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Chapter

Bioenergy Recovery from
Cotton Stalk
Rafat Al Afif, Christoph Pfeifer and Tobias Pröll

Abstract

Cotton stalk (CS) plant residue left in the field following harvest must be buried
or burned to prevent it from serving as an overwintering site for insects such as the
pink bollworm (PBW). This pest incurs economic costs and detrimental environ-
mental effects. However, CS contains lignin and carbohydrates, like cellulose and
hemicelluloses, which can be converted into a variety of usable forms of energy.
Thermochemical or biochemical processes are considered technologically advanta-
geous solutions. This chapter reviews potential energy generation from cotton stalks
through combustion, hydrothermal carbonization, pyrolysis, fermentation, and
anaerobic digestion technologies, focusing on the most relevant technologies and on
the properties of the different products. The chapter is concluded with some
comments on the future potential of these processes.

Keywords: cotton stalk, thermochemical, biochemical, bioenergy

1. Introduction

Worldwide energy demand and greenhouse gas (GHG) emissions are predicted
to increase by 70 and 60%, respectively, between 2011 and 2050 according to the
International Energy Agency (IEA) [1]. An increase in GHG emissions is unequiv-
ocally the largest anthropogenic contributor to exacerbating climate change [2].
Currently, the majority of energy is derived from fossil fuels. As reported in 2017, it
is estimated that if consumption of fossil fuels persists at 2016 levels, reserves of
coal, gas, and oil will last only 153, 52.5, and 50.6 more years, respectively [3].
Therefore, other forms of energy such as biomass have significant potential to offset
traditional energy sources [4]. Biomass, as a zero CO2 emission fuel, can offer one
solution in the reduction of CO2 atmosphere content. In 2016 renewable energy
accounted for 18.2% of the 576 exajoules (EJ) of total primary energy supply
(TPES), of which 13% came from biomass [1, 5]. Biomass provided 46.4 EJ of TPES
in 2016, and expert scientific analysis predicts that by 2050 the bioenergy share of
TPES could reach 100–300 EJ per year (year�1) with the highest theoretical share
proposed at 500 EJ year�1 [5, 6]. Although renewable energy makes up only a small
percentage of current TPES, it has the theoretical potential to provide all of the
human energy requirements on earth [7]. By 2035, biofuels could realistically pro-
vide at least a quarter of the estimated world’s TPES of 623 EJ. To increase the
proportions of renewables in the TPES, innovative feedstocks or inputs are required
[8]. A significant source of biomass for renewable energy is available globally in the
form of agricultural waste. Agricultural wastes pose expensive and challenging
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issues for crop producers. With exception to the fraction of residues tilled back into
the soil to increase soil organic carbon (SOC) content and enhance other soil phys-
ical characteristics, many of these wastes have little to negative value, and knowl-
edge of revenue streams are sparse [9, 10]. For example, cotton biomass waste is an
abundant and available waste from agricultural production at a high estimate of
roughly 50 million tons annually [11]. Similarly, other crops produce even more
abundant waste, such as rice husks which sum up to 822 million tons of waste with
no real end of use application [12].

It has been reported that cotton residues left during harvest are carriers of the
pest; therefore, adequate disposal of these residues is necessary [13]. However, it is
worth considering that one of the major complications of cotton production is the
management of the pink bollworm (PBW) (Pectinophora gossypiella). It is consid-
ered one of the most detrimental cotton pests because of its hardiness to insecticides
[14]. PBW’s life cycle consists of four stages: egg, larva, pupa, and adult. During the
first stage, females lay 200–500 tiny eggs in single or small groups of 5–10 each on
cotton plants which hatch 3–4 days later. During the second and most destructive
stage, the larvae bore into the bolls to grow before cotton boll blossoming occurs.
Here the larvae feed on seeds for 12–15 days where they mature to 12 mm long as a
fully developed larva. The most significant damage occurs to the seed and lint.
Before pupation, the larva experiences diapause during the winter for 2–4 months
in which they do not feed or move. They may be found in bolls, in stems, or in the
soil in which they are safe in a silken cocoon until spring. During the pupation stage,
spring conditions cause the larva to drop to the soil beneath the cotton plants where
they pupate; the pupa is roughly 7 mm long and brown, and the pupal period is
between 7 and 8 days. During the adult stage in spring, first-generation adults
develop from the pupae and are gray brown small moth which mate and lay eggs. In
the summer, larvae from the previous generation fall to the soil, pupate, and emerge
as second-generation moths, completing the life cycle. The entire cycle from egg to
egg takes roughly 32 days, and the PBW can persist, on average, for up to six
summer cycles [15, 16]. This pest is distributed globally where cotton is grown and
is considered the key cotton pest. Its main effect on cotton crops is preventing
flowering buds to open, shedding of the fruit, seed loss, and damage to lint. Trials in
the USA have shown that the potential loss of harvest without control was 61%,
whereas losses of 9% were estimated when the pest was controlled through insecti-
cide application. In 1998, the total US crop yield of cotton was reduced by 2.7%,
while in Egypt it is estimated that the PBW causes losses of about 10–20% of cotton
crop annually [13, 15]. In 2014, it was reported that the PBW had been eradicated
from California, Arizona, New Mexico, and Texas in the USA as well as Chihuahua
in Northern Mexico. The eradication is attributed to a combination of insecticides
and genetic modification of the cotton crop as well as releases of sterile PBW
throughout the region [17]. In countries without robust pest management strate-
gies, the most common method of PBW prevention is through burning the residues
in the field or by shredding and plowing the residues to a depth of 6 inches into the
soil, the latter of which is time and energy intensive [11, 15]. In light of the global
challenges associated with cotton agricultural residuals, a promising method of
cotton waste disposal is through their utilization as an energy source.

Studies indicate that undebarked cotton stalks are unsuitable for the production
of fine paper and dissolving pulps [18, 19]. Furthermore, cotton stalks and other
agricultural residues are unsuitable for hardboard and particle board due to
their high water absorption and thickness swelling (deteriorated dimensional
stability) [20, 21].

In contrast, the usage of cotton waste as an energy feedstock has become a
subject of numerous studies in recent years [22–24]. Researchers generally focused
on the production of biogas, ethanol, and the production of fuel pellets or
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briquettes. Several studies on the subject of cotton waste pyrolysis indicate that
pyrolysis of cotton stalks is deemed to have potential as one of the technological
solutions for its management.

The purpose of the study is to review current bioenergy conversion technologies
and to provide quantitative data and interpretation of the heating value, proximate
and elemental analysis, and product yields specific to bioenergy recovery from CS.
The hypothesis is that resulting data will be consistent with past research proving
that CS residues have a high potential for use as an energy source. Moreover, some
products from the conversion (e.g., biochar from pyrolysis) can be used as soil
additive to recover nutrients and carbon to the soil. The latter can additionally act as
water storage. This subject is important because there are significant quantities of
CS waste from agricultural production globally, which is a potential source of
revenue. Furthermore, other risks associated with cotton waste such as farm
hygiene by pesticide remnants and soilborne pathogens can be addressed. There-
fore, utilizing CS biomass has the potential to be a significant source of energy and
an opportunity to reduce their environmental issues and financial costs [11]. This
study contributes to the needed understanding of energy derived from thermal and
biological conversion products of cotton stalks.

2. Cotton stalk residues for energy

Cotton stalks are a common agricultural residue with little economic value. They
may be utilized without direct competition to food or feed provision. It is a renew-
able lignocellulosic biomass produced during cotton production. Daud et al. report
values of 58.5% cellulose, 14.4% hemicellulose, and 21.4% lignin, which makes it a
particularly attractive feedstock for thermochemical conversion processes [25].
Based on biomass classifications, cotton agricultural waste is a primary residue and
herbaceous biomass fuel [26, 27]. Cotton crop cultivation occurs between July and
February, while harvesting occurs from October to March [28]. Cotton agricultural
wastes consist of the main stem, branches, bur, boll rinds, bracts, peduncle, roots,
petioles, and leaf blades (Figure 1) left as residual biomass after harvesting the
floral cotton bolls for commercial purposes, equivalent to roughly 3–5 times the
weight of the produced cotton. The roots are 23.2% of the whole plant in average
with the measured values ranging between 14.3 and 29.1%. However, based on
observations of the amount of the soil stacked on the roots during fieldwork, it was
decided in most studies to investigate the possibility of collecting only the aerial part
of the residue, leaving the roots in the field. It was anticipated that the collected

Figure 1.
Cotton residual wastes after harvesting.
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material would be free of soil and with less moisture content. These factors would
make its storage easier and its use for energy production by thermal conversions
more attractive [29].

The separated CS consists of the main stem, branches, burs, boll rinds, bracts,
and peduncles [28, 30]. The stem has an outer fibrous bark weighing 20% of the
weight of the stalk as well as an inner pith [11, 31]. It reaches between 1 and 1.75 m
long, and the diameter above ground varies between 1 and 2.5 cm. On average
depending upon species and crop conditions, 2 to 3 tons of CS are generated per
each hectare of land annually; it’s worth noting that the moisture content was found
to drop from 50% to under 20% when the stalks were left in the field, after
harvesting, for 3 weeks [28].

According to the US Department of Agriculture (USDA), the total global pro-
duction of cotton was roughly 26.9 million metric tons for the reporting year of
2018 from August 1, 2017, to August 1, 2018, which has been relatively steady for
the last 5 years of data collection. The three largest global producers of cotton in
2018 were India, China, and the USA. India produced 6.3 million metric tons of
cotton, China produced 6.0 million tons, and the USA produced 4.5 million tons.
The remaining countries produce less than 2 million tons year�1 [32].

To determine the total CS residue or collectable dry residue from the cotton
production values, several factors are required. These are the annual production,
residue to the crop factor, dry weight factor, and the availability factor [33]. The
annual production is reported yearly by each respective country and collected by
the USDA [32]. The residue factor is based on the ratio of the fresh weight of
residue to the grain weight harvested at field moisture. It describes the relationship
between crop grown for product and the residual biomass leftover after harvest.
The relationship is specific to the type of crop variety [33, 34]. As mentioned
previously, the residue typically weighs three to five times the harvested cotton
[31]. Klass and co-workers estimate the residue factor to be 2.45 [33]. The avail-
ability factor is based on the end use of the CS residue and howmuch is available for
collection. The availability of crop residues may be limited due to tilling some
residues into the soil to reduce erosion risk; to provide structure; to preserve fertil-
ity; to use as a fertilizer, as fibrous material for various agricultural uses; or to feed
to livestock [34]. Therefore, it can be best described as the sustainable removal rate
of a residue [35]. Typically, in areas with low SOC, more crop residues will be tilled
into the soil, while in areas with high SOC, more crops can be sustainably removed
[34]. Many studies assume roughly 25% of total available agricultural residues can
be recovered; however, recovery percentages may be higher or lower depending on
the crop [35, 36]. It is estimated that in the USA, up to 70% of the residues are tilled
back into the soil for nutrient cycling and soil health, whereas in India 15% is used
for fuel, while the remainder is burned in the field [28, 30]. Klass et al. report a
residue factor of 0.6 for cotton agriculture. Lastly, the dry weight factor is the
amount of moisture in the freshly harvested cotton residue. Therefore, collectable
dry biomass can be calculated with all of these values [33]. It is worth noting that
harvesting crop residues for energy has been shown to be efficient and the energy
required to collect and process residues is a small percentage of the energy content
of the residue itself [37].

3. Characterization of cotton stalks for determination of
energy potential

In order to get an overview of the main fuel properties of cotton stalks, proxi-
mate as well as ultimate analyses need to be performed. Schaffer et al. [24] com-
pared data from cotton stalks to data for wheat straw and beechwood (Table 1). In
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comparison with wood, the agricultural by-products are characterized by higher ash
contents. The lower heating value (LHV) of dry cotton stalks is equivalent to poor-
quality wood and varies from 16.4 to 18.26 MJ/kg [38]. Compared with wheat straw
(LHV of 17.28–18.41 MJ/kg [38]), the cotton stalk can be considered as a biofuel
with respect to its energy content. However, a clean and energy-efficient utilization
in combustion plants is counterindicated by high contents of elements like Cl, K,
and Na that decrease the ash melting point of SiO2 and lead to fouling and corrosion
in the boiler plant. Although straw and stalks are, therefore, not suitable for con-
ventional combustion plants, low-temperature thermochemical conversion could be
applied with the effect to yield biologically stable biochar containing the critical ash
constituents and also plant nutrients, while the ash-free volatiles can be used in
high-temperature conversion routes such as combustion in gas boilers or cofiring in
pulverized coal boilers. In this respect, it is important to notice that the fixed carbon
content obtained in the proximate analysis is higher for cotton stalks than wheat
straw and beechwood. This observation holds true also when looking at other fuel
samples available in the literature cited in Table 1. Furthermore, it is seen that
cotton stalks possess high amounts of carbon (47.05%) and oxygen (40.77%) and its
composition is relatively similar to wheat straw and wood. The presence of these
elements in biomass leads to more char formation as well as to the high calorific
value of the product. Therefore, because cotton stalks, wheat straw, and wood have
high carbon and oxygen contents, they are suitable for energy production and could
be combined with the supply of biochar.

Proviso studies have shown that raw CS provides higher combustion efficiency
and longer burn time than some other agricultural residuals; furthermore, the
energy needed to collect and process these residues is a small percentage of the
energy contained within them [11]. To summarize, cotton stalk can be considered a
typical biofuel with respect to its energy content.

4. Bioenergy conversion technologies

Bioenergy carriers are solid, liquid, or gaseous fuels which can be obtained from
the available technologies. Liquid fuels are commonly used in transportation vehi-
cles but can also be used in stationary engines especially turbines. Solid fuels are

Properties Unit Basis Biomass

Cotton stalks Wheat straw Wood (beech)

Proximate analysis Ash wt% Dry 5.51 4.35 0.82

Volatile matter wt% Dry 73.29 79 84

Fixed carbon wt% Dry 21.20 17 15

Ultimate analysis Carbon wt% Dry 47.05 47.82 48.26

Hydrogen wt% Dry 5.35 5.29 5.80

Nitrogen wt% Dry 0.65 0.47 0.29

Sulfur wt% Dry 0.21 0.08 0.03

Oxygen wt% Dry 40.77 41.59 44.80

Lower heating value (LHV) MJ/kg Dry 17.1 17.7 17.4

Representative values based on analyses reported in the literature [29, 38, 39]

Table 1.
Fuel properties of cotton stalks, wheat straw, and wood on a dry basis.
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directly combusted to obtain heat, power, or combined heat and power (CHP).
Gaseous fuels can be applied to the full range of end uses. As CS calorific value is
equivalent to poor-quality woody biomass. A method of increasing the calorific
value of the feedstock while simultaneously utilizing the residue is the technological
processing through thermal and bioconversions to yield high-energy-content prod-
ucts which can be more easily transported and stored for use at a later time [11, 22].
CS can be converted into several useful forms of energy using different processes
(conversion technologies). Bioenergy is the term used to describe energy derived
from CS feedstocks. Several processing steps are required to convert raw CS into
useful energy using mainly the two main process technology groups available:
biochemical and thermochemical. Biochemical conversion encompasses two pri-
mary process options: anaerobic digestion (to biogas) and fermentation (to etha-
nol). For the thermochemical conversion routes, the four main process options
presented here are pyrolysis, gasification, combustion, and hydrothermal
processing (basically hydrothermal carbonization (HTC)). Figure 2 provides a
broad classification of energy conversion processes for CS.

4.1 Thermochemical conversion

Thermochemical conversion of biomass is the process of utilizing heat and, in
some cases, chemical reagents, to create more energetically useful products. The
output from the process is heat, gaseous, liquid, or solid fuels [40]. The four major
thermal processes for converting biomass to useful energy are combustion, gasifi-
cation, pyrolysis, and hydrothermal processes (see Figure 2). Hydrothermal pro-
cesses summarize three distinct processes such as hydrothermal carbonization,
liquefaction, and gasification. Hydrothermal carbonization is the process which fits
best to cotton stalks and is the most developed, and therefore the focus is here on
this conversion route. Pyrolysis, gasification, and combustion can be seen as state-
of-the-art technologies, although not implemented in demonstration scale for cot-
ton stalks yet. All processes can be implemented in similar plant configurations (fix
bed, fluidized bed, entrained flow). Pyrolysis seems to be the most promising
thermochemical conversion route due to its robustness, flexibility, and the possi-
bility to provide a method to recover nutrients. Thus, pyrolysis is described in
more details.

Figure 2.
Schematic diagram of the processes of energy conversion of cotton stalks.
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4.1.1 Combustion

Combustion, or direct burning, of biomass consists of full oxidation of combus-
tibles in air or oxygen-enriched air. Generally, biomass combustion produces a
variety of pollutants and particulate matter (PM), as well as flue gas which requires
special treatment of unburned particles. In comparison to gasification and depen-
dent on the feedstock used for fuel, combustion can release the acid rain contribut-
ing pollutants sulfur oxides (SOx) and nitrogen dioxide (NO2) at roughly 40 times
and 9 times, respectively [41]. Combustion of biomass with high ash content has
several drawbacks in comparison with low-ash biomass. The remnant ash content is
left deposited on the internal heating surfaces, which forms slags and causes fouling
to the process, affecting the heating rate negatively and decreasing process effi-
ciency [9]. The inorganic compounds in the biomass feedstock may lead to an
increase in particulate matter (PM) concentrations, such as crystalline silica, which
has detrimental health effects in the air [9, 42]. With consideration to the detri-
mental impacts of ash on combustion processes, the ash content of the CS is rela-
tively high with 5.5 wt% db. Although straw and stalks are, therefore, not suitable
for conventional combustion plants, the ash problem can be avoided by separating
it into biochar through pyrolysis at low temperatures prior to combustion [9]. This
can be also done by air staging in the boiler to separate the oxidation of the gases
from contact to the ash. However, it has been reported in a number of studies that
CS provides the highest burning efficiency and longest burn time compared to corn
stover and soybean residues. The greater the density, the longer the duration of
combustion. This could lead to the necessity to pelletize the feedstock for certain
applications. In the study by Coates [37], it was shown that cotton plant residue
could be incorporated with pecan shells to produce commercially acceptable bri-
quettes. However, changeover of the existing factories to facilitate utilization of CS
would require an initial infusion of capital. This should be compensated by lower
raw material costs in a reasonable period of time.

4.1.2 Gasification

Gasification is the thermochemical conversion of biomass by partial oxidation
with O2 and the reformation by steam, carbon dioxide, or other gasification agents,
producing syngas as a chemical product or fuel. The biomass is exposed to less O2

than in combustion but more than in conditions of pyrolysis. Gasification may be
allo- or autothermal; therefore, the heat required for endothermal processing is
provided by ex or in situ combustion of char or gas [43]. Gasification is one of the
most efficient methods for converting the chemical energy stored in biomass into
heat and other useful forms of energy. Estimates of overall exergetic efficiency
range from high estimates between 80.5 and 87.6% [44]. It is closely related to
pyrolysis, in which both processes undergo devolatilization of biomass in the
absence of O2 or air to yield suitable products for energy without entire combustion.
However, the process is optimized for maximum gas yield through oxidation and
subsequent reduction [41, 44]. Gasification is processed at temperatures of typically
750–900°C for fixed and fluidized bed, 1200–1500°C for entrained flow, and up to
3000°C for plasma applications.

The products yielded by gasification include a high proportion of gases, namely,
carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), water (H2O),
hydrogen (H2), gaseous hydrocarbons, minimal char residue, and condensed oil and
tar. An oxidizing agent is added to the reaction in the form of air, O2, or steam; and
the gaseous tar or oil in the gas is condensed to acquire the desired product,
producer gas. The gas may have a low energy content for autothermal operation,
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between 3 and 5 MJ/m3, 10% of the heating value of natural gas; however, it is
enough to power gas engines and increases the value of feedstocks that would
otherwise be considered wasteful [41, 44]. For allothermal operation heating values
of 12–14 MJ/m3 are achieved. The relatively low temperature of the process leaves a
char residue, which can subsequently be gasified through burning it at a high
temperature, such as at 1000°C, while simultaneously injecting steam into the
process. This breaks down the steam into oxygen (O2) and hydrogen (H2) which
react with the carbon (C) from the char to create CO and H2. By using O2 rather
than air, high-quality syngas can be produced from the CO and H2 yield of the
reaction, after impurities such as sulfur (H2S), ammonia (NH3), and tar have been
removed. This syngas has the potential to be synthesized into methanol (CH3OH), a
high value liquid fuel, as well as other types of hydrocarbon compounds through the
Fischer-Tropsch process. The efficiency of the overall process varies from 40% in
simple designs to roughly 75% in processes which are well designed [41]. Allesina
et al. [45] indicate that cotton residue gasification represents the basis for local
circular economy models.

4.1.3 Pyrolysis

Pyrolysis is the process of thermochemical decomposition of a substance in the
absence of O2 [46]. Pyrolysis is a similar process to gasification; however, gasifica-
tion controls the O2 more precisely and generally; pyrolysis produces a significantly
larger portion of biochar and is therefore sometimes called carbonization [47].
Pyrolysis is typically operated at 400–600°C. Pyrolysis produces a bio-oil liquid
which can be used directly as a fuel and as a pretreatment intermediate step for
converting biomass into a high-energy liquid which may be processed for power,
heat, biofuels, and chemicals. Compared to the other technologies, pyrolysis is
expected to offer more versatility, environmental stewardship, and higher effi-
ciency [48]. Economically, periods of the energy crisis and fluctuating prices and
availability have made biomass pyrolysis a more significant technology for devel-
opment and research [49].

4.1.3.1 Pyrolysis product yields

Cotton stalk pyrolysis in a fixed-bed reactor has been studied to demonstrate
products yield variation for different temperature regions [50]. They indicate that
temperature increase from 650 to 800°C favored gas production, while char pro-
duction decreased from 66.5 to 26.73 wt%, as the temperature increased from 250 to
650 C. This effect can be thought of as more volatile material being forced out of the
char at higher temperatures, thereby reducing yield but increasing the proportion of
carbon in the char. As far as the liquid fraction of the products is concerned, there is
an optimum temperature at which maximum oil yield obtained (41% at �550°C).
Further temperature increases resulted in tar and liquid cracking into gases, and
hence a high gas production is achieved. Similar results are also reported by [51].
The higher heating value (HHV) of pyrolysis oil is 16–23 MJ/l compared to fossil
fuel which is 37 MJ/l. Pyrolysis oil has a low pH value of around 3, which must be
taken into account in its handling and use. The (hydrophilic) bio-oil has water
contents of typically 15–35 wt%. Typically, phase separation does occur when the
water content is higher than about 30–45%.

4.1.3.2 Pyrolysis system

Pyrolysis reactors can be operated in continuous or batch mode. Typical contin-
uous pyrolysis reactors include fluidized-bed pyrolysis, auger/screw-type
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pyrolysers, and rotary kilns. These reactors involve continuous input of feedstock
and output of biochar, bio-oil, and syngas and often result in higher biochar yields
and operational efficiencies than batch processes [52]. Compared to batch reactors,
continuous reactors are more complex and expensive to design and operate and
may require a reliable source of electricity [52, 53]. Therefore, continuous reactors
are ideal for medium- to large-scale biochar production systems relying on central-
ized large quantities of feedstock. Additional information about the particularities
of different pyrolysis systems can be found in the literature [48]. Nevertheless,
some continuous reactor types are suitable for application in small to medium
scale, too [53–56].

For the present study with cotton stalks as the feedstock, the continuously
operated, indirectly heated rotary kiln reactor has been recommended according to
Figure 3. The reasons for this decision are:

• The technology is robust and industrially proven not only for biomass but also
for waste [57].

• Small- to medium-scale technology is readily available for distributed
application in cotton-producing countries.

The elements chlorine and potassium, which are critical for combustion
systems, remain quantitatively in the pyrolysis char fraction [55], and about 50% of
the primary fuel energy can be exported with the gas and oil fraction, while less
than 50% of the primary fuel energy stays in the char fraction. Thus, if the char is
not further converted but returned to the soil, the problematic compounds may
even have positive effects as nutrients and the related carbon will not be released as
CO2. Therefore, researchers consider the potential application of the pyrolysis
char as a soil additive to increase crop yield [56, 59] or as a negative emission
technology [24, 60].

Figure 3.
Example of an indirectly heated rotary kiln pyrolysis process scheme [58].
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4.1.3.3 Char utilization from cotton stalks for sustainable soil enhancement
and carbon storage

Currently, the cotton stalks are often burnt on the fields causing high local
pollution. However, the solid residues of the stalks remain on the field supplying
nutrients. The same effects can be reached by the application of biochar from stalks.
Cotton crops typically grow in hot regions on sandy soils, where biochar addition
has been reported to enhance the soil fertility [59]. Mild conversion conditions
below 600°C avoid ash melting and keep nutrients available for microorganisms
and plants. With respect to the carbon storage effect, biochar from pyrolysis at
>500°C shows sufficiently low O/C ratios to promise longevity in the soil [61].
Generally, slow pyrolysis is preferred for increased char yield [40]. The steady-state
process simulation environment IPSEpro was used by Schaffer et al. [24] to assess a
virtual pyrolysis conversion of cotton stalks, and they indicated that 52.8% of the
carbon contained in the biomass accumulates in the biochar, whereas 38% of the
input energy can be exported as heat energy at temperature levels suitable for
electricity generation or industrial heat supply. The pyrolysis char shows a low
molecular O/C ratio of 0.07 and an H/C ratio of 0.26. The expected half-lives of
biochar in the soil are in the order of 1000 years for O/C ratios below 0.2. This
makes the presented approach an interesting low-tech negative emission option.
The predicted net negative emissions through stored carbon amount to 2.42 t CO2

per hectare and year (Figure 4). The overall CO2 emission avoidance effect can be
increased if fossil fuel is substituted by the energy exported from the pyrolysis
process.

From Figure 5 one can see that 52.8 wt% of the total amount of carbon stored in
cotton stalks is converted to char. Furthermore, the inorganic matter contained in
the char, which includes important nutrients, remains in the char. The nutrients are
then available for the new generation of plants if the char is used as soil additive.

The remaining part of carbon in pyrolysis gas and oil can be used for energy
production as shown in the energy flow diagram in Figure 6. Energy streams are

Figure 4.
Net carbon removal from the atmosphere through pyrolysis of cotton stalks and soil application of the pyrolysis
char [24].
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assessed based on the lower heating value and sensible heat with a reference
temperature (sensible heat of zero) of 273.

In conclusion, the use of agricultural wastes such as cotton stalks in distributed,
small- to medium-scale, energy-autonomous pyrolysis plants will allow for quasi-
permanent soil storage of a part of the carbon contained in the biomass without the
need for CO2 storage sites. As a side-effect, it is expected that soil quality can be
maintained and even improved by the application of biochar.

4.1.4 Hydrothermal carbonization

Nowadays hydrothermal carbonization is mentioned as a promising technology
to convert biomass into a high-quality bioproduct, namely, hydrochar, as well as
process water to recover nutrients (e.g., P, N, K, Si, etc.). Carbonization depletes
compounds rich in oxygen and hydrogen and thereby increases the carbon content
in the coal compared to the starting material. The depleted compounds are found
essentially in the so-called process water and at low levels in the resulting process
gas again. The product hydrochar is more hydrophobic than the source material,

Figure 5.
Carbon mass flow diagram for an indirectly heated rotary kiln pyrolysis process without condensation of
pyrolysis oil [24].

Figure 6.
Energy flow through an indirectly heated rotary kiln pyrolysis process without condensation of pyrolysis oil [24].
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and the drainage is less energy intensive than the dewatering of fresh biomass. In
addition, essential reactions are exothermic, and upon carbonization, after initial
energy input, heat energy is released. Due to the increased carbon content of the
hydrochar, the heating value increases. The hydrothermal carbonization, e.g., of CS,
kills the eggs of the pink bollworm and other pathogens. There is still a need for
research in the area of reduction of impurities and in the accumulation of nutrients
in the coal. The distribution of nutrients between the solid, liquid, and gaseous
phase can be adjusted via the process conditions (pressure, temperature, residence
time, heating rate, pH, additives, catalysts, etc.). The considered process is
shown in Figure 7.

Al Afif et al. [62] investigate the use of HTC in the production of hydrochar
from CS. They concluded that hydrothermal carbonization is a promising conver-
sion technology to provide bioenergy from CS. And there was a strong dependence
between the residence time and the char quality, as the LHV of the hydrochar
from CS increased with increasing residence time, whereas the total amount of
hydrochar was decreased.

4.2 Biochemical conversion

Cotton stalk, as lignocellulosic biomasses, is difficult to hydrolyze due to its
complex structure and a large amount of lignin present in it. Basic steps involved in
bioconversion process of lignocellulosic biomass are pretreatment (physical, chem-
ical, biological, and their combination) for cell wall destruction for biogas produc-
tion, hydrolysis (acid or enzymatic) for soluble sugar release, and fermentation
(bacteria or yeast) for ethanol production. Due to recalcitrant nature of lignin and
its binding with holocellulose, a pretreatment step is required for fractioning of
different cell wall components. Pretreatment exposes the cellulose surface for
enzymatic attack and improves enzymatic digestibility and subsequent processes.
Pretreatment identifies one of the major economic costs in the biochemical conver-
sion process [63]. Generally, both process routes as discussed in the following are
technically feasible, but techno-economic assessments are missing.

4.2.1 Ethanol production

The six-carbon sugars, or hexoses, glucose, galactose, and mannose, can be
fermented to ethanol by many naturally occurring organisms. Baker’s yeast, or
Saccharomyces cerevisiae, has been traditionally used in the brewing industry to
produce ethanol from hexoses. Recently, engineered yeasts have been reported to
efficiently ferment xylose and arabinose, as well as mixtures of xylose and arabi-
nose. In order to effectively utilize cotton stalk as a feedstock for ethanol

Figure 7.
System boundaries of the considered hydrothermal carbonization process.

12

Advances in Cotton Research



production, optimal pretreatment is required to render the cellulose fibers more
amenable to the action of hydrolytic enzymes. Generally, alkaline pretreatment is
found to be more effective on agricultural residues and herbaceous crops such as
cotton [64]. Christopher et al. [65] indicate that a hydrolytic efficiency of 80% was
achieved for alkali-treated biomass using cellulase supplemented with beta-
glucosidase and concluded that cotton stalks have great potential as a bioethanol
feedstock.

4.2.2 Biogas production

Anaerobic digestion is a technology widely used for treatment of organic waste
for biogas production. Biogas is a combustible gas derived from decomposing bio-
logical waste in the absence of oxygen. Biogas normally consists of 50–60% meth-
ane. It is currently captured from landfill sites, sewage treatment plants, livestock
feedlots, and agricultural wastes. There were only a few studies on the subject of
biogas production from cotton wastes. Isci and Demirer [23] studied the biogas
production potential of cotton wastes. They indicated that cotton wastes can be
digested anaerobically yielding 65–86 lN CH4 kg

�1 VS (24 days)�1. A two-stage
digestion technique for biogas production from co-fermentation of organic wastes
(rice, maize, cotton) was also investigated [66]. This study indicated that under
anaerobic conditions from the main components in CS, the cell wall carbohydrates
were well preserved, while the level of soluble carbohydrate was low. Pretreatment
of lignocellulosic biomass is a necessary step to overcome the hindrance of lignin
and to increase solubilization [67]. Al Afif et al. [22] investigated the anaerobic
digestion of cotton stalk (CS) using organosolv plus supercritical (SC) carbon diox-
ide pretreatment of cotton stalks for methane production. Results indicated that
supercritical carbon dioxide pretreatment of CS is a potential option for improving
the energy output, as the pretreatment of CS samples with organosolv plus SC-CO2

increased the methane yield up to 20% compared with the untreated samples. The
highest methane yield of 177 lN kg�1 VS was achieved by pretreatment with
organosolv plus SC-CO2 at 100 bars and 180°C for 140 minutes. It is worth noting
that the quality of biogas was good and increased with pretreatment from 50 to 60%
CH4. To summarize, cotton stalks can be digested anaerobically and is a good source
of biogas; nevertheless, pretreatment of cotton stalks is a necessary step to increase
solubilization hence the methane production.

4.3 Future perspectives

This study contributes to enhancing our understanding of the feasibility of
bioenergy recovery from cotton stalks. The findings have the potential to lead to a
sustainable solution for the treatment of cotton stalks.

Figure 8.
The system boundary of coupling anaerobic digestion and pyrolysis process.
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However, for higher bioenergy recovery, a study of the techno-economic
feasibility of the integrated processes of anaerobic digestion and pyrolysis is
recommended (see Figure 8).

5. Conclusions

It has been shown in this study that:

• CS is an agricultural residue with low economic value, and there is no direct
competition to food or feed provision.

• CS contains lignin and carbohydrates, like cellulose and hemicelluloses, which
can be converted into a variety of usable forms of energy.

• CS is more appropriate for the production of energy pellets due to its woody
structure; however, due to the ash content of the CS which is relatively high
with 5.5 wt% db, the ash problem can be avoided by separating it into biochar
through pyrolysis at low temperatures prior to combustion.

• The use of pyrolysis and hydrothermal processes for CS treatment would result
in the conversion of the major amount of carbon to char, which would mean a
significant decrease in CO2 release, compared to the state-of-the-art treatment
paths. Also using biochar in the soil will reduce the need for mineral fertilizer
since nutrients return to the soil with the char.

• CS can be digested anaerobically and is a good source of biogas or fermented to
produce ethanol. However, pretreatment of cotton stalks is a necessary step to
increase solubilization hence the methane and ethanol production.

The findings have the potential to lead to a sustainable solution for the treatment
of cotton stalks. However, for higher bioenergy recovery more studies are needed to
prove the effectiveness of cotton waste utilization.
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