown and treated in the final form of the product. Sugar cane bagasse, palm
kernel cakes, and wood chips are sources of agriculture and dietary waste. Tertiary resi-
dues are obtainable after the consumption of a biomass-derived product by people and/or
animals [15]. In fact, these waste streams exist in the form of municipal solid waste (MSW)
and/or soluble organic fractions wastewater [15]. These sources of biomass and waste can
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be converted into bioenergy using engineered microorganisms to enhance the production
quality of biofuels.

3. Biochemical Pathways for Fuel Production
3.1. Pathways for Alcohol-Sourced Fuels

Higher alcohol or short-chain chemicals can be used in gasoline as oxygenates or, in
certain circumstances, as a complete gasoline replacement. For example, n-butanol, which
contains 84% of the calorific value of gasoline, has a lower water solubility and is immiscible
in water [16,17]. Wild-type microorganism strains, such as Clostridium acetobutylicum, were
assayed for growth on different biomass sources, such as liquefied cornflourll, glycerol,
glucosel0 (a combination of treated biodiesel derived from fats) [18], and syngas (hydrogen
and carbon monoxide mix). Even though C. acetobutylicum showed growth and butanol pro-
duction, the rate of reaction is slow due to the strictly anaerobic reaction and solvent toxicity,
making the butanol production no more than 13 g/L. Recently developed synthetic biology
tools for the genetic manipulation of the Clostridium genus could potentially engineer strains
that can overcome the slow reaction rates and diminish solvent toxicity [17].

3.2. Pathways for Isoprenoid-Derived Fuels

Isoprenoids are usually associated with pharmaceuticals and flavors [19], but isopre-
noids have the capacity to function as energy-rich biofuels due to their ring and branch
structure [14]. The short-chain alcohol, isopentanol, shows promise as gasoline fuel addi-
tives [14]. Even though branching decreases the cetane number (a measure of ignition ef-
ficacy in internal combustion engines), branching in straight-chain alkanes disrupts hy-
drophobic interactions and lowers the fuel freezing point [12]. The isoprenoid farnesene
is synthesized in the industrial yeast strain S. cerevisiae PE-2 and is the closest to commer-
cialization. This project was focused on developing a fully integrated and scalable process
to produce farnesene from cellulosic sugars at USD 2 per liter in the U.S. It was reported
that in 2019, the project was 67% complete. The plant size could process 300,000 dry tons of
pine wood per year (pulpwood quality). Bisabolane is another potential biofuel that is pro-
duced by a combination of microbial synthesis followed by chemical catalysis synthesis [12].
Biologically derived pinene dimerized using a green catalyst is a high-density fuel alterna-
tive with a net heat of combustion and density comparable to that of JP-10 jet fuel [20].

3.3. Pathways for Fatty Acid-Derived Fuels

Phosphoglycerates and triglycerides are the key components of cell membranes.
They, along with fatty acids, oils, as well as other bioderived long-chain alkanes, are com-
monly used in biofuel production. The metabolism of fatty acid is well understood. Engi-
neering microbes to produce nonnatural fatty acid-resultant chemicals have produced
several candidates having the capacity to replace diesel [12].

3.4. Pathways for Polyketide-Derived Fuels

Natural product biosynthesis is performed by enzymes referred to as polyketide syn-
thases (PKSs). Type 1 PKSs have been extensively studied due to their highly modular
architecture. They have been heterologously expressed in host organisms to produce
pharmaceuticals and other molecules of high value [21]. The repurposing of these PKS to
produce defined high-value bioenergy molecules has faced many challenges. We still lack
the understanding of how interactions between modular subunits affect the processivity
and specificity of PKSs [22]. Recent advances in genomics, synthetic biology, and rational
recombinant approaches will allow for the design and production of bioenergy molecules
of interest.

Contamination may be a significant obstacle to effective activity if modern biopro-
cesses are extended [23,24]. For advanced biofuels to be widely accepted, they must com-
pete with conventional fuels commercially, technologically, and environmentally. In
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addition, advanced biofuels need to address the price of feedstock economic and produc-
tivity constraints of scaling-up processes. Several advanced microbial biofuel candidates
are facing scaleup challenges that prevent their entry to market [12]. Fatty alcohols com-
pounds derived from plants or petrochemical sources are currently used in industry, hav-
ing higher price rates than diesel. Such factors drove efforts to use metabolic engineering
to create strains that generate these fatty alcohols. The use of microbes to convert biomass
into these bioenergetic compounds has economical attraction, as they can control the chain
length of the product, have tunable metabolic rates, and allow the use of nonplant oils as
feedstocks. Hydrocarbon molecules of alkanes and alkenes have identically similar mole-
cules to those of petroleum fuels on a chemical and structural basis. Thus, their use within
existing transportation systems is not technically, or in practical terms, restricted [25].

4. Types of Microorganisms: Wild Type vs. Engineered

Broadly, microbes are categorized in two types, wild-type (WT) species and engi-
neered, or genetically modified microorganisms (GMMs). WT microorganisms contain bi-
ochemical pathways as found in their native form but usually utilize a limited set of car-
bon sources and return yields that are much lower than what is commercially viable. Due
to these constraints, there is much energy spent on the bioprospecting and screening of
microorganisms to identify those with the potential to produce desired chemicals. Cur-
rently, optimization for high yields and carbon source selectivity to increase production
are limited by the wild-type microorganism’s metabolic potential [26,27].

The genetic engineering of microorganisms allows for the introduction of nonnative
biochemical paths, the improvement of the overall metabolic functioning of the organism,
and the selection of the desired final products. Effective treatment of the biosynthetic
pathway genes and/or other regulated genes and pathways may allow organisms to offer
a greater yield and selectivity to specific products [26]. Using synthetic biology, these
GMMs can be further engineered to resist adverse growth environments, such as hydrol-
ysate inhibitor resistance, thereby resulting in increased production yields [26].

GMMs have been extensively used in industrial chemical production due to being able
to engineer them to tolerate biofuels’ product toxicity [28] and to synthesize high-value
chemicals using a wide range of carbon sources. The wide-ranging metabolic potential of
GMMs and ample set of synthetic biology tools facilitate the introduction of heterologous
pathways beyond the improvement of production titers and yields, as it can also be de-
signed for the selection of desired biofuels [1]. Various GMM strains utilize certain biochem-
ical routes to produce fuel-type molecules, which are briefly shown in Table 1.

Table 1. Various examples of microorganisms producing fuel-type molecules.

Microorganism Class Range Concentration (g/L)  Reference
E. coli BL21(DE3) (modi- C13, C15, and
fied) Alkanes c17 0.30 [29]
C. acetobutylicum Mixed acetone-buta- 2533 [30]
PJC4BK (GMM) Oxygenates nol-ethanol
C. acetobutylicum P260 Mixed acetone-buta- 2534 [30]
(GMM) Oxygenates nol-ethanol
C. beijerinckii BA101 Mixed acetone-buta-
(GMM) Oxygenates nol-ethanol 2535 (301
C. beijerinckii BA101 Oxygenates
(GMM) aleohol butanol 11.9-14.3 [30]
N. muscorum Alkanes n-C15-C18 0.025-0.12 [31]
Rhodopseudomonas Isoprenoids n-C15-C20 0.006 [31]
D. desulfuricans Alkanes n-C11-C35 0.8-2.25 [31]
Bacillus sp Mixed C14-C34 0.33 [31]
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Examples of GMMs are E. coli strains, which provide different product concentra-
tions. In E. coli BL21(DE3), the introduction of fatty acid reductase (FAR) from Synechococ-
cus elongatus (PCC7942) and aldehyde deformylating oxygenase (ADO) from N. puncti-
forme (PCC73102) increased the overall production of aliphatic hydrocarbons of interest.
Other modifications of E. coli BL21(DE3) inhibiting the transcription factor fadR are the
aldehyde reductase (ALR) conversion of alkanes to fatty alcohols and acyl-coenzyme A
(CoA) synthase/acyl-CoA dehydrogenase (FadD/E) degradation.

GMM Risks and Regulations

Microorganisms that have been genetically engineered offer a lot of potential for en-
vironmental applications. However, some may have unintended negative consequences.
The fact that microbes are self-replicating entities makes it difficult to prevent an unfavor-
able effect simply by stopping additional discharges of the organism. One common com-
plaint is that recombinant genes can be transmitted from their host bacterium to other
bacteria once released into the environment. A review of horizontal gene transfer (through
transformation, transduction, and conjugation) in various environmental conditions has
been published [32]. Inter-specific horizontal gene transfer has been seen for many differ-
ent bacteria, many genes, and in many distinct environmental conditions, according to the
findings. It would be a mistake, therefore, to assume that recombinant genes put into the
environment will not propagate to related bacteria unless additional measures are fol-
lowed. Given the large number of bacteria that might be discharged, as well as their rep-
lication over a lengthy period of time, estimations of low, or nondetectable, DNA transfer
in laboratory tests may be meaningless. On the other hand, a variety of methods have been
developed to decrease horizontal gene transfer to other bacteria [33-35].

However, owing to energy inefficiency, to disruption of genomic coadaptation, or to
domestication, it has been argued that genetically engineered microbes will be poor com-
petitors and hence unable to survive in the wild. Many research studies have backed up
the idea that genetically changed microbes are less fit than their progenitors; however,
there are a few notable exceptions where genetic changes surprisingly improve competi-
tive fitness. Furthermore, future evolution may remove certain genes’ maladaptive effects,
boosting the chances of a changed creature or its designed genes surviving. It is a difficult
ecological and evolutionary challenge to assess the chance of a genetically modified mi-
crobe or its designed genes surviving.

As a result, an effective regulatory system would only need such assessments when
probable possibilities for severe negative environmental impacts exist. The Cartagena Pro-
tocol on Biosafety, the Convention on Biological Diversity (CBD 2000) [36], and the Inter-
national Plant Protection Convention (IPPC) [37], all of which address the environmental
aspects of GMOs, should be followed when developing microbial biofuel production pro-
cesses that include GMMs. Article 15 of the Cartagena Protocol on Biosafety requires a
risk assessment to be conducted in accordance with scientific and transparent standards,
using procedures that are previously known and accepted. The characterization process
should take a multidisciplinary approach that (i) examines statistical methodologies, (ii)
considers the individual components used to create the GMMs, and (iii) assesses the final
result in its entirety (characteristics of the organism with new traits, information related
to intended use, and an evaluation of the final result in its entirety). Furthermore, such
projects must adhere to all hygienic regulations and guidelines established by municipal
governments.
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5. Microbial Engineering for the Development of Innovative Biofuels and Biosyn-
thetic Pathways

Synthetic biology is opening doors to the fourth generation of biofuels. It introduces
engineering principles, such as modularization and compartmentalization, to biological
systems, leading to genetic circuitry systems design and control in microorganisms, with
the aim of the development of a biological fuel manufacture platform as simple as config-
uring a computer [38]. Unlike high-value products, such as pharmaceuticals and enzymes,
fuels are a commodity product with well-established production costs. The entry of bio-
fuels into the general market can only be attained when the production costs are equal to
or lower than those of drilling and refining petroleum.

In order to increase production and reduce costs of desired bioenergy molecules of
interest, any nonessential cellular metabolic pathway that shunts the product through side
reactions must be methodically assessed and controlled. In order to realize this aim, there
needs to be a set of core host microorganisms with complementary synthetic biology tech-
nologies to enabling the speedy prototyping, testing, and optimizing of desired metabolic
pathways. Currently, there are few microbial synthetic biology prototyping platforms op-
timized for the design, development, and deployment of GMMs in a predictable and de-
pendable manner.

Microbial-produced advanced biofuel design starts from three central pathway metab-
olites: pyruvate, acetyl-CoA, and phosphoenolpyruvate. The building of a select metabolic
pathway [39] can be accelerated by improved assembly methods instead of random evolu-
tionary permutation selection. For instance, methods such as ligation-free assembly [40] and
BioBricks [41] permit the prompt edifice of operons and paths from present DNA frag-
ments or genetic factors. In addition, emerging in silico design tools promise to standard-
ize rational biofoundry design to automate prototyping platforms [42].

5.1. Engineered Metabolic Pathway to Produce Fuels from Isoprenoids

Terpenes, also referred to as isoprenoids, are synthesized from 5-carbon isomeric com-
pounds (C5), called isopentenyl pyrophosphates (IPP) or dimethylallyl pyrophosphates
(DMAP). IPP and DMAP are derived from the mevalonate pathway (MEV) or the 1-deoxy-
d-xylulose 5-phosphate pathway (DXP), as shown in Figure 3 [43]. After biosynthesis of IPP
or DMAP, it is possible to condense the 5-carbon compound through prenyltransferases to
develop geranyl pyrophosphate, (GPP, C10), farnesyl-pyrophosphate (FPP, C15), and
geranylgeranyl-pyrophosphate (GGPP, C20). Subsequently, the transformation of these
prenyl pyrophosphates into monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20)
occurs via terpene synthases [2].
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Figure 3. Isoprenoid-based fuel pathways. Reprint with permission [43]; 2015, Wiley.

Furthermore, the terpene biosynthetic pathway uses IPP, GPP, and FPP as substrates,
hydrolyzing them via pyrophosphatases to generate drop-in fuel alcohols. Particularly,
the products isopentanol and isoamyl acetate have been approved as fuel additives [44].
The identification and subsequent cloning of pyrophosphatase nudB from B. subtilis into
E. coli was found to produce isopentanol through hydrolysis of IPP or DMAP [45]. FPP-
derived farnesol and farnesene are highly desired drop-in diesel fuels precursors [2]. The
production of farnesol in E. coli reached a concentration of 135 mg/L through the heterol-
ogous expression of the MEV pathway and over-expression of ispA (FPP synthase) [46].

Several companies have successful GMM platforms for the overexpression of isopre-
noids employing MVA and DXP pathways. Effective MVA route engineering in both E.
coli and S. cerevisiae indicated that its experimental efficiency and the redox balance of its
enzymes are crucial elements in deciding the marketable feasibility of manufacturing
larger molecules of higher energy density [47,48]. Recently, there has been a successful
commercialization of farnesene production [47]. In addition, several authors have recently
reported insights on using synthetic biology and engineered microorganisms and en-
zymes for the production of microbial fuels [9,17,22,42,49].

5.2. Engineered Metabolic Pathway to Produce Fuels from Fatty Acids

The microbial synthesis of fatty acids (FAs) and their conversion into phospholipids
is a well understood metabolic process [49]. The cultivating microorganisms in nutrient
media with limited nitrogen, phosphorous, or sulfur has been used to switch from a
growth phase to a FA synthesis and storage phase [49]. Despite the inability to utilize free
FAs as drop-in fuels, their byproducts, such as fatty alcohols, fatty acid alkyl esters, fatty
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acid-derived alkanes, and alkenes, are high-value biofuel precursors for a number of rea-
sons, such as low solubility in water, greater energy density, and reduced toxicity to the
producing hosts [50,51].

As shown in Figure 4, the FA biosynthesis route begins from acetyl-CoA, which is
converted into malonyl-CoA and malonyl-ACP by acetyl-CoA carboxylase (ACC) and
malonyl-CoA:ACP transacylase (FabD), respectively [13,51]. Fatty acyl elongation begins
because of FabH catalysis that reduces malonyl ACP and acetyl-CoA to acetoacetyl ACP
production. B-keto-acyl-ACP is then converted by FabG, FabZ, and Fabl into acyl-ACP by
a systematic series of (3-keto-reduction, enoyl-reduction catalyses, and dehydration [52].
Through thioesterase-catalyzed hydrolysis, long-chain fatty acids are released from ACP.
Acyl-ACP hydrolysis mitigates FAS inhibition feedback by acyl-ACP51, resulting in the
effective FAS turnover and excess production of fatty acids.

(0] AccABCD FabD, FabB, FabH
B M — AL
5—CoA 5—CoA S—ACP
acetyl-CoA malonyI{oA FabD acetoacetyl-ACP
malonyl-ACP
Sk ai N
[-oxidation
(FadD, FadE, FadB, FadA) Fabl, FabF . keto-acyl NADPH
Acyl-ACP acyl-AcP O / -ACP
0 thioesterase
— CH,(CH,) S—ACP g
CH,(CH,), OH AR FARS NADP
PlsB, Pl's/ B-hydroxy
NAD* -acyl-ACP
Phospholipid Fabl
biosynthesis FabZ
NADH enoyl-ACP

Figure 4. Fatty acid-based metabolic pathways. Reprint with permission [51].; 2010, Wiley.

Three approaches to metabolic engineering have been used to enhance free fatty acid
yields. These are dynamic pathway regulations, organismal growth control, and pathway
modification [53-57]. Using these processes, the heterologous expression of FA in E. coli
reached 14% and 1.2 g/L of fatty acids after a 72 h incubation period. Subsequent experi-
ments eliminated the fadD gene that converts FAs into acid CoA while overexpressing
ACC to maximize the amount of malonyl CoA produced by introducing plant thioesters
from Umbellularia californica [52] and Cinnamomum camphorum [53]. This last strain had a
FA yield efficacy of 4.5 g/L with a 20% theoretical yield. The biosynthesis of FAs can be
highly regulated with the production of 12-18 carbon acyl chains [58,59].

5.3. Engineered Metabolic Pathway to Produce Fuels from Alkanes

Alkanes and alkenes are major components of diesel (C8-C21) [59]. A long-chain alkane
biosynthetic route was formed by showing a three-gene FA producing pathway from Mi-
crococcus luteus into E. coli [60]. Moreover, in E. coli, terminal alkenes were produced (mostly
C18-C20) via the introduction of the cytochrome P450 OleTJE enzyme of Jeotgalicoccus spp.,
which helped decarboxylate alkene-free fatty acids [41]. As shown in Figure 5, the reduction
of acyl-ACP (AAR) to aldehydes was further transformed into alkanes through an aldehyde
decarboxylase (ADC) enzyme. When both genes were co-expressed in E. coli, a combination
of alkanes (C13-C17) was formed, yielding 300 mg/L after a 40 h growth period [61]. Alkane
biosynthesis genes have also been identified in cyanobacteria [62]. Cyanobacteria pathway
expression in E. coli was one of the first methods adopted to enhance the large-scale syn-
thesis of alkanes [63]. A high alkane yield was found after the FAR expression of
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Synechococcus elongatus PCC7942 and ADO expression of N. punctiforme PCC73102 along
with a modified growth medium, which resulted in the production of a C13, C15, and C17
alkane mixture at 300 mg/L in the E. coli MG1655 strain [63,64].
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Figure 5. Schematic representation of the natural alkane biosynthesis pathways. Reprint with per-
mission [63]; 2016, Wiley.

5.4. Engineered Metabolic Pathway to Produce Fuels from Alcohol

One of the first developed microbial higher alcohol production occurred in Clostrid-
ium strains exploiting the acetyl-CoA-dependent fermentation process [63]. Nevertheless,
the difficulty in engineering Clostridium strains solely for producing butanol for use in
acetone-butanol-ethanol (ABE) mixtures, as well as its slow growth rate, has made it in-
compatible for alcohol production on a commercial scale [64,65]. Since then, a significant
amount of research has been published using E. coli and S. cerevisiae to produce various
branches and linear chain alcohols.

Several optimization schemes have been employed using two metabolic routes, as
shown in Figure 6: ABE pathway, using acetyl-CoA as a precursor, and keto-acid path-
way, starting from amino acid biosynthesis [47]. There is strong interest in commercializ-
ing n-butanol and isobutanol as they can be used as drop-in fuel additives. A published
study revealed that the theoretical production of isobutanol was increased by engineering
the last step of the isobutanol production pathway in E. coli [66,67], in which NADH was
the cofactor. Another study showed that the accumulation of NADH drove the n-butanol
yield up to 30 g/L due to the NAD/NADH imbalance in the cellular system [68].
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Figure 6. Higher-alcohol-producing pathway. Reprint with permission [47]; 2018, Wiley.

In S. cerevisiae, the deletion of two alcohol dehydrogenases (ADH1 and ADH4) and
the heterologous expression of the cytosolic pyruvate dehydrogenase (cytPDH) was
shown to prevent the formation of ethanol, and glycerol had an enhanced u-butanol pro-
duction (12 g/L) [69]. Meanwhile, the deletion of ADHI1 in a separate S. cerevisiae strain led
to higher u-butanol production (24.28 g/L) of the keto-acid pathway by the catalysis of
threonine and subsequent conversion to a 2-ketoacid precursor [70].

5.5. Sugar Synthesis from CO:2 by Microorganisms to Produce Bioenergy Carrying Molecules

The ability to fix atmospheric CO: into sugars for biomass production provides the
opportunity to close the loop in fossil fuels emissions. The incorporation of CO: into bio-
fuel provides a possible solution for minimizing carbon pollution and the use of fossil
fuels. The biochemical entrance to the organic biosphere is carbon fixation through auto-
trophs, as shown in Figure 7, in which microbes may use light, hydrogen, or sulfur to
absorb CO: into organic composites at ambient temperature and pressure [71].
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Figure 7. Schematic representation of the engineered synthetic chemo-autotrophic E. coli. Reprint
with permission [71]; 2019, Elsevier.

Several natural CO: fixation pathways have been reported [72]. The Calvin—Benson—
Bassam (CBB) cycle is the major environmental carbon assimilation atmospheric CO»-to-
biomass pathway, as shown in Figure 8 [73]. The photosynthetic assimilation of CO2 (not
discussed in this review) accounts for a large fraction of the process. Unfortunately, cur-
rent synthetic biology tools lack genetic manipulation protocols of photosynthetic model
organisms, such as algae.
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Figure 8. Calvin—Benson-Bassam cycle for carbon fixation. Reprint with permission [73]; 2016,
Elsevier.

Antonovsky et al. [73] showed that the biosynthesis of sugars from CO: occurs in the
CBB cycle in twelve reactions. Two key enzymes are absent in E. coli, namely ribulose-1,5-
bisphosphate carboxylase (Rubisco) and phosphoribulokinase (PRK). The insertion of Ru-
bisco and PRK genes along with the native gluconeogenesis and pentose phosphate path-
ways provide E. coli with the enzymatic mechanism to carry out CBB cycle reactions, result-
ing in the synthesis of sugar and other biomass compounds directly from CO:z fixation [73].

CO: fixation via Calvin-cycle enzymes was reported to improve ethanol yields in
yeast [74]. Glycerol output represents 4-10% of overall sugar consumption in anaerobic
yeast colonies, and thus, has major impacts on both first- and second-generation large-
scale bioethanol processing. The conversion of carbon dioxide into higher alcohols through
integrated electro-microbial conversion processes has also been investigated [75,76].
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Electromicrobial processes are one of the few technologies utilized to fix CO:z using auto-
trophic microbes [71].

6. Pretreatment Processes
6.1. Pretreatment of Lignocellulosic Biomass

Lignocellulose feedstock is composed of waste products, such as agricultural resi-
dues, kitchen organic waste, production waste, and wood waste, which are promising
sources of organics and carbohydrates for biofuels production as they do not compete
with food biomass [66]. Lignocellulosic biomass comprises about 50% of the world’s bio-
mass, and its annual production was estimated as 180 billion tons [77]. Biomass composi-
tion ranges from 40 to 50% cellulose—a glucose polymer, 25 to 35% hemicellulose—a
sugar heteropolymer, and 15 to 20% lignin—a phenyl-propane entity that cannot be fer-
mented, as well as minimal portions of mineral deposits, fats, solvable polysaccharides,
and additional constituents [78]. Biofuel production from lignocellulose comprises the
pretreatment of the biomass, polysaccharides enzymatic hydrolysis to monomeric sugars,
and fermentation into alcohol, as shown in Figure 9. Lignin can be retrieved and employed
in the form of fuel used for heat and electricity during ethanol production [79].
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Figure 9. Schematic of lignocellulosic biomass pretreatment. Reprint with permission from [79];
2019, Elsevier.

6.2. Biological Pretreatment of Lignocellulosic Biomass

Pretreatment processes need to satisfy the following conditions in order to optimize for
biofuels production [79,80]: avoiding damage to the hemicelluloses and cellulose, producing
far less residues, preventing the creation of any inhibitors of fermenting microorganisms
and hydrolytic enzymes, reducing the energy consumption, decreasing the feedstock size
and cost, and reducing the dependency on chemicals. Currently, several pretreatment pro-
cesses are being used in industry. They are categorized as chemical, physical, and physico-
chemical, according to the energy applied during the pretreatment process [81].

Chemical and physical methods are energy-intensive, incur a high cost, use nongreen
solvents, and can produce inhibitors of downstream biological processes. In biological pre-
treatment, biomass is directly converted to desirable products, inhibitor production is min-
imized, chemical additives are not required, and it requires low-energy consumption.
Therefore, this method is regarded as a sustainable environmentally friendly process [81,82].
This technology utilizes microorganisms, such as white and soft-rot fungi, bacterial or-
ganisms, and actinomycetes, which can decompose the recalcitrant compounds in feed-
stocks (lignin) [81,83].

Enzymatic pretreatment results in the partial or complete degradation of lignin from
lignocellulosic structures [84], resulting in improved biomethane production through an-
aerobic fungal, enzymatic, or microbial digestion [85]. Wet oxidation pretreatment
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processes were the most efficient of all tested processes and specifically increased the ef-
ficiency of anaerobic digestion, while producing less fermentation inhibitors [86]. Biolog-
ical pretreatments provide microbes with accessibility to fractions of cellulosic biomass
for enhanced hydrolysis and result in less carbohydrate loss. Solid-state biological pre-
treatment using white-rot fungi has many advantages over other pretreatment processes
as it can be applied to a wide range of biomass substrates. Unfortunately, solid-state bio-
logical pretreatment takes a long time to occur and requires more space than other biolog-
ical treatment processes [80]. The optimal pretreatment of lignocellulosic pretreatment for
downstream processes highly depends on both the type of biomass and the pretreatment
process selected [80-88].

6.3. Enzymatic Pretreatment

Hemicellulose and cellulose hydrolyzation is regarded as the slowest step of a meta-
bolic pathway through the process of anaerobic digestion [89]. Therefore, during the hy-
drolyzation process, endogenous enzymes are required to accelerate the anaerobic diges-
tion of cellulosic biomass. Biomass, such as pulp and paper sludge, pre-treated with an
extract of mushroom compost extract that has a rich quantity of carboxymethyl cellulase
and laccase (lac) hydrolyzation, promoted the production of methane by 34.2% compared
to the untreated control [90], wherein pre-treated hydrolysates of spent hops and sugar
beet pulp helped to diminish organic content matter about 7% and 23%, respectively, re-
sulting in an enhancement of methanation by 13-19% [91].

6.4. Fungal Pretreatment

The conversion of lignocellulose to biofuel using fungal pretreatment is highly de-
pendent on the lignin and hemicellulose degradation. White-rot fungi have been found to
be the most efficient pretreatment fungus for the generation of biogas derived from ligno-
cellulosic biomass [92]; still, pretreatment using the fungal method necessitates a sterili-
zation process of the lignocellulosic feedstock. At a ratio of 1:2 of Chestnut leaves and hay
pretreated at 37 °C and for 2-3 weeks, a wood-decomposing fungus intensified bio-gasi-
fication by 15%, compared with untreated biomass [93]. The main factor for the enhance-
ment of lignocellulosic biomass degradation by white-rot fungi, regardless of the presence
of lignin-degrading enzymes, is the ability to yield xylanases, cellulases, and hemicellu-
lases [84,94]. Though almost all fungi excrete lac, as well as manganese peroxidase (MnP),
a select set of fungi can also secrete lignin peroxidase (LiP) through the pretreatment pro-
cess with lignocellulosic biomass [80]. The length of time required for fungal lignocellulo-
sic biomass pretreatment makes this process less than optimal [95-97]. Treating the bio-
mass with a combination of fungal pretreatment and different methods, such as acid or
base pretreatment, has demonstrated a considerable increase in lignocellulosic biomass
degradation [98,99].

6.5. Bacterial Pretreatment

The use of bacteria, such as Novosphingobium sp. B-7 and Cupriavidus basilensis B-8,
has been shown to degrade lignin; however, the application of bacteria as a lignocellulosic
pretreatment is still rare due to the incomplete understanding of the mechanism of bio-
mass pretreatment using bacteria [100-102]. The bacterial degradation of lignocellulosic
biomass is due to two processes: the degradation of extracellular lignin and the degrada-
tion of intracellular aromatic components derived from lignin [103].

Extracellular bacteria peroxidases, such as lac and MnP, have been shown to have
high catalytic efficiency toward the degradation of lignin [102]. Several species of cellulo-
lytic bacteria have been studied to elucidate their mechanism of action [84]. For example,
Cellulomonas fimi, Thermomonospora fusca, and Paenibacillus campinasensis are of interest as
they can live in inhospitable environments [104]. More than 30 cellulolytic bacteria, such
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as F. succinogenes and R. albus, isolated from bovine rumen bind to cellulose and initiate
the hydrolyzation of cellulose [105].

Zymomonas mobilis, an anaerobic bacterial species, has been found to be a cellulolytic
type, which is utilized for fermenting sucrose, glucose, and fructose for providing a high
ethanol yield [106-108]. Lignin degradation has been investigated traditionally using fun-
gal pretreatment. Recent renewed interest has pushed for research into bacteria-driven
lignin degradation [81,109]. Azospirillum lipoferum and Bacillus subtilis are two bacteria of
interest due to the fact that they can produce lac and, thus, can degrade lignin [109]. In
addition, bacterial strains with peroxidases, lac, and [3-etherases were shown to degrade
lignin [110-112].

6.6. Pretreatment of the Organic Fraction of Municipal Solid Waste

The organic fraction of municipal solid waste (OFMSW) consists of a complex mixture
of polysaccharides, proteins, and fats that require pretreatment due to the presence of lig-
nocellulosic biomass in OFMSW [113]. Thus, pretreatment prior to anaerobic digestion is
necessary to (A) transform the large molecules into simpler molecules, (B) offer a larger sur-
face area for degradation, and (C) promote the accessibility of food for microorganisms by
increasing the substrate porosity [114]. Several methods of pre-treatment that have been
studied are classified as physical pretreatment [115], chemical pretreatment [116], thermal
pretreatment [117], biological pretreatment [118], and combinational pretreatment [119].

6.7. Biological Pretreatment to Produce Biofuels from OFMSW

Fungi strains, such as white-rot basidiomycetes Phanerochaete chrysosporium, and
Pleurotus ostreatus, can degrade lignin via the activity of enzymes LiP, MnP, and lac [119].
Lignin is completely degraded during fungal pretreatment due to enzymatic activity,
while avoiding the production of phenolic compounds, unlike traditional chemical meth-
ods. Microorganisms could play a role in the consumption of glucose, providing reducing
equivalents to meet the requirement of their energy and degradation of phenol by ex-
creted fungal enzymes [119]. Although P. chrysosporium and P. ostreatus have been utilized
to degrade lignocellulosic biomass, the use of these systems for the pretreatment of OF-
MSW is not presented in the literature [113], but another fungus, Aspergillus awamori, was
studied as a pretreatment for OFMSW [120]. The major issue facing the enzymatic hydro-
lyzation of OFMSW is the heterogeneous and inconsistent nature of its composition. Thus,
the utilization of enzyme cocktails that degrade large complex molecules, such as carbo-
hydrates, lipids, and proteins, are required. This degradation results in simpler molecules,
such as fatty acids and sugars, that are used as a source of nutrients by microbes [120,121].

6.8. Biological Pretreatment of Wastewater

Farming wastewater solid biomass is composed of lignin (10-25%), cellulose (35-50%),
and hemicellulose (20-35%) [122]. Hemicellulose and cellulose are linked to lignin via co-
valent and hydrogen bonds, rendering it resistant to degradation [123]. The pretreatment
of farming wastewater prior to hydrolysis could considerably improve the hydrolysis ef-
ficacy by removing hemicellulose and lignin, reducing the crystallinity of cellulose, and
increasing waste solids porosity [80]. Enzymatic hydrolysis was conducted via cellulase
enzymes, with fermentation being performed by microbes (e.g., bacteria and yeast) [124].

Agricultural wastewater could be treated using enzymes or lignin-degrading micro-
organisms (e.g., white-, soft-, and brown-rot fungi) [125]. Brown-rot fungi can be used on
soft wood biomass prior to fermentation [126]. Soft-rot and white-rot fungi preferentially
degrade cellulose, hemicellulose, and lignin constituents of farming waste and improve
the enzymatic hydrolysis of agricultural waste. Additionally, basidiomycetes, for exam-
ple, Phanerochaete chrysosporium, have been found to degrade farm waste [81,127]. The pre-
treatment of agricultural pulp waste employed Streptomyces and white-rot fungi for the
degradation of lignin where lignin reduction was measured in hard wood (23.5%) and
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soft wood (10.5%) [128]. Delignification (85.6%) was attained in sawdust by a 55.2 g/L
pretreatment with a cellulose enzyme (derivative of Trichoderma/Hypocrea) [128]. More-
over, rice straw was biologically pre-treated with a white-rot fungus, Pleurotusostreatus,
for 44 days for the purpose of lignin removal: this pretreatment degraded cellulose
(24.30%) and lignin (27.85%) within 24 days [129]. The leading drawback of these pro-
cesses was the length of pretreatment due to a lower hydrolysis rate by fungi. This made
the process economically unfeasible at a commercial scale [130]. The summary of different
pretreatment methods is shown in Table 2.

Table 2. Pretreatment methods and results example.

Pretreatment Method

Considerations Pretreatment Conditions Results Ref

Physical

Physical pretreatment techniques have

been shown to increase the available sur-
Increased methane yield 11—

13%
Energy cost is high; particle
diameter should be
6 mm for high methane
yield

face area and pore size necessary for suc-  Feedstock: Cellulose,
cessful enzymatic reactions. The majority hemicellulose.
of the techniques used, however, are una- Conditions: Mechanical
ble to remove the lignin. Before applying pulverization, particle
thermal or chemical pretreatments, physi- sizes of 33 to 6 mm
cal techniques are usually employed as a

step.

[131]

Chemical

Chemical techniques have shown to be
highly efficient in expanding the available
surface area of lignocellulosic biomass, as
well as providing partial-to-complete del-

ignification. It is also possible to obtain a
considerable reduction in cellulose crystal-

The rice straw pretreated with
0.5 M of sodium carbonate at
Feedstock: Rice straw 110 °C for 2 h demonstrated
Conditions: 0.25and 0.5  the highest improvement
M of sodium carbonate at among the pretreatments, re- [132]
90, 110, and 130 °C and  sulting in the production of
for1,2,and 3h 292 mL/g of methane (125%
improvement compared with
the untreated straw).

linity, as well as partial-to-total hemicellu-
lose solubilization. Pretreatment using

chemicals is usually linked with the great-

est pretreatment rate. The most significant

drawback of chemical pretreatment tech-
niques is the significant chemical con-

sumption linked with high costs and envi-

ronmental issues.

Thermal

Previous study has shown that heat pre-
treatment can reduce cellulose crystallin-
ity, lower the degree of polymerization,
and solubilize lignin. When combined
with high pressure, the impact of temper-
ature has been observed to be superior.
The thermal method’s high energy-de-
manding nature is the primary impedi-
ment to its industrial use. The combined
thermos-chemical pretreatment has
proven to be a viable alternative to just
thermal and chemical pretreatments, com-
bining the benefits of both procedures
while reducing chemical and energy us-
age.

Feedstock: Wheat
straw/corn stover (mixed)
Conditions: Soaking 0.2%

H2S04, 190 °C, 5 min.

>50 g L1
Ethanol > 50 g/L [133]
Overall yield 74-78%

Biological

Biological techniques have proven to be Feedstock: Wheat straw
highly effective in decreasing the degree Microorganism/Enzyme:
of cellulose polymerization, hydrolyzing  Ceriporiopsis subver-
hemicellulose, and delignification. The ad- mispora
vantages of this approach over other pre- Conditions: 7 weeks of
treatment methods include a minimal  solid-state fermentation
chemical need and low energy usage. incubated at 24 °C.

In vitro gas production of 297

mLjg, [134]
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They are recognized for being the most
eco-friendly pretreatment method. Biolog-
ical techniques, on the other hand, are typ-
ically limited in their commercial use due
to their poor hydrolysis rate and high cost
(when specific enzymes are used).
Recent research has focused more empha-
sis on the enzymatic pretreatment ap-
proach because of the potential it offers
for increasing biofuel production, particu- .
. 5 pro P . Feedstock: Agricultural
larly biomethane synthesis. The enzymatic
: . residue; sugar beet pulp,
pretreatment of lignocellulosic biomass .
o . spent hops, manure, bio-
employs oxidative and hydrolytic en- .
) fiber, MSW, paper pulp,
zymes generated mostly by bacteria and
. . . wheat grass.
fungi. This pre-treatment approach is . .
aining popularity because of the quick Microorganism/Enzyme:
. & . & p P y . . q Laccase, mixture of cellu- 0-34% improved methane
Enzymatic reaction time, low nutrient requirements . . [85]
. K lases, hemicellulases and production
for enzymatic reactions, and the fact that . .
o B-glucosidase, pectinase,
most enzymes are unaffected by inhibitors )
. . . Trichoderma enzyme
and other microbial metabolisms.
Furthermore, the enzymatic pretreatment complex
i Y P Conditions: 37 °C for 4—
does not necessitate the use of costly pro-
. . . 24 h. Autoclave. Aero-
cessing equipment. However, the high . .
. . bic/anaerobic
cost of enzymes continues to be a barrier
to the economic viability of this pretreat-
ment approach for increased fuel genera-
tion on a large scale.
Fungal pretreatment utilizing lignin-de-
grading microorganisms, such as prelimi-
nary white-rot fungi, has resurfaced as a
viable option to thermal/chemical pre-
treatment for cellulosic ethanol produc-
tion, both economically and environmen- .
Y Feedstock: Agricultural
tally. It has been demonstrated that fungal =~
. " residue; chestnut leaves
pretreatment may improve the enzymatic .
. - . . and sisal leaves
digestibility of a variety of biomass feed- _ . .
. . ; Microorganism/Enzyme:
stocks, including maize stover, wheat . .
. Fungi (white, brown, and o . .
straw, rice straw, cotton stalks, and .. 15% to fivefold increased
Fungal . soft rot) and Basidiomy- . [85]
woody biomass. methanation
Simple procedures, minimal ener cetes
piep ! &Y Conditions: 28-37 °C for
needs, decreased waste streams, lower
. 12 days to 8 weeks. Auto-
downstream processing costs, and re-
. . clave/no autoclave. Aero-
duced inhibitors to ethanol fermentation bi
. ic
are all advantages of this approach over
thermochemical pretreatments. Despite
the benefits, the main drawbacks of fungal
pretreatment include significant cellulose
and hemicellulose loss and a protracted
pretreatment period.
Bacterial pretreatment is a screening and  Feedstock: Agricultural
application method that uses microorgan- residue; corn straw, corn
isms isolated from the natural environ- stalk, cassava residue,
Bacterial ment to aid in the hydrolysis of biomass and cotton stalk. 25-96.63% enhanced methane [85]
acteria . . . . . . .
during anaerobic digestion. Bacterial con- Microorganism/Enzyme: production

sortia used in pretreatment should obvi- Complex mixture con-
ously have the ability to degrade cellulose taining yeast and cellulo-
and hemicellulose. In anaerobic digestion lytic bacteria, heat-treated
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of distillery wastewater-fortified cassava sludge, Clostridium ther-

waste, a bacterial community isolated mocellum, mixture of
from a thermophilic straw-decomposing fungi and compost-form-
landfill exhibited a 96% greater methana-  ing microorganism.

tion at 55 °C than its untreated equivalent. Conditions: 20-55 °C for
12 h to 20 days. Auto-
clave/no autoclave. Aero-
bic

7. Outlook and Possibilities
7.1. Application of Microbial Fuels in Transport, Aviation, and Shipping

For years, liquid fuels have been the primary energy source for all IC engines used
in various means of transportation such as road, air, marine, and rail. Fossil-based hydro-
carbon fuels are commonly used in present-day infrastructures but have been associated
with the emission of noxious gases and PM due to incomplete combustion as a result of
the absence of oxygen in the fuel and insufficient oxidative oxygen, leading to environ-
mental pollution and greenhouse effects. Electric vehicles have been adjudged as one of
the solutions of zero-carbon means of transportation. While the use of electric vehicles
seems to be an ideal solution for short-haul travel, battery-electric vehicles will probably
not be a feasible solution for long-distance travels and heavy-duty machinery such as trac-
tor trailers, cargo ships, and passenger jets, because power storage options are bulky and
heavy, thus affecting overall transport efficiency. Microbial biofuels could be a cheaper
and better alternative. Notably, microbial biofuels can be drawn from nonedible plants
biomass, municipal and sewage wastes, and microorganisms themselves; thus, the sus-
tainability and economic viability of biofuels will become commercially viable with fur-
ther advances in biofuel production technologies. Studies have shown that physicochem-
ical properties can have significant effects on clean and efficient biofuels. These properties
are therefore necessary for the design of IC engines and accessories that control fuel injec-
tion, spray/atomization characteristics, and the combustion regime. Biofuels’ molecular
structures and functionality have been identified as having significant effects on their ap-
plications, leading to technical incompatibility with the existing fuel infrastructure [135].
With fuel design concepts, microbial biofuels can be restructured, refunctionalized, and
tailored to emulate the composition of real fuel, thereby cutting down the effects of struc-
tural differences in biofuels and exacting better performance in IC engines. Integrating
biofuel and engine design and co-optimizing the design and operation processes can fur-
ther enhance the application and utilization of biofuels in our transport, aviation, and
shipping sectors.

7.2. Application of Microbial Fuels in Energy Conversion and Storage

The production of liquid fuels and energy molecules as a form of biological energy
storage is an attractive renewable energy option. Remarkable advances have been made
during the last decade in the design and production of fuels and energy molecules using
microbes. Still, there are a limited number of known metabolic pathways that produce
hydrocarbon molecules relevant to fuel [136,137]. Thanks to their growing maturity and
reduced price structure, the availability of renewable energy technologies is increasing
significantly throughout the world. However, to increase the penetration of renewable
sources into the grid, large-scale electrical energy storage and retrieval would almost cer-
tainly be necessary.

The perfect combinations of high power and energy density, low economic and envi-
ronmental costs, lack of site limitations, long period and calendar lifetime, convenient sup-
ply of materials, and quick reaction time are all required to ensure the quick and effective
penetration of renewable fuel technologies to the grid. By allowing rewired carbon fixation,
a method that spatially divides reactions typically performed together in a photosynthetic
cell and substitutes the least effective with biological equivalents, engineered microbes
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could overcome many of the shortcomings of current energy storage technologies. If effec-
tive, this will allow the storage of renewable electricity at high density, including hydrocar-
bons and nonvolatile polymers, by the microbial or enzymatic fixation of carbon dioxide
and subsequent delivery of materials as carbon-based energy storage molecules.

7.3. Application of Microbial Fuels in a Built Environment

In a similar way to energy conversion and storage, the application of bioenergy in
built environments is a rapidly expanding field. However, there is not much information
in the literature regarding the use of microbial communities in built environments. Lal et
al. [138] reintroduced the concept of using microorganisms in homes for the self-genera-
tion of bioenergy through the processing of waste materials. However, they mentioned
several challenges that will need to be resolved before this microbial technology can be
feasibly used in homes. The initial investments cost is high, and the efficiency for the an-
aerobic digestion is low and requires further studies. Finally, few microbes have been dis-
covered as potential electron generators, but next-generation sequencing technologies will
enhance the discovery of new and efficient microorganisms.

8. Conclusions

This review covered characteristics important for the microbial production of biofu-
els from waste. Researchers continue toward the identification of biological pretreatments
of feedstock to generate high yields of advanced biofuels in a cost-effective manner. The
challenge to achieving high production rates of advanced biofuels from biomass lies in
the selection of the optimal microorganism and then the design of complete biomass deg-
radation pathways in model microorganisms using the latest synthetic biology tools.

To produce cost-effective advanced biofuels, future work should be directed toward
the waste-to-wheel life cycle assessment of various feedstocks, such as agriculture waste,
OFMSW, and forest residue, as the lignocellulosic content would make a difference for
the production rate, cost, and environmental impact. The commercialization of advanced
biofuels requires the use of representative laboratory-scale processes to obtain theoretical
productivity rates to be used and scaled up to industry-scale bioreactors.

Genomic databases can be mined to identify novel pathways for polyketide-derived
fuels and fuel molecules from the isoprenoids, as well as enzyme expression under vary-
ing lignocellulosic content biomass, to provide for a complete insight into the techno-eco-
nomic feasibility of biosynthetic biofuels. More emphasis needs to be placed on the devel-
opment of bioenergy molecules and renewable fuels from organic municipal solid waste
using synthetic biology.

The source of biomass plays a significant role in fuel production. MSW is a sustaina-
ble source for a feedstock; however, extraction of the lignocellulosic material necessitated
energy for mechanical and heat separation, which increases the cost and environmental
impact. n-Butanol was shown to be an attractive choice regarding economic and environ-
mental assessment, and it could be a replacement for bioethanol and could be used as a
gasoline additive in the infrastructure of current engines. Fatty alcohol and alkanes can
be appropriate replacements for diesel and jet fuels, respectively, as well as additives for
the present engines, if the production rate was significantly increased.

Some other additional recommendations include:

e  The early separation of OFMSW from commercial and demotic buildings will avoid
some processes, such as autoclaving, and gain more lignocellulosic material, leading
to the greater production of biofuels with less production cost;

e  Greater attention should be given to residues with the most lignocellulosic content
as a sustainable feedstock for microbial fuels;

. Enzymatic pretreatment appeared to be one of the most appropriate pretreatment
methods, as it requires minimal chemical additives, low energy consumption, and a
short reaction time;
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e  Pentose and simple sugar utilization and lignin management should be essential con-
siderations in plants of the next generation;

e  Efforts for laboratory studies should be guided in this field by employing genetic
engineering techniques to selected species of organisms.
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