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Abstract

To reduce the world’s reliance on traditional fossil fuels, alternative fuel sources are being developed.
The most common renewable fuel today is ethanol. Sweet sorghum has been developed as a potential
source for bioethanol production. Comparing to other energy plants, sweet sorghum provides high
biomass yield, high sugar/ethanol yield, and ability to grow on marginal land areas. The economic cost
of growing and harvesting sweet sorghum for its fermentable carbohydrate is also analysed and found
favourable compared to that of maize. Future studies on genetics will be focusing on reducing lignin
content and improving biomass productivity of sweet sorghum.
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Introduction
There are major concerns over the future of traditional fossil
fuels as the primary energy source for the society. Parts of these
concerns are due to the fact that these fossil fuels cannot be
replenished therefore extracting and refining these fuels have
become increasingly expensive. This has prompted major
interest in the development of renewable energy sources such
as wind, solar powered energy and bioenergy, as alternatives to
the diminishing fossil fuels. Of these types of renewable energy
sources, bioenergy has shown great potential as a complement
to fossil fuels on an industrial scale.

Biofuels have been proposed as an alternative way to reduce
the reliance on traditional fossil fuels and greenhouse gases
emission that are responsible for climate change [1]. In
countries such as the U.S, approximately 20 million barrels of
crude oil are consumed daily with 60% of the total volume
imported. A national goal is set up so by 2012, 7.5 billion
gallons of renewable fuels have to be blended into gasoline [2].
In China, coal consumption takes up 70% of the country’s total
primary energy consumption and 80% of coal is directly burnt
without proper pre-usage treatment that would ensure minimal
pollutants exposure to the public [3] hence, the Chinese
government has prioritized the research on the development of
renewable and environmentally sustainable energy [4]. Among
various forms of biofuels currently being developed, the most
common is ethanol. In 2008, 9.2 billion gallons of ethanol were
produced in the U.S. alone [5], and even though grain-based
ethanol production is expected to increase, the supply still falls
short of the total demand, and there are potential negative
effects on food and feed supplies. Therefore, alternative ethanol
production from crops that do not compete with food and
feedstock supplies will play an important part in providing
bioenergy [6].

In the U.S, the major raw material used for the production of
ethanol is corn grain. The US has the potential capacity to
produce 13 billion gallons per year from maize alone [7]. In
Brazil, the National Alcohol Program (ProAlcool) was created
in 1975 to help the nation tackle increasing fossil fuel price and
sugar overproduction. This program was based on using
sugarcane as source for ethanol with the intention of targeting
the large scale use of ethanol as a substitute for gasoline [8].
With significant government support to increase the supply and
demand for ethanol, Brazil is able to develop large scale
renewable energy usage capabilities. However because maize
have implications other than ethanol production, and sugar
cane has strict requirement on temperature and other
conditions, there is an upper limit as to how much ethanol can
be produced from these two crops alone therefore feedstock
that are typically grouped under ‘biomass’ and include
agricultural residues, wood, municipal solid waste and
dedicated energy crops are also utilized for ethanol production.

There are limitations that will influence the types of energy-
cropping systems that will be sustainable. The main limitation
is the amount of land area and agricultural resources that can be
made available for energy crops, without compromising food
production. Thus maximizing the energy that can be generated
from energy crops per unit land area, whilst minimizing the
costly inputs, such as water and fertilizer and fuel, is a priority
[1]. Current bioenergy crops include maize, sugar cane, sweet
sorghum, switch grass, cassava, and other less development
varieties. Maize has traditionally been used in the U.S for
ethanol production; while in Brazil, sugar cane is more widely
planted as source for ethanol. Of these energy plants, many are
C4 grasses. Among these C4 plants, one that has enormous
potential for ethanol production is sorghum.

Sorghum is the second most important feed grain grown in the
U.S. in terms of planting acreage, and is also planted in areas in
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India and countries in Africa. Grain sorghum is a high biomass
C4 plant which can produce not only grains but also bagasse,
both can be served as resources for ethanol production.
However, currently there is only one species of sorghum,
Sorghum bicolor, that has the potential to mass produce
ethanol. Sorghum bicolor, or better known as sweet sorghum,
has three different components which can be used for ethanol
production: grain, bagasse, and the juice [9,10].The juice
extracted from the plant stalks contains plenty of sugars, such
as sucrose, glucose, and fructose, which can be directly
converted via biological fermentation process into ethanol
[11,12]. Sweet sorghum is an important crop in marginal lands,
and as fuel prices increase and water usage for irrigation
becomes more limiting, its importance is expected to increase
furthermore [13]. Sweet sorghum exhibits several better
characteristics over the other energy crops, e.g., drought and
salt tolerance, has a short period of growth (up to 4 months)
and requires less water and fertilizer leading to a low cost of
production [14,15]. As part of China’s comprehensive energy
plan, its bioenergy industry is vigorously accelerating
cellulosic ethanol fuel production and diversifying feedstock
supplies to include new crops such as cassava and sweet
sorghum. In 2020, ethanol yield will reach 4.0 million tons,
90% increase from 2.1 million tons in 2015, according to the
13th 5-Year Plan for bioenergy development released by the
National Energy Administration of China [16]. In the U.S, such
increase in sweet sorghum acreage has occurred already due to
rapid development of grain-based ethanol refineries. This is
already evidenced in a 19% increase in sorghum acreage in
2007 as compared to 2006 [17]. This review focus on the
advantages sweet sorghum offers as a source of ethanol and its
future for mass plantation.

The advantages of sweet sorghum for ethanol
production
In terms of ethanol production, sweet sorghum provides many
advantages over other bioenergy crops such as maize and sugar

cane. This review will discuss three of the most important traits
of sweet sorghum: high biomass yield, high sugar/ethanol
yield, and the ability to grow on marginal land areas.

High biomass
Sweet Sorghum, a C4 plant, is an ideal energy crop because it
possess the following traits that would enable it to accumulate
biomass: high conversion efficiency of light into biomass
energy, high water use efficiency and high leaf level nitrogen
use efficiency [18], ability to grow in marginal land areas [19],
and a relatively high tolerance to soil constraints such as
salinity and water concentration [20].

All these traits of sweet sorghum come from their ability to
utilize radiation efficiently, comparing to C3 plants, C4 plants
have high radiation use efficiency (RUE). C4 plants utilize a
photosynthetic mechanism whereby CO2 is pumped into
specialized cells surrounding the vascular bundles, where
Rubisco is exclusively localized, and CO2 can accumulate to
levels in excess of ten-fold atmospheric concentrations in these
cells [21]. Atmospheric CO2 from intercellular spaces of the
mesophyll cells is fixed by PEP carboxylase into C4 acids
which move to the bundle sheath cells to be decarboxylated
and release CO2. The high RUE of C4 plants is directly related
to this CO2 concentrating function as photorespiration is
almost totally inhibited in C4 plants and Rubisco operates at
close to its maximum capacity. In the case of sweet sorghum,
this high RUE, together with its relatively short growth period
comparing to other potential energy plants, result in sweet
sorghum being able to accumulate more biomass comparing to
others when given the same amount of solar energy (Table 1).

Table 1. Biomass yield and the subsequent ethanol yield of maize, sugar cane, sweet sorghum and cassava.

Crop Growth Period Dry Weight (tons/ha) Calculated Ethanol Yield from Biomass (L/ha)

Maize 6 months 20 [22] 1500-2518 [23], 3800 [24]

Sugar Cane 12 months 19 [25] 5345-9381 [26], 9950 [24]

Sweet Sorghum 4-6 months 32.5 [27], 24.7 [28] 13032 [27], 7013 [28], 9656-10184 [29]

Cassava 9-12 months 20 [30] 4500 [30]

High sugar/ethanol yield
Sweet sorghum has such high levels of sugar in the stems thus
that either ground, fresh harvested
or dry stem maybe fermented directly. This process has been
shown to yield 100 litre ethanol per ton of stalks, where 0.46
gram ethanol was generated per gram sugar [31]. Sweet
sorghum had the greatest ethanol yield potential than Maize
and high biomass sorghum at the two marginal locations in
Midwest USA over this five year study [32]. Solid state ethanol

production can also overcome problems with the short shelf
life of high-sugar biomass, as dry stem tissue can be stored for
up to eight months [33].

Calculated ethanol yields from sweet sorghum stem juice,
approximately 10,000 litre of ethanol per hectare [29] may
exceed that of sugarcane. Sweet sorghum generates high sugar
yields over a wide range of geographical locations, from four
tons per hectare in cooler areas, up to 12 tons per hectare in
warmer climates [34]. Crop duration also impacts final
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potential yields. In warmer climates it is possible to harvest
two crops per year from sweet sorghum; whereas only a single
sugarcane crop can be harvested in a year. These factors

combined to make sweet sorghum one the most efficient plant
for ethanol production (Table 2).

Table 2. Sugar Content and subsequent ethanol yield of sugar cane and sweet sorghum.

Crop Growth Period Sugar/tissue (bagasse) g/kg
Sugar Yield Calculated Ethanol Yield from

(tons/ha) Sugar (L/ha)

Sugar Cane 12 months ~400 [35] 10.4-17.4 [36], 15 [37]
7000 [38], 6280 [39], 5345-9381 [26],

3000-5000 [40], 6470 [40],6641 [41]

Sweet Sorghum 4-6 months 503 [27] 5.4-10.4 [42], 10.5 [27], 9[43], 6-8 [40]
5414 [27], 3000 [40],

10000 (2 crops/year) [44]

Tolerance to hostile conditions
In many parts of the world, water is the major limiting factor
affecting crop production. In such areas, irrigation systems are
utilized to maintain crop yield, therefore any failures in the
irrigation system would have significant impacts on crop
yields. Other than water supply, salinity also has major effect
in agriculture by lowering crop yield [45].

Sweet sorghum has the abilities to resist high salinity and low
water supply [46], therefore it fits well in marginal areas where
both conditions are abundant [40,45]. Sweet sorghum is more
efficient at utilizing water than other summer crops under both
drought and non-drought conditions [47]. From the
environmental point of view, sweet sorghum requires relatively
less nitrogen and water compared to sugar cane, therefore is
more environmentally friendly (Figure 1) [48,49]. Sweet
sorghum, unlike sugar cane, can be planted in marginal land
areas where water supply can be scarce during crop
development [50]. Also compared to sugar cane, sweet
sorghum exhibits relatively fast growth rate, short maturity
time and high total energy value, therefore making it a more
viable source for bioethanol production [51]. Moreover, sweet
sorghum production is encouraged by new policies regarding
non-food crops in places such as European Union [52].

Economic Feasibility of Sweet Sorghum for
Ethanol Production
Many factors can be influential to the viability of sweet
sorghum as a source for ethanol production. These factors
include production and infrastructure costs, transportation cost,
and side product value. For bioenergy production, the types of
biofuel sources utilized have series impact on process and
facilities economics [53]. Bio refineries that could utilize
sorghum as source for bioenergy production are expected to
have similar cost compared to those of other modern refinery
examples, such as petroleum refining and corn wet milling, in
which the cost of feedstock represents a majority (60% to 70%)
of the total product value [54-56]. In additional, a new research
has found that lower energy cost for sweet sorghum in
comparison to two other crops, cotton and maize, respectively,
in the saline land in the east coast of China [57].

Fresh harvested sweet sorghum that is seasonally processed as
a supplemental fermentable carbohydrate (FC) and fuel source
for existing ethanol production facilities appears to be
economically sustainable when compared systems that utilize
maize. For example, when combustion credits are between $6
and $8 GJ-1, sweet sorghum FC costs are estimated to range
from $91 to $149 Mg-1 for a medium sized ethanol plant at a
low-density plantation level. This compares favourably to corn
FC costs of $171-$258 Mg-1 for corn valued at $157-$236
Mg-1 respectively. In contrast, when using ensilage to store
sweet sorghum in bunker silos for year-round use as a
supplement source, it is possible to have net costs well above
FC derived from corn grain [28].

Challenges of Sweet Sorghum as Biofuel
Resource
Despite the advantages offered by sweet sorghum, parasitism,
weed and lodging pose serious problems to its industrial scale
planation. In sub-Saharan Africa stem borers are major biotic
constraints to cereal, including sorghum production. These
pests are responsible for losses ranging between 5%-73% of
potential yield under different agro ecological conditions [58].
Due to the high sugar contents in the stem of sweet sorghum,
older larvae of different stem borers are able to tunnel into the
stem tissues and feed internally which not only reduce the
sugar and quality of stem but also its resistant to wind damage.
Weed is also an important factor in determining sweet sorghum
yield. Since sweet sorghum is sensitive to most common
applicable herbicides, weed reduction through herbicides can
seriously impact yield. Manuel removal of weed turns out to be
expensive due to increasing labour cost across the world and
especially impractical for large plantations. Lodging refers to
the permanent displacement of plants from their vertical
stance. In addition, stalk breakage is also observed in those tall
crops. Lodging usually occurs close to harvest and sorghums
are prone to lodging near harvest. It is a complicated
phenomenon influenced by many factors including wind, rain,
topography, soil type, previous crop management and disease
[59]. Lodging is a major problem for areas with strong wind
since high biomass sweet sorghum are very high and heavy;
therefore flexibility is reduced when facing strong wind.
Lodging in the early stage of sweet sorghum growth will affect
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its biomass when it reaches late growth stage, while lodging at
later stage would pose problems for automated harvest, which
is unacceptable from the bioenergy industry point of view.
Breeding from different germplasms and agricultural
management are traditional ways to improve resistance toward
parasitism, lodging and weed control. Recent investigation in

Europe also ruled out more research efforts for cultivating
sweet sorghum should be focus on harvesting techniques and
as well as storage of the harvest [60]. Transgenic technologies
have also been successfully applied to different main crops to
improve plant tolerance and reduce the management cost
[61,62].

Figure 1. Resource requirements of sugar cane and sweet sorghum. (A) Growth period. (B) Water requirement [40]. (C) Average fertilizer
requirement [50]. (D) Pesticide requirement [50].

Genetic Transformation of Sweet Sorghum to
Face the Challenges
Sweet sorghum exhibits great potential as an energy plant for
ethanol production; however, there are some improvements
needed in order to avoid potential stumbling blocks which
would hinder its progression. One of the major stumbling block
sweet sorghum faces is the high cost of converting
lignocelluloses biomass into ethanol.

At present, the cost of harvesting and processing sweet
sorghum juice by crushing stems to extract juice is relatively
low compared to the cost of harvesting and processing
lignocellulosic biomass. The source of the carbon atoms
present in lignin polymers and cellulose polymers is the same,
that is, carbon assimilated by photosynthesis; however, lignin
is not useful as a carbon source for ethanol production because
it is made from aromatic structures and the reactions to
synthesize lignin are not reversible; whereas cellulose can be
easily hydrolyzed to release the six-carbon glucose monomers.
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Therefore increasing the accessibility of cellulose to enzymes
and chemicals has been a major focus for genetic study of
sweet sorghum.

Accessibility of plant cell wall polysaccharides to chemical,
enzymatic and microbial digestion is limited by many factors.
One of the more important factors involves the presence of the
phenylpropanoid polymer lignin in vascular tissues and fibers.
Genes that are responsible for the enzymes leading to the
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) building
blocks of lignin have been identified. Downgrading some of
these genes has revealed the relationships between lignin
content and efficiency of lignocellulose use for pulping of trees
and digestibility of forages [54].

Other than lignin modification, elucidating the genetic basis of
stem sugar and stem juice accumulation, modifying cell wall
composition so that sorghum biomass can be processed more
efficiently, maximizing biomass yield for a given geographic
area and production system, and understanding the different
mechanisms underlying drought tolerance [63] are the main
focus areas among sorghum researchers that target ethanol
traits.

Due to the ability to manipulate targeted specific characters
through genes from various sources in classical plant breeding,
Bt and proteinase inhibitor genes have been successfully
applied to different crops to protect different insect attacks in
economic plants [61]. Herbicide tolerant transgenic crops have
been approved to be safely and with greatly reducing of labour
cost [62]. Thus those genetic modification technologies will be
the firstly selected technology for manipulation of sweet
sorghum to adopt the environment.

Conclusion
Significant opportunities exist to grow sweet sorghum for
bioethanol. Advances in genetics and agronomics are likely to
accelerate the first phase in feedstock development.
Developing sorghum as a model for C4 plants is likely to yield
important insights into genetics and trait manipulation in
polyploidy species, and the results may help the development
of other species in the C4 family. For sweet sorghum grown for
biomass, the short-term establishment (5-10 years) in improved
yield and quality are likely to be significant.

Some significant challenges are ahead. One of the major
obstacles will be proving the economic effectiveness of
lignocellulosic biorefineries and the ability to sustainably
produce the mass of feedstock required within a given region
to supply biorefineries. Currently, our knowledge on the
potential impact of existing or new environmental stress on
dedicated bioenergy feedstocks grown over large geographical
areas is limited. For example, will breeding for higher
conversion subjects the plants to more environmental stress
[64]? And will reducing lignin content in plants have serious
side effects to their growth? Such issues will need to be
addressed along with the development of sweet sorghum.

Despite the obstacles, the current social, economic and
scientific conditions favor the utilization of sweet sorghum and

other plants for bioenergy. Sweet sorghum can be planted in
marginal land areas in less developed countries and areas,
particularly in Africa, to stimulate local economies; and the
establishment of flexible biorefineries should allow
exploitation of these multiple feedstocks and extend the
projected environmental and economic benefits of biofuels.
Finally, biorefineries situated in appropriate areas are likely to
significantly improve local economies and strengthen a
rediversification of agriculture to once again provide food, fuel
and feedstocks in an environmentally sustainable manner.
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