
Chapter 7
Waste Fermentation for Energy Recovery

Jiafu Lin, YanZhao Zhang, Tao Song, and Haifeng Su

Abstract Biological fermentation engineering is an important part of biological
engineering. Carbohydrates are used to produce various industrial solvents and chem-
ical raw materials by microorganisms, among which energy production through
biotransformation is a very important research field. In this chapter, the common
organic wastes, including typical rural solid wastes, forestry solid wastes, and
naturally-grown aquatic plants such as duckweed, as well as urban waste are
discussed as potential feedstock for liquid bioenergy including bioethanol, biobu-
tanol, and bio-olefin. The pretreatment technology and fermentation modes of these
wastes as well as the microbial species used are compared and discussed in depth.
Duckweed was used as a typical example to evaluate the potential of producing
ethanol, butanol, higher alcohols, and biodiesel via fermentation pathways. More-
over, the economic feasibility of producing liquid biofuel through fermentation from
different waste feedstocks is evaluated. This chapter provides an important reference
and insight for future research on organic waste fermentation.
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7.1 Introduction

The oil and natural gas resources suitable for extraction are only enough for 30 years,
at most 50 years, and coal reserves are only enough for 300 years (Chen and Qiu
2007). Bioenergy from organic wastes is the only energy product that can replace
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petroleum fuels on a large scale. Hydro, wind, solar, nuclear, and other new sources
of energy apply only to power and heat. Bioenergy products are diverse via fermen-
tation. Energy products include liquid bioethanol and diesel, solid prototype and
molding fuels, gaseous biogas, and other energy products. It can replace oil, coal,
and natural gas, as well as heat and electricity generation. Bioenergy has diversity in
raw materials. Biofuel can use crop straw, forest processing residues, livestock and
poultry manure, organic wastewater residue of food processing industry, municipal
waste, but also can use low-quality land to grow a variety of energy plants. Bioenergy
has a variety of “material” applications, like oil and coal to produce plastic, fiber,
and other materials as well as chemical raw materials and other material products,
forming a huge biochemical production system. Bioenergy is “recyclable” and “envi-
ronmentally friendly”. Biofuels are produced in the process of harmless and resource
recovery of agricultural and rural organic wastes. All the life materials of biofuel can
enter the biological cycle of the earth, and even the carbon dioxide released will be
absorbed by plants again and participate in the cycle of the earth, so as to achieve
zero emissions. The sustainability of material and the circulability of resources are a
modern and advanced productionmode.Biofuels can expand agricultural production,
promote rural economic development and increase farmers’ income; It can also boost
manufacturing, construction, automobile, and other industries. The development of
biofuels in China and other countries can also promote agricultural industrialization
and the development of small and medium-sized towns and narrow the gap between
workers and farmers, which is of great political, economic and social significance.

Biofuel will increase the number of “crude oil” producing countries from 20 to
200. By producing fuel independently, it will suppress the price of imported oil and
reduce the cost of imported oil, so that more funds can be used to improve people’s
lives and fundamentally solve the food crisis. Bioenergy can create jobs and build
domestic markets. Brazil’s experience shows that for every job in petrochemicals,
152 jobs are created in ethanol. The petrochemical industry invested $220,000 per
job, while the fuel industry invested only $11,000. “The renewable energy industry
will create 20.4 million jobs by 2030, including 12 million in biofuels,” according
to the United Nations Environment Program’s “Green Jobs” report.

However, bioenergy exists in physical form and is the only renewable energy
source that can be stored and transported. In addition, it is themostwidely distributed,
not limited by weather and natural conditions, wherever there is life there is biomass.
The carrier source of bioenergy is usually organicwaste.Organicwaste is amisplaced
resource for rural waste such as biomass straw and livestock manure. Forestry solid
waste such as biomass waste from forestry. Municipal waste such as domestic waste,
kitchen waste, urban sludge, pharmaceutical factory wastewater, etc. is used for
fermentation to produce ethanol, butanol, and other renewable energy in different
countries. For example, China is a major energy consumer, facing the pressure of
traditional fossil energy depletion and carbon emission reduction, the development
of renewable energy has become urgent. It has an important role and significance for
China to adjust the energy structure and realize the resource utilization of waste.
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Despite numerous biomass energy production, collection, and utilization research,
many studies reported on the biomass, biomass utilization technology, including
biomass production, collection, and processing technology, biomass energy and the
environment, the biomass of anaerobic biogas, biomass to ethanol, and diesel oil
producing technology, biomass direct combustion technology. However, fermenta-
tion methods, modes, and technologies from waste to energy generation include
pretreatment, microbial types of energy production including bacteria and fungi, and
energy types produced by fermentation including ethanol, butanol, olefin, and other
energy sources. Of particular importance is the lack of systematic treatment of wastes
(plant species) such as duckweed in the development and application of bioenergy.
The purpose of this paper is to introduce systematically the research status of biomass
energy fermentation technology, the types of energy, and the microbial species of
waste energy fermentation, and the application of duckweed in biomass energy.

7.2 Fermentation Methods, Modes, and Techniques

7.2.1 Solid-State Fermentation

Solid-state fermentation is a microbial fermentation process in which the medium is
in a solid state and the fermentation system is carried out in the absence of almost
absence of free water present (Xu et al. 2002). Solid-state fermentation substrates are
water-insoluble polymers, and the substrate is not only a site formicrobial growth and
development, but also provides the carbon source, nitrogen source, inorganic salts,
water, and other nutrients needed for microbial growth. Compared with other culture
methods, solid-state fermentation has the following advantages: (1) the medium is
simple and widely available, mostly inexpensive natural substrates such as biomass
straw, etc. (2) Low investment and low energy consumption. The technology is
simple. (3) The yield of the product is high. (4) Low substrate water content, small
bioreactor size, no subsequent wastewater treatment, environmentally friendly, post-
treatment processing is relatively simple. (5) The fermentation process generally
does not require an aseptic operation. (6) Continuous aeration is not required, and
the air is generally not strictly sterile (Huang et al. 2003).

Solid-state fermentation is a multiphase system of gas, liquid, and solid phases as
well as microorganisms (Thomas et al. 2013). There is almost no flowing free water
in the solid-state fermentation substrate, the content of bound water is about 12–80%
(mostly maintained at about 60%), and the oxygen required for microbial growth and
development, and metabolism comes mainly from the gas phase of the continuous
phase, with relatively low energy consumption. The history of solid-state fermen-
tation can be traced back to thousands of years ago, and with the development of
solid-phase fermentation technology, a variety of substances can be used as substrates
for fermentation. Biomass feedstocks with more applications at this stage are mainly
starchy feedstocks, sugar feedstocks, and lignocellulosic feedstocks. Starchy raw
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materials such as potatoes and grain grains, sugar raw materials such as sugar cane
and sweet sorghum. But the use of these raw materials there is “competition with the
people for food, and food for land” problem (Wang et al. 2018). Biomass feedstocks
such as biomass straw do not have these problems and are the focus of global research
on biological fermentation.

There are many factors that affect the solid-state fermentation process, mainly
depending on the type of substrate, the type of microorganism, and the size of the
production scale, based on the above conditions, which can be divided into biochem-
ical, physicochemical, and environmental factors, all of which are closely related
and cannot be viewed individually. (1) Microbial influence: fungi and bacteria are
the microorganisms used more in solid-state fermentation, and relatively speaking
inoculation of filamentous fungi is preferable because solid-state fermentation simu-
lates the living environment of filamentous fungi (Soccol et al. 2017). Inoculation
of fungal spores is more convenient and flexible, and easy to keep for a longer
period of time, but also has the same disadvantages of long-term lag and large spore
inoculum. (2) The effect of water and water activity: water is the main medium
of solid-state fermentation, and changes in the water content of the substrate have
an important impact on the growth and metabolic capacity of microorganisms. The
high-water content will reduce the volume of gas in the substrate and the intensity of
gas exchange, making it difficult to cool down and ventilate, and increasing the risk
of contamination with miscellaneous bacteria. The low water content will inhibit the
growth and metabolism of microorganisms and also cause the substrate to swell. The
range of water content during solid-state fermentation should be controlled between
30 and 80%, and the amount of water control should be different for inoculating
different microorganisms for fermentation. The ability of microorganisms to grow
and metabolize on a substrate depends on the water activity (Aw) of that substrate.

For different microbial species, water activity is generally different for bacteria
(0.90–0.99), most yeasts (0.80–0.90), and fungi (0.60–0.70). During solid-state
fermentation, contamination by trash bacteria can be avoided because of the low
water activity requirement of fungi (Li et al. 2011). (3) Substrate and particle size: the
general substrate for solid-state fermentation is usually agricultural by-products such
as lignocellulose, and these substrates have amacromolecular structure that will wrap
the carbon and nitrogen sources, which is not conducive to fermentation, so some
pretreatment should be carried out before fermentation. Mainly through physical,
chemical, and biological pretreatment means to reduce particle size, release degrad-
able substances and improve the efficiency of fermentation. (4) Temperature and
pH: Microorganisms release large amounts of heat during growth and metabolism.
A number of microbial life activities such as metabolism, protein synthesis, repro-
duction, etc. are sensitive to temperature, so this heat should be removed in time to
avoid the impact on the growth and metabolism of the bacterium. pH is also one of
the key factors affecting the growth andmetabolism ofmicroorganisms, and different
species of microorganisms have different adaptation ranges for pH. The optimum
pH range of fungi is 3.8–6.0, and the optimum pH range of yeast is 4.0–5.0. But
the excellent buffering property of some materials in solid-state fermentation helps
to reduce the need for pH control. Therefore, in solid-state fermentation, as long
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as the initial pH is adjusted to the desired value, the fermentation process usually
does not need to detect and control pH. (5) Fermentation time: It is very important
to control the fermentation time to improve the yield of target products. There is
an optimal time phase for microbial fermentation. Too short a time is not enough
to obtain the required yield, too long, because the environment has been unfavor-
able to the growth of bacteria, often resulting in autolysis of bacteria, yield decline.
Therefore, the fermentation time should be determined according to the fermenta-
tion strain, fermentation process, fermentation products to conduct the corresponding
experiments.

7.2.2 Liquid Fermentation

Liquid fermentation is the process of preparing the substrate into a liquid state
and then inoculating the strain into the liquid substrate for biological reaction to
prepare the product. The uniformity of heat and mass transfer in liquid fermentation
is more advantageous than that in solid-state fermentation. Liquid fermentation has
the advantages of high density, precise control, and high degree of automation, so
industrial mass production is still dominated by liquid fermentation Fig. 7.1.

A large number of studies have been conducted by domestic and foreign scholars
on the production of energy substances by liquid fermentation. Wen et al. explored
the optimal fermentation conditions for in situ enzymatic saccharifications of rice
straw by liquid fermentation using rice straw as substrate and Trichoderma reesei

Fig. 7.1 Fermentation patterns for different bioenergy sources including methane, butanol, and
higher alcohols: Isobutanol of C5, 1-methyl-butanol, amyl alcohol, hexanol of C6, etc.
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as enzyme-producing microorganism. The results showed that the optimal enzyme-
producing fermentation conditions were at fermentation temperature of 30 °C, initial
pH 6.5, fermentation time of 24 h, and rice straw addition of 30 g/L. The specific
sugar yield of straw at pH 4.8, enzymatic digestion temperature of 50 °C, and enzy-
matic digestion time of 24 h can be as high as 0.350 g/g (Wen et al. 2014). It indicates
that liquid enzymatic saccharification is an effective way to achieve resource utiliza-
tion of biomass straw. Si et al. produced 2,3-butanediol by fermenting corn stover
hydrolysatewithKlebsiellaOxytocaZU-03 at an initial pHpoint of 6.0 and fermenta-
tion temperature of 60 °C for 64 h. The sugar utilization reached 99.36% and the yield
of 2,3-butanediol reached the theoretical 94% of the maximum yield of 0.468 g/g
(Si and Xia 2010). Song et al. conducted a study on the production of cellulosic
ethanol by fermentation of corn stover saccharate by Pachysolen tannophilus (P-01),
and the volume fraction of ethanol was 2.05% under optimal reaction conditions,
which was 33.17% higher than that of the control (Song et al. 2008). Sasaki et al.
used xylose-assimilating Saccharomyces cerevisiae to ferment rice straw hydrolysate
after membrane concentration, and ethanol yield of 5.34–6.44 g/L could be achieved
after dilute acid pretreatment (Sasaki et al. 2013).

7.2.3 Simultaneous Saccharification and Fermentation

The general fermentation process of ethanol, butanol, and other biofuels can be
divided into four steps: (1) physical, chemical, or biological pretreatment, (2) enzy-
matic hydrolysis, (3) microbial fermentation, (4) separation and concentration. Due
to the different conditions of action of microorganisms and enzymes in the hydrol-
ysis process and fermentation process, the traditional stepwise fermentation hydrol-
ysis process and fermentation process are divided into two vessels of fermentation.
The synchronous saccharification fermentation process synchronizes hydrolysis and
fermentation process in one fermentation vessel, which occupies less space, shorter
fermentation time, and higher yield compared with the traditional fermentation
method. It is the most studied fermentation method at present.

Liu considered synchronous saccharification fermentation as a promising process
for biotransformation of lignin biomass and studied the effect of synchronous saccha-
rification fermentation of corn stover for ethanol production after steamblast pretreat-
ment, with ethanol yield and final ethanol concentration of 77.2% and 59.8 g/L,
respectively, under optimal reaction conditions (Liu et al. 2016). Du et al. investigated
high temperature brewer’s yeast using corn stover as a raw material for synchronous
saccharification. The optimal conditions for ethanol production were obtained as
7.4% inoculum, 34.2 °C temperature, 5.0 initial pH, and 49.36 U/g enzyme concen-
tration, and the ethanol yield was 59.88% at 150.12 h of fermentation under optimal
fermentation conditions (Du et al. 2016). The effect of conditions on ethanol produc-
tion by simultaneous saccharification fermentation of wheat straw was investigated
and found that the concentration of ethanol reached a maximum of 38.32 g/L after
120 h of fermentation at 38 °C, 16.0% solids content, 35 FPU/g cellulase dosing, and
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8 g/L yeast concentration, with a yield of 71.71% of the theoretical differential rate
(Zhang et al. 2012). Saha et al. used wheat straw as raw material and The maximum
ethanol yield was 36.0 g/L and 0.43 g/L at pH 6.0 and fermentation temperature
35 °C for 83 h (Saha et al. 2015). Lin et al. investigated the simultaneous sacchari-
fication fermentation of wheat straw at an initial pH of 4.6, enzyme addition of 30
FPU/g and temperature of 37.5 °C, and themaximum ethanol. Themaximum ethanol
yield could reach 70.76% at an initial pH of 4.6, enzyme addition of 30 FPU/g and
temperature of 37.5 °C (Zhang et al. 2013). Synchronous saccharification fermenta-
tion can be applied not only to the production of alcohols from biomass straw but
also to the production of biofuels from other wastes. Zhang et al. conducted research
work on the production of ethanol from synchronous saccharification fermentation
of kitchen waste. The results showed that the optimal reaction conditions were glyco-
sylase addition concentration of 100 U/g, protease addition of 150 U/g, cellulase of
100 U/g, pH 5.3, and the concentration of ethanol could reach 54.6 g/L after 100 h
of fermentation time (Zhang et al. 2015). Yan et al. investigated the induction of
cellulase by cow manure and the possibility of converting cow manure feedstock
into bioethanol by simultaneous saccharification and fermentation of ethanol yield
of 25.65 g/L (Yan et al. 2018).

7.2.4 Pretreatment Techniques

Pretreatment technologies can be classified according to their nature as physical,
chemical, combined physical and chemical methods, and biological methods. Ligno-
cellulosic raw materials such as biomass straw, forestry waste, municipal waste, and
other wastes such as livestock manure, municipal sludge, and pharmaceutical plant
wastewater can be used to ferment biomass for fuel production due to their high
organic matter content.

China is a largely agricultural country that produces a large amount of biomass
straw every year, and the national production of biomass straw was 816 million t
in 2016, of which corn straw was the largest, accounting for 36.88% of the total
(Zhang et al. 2018). The use of biomass straw to produce biofuels such as ethanol
and butanol has attracted increasing interest from researchers due to its wide source
and high economic efficiency. The lignocellulosic feedstock has a complex struc-
ture, with hemicellulose and lignin intertwined and covering the wood surface to
form a dense structure, making it impossible for cellulase to act directly with the
cellulose. The component content of the main biomass straws is shown in Table
7.1 (Wang 2015). Direct fermentation yield is low, so pretreatment is performed
to destroy the dense structure formed by cellulose, lignin, and hemicellulose. For
lignocellulosic materials, the main physical pretreatment techniques are mechan-
ical crushing, ultrasonic pretreatment, microwave method, high energy radiation,
and liquid hydrothermal method. Chemical pretreatment technologymainly includes
acid hydrolysis method, alkali treatment method, organic solvent method, wet oxida-
tion method, etc. Physicochemical methods mainly include steam blasting method,
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Table 7.1 Lignocellulose raw materials

Lignocellulose feedstock Cellulose% Hemicellulose% Lignin%

Corn stalk 35–39.6 16.8–35 7–18.4

Wheat stalk 32.9–50 24–35.5 8.9–17.3

Rice straw 36.2–47 19–24.5 9.9–24

ammonia fiber blasting method, etc. The biological method mainly uses certain
microorganisms for pretreatment.

Chen et al. investigated the effect of irradiation pretreatment of rice straw on the
production of ethanol by enzymatic saccharification and fermentation, and the results
showed that there was an increase in cellulose conversion and ethanol conversion
after irradiation pretreatment compared to the control group (Chen et al. 2015). Sun
et al. conducted a study on hydrothermal pretreatment of corn straw and found that
56.08% hemicellulose was leached after hydrothermal pretreatment, which showed
that hydrothermal pretreatment destroyed the dense structure of lignocellulosic (Sun
et al. 2019). Lian et al. determined the optimal reaction conditions of enzymatic
digestion time of 9 h, fermentation time of 7 d, and fermentation temperature of
34 °C by pretreating corn stover with hydrogen peroxide to produce fuel ethanol
using semi-synchronous saccharification fermentation.Under the optimal conditions,
ethanol conversion reached 76.54% and ethanol concentration reached 23.64 g/L
(Lian et al. 2018). Kim et al. explored the effect on ethanol production using nitric
acid pretreatment of rice straw. The results showed that 0.65% nitric acid at 158.8 °C
and 5.86 min reaction time enzymatic digestion was best with a digestibility rate
of 83.0% and ethanol yield increased from 10.92 to 14.50 g/L (Kim et al. 2014).
Amiri et al. conducted a study on the production of ethanol, butanol, and acetone
by pretreatment of rice straw with organic solvents and found that pretreatment
at 180 °C gave a glucose yield of 46.2%, after fermentation, 22.5 g of ethanol,
22.1 g of propanol, and 80.3 g of butanol could be obtained (Amiri et al. 2014).
Kuamr et al. used green solvent (GS) pretreatment of rice straw as raw material to
produce cellulosic ethanol, and the results showed that the saccharification efficiency
after green solvent pretreatment was as high as 87.1%, and the maximum yield
of reducing sugar was 226.7 g/L. After 36 h of fermentation, 36.7 g/L of ethanol
could be obtained yield, with a conversion rate of 90.1% (Kumar et al. 2016). Arora
considered biological pretreatment as a green pretreatment method and it used white-
rot fungus, Trametes hirsuta pretreatment of rice straw and compared it with steam
blast pretreatment to investigate the effect on the production of bioethanol. It was
found that the lignin removal rate of the biological pretreatment was higher than that
of the steamblastingpretreatment, and the ethanol yields after biological pretreatment
and steam blasting pretreatment were 0.86 g/L and 1.13 g/L, respectively, which
showed that the ethanol yield of the steam blasting pretreatment was better than that
of the biological pretreatment (Arora et al. 2016). It is evident that lignocellulosic
feedstocks, after pretreatment, are able to increase the ethanol yield and production
rate.
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Lignocellulosic material is considered an effective feedstock for bioethanol and
butanol production, but other wastes also have some potential for biofuel produc-
tion. The production of biofuels from other biomass wastes and the pretreatment
methods have been studied by domestic and foreign scholars. Liu et al. used campus
kitchen waste as rawmaterial and fermented it with brewer’s yeast after pretreatment
using Rhizobium and Bacillus subtilis for ethanol production. It was found that the
maximum yield of ethanol could reach 6.67% under optimal fermentation conditions
with 22.79% substrate water content, 15% brewer’s yeast inoculum, 30 °C, and 5 d
fermentation time (Liu et al. 2013). Woldesenbet et al. used different concentrations
of dilute sulfuric acid (0.2, 0.4, 0.6, 0.8, and 1.0 mol/L) to pretreat livestock manure
to investigate livestock manure production The potential of bioethanol was investi-
gated and it was shown that pretreatment of chicken manure with 0.8 mol/L released
more reducing sugars with a maximum ethanol yield of 50 g/L (Woldesenbet et al.
2013). Ji conducted a study on the preparation of fuel ethanol from MSW and the
ethanol yield per gram of dry kitchen waste was 0.255 mL/g (Ji 2014).

7.3 Types of Energy from Fermentation

In recent years, with the rapid growth of the global economy, the world’s energy
consumption has increased significantly. In the face of the increasing depletion of
traditional fossil energy sources such as coal, oil, and natural gas, the increasingly
serious environmental pollution, and the greenhouse effect caused by the massive
emission of greenhouse gases, the energy issue has become one of themost important
problems plaguing countries around the world. The development of new renewable
energy sources such as ethanol, butanol, olefins, etc. has received increasing attention
from all over the world Fig. 7.2.

7.3.1 Ethanol

Ethanol with molecular formula C2H6O, commonly known as alcohol, is a
flammable, volatile, colorless, and transparent liquid at room temperature and pres-
sure. Fuel ethanol generally refers to anhydrous ethanol with a volume fraction of
99.5%ormore,which is a goodoctane blending component andgasoline oxygenating
agent. Ethanol gasoline can effectively reduce the emission of PM2.5 and CO in
automobile exhaust and can supplement fossil fuel resources, which has important
research significance and value for reducing the foreign dependence on petroleum
resources, reducing greenhouse gas emissions, and environmental pollution.

Since the 1970s, biofuel ethanol has been extensively researched around theworld
as a vehicle fuel, and ethanol is considered one of the most important renewable fuels
of the future.After decades of development fuel ethanol is nowglobally recognized as
the most mature alternative fuel to gasoline. Several countries around the world have
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Fig. 7.2 With the utilization of biomass as the object, it ismainly engaged in the research of biomass
energy production by biosynthesis, involving the biomass energy of C1–C6, including methane,
butanol, Isobutanol of C5, 1-methyl-butanol, amyl alcohol, hexanol of C6, etc.

spared no effort to develop bioethanol and use ethanol as an additive or fuel alternative
to petroleum, and have developed a series of supportive policies. The United States
and Brazil have the largest fuel ethanol applications in the world, accounting for
more than 10% and 50% of their gasoline fuel consumption, respectively. China’s
current fuel ethanol usage accounts for more than 2.1% of gasoline usage, with
huge room for development. The development of renewable bio-liquid fuels has a
very important role in reducing the dependence on fossil fuels, reducing greenhouse
gas emissions, and activating the rural economy in China (Guo et al. 2016). The
current first generation fuel ethanol, which uses food as the main raw material, has
been gradually abandoned due to high cost and endangering land and food security.
Second-generation fuel ethanol technologies based on non-food feedstocks such as
waste, straw, and algae are being actively developed (Li et al. 2013).

Lignocellulose is the most abundant renewable resource on earth, and the produc-
tion of bioethanol from lignocellulosic feedstocks has good prospects for devel-
opment. The development of bioenergy from lignocellulosic feedstock by modern
biotechnological means has become an important part of the energy development
strategy of major countries in the world. Khaleghian et al. studied the production of
bioethanol from rice straw by simultaneous saccharification and fermentation of the
straw after pretreatment with sodium carbonate, and the results showed that the enzy-
matic hydrolysis yield was up to 100% and the ethanol yield was increased by more
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than 40% (Khaleghian et al. 2015). Phitsuwan et al. conducted a study on the produc-
tion of ethanol from rice straw, which showed that rice straw is a promising biomass
feedstock for ethanol production (Phitsuwan et al. 2016). Suriyachai et al. optimized
the process of ethanol production from rice straw using Simultaneous saccharifi-
cation and co-fermentation (SSCF) fermentation, and the optimized ethanol yield
could reach a maximum of 15.2 g/L and ethanol concentration up to 28.6 g/L (Suriy-
achai et al. 2013). Wu et al. conducted a study on ethanol production from biomass
straw treated with Trichoderma reesei Aq-5b and Trichoderma virideNSW-XM and
found that pretreatment greatly improved the ethanol production efficiency and short-
ened the fermentation cycle, and the ethanol yield was as high as 2.17 g/(L h) after
pretreatment (Wu et al. 2016).

Although the cellulose ethanol production technology ismaturing and entering the
industrial demonstration process, there is still room for improvement in pretreatment,
enzyme preparation and enzymatic process, pentose/hexose co-fermentation strains
and process, and equipment and equipment.

7.3.2 Butanol

Butanol is a colorless and transparent liquid with the molecular formula C4H9OH,
has a special odor, is slightly soluble in water, and is miscible in any ratio with
various organic solvents such as ethanol and ether. Although bioethanol is generally
favored as a gasoline blending component, the development of its application is
somewhat limited due to its low energy density, high vapor pressure, and corrosive
transport pipelines. The main properties of ethanol and butanol are shown in Table
7.2 (Liu et al. 2008). Compared with bioethanol, biobutanol has the advantages of
high energy density and fuel calorific value, miscibility with gasoline in any ratio,
and low corrosiveness for pipeline transportation (Gao et al. 2018). After bioethanol,
biobutanol has become a hot spot for research and development of a new generation
of renewable energy.

Many countries around the world are vigorously developing biobutanol tech-
nology in the face of the energy and resource revolution. The U.S. biobutanol fuel
project has been put into operation in 2009. The UK has already accounted for about
10% of the market share of biofuels in 2015. China’s research on biobutanol has
also made substantial progress. Wang conducted a study on the production of biobu-
tanol from corn stover, using 2% NaOH, 1.5% H2SO4, steam blasting, and steam

Table 7.2 Main properties of ethanol and butanol

Fuel Density (kg/L) Heat of gasification
(kJ/kg)

RON CN Molar calorific value
(MJ/mol)

Ethanol 0.7893 854 110 8 1233.6

Butanol 0.8109 430 96 25 2601.9
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blasting in combination with 2% NaOH and 1.5% H2SO4 to pretreat corn stover to
investigate the effect of enzymatic hydrolysis and the effect of butanol yield. The
results showed that 2%NaOH pretreatment was the most effective, with a high lignin
removal rate of 81.7% and enzymatic hydrolysis rate of 70.5% for corn stover. After
ABE fermentation, the butanol concentration could reach 212.0–232.0 g/L (Wang
2016). Tian conducted a study on the production of butanol by hydrolysis and fermen-
tation of corn stover and studied the intention of citric acid-sodium citrate instead of
traditional acetic acid-sodium acetate as a buffer for enzymatic hydrolysis of corn
stover pretreatment, and the experiment proved that the concentration of summary
reducing sugar in the hydrolysate was 14% higher, and through UV mutagenesis,
a mutant strain CM20 was used to ferment the hydrolysate with a butanol yield of
10.8 g/L (Tian 2015). Boonsombuti et al. studied the effects of ionic liquids, acids,
and bases on the production of butanol after pretreatment of rice straw, respectively,
and the results showed that the alkali treatment was more effective and that isobu-
tanol appeared in the NaOH pretreated fermentation broth, indicating that isobutanol
can be produced under suitable conditions (Boonsombuti et al. 2020). Moradi et al.
similarly studied the effect of NaOH and concentrated phosphoric acid pretreatment
of rice straw for butanol production and the results showed that 163.5 and 44.2 g of
butanol per kg of substrate was hydrolyzed after alkali pretreatment with glucose.
After concentrated phosphoric acid pretreatment, 192.3 g of glucose, aswell as 44.2 g
of butanol per kg of substrate, was hydrolyzed (Moradi et al. 2013).

Lignocellulosic feedstock is a hot spot for research on the production of biobu-
tanol, and other wastes such as kitchen waste have received some attention and
research due to their high organic matter content as a potentially cheap and high-
quality biomass resource. Zhang et al. conducted a study on the direct use of strain an
amylolytic Clostridium sp. strain BOH3 for the production of butanol from kitchen
waste without pretreatment. The strain BOH3 was found to have the gene encoding
amylase and could produce 14.1 g/L of butanol from food waste (Zhang et al. 2020).
The butanol production process is affected by various factors such as pH. Shi et al.
conducted a study on the fermentation of kitchen waste by Clostridium beijerinckii
NCIMB 8052 for the production of biobutanol and showed that the butanol yield was
only 5.96 g/L without the addition of any nutrients, and the addition of pH buffer
increased the butanol yield and Wang et al. investigated the feasibility of direct
butanol fermentation from kitchen waste without saccharification and achieved a
butanol yield of 12.1 g/L and a maximum production rate of 0.725 g/(L h) at a
solid-to-liquid ratio of 1:1 (Wang et al. 2019).

7.4 Plants

The source and cost of biomass feedstock are one of the major constraints on the
development of bioenergy, so many scientists are focusing on lignocellulosic feed-
stock, which is cheaper and more widely available. Han et al. determined the fiber
composition and the potential for ethanol production in reed, kelp, and shore moss
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3. Ethanol fermentation experiments were conducted on reed with high cellulose
content and controlled with straw, and the ethanol content was 0.43–0.47% higher
than that of straw at 0.29–0.31% under the same conditions of fermentation for 20 h
(Han et al. 2019).

It is evident that reed, kelp, and shorea feedstocks have great potential for ethanol
production. Li explored the feasibility of kelp for biofuel production using enzymatic
saccharification technology and fermentation of ethanol and butanol, and the results
showed that ethanol and butanol of 0.58% (V/V) by volume and 0.34% (V/V) by
volume, respectively, could be obtained after fermentation (Li 2013). Zhou et al.
investigated the feasibility of ethanol production by fructose-based fermentation
of the energy plant inulin as the sole carbon source and showed that bioethanol
production from inulin could be well converted using Saccharomyces cerevisiae
strain BY47442, with no significant difference compared to ethanol production using
glucose or fructose as substrates (Zhou et al. 2008). Yang likewise conducted a study
on the production of ethanol by simultaneous saccharification fermentation of inulin
and showed that ethanol fermentation using Saccharomyces cerevisiae strain Y05
resulted in ethanol concentrations up to 71.18 g/L (Yang 2010). Sornvoraweat et al.
conducted a study on the production of bioethanol using water hyacinth as a raw
material for isolated hydrolytic fermentation (SHF) and obtained an ethanol yield
of 0.25 g/g at a concentration of 3.39 g/L under optimal fermentation conditions
(Sornvoraweat et al. 2010).

7.4.1 Biodiversity of Floating Duckweed

Duckweed, a floating aquatic plant, consists of about 40 species in five genera,
namely, Spirodela, Landoltia, Lemna,Wolffiella,Wolffia, among which Duckweed is
the smallest flowering plant in the world. Duckweed is widely distributed in various
freshwater environments, such as lakes, ponds, and rice paddies. The duckweed plant
has a simple structure, which is composed of phylloids and pseudoroots (Spirodeka,
Landoltia, Lemna) or only phylloids (Wolffiella, Wolffia). It is easy to culture and
fast to grow asexually (the biomass doubles about 24 h) (Yang et al. 2021). Studies
have shown that the starch content in duckweed can be controlled by controlling the
growth conditions, such as pH of culture medium and phosphate concentration (Cui
and Cheng 2015). Due to the high biomass accumulation, short reproduction cycle,
and rich organic matter of duckweed, duckweed is a high-quality raw material for
the development of biomass energy such as ethanol, butanol, and biogas Fig. 7.3.

7.4.2 Floating Ethanol

With the increasing scarcity of fossil energy and the increasing ecological load,
countries around the world are successively taking alternative energy sources as an
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Fig. 7.3 Transformation process of duckweed in biomass energy field

important energy policy to achieve sustainable development. Lignocellulosic fermen-
tation for ethanol production is considered as one of the most mature processes for
biofuel production, but the dense structure of lignin and hemicellulose composition
of lignocellulosic feedstock and pretreatment technology become one of the main
factors limiting its development, leading to high costs.

Aquatic plants grow without taking up land, grow faster compared to terrestrial
plants, and have a high content of starch as well as cellulose components that can
be converted into fermentable sugars, making them potential feedstocks for raw fuel
ethanol (Xue et al. 2013). Aquatic puffballs are fast-growing plants, rich in starch
and cellulose, and have become a research hotspot for the fermentation of bioethanol
production due to their excellent biochemical properties. Xu et al. concluded that
floating duckweed has a starch content of 31–45.8% (dry weight) and after fermen-
tation, can convert up to 94.7% of starch to ethanol, which is much higher than the
ethanol yield of most other potential crops (Xu et al. 2012). Lee et al. conducted a
comparative study of ethanol production from floating duckweed and corn starch and
showed that floating duckweed plants have a lower ethanol yield than corn starch,
but a higher ethanol conversion rate (Lee et al. 2016). Xu et al. conducted a study on
the conversion of high amylose floating duckweed to bioethanol and found that after
enzymatic fermentation by yeast, the ethanol conversion was 94.7% of the theoret-
ical yield, which was higher than about 50% of the ethanol produced with corn as
substrate (Xu et al. 2011). Calicioglu and Brennan conducted a study on continuous
fermentation of floating duckweed for ethanol and methane production and found
that the combined bioethanol-biomethane fermentation process obtained 70.4%more
bioenergy from floating duckweed compared to fermentation alone (Calicioglu and
Brennan 2018).

As floating duckweed contains lignocellulose, pretreatment is required to destroy
the structure of lignocellulose, increase the accessibility of enzymes, and improve
the yield and efficiency of ethanol. Zhao et al. pretreated floating duckweed by
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steam blasting and later produced ethanol using simultaneous saccharification
fermentation technique, and found that the ethanol yield was 70% higher than
that of the unpretreated control (Zhao et al. 2015). Fontinelle Souto conducted a
hydrothermal pretreatment followed by simultaneous saccharification fermentation
after hydrothermal pretreatment and found that ethanol yield reached 88.81% of the
theoretical yield under optimal conditions pretreatment conditions (200 °C, 10 min)
(Fontinelle Souto et al. 2019). Chen et al. investigated the effect of pectinase pretreat-
ment of floating duckweed on bioethanol yield and found that the maximum glucose
yield after pretreatment was 218.64± 3.10 mg/g and ethanol concentration was 30.8
± 0.8 g/L with a yield of 2.20 g/(L h) (Chen et al. 2012).

7.4.3 Duckweed Butanol

Butanol is a clean and efficient new energy source. The production of butanol by
biological fermentation is a research hotspot in recent years. At present, the key
factor restricting the development of biobutanol industry is its economy, so it is
very important to choose raw materials with wide sources and good economy easily.
Duckweed is a non-food aquatic plant with high organic matter content and its source
has been widely concerned.

Long carried out a study on high-starch duckweed butanol fermentation and found
that the duckweed fermentation with an initial sugar concentration of 60 g/L could
yield 11.65 g/L butanol, which was 99.57% of corn butanol fermentation yield and
98.9% of cassava butanol fermentation yield (Long, 2012). It can be seen that duck-
weed is an effective substitute for food crops to produce butanol by fermentation of
aquatic plants.

7.4.4 Duckweed Advanced Alcohol

Facing the energy crisis, it is necessary to develop new alternative energy sources.
Ethanol is considered an ideal biofuel to replace petroleum, but bioethanol has some
shortcomings such as low calorific value and certain corrosivity. Ethanol renewable
alcohol obtained by biological fermentation can be used as an effective substitute
for ethanol. Su et al. conducted a study on the production of biofuel advanced alco-
hols by duckweed fermentation Fig. 7.4 and found that 12.03 g/L butanol could
be produced by C. acetobutylicum CPCC 8012. In addition, 16.24 mg/L butanol,
4.68 mg/L isoamyl alcohol, and 198.85 mg/L amyl alcohol can be produced by
fermentation of Escherichia coli bioengineered strains (Su et al. 2014).

SC: Saccharomyces cerevisiae AH109; EC: Escherichia coli; CA: Clostridium
acetobutylicum CICC 8012. PFM: fermentation substrate (duckweed) for acid
hydrolysate was filtered with a 0.22-micron membrane. NFM: the fermenta-
tion substrate without filtration. EP: Pretreatment with enzymatic hydrolysis. AP:
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Fig. 7.4 Flowsheet of the experimental design for fermentation processes

Pretreatment with acid hydrolysis. AHD: acid hydrolysate of duckweed as the
fermentation substrate, meaning the products resulting from pretreatment of duck-
weed with acid hydrolysis. EHD: enzymatic hydrolysate as the fermentation
substrate, meaning the products resulting from pretreatment of duckweed with
enzymatic hydrolysis.

7.5 Conclusions

There are various technical methods for fermentation to produce energy, and simul-
taneous saccharification fermentation technology is the most applied fermentation
technology, and the screening of efficient strains of homosaccharide fermentation
and the optimization of the process is the focus of future research. The fermenta-
tion of biomass straw to produce biomass energy is an effective way to alleviate the
depletion of fossil energy and realize the resource utilization of waste, but because
biomass straw is rich in lignin and cellulose, pretreatment is required for fermenta-
tion. Therefore, research on new efficient pretreatment means and development of
new fermentation processes are hot spots for future research.

With its rich biodiversity and fast growth rate rich in starch and cellulose, duck-
weed is a good potential feedstock for biofuel production. The application of biotech-
nology and adeeper understandingof themicroscopic fermentationprocesswill bring
a technological revolution in the production of biofuels from floating duckweed. In
addition, the development of an efficient and clean production process of floating
pondweed as well as pretreatment technology is a hot spot for future research on
floating pondweed produced fuels.
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