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Bioenergy and Biorefinery: Feedstock, Biotechnological
Conversion, and Products

Jerome Amoah, Prihardi Kahar, Chiaki Ogino, and Akihiko Kondo*

Biorefinery has been suggested to provide relevant substitutes to a number of
fossil products. Feedstocks and conversion technologies have, however, been
the bottleneck to the realization of this concept. Herein, feedstocks and
bioconversion technologies under biorefinery have been reviewed. Over the last
decade, research has shown possibilities of generating tens of new products but
only few industrial implementations. This is partly associated with low
production yields and poor cost‐competitiveness. This review addresses the
technical barriers associated with the conversion of emerging feedstocks into
chemicals and bioenergy platforms and summarizes the developed biotechno-
logical approaches including advances in metabolic engineering. This summary
further suggests possible future advances that would expand the portfolio of
biorefinery and speed up the realization of biofuels and biochemicals.

1. Introduction

The utilization of fossils such as petroleum and coal for the
development of refineries has been emphasized to take
advantage of these low‐cost feedstocks. The availability and
the economic advantage have made the use of these feedstocks
favorable for producing various chemicals such as lubricants
and synthetic fibers, as well as fuels including gasoline and
kerosene.[1] However, the depletion of this feedstock and the
rapid increase in human population have continuously
rendered its economics and sustainability doubtful.[1–3] More-
over, fossils are chief contributors to global warming due to the
generation of high amounts of greenhouse gases. For these
reasons, the quest for the search for sustainable and
environmentally friendly alternative feedstocks and processes
to meet the demands of chemicals and fuels has heightened.

A new paradigm in chemicals and fuels
production involving the use of biomass has
led to the concept of a biomass‐based
refinery, referred to as biorefinery. The
realization of this concept would contribute
to the alleviation of global warming, as the
CO2 generated in utilizing the resources is
directly consumed in the production of the
biomass via photosynthesis, thus, maintain-
ing a net zero CO2 emission into the
atmosphere. Furthermore, the production
of biofuels and biochemicals could provide
an alternative sustainable economy for rural
communities.

The selection of biomass and microbes
capable of utilizing biomass as a substrate
is crucial for establishing biorefinery
systems. This review summarizes the

potential fuels and chemicals that can be generated under the
concept of biorefinery. A comprehensive analysis of sustainable
feedstocks and microbial platforms for achieving the targets of
biorefinery is presented. Further, it provides insights into the
biotechnological advances needed for the successful conversion
of recalcitrant feedstocks into the respective forms of bioener-
gies and biochemicals.

2. Biomass: A Multifeedstock for Biochemicals
and Biofuels

Biomass is obtained from various sources such as terrestrial
and aquatic plants, including agro‐forest residues, trees, and
crops. Others include animal and municipal waste, and
unicellular and multicellular microorganisms such as micro-
algae and fungi. Plants and other photosynthetic organisms
have the ability to transform CO2 and water into energy‐storing
compounds, as well as primary and secondary metabolites via
the process of photosynthesis. Primary metabolites, often lignin
and carbohydrates (starch, cellulose, hemicellulose, and su-
gars), form a class of biomass known as lignocellulose biomass.
Lignocellulosic biomass is known to be one of the most
abundant biomasses on Earth and can be converted into
biofuels and biochemicals.[4] Secondary metabolites include
alkaloids, tannins, and terpenoids, which are often available in
small quantities in plants, but of high industrial value.[5] This
class of metabolites can be exploited for the production of
important chemicals including cosmeceuticals, nutraceuticals,
and pharmaceuticals. Microalgae is also an emerging biomass
substrate for biorefinery as most strains are capable of
converting high amounts of CO2 into useful metabolites, which
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can be extracted and used directly or as intermediate for
producing biofuels and biochemicals such as 5‐hydroxymethyl-
furfural, pigments, and antioxidants.

The development of advanced biomass systems, which effectively
combines an efficient production of biomass and its transforma-
tion, and the utilization of bioproducts would promote the
implementation of biorefineries. Therefore, various research works
geared towards the integration of biomass production and its
transformation technologies have been carried out. Separation
technologies employed in the biorefinery of lignocellulosic biomass
have been extensively reviewed.[6] The article highlights the
separation of various chemical products such as gluten and fiber
from corn, as well as its prospects with the integration of ethanol
production from corn and forest residue. The use of bio‐based
adsorbents, membranes, and extractive distillation is expected to
improve the separation efficiencies of bioproducts. The role of
catalysts and green chemical technologies to convert various niche
biomass such as palm‐based refinery have been investigated.[7] The
regional challenges and opportunities of biorefinery in Australia
and Canada have been independently surveyed.[8,9] Further, an
investigation towards the cost‐effectiveness of bioconversion of
plant biomass into liquid fuels has been extensively reviewed.[10]

3. Accessory Enzymes Can Minimize the Use of
Commercial Enzymes

Despite the abundance of lignocellulose biomass, the arrange-
ment of its components presents a recalcitrant structure, which
requires degradation to access the C‐6 and C‐5 fermentable
sugars, and lignin fractions (Figure 1). Although this structure
may vary depending on the source, it is generally composed of
40–55% cellulose and 25–50% hemicellulose covalently linked
to a network of lignin via a ferulic acid ester bond, which
constitutes about 10–40% of the material.[10,11]

To efficiently hydrolyze this structure into fermentable sugars,
high amounts of commercial enzymes are needed.[12] As it stands,
a kilogram of cellulose requires 20 g of cellulase to attain
approximately 70% hydrolysis in five days.[13,14] It is necessary to
lower the amount of commercial cellulase to minimize the cost
associated with the use of enzymes. The prohibitively expensive
enzyme in enzymatic hydrolysis is one of the largest contributors
to the overall cost of biofuel and biochemical production from
lignocellulose biomass. Reducing the cost associated with the use
of enzymes is prudent in making enzymatic hydrolysis more
economically feasible. To achieve this, several approaches includ-
ing substrate and enzyme‐related approaches have been evaluated.
In the enzyme‐related approach, the achievement of optimized
amounts of fermentable sugars via the cohydrolysis of both the
cellulosic and hemicellulosic portions of the lignocellulosic
biomass is crucial. By supplementing cellulase with accessory
enzymes, this approach has shown significant improvements in
reducing the total enzyme load.[15–17] The degradability of
cellulolytic material is drastically improved through the hydrolytic
effect of accessory enzymes like acetyl xylan esterases, feruloyl
esterases, and xylanase. These enzymes hydrolyze the intermole-
cular bonds within hemicellulose, as well as interconnecting
linkages of lignin and hemicellulose.[18,19] Improved hemicellulose
breakdown is a key factor in maximizing biomass utilization,

because the effective hydrolysis of hemicelluloses would both
rupture this polysaccharide and increase the enzymatic access to
the other component of lignocelluloses.

The amorphous nature of hemicellulose provides a relatively
easier enzymatic hydrolyzability than cellulose. Further, ruptur-
ing the hemicellulose improves the accessibility to cellulose by
enhancing the porosity and surface area of the lignocellulosic
material.[20] Due to the high proportion of xylan in the plant cell
wall, xylanase is often critical for the decomposition of
hemicellulose. Xylanase primarily hydrolyzes the linear xylan
polysaccharide and provides a synergistic effect with feruloyl
esterase in cleaving the diferulic bridges between xylan chains
to release lignin.[21] The cross linkages within hemicellulose
and between hemicellulose and lignin are hydrolyzed through
the catalytic effect of feruloyl esterases.[21,22] The β‐1,4‐
glycosidic linkages connecting the backbone of xylans and
xylose residues are hydrolyzed by endo‐1,4‐β xylanase.[18]

4. Culture Collection as Microbial Sources
for Biorefinery

Another bottleneck in microbial fermentation of lignocellulose
biomass is the presence of inhibitory chemical compounds
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Figure 1. Degradation of lignocellulose biomass to valuable lignin fractions and fermentable sugars.
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(ICC), which are released upon the pretreatment and the
hydrolysis of the biomass.[23] The selection of microbes is
critical to the production of biofuels and biochemicals from
lignocellulose biomass hydrolysate.

Microbial platforms such as Escherichia coli (E. coli),
actinomycetes, corynebacterium, yeast, fungi, lactic acid
bacteria are well known to produce some important
biochemicals (Figure 2). Typically, E. coli has the potential
to produce some alcoholic compounds such as isopropanol
and long‐chain fatty acid alcohols. Due to its ease to be used
in genetic modifications, many approaches regarding the
production of various biochemicals in E. coli have been
attempted. Actinomycetes, particularly Streptomyces, are
commonly known to produce nonribosomal peptides and
polyketides among other secondary metabolites through
intrinsic metabolic gene clusters.[24] Aside these metabo-
lites, Streptomyces are good producers of industrially
important enzymes including lipases, amylases, cellulases,

and proteases, which can be used in the decomposition of
various polymers, and carrying out other green pro-
cesses.[25] Corynebacterium also has a great potential to
produce amino acids required for food and pharmaceutical
applications. The current stage of metabolic engineering
technology enables this microbe to produce a variety of
biochemicals beyond classical amino acids from renewable
substrates.[26] Saccharomyces cerevisiae (S. cerevisiae) is the
most widely used yeast for biotechnological applications
and it is regularly employed at an industrial scale to produce
biochemicals and biofuels. Current metabolic engineering
technologies enable the directed evolution of some yeast to
nonconventional forms. These present biocatalytic alterna-
tives to be used as economically feasible whole cell
production platforms. Examples include the use of the
oleaginous yeast Yarrowia lipolytica for the production of
lipids, Candida guilliermondii for xylitol production, and
Ashbya gossypii for the production of riboflavin (vitamin

Figure 2. Industrial microbes for biorefinery.
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B2).[27–30] Recent advances in genetic engineering technol-
ogies, such as the discovery of the CRISPR–Cas9 system and
approaches, offer a great opportunity to explore the
biotechnological potential of these nonconventional yeasts.
Fungi is extensively used in the production of industrial
enzymes, secondary metabolites, and fermented foods.[31]

Lactic acid bacteria have been proposed and proven for their
production of lactic acid, which is a potential building block
for biodegradable plastics.[32,33]

Despite these developments, little is known about the
capability of these microbes for the fermentation of the sugars
generated from lignocellulosic biomass into useful biochem-
icals. Microbial screening processes are required for the
selection of microbes for targeted products from lignocellulose
hydrolysate. It is comparatively easy to screen from a group of
microbial sources that have been already systematically
identified. The role of culture collection is therefore crucial
for utilizing microbes in the fermentation of lignocellulose
biomass.

5. Bioenergy Platforms

Bioenergy is an integral part of the biorefinery concept as
sustainable and renewable alternatives of fuels are being sort
for. Over the past decade, bioenergy continues to be the single
most produced and consumed form of renewable energy in the
United States accounting for approximately 50% of the total
renewable energy forms.[34] Globally, the production of biofuels
continues to see sturdy growth over the past decade. Among the
top producers, national energy polices, feedstock availability,
and technology readiness are the decisive conditions affecting
the production and consumption of bioenergy. Biofuel synth-
esis generally involves the transformation of the chemical
components stored up in biomass into forms that can easily be

used in engines to generate energy (Figure 3). Traditional
conversion methods involve the use of thermal or chemical
methods, which are rather energy‐intensive and further
contribute to environmental pollution.[34,35] Newer strategies
involving the use of biotechnological tools show great potential
in addressing these challenges.

5.1. Bioethanol

Bioethanol continues to be the largest contributor to biofuels
with the United States and Brazil having 85–90% of the total
global shares.[35] To avoid the worsening case of an already
looming food crises, the use of nonedible feedstock such as
lignocellulosic biomass has been suggested to be a sustainable
substitute to their edible counterpart such as corn and sugar
cane.[35,36]

Bioethanol is a product of the fermentation of glucose and
xylose by specialized microbes harboring glucose and xylose
assimilation pathways, respectively. As discussed in Section 3,
the structure of lignocellulose biomass requires pretreatment
and subsequent hydrolysis to obtain fermentable sugars. These
processes have a direct consequence on subsequent fermenta-
tion as some are known to generate compounds that inhibit
fermentation microbes. Recent discoveries of using ionic
liquids for pretreatment result in fewer inhibitors and offer
better efficiencies in terms of yield and energy require-
ments.[37,38] Ionic liquids tend to transform the structure of
the cell walls, increase cellulose surface accessibility, and
decrease cellulose crystallinity.[39] Although ionic liquids seem
to be a preferred choice of biomass pretreatment, some are
known to have inhibitory effects on saccharification enzymes,
and acetate containing ionic liquids tend to have inhibiting
effects on several naturally occurring yeast strains.[40] The

Figure 3. Technological transformation of biomass into various major bioenergy platforms.
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choice of microbes for saccharification and fermentation should
therefore be factored in the selection of ionic liquids for
pretreatment. Pretreated lignocellulose biomass usually con-
tains cellulose with both amorphous and crystalline regions as
well as some amounts of cellobiose. The high specificity of
saccharifying enzymes calls for the introduction of multiple
kinds of enzymes capable of hydrolyzing the respective parts of
the cellulosic material. Endoglucanase (EG) and cellobiohydro-
lase (CBH) are responsible for hydrolyzing the amorphous and
crystalline components, respectively, whereas β‐glucosidase
(BGL) is specialized for hydrolyzing cellobiose. A typical form
of commercially available enzyme formulation for cellulose
degradation is the Cellic CTec from Novozyme Co. Ltd., which
consists of blend cellulases, BGL, and hemicellulase.

Despite its notoriously slow reaction rate, enzymatic sacchar-
ification occurs at low temperatures, produces high quantities of
fermentable sugars with no inhibitors and allows for simultaneous
saccharification and fermentation (SSF), as suggested by Takagi
et al.[41] SSF involves the breakdown of cellulose into sugars and
direct conversion of the sugars into ethanol in a single unit
process. This reduces the overall production time and prevents
potential contamination of the sugars by other microorgan-
isms.[42,43] A novel technology of expressing proteins on the
surface of cells via glycosylphosphatidylinositol anchor proteins
has been developed and this technology offers a major boost in the
design of SSF processes.[44] The application of cell surface
engineering has paved way for the construction of the arming
yeast, which allows for the expression of various cellulolytic
enzymes on the surface of yeast cells. S. cerevisiae has been one of
the best candidates for this technique as it allows the folding and
glycosylation of expressed heterologous eukaryotic proteins and
has a superiority in the natural ability to convert glucose into
ethanol.[45] Matano et al.[46] successfully designed a yeast strain
expressing fungal EG, CBH, and BGL on the cell surface. This
strain improved the ethanol production from high‐solid rice straw
biomass by 1.4‐fold when used in combination with the
commercial cellulase, cellulase SS. In order to improve the
enzymatic hydrolysis of cellulose in rice straw, a diploid strain of S.
cerevisiase with an optimized expression ratio of EG, CBH, and
BGL was constructed.[47] This strain successfully produced
7.5 g L−1 ethanol from rice straw in an SSF system without the
addition of exogenous enzymes. Unlike some naturally cellulolytic
enzyme expressing microorganisms such as Trichoderma reesei,
the simultaneous controlling of the expression levels of cellulases
in recombinant S. cerevisiae is limited. Rectifying this would
enhance the optimization of the expression ratio of the multiple
cellulases expressed by the microorganism, as the optimum
expression ratio differs depending on the content of the cellulosic
material. Building on a previous development, a simple one‐step
method of inserting several kinds of different cellulase expression
cassettes into yeast chromosomes was designed.[48] This method,
known as the cocktail δ‐integration, resulted in yeast strains of
higher activity towards the degradation of phosphoric acid swollen
cellulose. In order to match yeast strains of optimized cellulase
expression ratio with various lignocellulosic biomass, Amoah
et al.[49] designed a screening method, which allowed for the high
production of ethanol from ionic liquid‐pretreated bagasse and
Laubholz unbleached Kraft pulp (LUKP), respectively. A detailed
investigation revealed that cell surface displaying yeast cells binds

tightly to cellulosic materials and further exerts a more extensive
tearing effect on the material enhancing ethanol production.[50]

5.2. Biodiesel

Biodiesel, which is a mixture of fatty acid alkyl esters (FAAE)
with varying chain length, is generally produced via the
transesterification of oils and fats from plants, animals, and
oleaginous microorganisms.[34,51] It can be used wholly as B100
or as blends with petrodiesel.

Similar to bioethanol production, the feedstock for biodiesel
varies according to geographical areas and depends on the
availability and viability for production. Although it seems to be
in abundance, one of the major setbacks in biodiesel production
is the feedstock. Theoretically, to replace 50% of the US
transport fuel needs with biodiesel produced from soybean,
which is the main feedstock in the United States, about 326% of
the existing U.S. cropping area is required.[52] In addition, the
use of refined oils that are considered as first‐generation
feedstock contributes to about 60–80% of the cost of biodiesel
production resulting in high production cost and less economic
attractiveness.[53] Biodiesel feedstocks greatly influence the
properties of the product since a great portion of the molecular
structure of these feedstocks are retained in the final product.
Recent research has therefore focused on the use of crude
nonedible feedstock for biodiesel production. Due to the
unconventional nature of this class of feedstock, they present
various technological barriers in their conversion to biodiesel.

Enzymatic biodiesel production presents the advantages of
low‐energy requirements, efficient conversion of oils containing
high contents of free fatty acids (FFA), high purity of glycerol
by‐product, and enzymes in their immobilized forms offer an
easy product separation and reuse.[34,54] The class of enzymes
used for biodiesel production is EC 3.1.1.3 lipases. These are
carboxylic ester hydrolases that catalyze the breaking and
formation of ester bonds in carboxylic esters. Although this may
vary slightly from lipase to lipase, the active site is generally
characterized by the presence of Ser, His, and Asp amino acid
residues.[55] This catalytic triad is activated by an aqueous–
nonaqueous interface, thus generally requiring some droplets
of water for effective conversion of triglycerides into biodiesel.

The high specificity of lipases and the broad range of oil
substrates require creative genetic engineering and process
engineering approaches to ensure efficient reactions. The
immobilization strategy and immobilization matrix seem to
affect the specificity and the performance of lipases. Candida
antarctica lipase B (CALB), one of the most used lipases, is
known to be nonspecific in its free state. CALB immobilized on
polyurethane matrix, however, shows no activity towards
triglycerides.[54,56] Moreover, CALB immobilized on the hydro-
phobic acrylic resin (Novozym 435), one of the most extensively
studied commercial lipase for biodiesel production, loses its
transesterification activity in the presence of high amount of
water.[56,57] Table 1 outlines some potential nonconventional
feedstocks and techniques to improve their enzymatic conver-
sion to biodiesel.

Another potential feedstock that has gained attention is lipid
from oleaginous microorganisms. These are microorganisms
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including yeast and microalgae, which produce lipid content in
excess of 20% of their cell weight as a consequence of their
metabolic activities. Due to the single‐celled nature of these
microorganisms, the characteristics of the lipids are directly
affected by the metabolic activities within the cells. Typically,
under favorable conditions, the triglycerides in some microalgal
cells are hydrolyzed to FFA by endogenous lipases.[69] The
membrane lipids of these cells also tend to contribute a large
portion of polar lipids in the form of phospholipids and
glycolipids. These polar lipids are known to hinder enzymatic
biodiesel conversion.[70] Although degumming can be used to
remove these polar lipids, it adds extra cost to production and
also causes significant loss of feedstock. As surfactants,
phospholipids in oils form water‐in‐oil reverse micelles with
the added water required for lipase activation. This alters the
nature of the reaction medium and increases the concentration
of alcohol within the locality of the lipase. Phospholipid itself
may not exert an inhibiting effect on lipases; however,
methanol, which is the most widely used acyl acceptor for
biodiesel synthesis, tends to alter the conformation of lipases
leading to deactivation. The excessive amounts of methanol
retained in the reaction mixture thus deactivate the immobi-
lized lipases.[71,72]

Although microalgal lipid is one of the highly potential
feedstocks for biodiesel, it is characterized by the presence of
both FFA and phospholipids. Low‐conversion efficiencies of
microalgal lipids and poor lipase reusability resulting from high
amounts of phospholipids have been observed.[73] Successful
enzymatic conversion of these lipids to high fatty acid methyl
esters (FAME) content has been achieved with robust biocata-
lyst and effective process engineering.[66,74] Improving the
robustness, processing time, and overcoming other technolo-
gical barriers could further promote the enzymatic conversion
of lipids from oleaginous microorganisms.

5.3. Biogas

Aside from liquid bioenergy platforms, biogas in the form of
hydrogen and methane can be obtained from bioresources.
Biohydrogen is produced through various biological routes and
the choice of production route has a great impact on the yield
from a given substrate. It has been widely produced by the use
of fermentative microorganisms such as Clostridium, Entero-
bacter, and Bacillus.[75,76] Under anaerobic conditions, H2 is
produced as a by‐product of oxidation of organic substrates via
the sequential neutralization of excess electrons catalyzed by
endogenous hydrogenase of the microbes. This natural
phenomenon has been adapted for the systematic production
of biohydrogen. The actual yield of H2 is usually lower than the
theoretical yield because a significant amount of the substrate is
consumed in biomass growth. Moreover, the process catalyzed
by hydrogenase is known to be reversible where the discharge
and uptake of hydrogen are catalyzed by hydrogenases in the
cytoplasm and the periplasm, respectively.[77] Methane, on the
other hand, is produced by a group of microbes referred to as
methanogens. Although it can be produced from H2+CO2,
some limited number of the methanogenic genera are known to
utilize organic acids such as acetic acid as a substrate for

methane production.[78] An additional interest in the controlled
production of these biogases is the vital role it can play in waste
treatment. A popular route for hydrogen production is via dark
fermentation, which uses organic carbon such as glucose as its
substrate. The acetate intermediate of this process can then be
used as a substrate for methane production. The bioavailability
and biodegradation rate of the substrates are crucial for H2

yields.[79,80] Three main classes of organic wastes have been
systematically studied for their potential conversion to biogas.
These include municipal waste, agricultural waste, and
industrial waste.

Biogas production from municipal waste is greatly influ-
enced by the environment of the microbial communities. In a
mesophilic fermentation regime of food waste, the dominant
microorganisms found were Thermotogales and Bacillus species
resulting in the production of both H2 and CH4.

[81] Contrarily,
the authors found that Thermoanaerobacterium thermosacchar-
olytium and Desulfotomaculum geothermicum were the dominant
species in the thermophilic regime and resulted in the
evolution of only H2. Mixing of municipal waste from several
sources provides a synergistic effect where the nutrition supply
for the microbes is supplemented by auxiliary substrates.[82]

Agricultural waste is projected to increase with increasing
human population.[83] This waste, mainly made up of bagasse
and peelings from crops as well as manure from animals,
contain high amounts of carbohydrates, which could be
converted into fermentable sugars and subsequently for biogas
production. Blending high carbon‐content bagasse with man-
ure from animals provides a good C/N ratio, typically 20–30,
which is essential for efficient biogas production. Most of these
waste materials, however, are made up of lignocellulosic
biomass, and similar to other bioproducts, pretreatment
methods are required for efficient accessibility of the soluble
sugars.[84,85] Nonetheless, a 24.8 mL g−1 TS hydrogen produc-
tion was obtained from untreated rice straw.[86] The authors
claimed that, by mixing the lignocellulosic substrate with heat‐
treated municipal waste, the presence of both hydrolytic and
fermentative bacteria aided in the hydrolysis of cellulose and
subsequent fermentation. Ionic liquid‐pretreated pure cellulose
was found to show superior yields of hydrogen compared to
acid‐ or alkaline‐pretreated counterparts.[87] Exploitation of
ionic liquid pretreatment of lignocellulose biomass for biohy-
drogen and biomethane production, however, still remains low.
Resources from some industrial waste are known to contain
fermentable carbohydrates that can be used as a substrate for
hydrogen fermentation. Cheese whey from the cheese industry
has been explored extensively for hydrogen production due to
its abundance and high lactose content.[88–90] High biohydrogen
production yield comparable to those from other biomass
sources have been successfully achieved. Other industrial waste
biomass sources such as cassava waste from mills, rice slurry,
and oil seed mill effluent have been suggested to be potential
sources for biogas production.[91–93]

The process of hydrogenesis is usually in competition with
methanogenesis as most methanogens utilize hydrogen for
methane production. This usually leads to lower yields of both
gases. Efforts to optimize the yields of both gases focus on the
separate production of the individual gases starting from the
same substrate (Figure 4). A swift approach is by playing with
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the optimum production conditions of the individual gases,
predominantly the pH. The optimum pH for hydrogen
production is generally between 5–6, whereas that of methane
is 7–8. This has led to the development of a two‐step process of
producing hydrogen in the first stage followed by the
methanogenesis of the organic acid by‐products.[94,95] The first
stage, which is optimized for the activity of hydrogenase in the
acidogenic microbes, produces organic acids, usually acetate,
propionate, and butyrate as by‐products. These organic acids
are then used as a substrate for the methanogenic microbes.
Superior yields of total biogas produced in the two‐stage
process over the one‐stage process have been reported.[95]

A more recent approach of producing biohydrogen, which
uses the water‐splitting abilities of some photosynthetic
microbes such as photosynthetic bacteria and microalgae, is
on the rise. These microorganisms containing light‐harvesting
pigments are functional in CO2 fixation by using absorbed light
energy. A deviation from the normal physiological processes
can lead to hydrogen production through water splitting.[96]

6. Metabolic Engineering and Its Role in the
Development of Cell Factories for Biorefinery

Microorganisms offer a platform for easy manipulation of
metabolic activities. This has allowed for the accumulation of
sufficient information for the successful engineering of
metabolic processes in microbes such as E. coli, S. cerevisiae,
and some microalgal strains. This process, referred to as
metabolic engineering, seeks to optimize genetic and regulatory

processes of cell factories for the production of increased
amounts and novel compounds by microbes.

Advances in metabolic engineering have been a major pillar
in the progress of biorefineries. Blocking of competitive
pathways and the overexpression of relevant genes in the
biosynthesis of fatty acids and carotenoids in some microalgal
strains have been used to improve the yields of lipids and
pigments, which can be used as precursors for biodiesel and
other pharmaceutical products.[27] Metabolic engineering has
aided in expanding the range of feedstock that can be used in
biorefinery. A typical scenario is the assimilation of xylose by S.
cerevisiae through the heterologous expression of xylose
isomerase, or xylose reductase and xylitol dehydrogenase, or
the overexpression of endogenous GRE3.[97] This promotes the
efficient utilization of biomass, as xylose is the second most
abundant sugar in biomass. Moreover, recent trends in
metabolic engineering provide tools for mimicking pathways
in cell factories to enhance the biosynthesis of novel
compounds in cell factories. Plant secondary metabolites, such
as benzylisoquinoline alkaloids, which are used in pharmaceu-
ticals and nutraceuticals have been successfully produced in
high titers via a biosynthetic pathway in E. coli.[98] The
successful introduction of these metabolic pathways in micro-
organism offers a more rapid and more flexible approach of
synthesizing a variety of these secondary metabolites.

Recent advances in analytical procedures under metabolic
engineering including metabolic flux analysis and various
omics have made it possible for characterizing not only
metabolic fluxes, but also obtaining information as funda-
mental as gene expression levels. The data set (multiomics)

Figure 4. Simplified metabolic pathways for H2 synthesis and CH4 synthesis in a two‐step conversion of biomass. The organic acid produced from the
oxidation of glucose in the first stage is utilized as a substrate for the production of methane in the second stage. HS‐CoB, coenzyme B; HS‐CoM,
coenzyme A; H4SPT, tetrahydrosarcinapterin.
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obtained under these analyses can be used to generate
mathematical models. These models, which can be computer-
ized, are then applied to the Design–Build–Test–Learn (DBLT)
approach to study genetic perturbation and metabolic shifts.
This is expected to assist and reduce cost and time in strain
design and process engineering development.

7. Rethinking the Concept of Biorefineries

The concept of biorefinery is based on the use of biomass as
feedstocks for the production of multiple bio‐based products
including fuels and chemicals, relieving the dependency on fossils.
Earlier documented works differentiated biorefineries according to
feedstock, process flexibility, and products. The first approach
produces dried distillers’ grain, ethanol, and CO2 from dry grains
using a fixed processing capability. Another approach, which offers
more processing flexibility, produces corn oil, starch, high‐fructose
syrup, ethanol, dried distillers’ grain, and CO2 from grains. A more
advanced approach to biorefinery employs the concept of high
value–low volume and low value–high volume in its targeted
products, using an integration of processing technologies and a
variety of feedstock. This advanced approach is still under intensive
research and developmental stages.

Biorefinery is geared towards the production of both
traditional and novel fuels and chemicals by combining
specially designed technologies and processes for the transfor-
mation of biomass. The goal is not solely to imitate the
petroleum refinery but rather generate novel products, which
are otherwise not obtainable from fossils, in addition to the
possible substitutes of petroleum products. Arriving at this goal
requires an in‐depth understanding of the fundamental
chemistries of biomass to assist in designing effective conver-
sion technologies for optimized product generation. Coupling
this with comprehensive knowledge in production technology
and economics and environmental impacts is essential to
achieving the goals of biorefinery.

8. Conclusion

The current approach of biorefinery encompasses various
feedstocks and diverse conversion technologies to achieve
multiple products in the form of biochemicals and biofuels.
Lignocellulose, which is the most abundant biomass, often
requires pretreatment processes to liberate value‐added pro-
ducts and fermentable sugars, which could be used as feedstock
for microbes to generate an array of biochemicals and biofuels.
Other emerging forms of biomass such as nonedible oils and
microalgae can be used as feedstock in biorefinery. Develop-
ment of robust microbial culture collection will facilitate the
efficient biotechnological transformation of these feedstock,
which possesses various technological barriers. Combining this
with the advances in metabolic engineering could leverage the
rapid development of cell factories for the efficient utilization of
biomass feedstock for the production of a variety of products
under biorefinery. Moreover, an integrative approach towards
biorefinery where the use of the waste from one production
stream can be employed as a feedstock for another should be
investigated. This symbiotic effect should not be limited to

industrial levels but also extended to microbial levels. As
biomass varies greatly from one geographical region to the
other, the development of global‐scale technologies should be
supported by local‐scale developments such as developing
culture collection for microbes that are adapted to the local
environment and feedstock.

Acknowledgements
This work was supported by the Special Coordination Funds for
Promoting Science and Technology, Creation of Innovation Centers for
Advanced Interdisciplinary Research Areas (Innovative Bioproduction
Kobe), MEXT, Japan. This work was partly sponsored by SATREPS
initiative with support from Grants‐in‐Aid from the Cross‐ministerial
Strategic Innovation Promotion Program (SIP) from the Japan Science
and Technology Agency, Japan.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biochemicals, bioenergy, biofuels, biorefinery, industrial microbes,
lignocellulose biomass

Received: December 13, 2018
Revised: March 7, 2019

Published online: June 14, 2019

[1] M. H. Bender, Resour., Conserv. Recycl. 2000, 30, 49.
[2] S. R. Chia, K. W. Chew, P. L. Show, Y. J. Yap, H. C. Ong, T. C. Ling,

J.‐S. Chang, Biotechnol. J. 2018, 13, 1700618.
[3] B. Kamm, P. R. Gruber, M. Kamm, Biorefinery Industrial Processes

and Products: Status and Future Direction, Vols. 1 and 2, Wiley‐Verlay
Gmbtt and Co KGaA, Weinheim 2006.

[4] N. Mosier, C. Wyman, B. Dale, R. Elander, Y. Y. Lee, M. Holtzapple,
M. Ladisch, Bioresour. Technol. 2005, 96, 673.

[5] J. H. Clark, J. Chem. Technol. Biotechnol. 2007, 82, 603.
[6] H.‐J. Huang, S. Ramaswamy, U. W. Tschirner, B. V. Ramarao, Sep.

Purif. Technol. 2008, 62, 1.
[7] T. L. Chew, S. Bhatia, Bioresour. Technol. 2008, 99, 7911.
[8] W. N. Rowlands, A. Masters, T. Maschmeyer, Bull. Sci., Technol.

Soc. 2008, 28, 149.
[9] W. E. Mabee, D. J. Gregg, J. N. Saddler, Appl. Biochem. Biotechnol.

2005, 123, 765.
[10] L. D. Gomez, C. G. Steele‐King, S. J. McQueen‐Mason, New Phytol.

2008, 178, 473.
[11] P. Alvira, E. Tomás‐Pejó, M. Ballesteros, M. J. Negro, Bioresour.

Technol 2010, 101, 4851.
[12] P. Kahar, Environmental Biotechnology—New Approaches and Pro-

spective Applications, InTech, Rijeka, Croatia 2013, p. 65.
[13] A. V. Gusakov, Trends Biotechnol. 2011, 29, 419.
[14] C. M. Roche, C. J. Dibble, J. S. Knutsen, J. J. Stickel,

M. W. Liberatore, Biotechnol. Bioeng. 2009, 104, 290.
[15] A. Berlin, N. Gilkes, D. Kilburn, R. Bura, A. Markov, A. Skomarovsky,

O. Okunev, A. Gusakov, V. Maximenko, D. Gregg, A. Sinitsyn,
J. Saddler, Enzyme Microb. Technol. 2005, 37, 175.

[16] D. Gao, N. Uppugundla, S. P. S. Chundawat, X. Yu, S. Hermanson,
K. Gowda, P. Brumm, D. Mead, V. Balan, B. E. Dale, Biotechnol.
Biofuels 2011, 4, 1

[17] G. A. L. Gonçalves, Y. Takasugi, L. Jia, Y. Mori, S. Noda, T. Tanaka,
H. Ichinose, N. Kamiya, Enzyme Microb. Technol. 2015, 72, 16.

www.advancedsciencenews.com www.biotechnology-journal.com

Biotechnol. J. 2019, 14, 1800494 © 2019WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim1800494 (10 of 12)



[18] M. G. Tabka, I. Herpoël‐Gimbert, F. Monod, M. Asther,
J. C. Sigoillot, Enzyme Microb. Technol. 2006, 39, 897.

[19] A. Várnai, T. H. Costa, C. B. Faulds, A. M. Milagres, M. Siika‐aho,
A. Ferraz, Biotechnol. Biofuels 2014, 7, 153.

[20] X. Peng, W. Qiao, S. Mi, X. Jia, H. Su, Y. Han, Biotechnol. Biofuels
2015, 8, 131.

[21] Q. K. Beg, M. Kapoor, L. Mahajan, G. S. Hoondal, Appl. Microbiol.
Biotechnol. 2001, 56, 326.

[22] N. Tarbouriech, J. A. M. Prates, C. M. G. A. Fontes, G. J. Davies,
Acta Crystallogr., Sect. D: Biol. Crystallogr. 2005, 61, 194.

[23] P. Kahar, E. I. Riyanti, H. Otsuka, H. Matsumoto, C. Kihira,
C. Ogino, A. Kondo, Bioresour. Technol. 2017, 245, 1436.

[24] K.‐S. Hwang, H. U. Kim, P. Charusanti, B. Ø. Palsson, S. Y. Lee,
Biotechnol. Adv. 2014, 32, 255.

[25] D. Prakash, N. Nawani, M. Prakash, M. Bodas, A. Mandal,
M. Khetmalas, B. Kapadnis, BioMed Res. Int. 2013, 2013, 264020.

[26] T. Kogure, M. Inui, Appl. Microbiol. Biotechnol. 2018, 102, 8685.
[27] I.‐S. Ng, S.‐I. Tan, P.‐H. Kao, Y.‐K. Chang, J.‐S. Chang, Biotechnol. J.

2017, 12, 1600644.
[28] R. C. L. B. Rodrigues, L. Sene, G. S. Matos, I. C. Roberto, A. Pessoa,

M. G. A. Felipe, Curr. Microbiol. 2006, 53, 53.
[29] J. L. Revuelta, R. Ledesma‐Amaro, P. Lozano‐Martinez,

D. Díaz‐Fernández, R. M. Buey, A. Jiménez, J. Ind. Microbiol.
Biotechnol. 2017, 44, 659.

[30] X. Niehus, A.‐M. Crutz‐Le Coq, G. Sandoval, J.‐M. Nicaud,
R. Ledesma‐Amaro, Biotechnol. Biofuels 2018, 11, 11.

[31] S. Wakai, T. Arazoe, C. Ogino, A. Kondo, Bioresour. Technol. 2017,
245, 1314.

[32] F. A. Castillo Martinez, E. M. Balciunas, J. M. Salgado,
J. M. Domínguez González, A. Converti, R. P. de Souza Oliveira,
Trends Food Sci. Technol. 2013, 30, 70.

[33] C. Rodrigues, L. P. S. Vandenberghe, A. L. Woiciechowski,
J. de Oliveira, L. A. J. Letti, C. R. Soccol, Curr. Dev. Biotechnol.
Bioeng. 2017, 543.

[34] L. P. Christopher, H. Kumar, V. P. Zambare, Appl. Energy 2014,
119, 497.

[35] J. Baeyens, Q. Kang, L. Appels, R. Dewil, Y. Lv, T. Tan, Prog. Energy
Combust. Sci. 2015, 47, 60.

[36] M. Balat, H. Balat, C. Öz, Prog. Energy Combust. Sci. 2008, 34, 551.
[37] T. A. D. Nguyen, K. R. Kim, S. J. Han, H. Y. Cho, J. W. Kim,

S. M. Park, J. C. Park, S. J. Sim, Bioresour. Technol. 2010, 101, 7432.
[38] M. Abe, Y. Fukaya, H. Ohno, Green Chem. 2010, 12, 1274.
[39] J. N. Putro, F. E. Soetaredjo, S. Y. Lin, Y. H. Ju, S. Ismadji, RSC Adv.

2016, 6, 46834.
[40] P. Engel, R. Mladenov, H. Wulfhorst, G. Jäger, A. C. Spiess, Green

Chem. 2010, 12, 1959.
[41] M. Takagi, S. Abe, S. Suzuki, G. H. Emert, N. Yata, in Proceedings of

Bioconversion of Cellulosic Substances into Energy, Chemicals and
Microbial Protein (Ed: T. K. Ghose), I.I.T., New Delhi 1977.

[42] M. Ballesteros, J. M. Oliva, M. J. Negro, P. Manzanares,
I. Ballesteros, Process Biochem. 2004, 39, 1843.

[43] K. Olofsson, M. Bertilsson, G. Lidén, Biotechnol. Biofuels 2008, 1, 7.
[44] M. Ueda, A. Tanaka, J Biosci. Bioeng. 2000, 90, 125.
[45] A. Kondo, M. Ueda, Appl. Microbiol. Biotechnol. 2004, 64, 28.
[46] Y. Matano, T. Hasunuma, A. Kondo, Bioresour. Technol. 2012,

108, 128.
[47] R. Yamada, N. Taniguchi, T. Tanaka, C. Ogino, H. Fukuda,

A. Kondo, Biotechnol. Biofuels 2011, 4, 8.
[48] R. Yamada, N. Taniguchi, T. Tanaka, C. Ogino, H. Fukuda,

A. Kondo, Microb. Cell Fact. 2010, 9, 32.
[49] J. Amoah, N. Ishizue, M. Ishizaki, M. Yasuda, K. Takahashi,

K. Ninomiya, R. Yamada, A. Kondo, C. Ogino, Bioresour. Technol.
2017, 245, 1413.

[50] Z. Liu, S.‐H. Ho, K. Sasaki, R. Den Haan, K. Inokuma, C. Ogino,
W. H. van Zyl, T. Hasunuma, A. Kondo, Sci. Rep. 2016, 6, 24550.

[51] S. S. Ail, S. Dasappa, Renewable Sustainable Energy Rev. 2016,
58, 267.

[52] Y. Chisti, Biotechnol. Adv. 2007, 25, 294.
[53] W. Parawira, Crit. Rev. Biotechnol. 2009, 29, 82.
[54] D. Adachi, S. Hama, K. Nakashima, T. Bogaki, C. Ogino, A. Kondo,

Bioresour. Technol. 2013, 135, 410.
[55] L. Brady, A. M. Brzozowski, Z. S. Derewenda, E. J. Dodson,

G. G. Dodson, S. P. Tolley, J. P. Turkenburg, L. Christiansen,
B. Huge‐Jensen, L. Norskov, L. Thim, U. Menge, Nature 1990,
343, 767.

[56] J. Amoah, E. Quayson, S. Hama, A. Yoshida, T. Hasunuma,
C. Ogino, A. Kondo, Biotechnol. J. 2017, 12, 1600400.

[57] Y. Shimada, Y. Watanabe, T. Samukawa, A. Sugihara, H. Noda,
H. Fukuda, Y. Tominaga, J. Am. Oil Chem. Soc. 1999, 76, 789.

[58] K. Tongboriboon, B. Cheirsilp, A. H‐Kittikun, J. Mol. Cat. B:
Enzymatic 2010, 67, 52.

[59] D.‐T. Tran, C.‐L. Chen, J.‐S. Chang, Bioresourc. Technol. 2013,
135, 213.

[60] Y. Watanabe, P. Pinsirodom, T. Nagao, A. Yamauchi, T. Kobayashi,
Y. Nishida, Y. Takagi, Y. Shimada, J. Mol. Catal. B: Enzymatic. 2007,
44, 99.

[61] D. Adachi, S. Hama, T. Numata, K. Nakashima, C. Ogino,
H. Fukuda, A. Kondo, Bioresour. Technol. 2011, 102, 6723.

[62] N.‐W. Li, M.‐H. Zong, H. Wu, Process Biochem. 2009, 44, 685.
[63] S. Kojima, D. Du, M. Sato, E. Y. Park, J. Biosci. Bioeng. 2004, 98,

420.
[64] A. Kumari, P. Mahapatra, V. K. Garlapati, R. Banerjee, Biotechnol.

Biofuels 2009, 2, 1.
[65] A. L. F. Matassoli, I. N. S. Corrêa, M. F. Portilho, C. O. Veloso,

M. A. Langone, Appl. Biochem. Biotechnol. 2009, 155, 44.
[66] J. Amoah, S.‐H. Ho, S. Hama, A. Yoshida, A. Nakanishi,

T. Hasunuma, C. Ogino, A. Kondo, Algal Res. 2017, 28, 16.
[67] S. Cesarini, R. F. Haller, P. Diaz, P. M. Nielsen, Biotechnol. Biofuels

2014, 7, 29.
[68] M. Nordblad, V. T. Silva, P. M. Nielsen, J. M. Woodley, Biotechnol.

Bioeng. 2014, 111, 2446.
[69] L. Chen, T. Liu, W. Zhang, X. Chen, J. Wang, Bioresour. Technol.

2012, 111, 208.
[70] Y. Watanabe, Y. Shimada, A. Sugihara, Y. Tominaga, J. Mol. Catal.

B: Enzym. 2002, 17, 151.
[71] Y. Li, W. Du, D. Liu, J. Mol. Catal. B: Enzym. 2014, 102, 88.
[72] J. Amoah, S.‐H. Ho, S. Hama, A. Yoshida, A. Nakanishi,

T. Hasunuma, C. Ogino, A. Kondo, Biochem. Eng. J. 2016, 105, 10.
[73] E. Navarro López, A. Robles Medina, P. A. González Moreno,

L. Esteban Cerdán, E. Molina Grima, Bioresour. Technol. 2016,
216, 904.

[74] D.‐T. Tran, K.‐L. Yeh, C.‐L. Chen, J.‐S. Chang, Bioresour. Technol.
2012, 108, 119.

[75] B. Fabiano, P. Perego, Int. J. Hydrogen Energy 2002, 27, 149.
[76] S. M. Kotay, D. Das, Bioresour. Technol. 2007, 98, 1183.
[77] P. M. Vignais, B. Billoud, J. Meyer, FEMS Microbiol. Rev. 2001, 25, 455.
[78] J. Qiao, Z. Tan, M. Wang, Sci. Agric. 2014, 71, 430.
[79] X. M. Guo, E. Trably, E. Latrille, H. Carrère, J.‐P. Steyer, Int. J.

Hydrogen Energy 2010, 35, 10660.
[80] N. Ren, W. Guo, B. Liu, G. Cao, J. Ding, Curr. Opin. Biotechnol. 2011,

22, 365.
[81] H.‐S. Shin, J.‐H. Youn, S.‐H. Kim, Int. J. Hydrogen Energy 2004,

29, 1355.
[82] S.‐H. Kim, H. Sun‐Kee, S. Hang‐Sik, Int. J. Hydrogen Energy 2004,

29, 1607.
[83] M. Melikoglu, C. S. K. Lin, C. Webb, Cent. Eur. J. Eng. 2013, 3, 157.

www.advancedsciencenews.com www.biotechnology-journal.com

Biotechnol. J. 2019, 14, 1800494 © 2019WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim1800494 (11 of 12)



[84] Y.‐T. Fan, Y.‐H. Zhang, S.‐F. Zhang, H.‐W. Hou, B.‐Z. Ren,
Bioresour. Technol. 2006, 97, 500.

[85] M.‐L. Zhang, Y.‐T. Fan, Y. Xing, C.‐M. Pan, G.‐S. Zhang, J.‐J. Lay,
Biomass Bioenergy 2007, 31, 250.

[86] C.‐C. Chen, Y.‐S. Chuang, C.‐Y. Lin, C.‐H. Lay, B. Sen, Int. J.
Hydrogen Energy 2012, 37, 15540.

[87] T.‐A. D. Nguyen, S. J. Han, J. P. Kim, M. S. Kim, Y. K. Oh, S. J. Sim,
Int. J. Hydrogen Energy 2008, 33, 5161.

[88] N. Azbar, F. T. C. Dokgoz, Z. Peker, Int. J. Green Energy 2009, 6, 371.
[89] G. Davila‐Vazquez, F. Alatriste‐Montragon, A. de Leon Rodriguez,

E. Razo‐Flores, Int. J. Hydrogen Energy 2008, 33, 4989.
[90] M. Ferchici, E. Crabbe, G.‐H. Gil, W. Hintz, A. Almadidy, J.

Biotechnol. 2005, 120, 402.
[91] F. Kemausuor, A. Addo, L. Darkwah, Biotechnol. Res. Int. 2015, 2015, 1.

[92] W. Mussoline, G. Esposito, A. Giordano, P. Lens, Crit. Rev. Environ.
Sci. Technol. 2013, 43, 895.

[93] P. Mohammadi, S. Ibrahim, A. M. S. Mohamad, S. Law, J. Cleaner
Prod. 2011, 19, 1654.

[94] L. J. Wu, Y. Qin, T. Hojo, Y.‐Y. Li, Energy 2015, 87, 381.
[95] B. Xiao, Y. Qin, J. Wu, H. Chen, P. Yu., J. Liu, Y.‐Y. Li, Energy

Convers. Manage. 2018, 156, 215.
[96] D. Nagarajan, D.‐J. Lee, A. Kondo, J.‐S. Chang, Bioresour. Technol.

2017, 227, 373.
[97] S. R. Kim, N. R. Kwee, H. Kim, Y.‐S. Jin, FEMS Yeast Res. 2013,

13, 312.
[98] A. Nakagawa, E. Matsumura, T. Koyanagi, T. Katayama, N. Kawano,

K. Yoshimatsu, K. Yamamoto, H. Kumagai, F. Sato, H. Minami,
Nat. Commun. 2016, 7, 10390.

www.advancedsciencenews.com www.biotechnology-journal.com

Biotechnol. J. 2019, 14, 1800494 © 2019WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim1800494 (12 of 12)




