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Sugarcane is a lignocellulosic crop and the juice extracted from its stalks provides the raw material for 86% of

sugar production. Globally, sugarcane processing to obtain sugar and/or ethanol generates more than 279 million

tons of solid and liquid waste annually, as well as by-products; namely, straws, bagasse, press mud, wastewater,

ash from bagasse incineration, vinasse from ethanol distillation, and molasses. If not properly managed, this waste

will pose risks to both environmental factors and human health. Valorization of waste has gained momentum,

having an important contribution to the fulfillment of policies and objectives related to sustainable development and

circular bioeconomy. Various technologies are well-established and implemented for the valorization of waste and

by-products from sugarcane processing, while other innovative technologies are still in the research and

development stage, with encouraging prospects.

biomass  pretreatment  cogeneration  bioethanol  bio-hydrogen  compost

fertilizer  wastewater

1. Introduction

Sugarcane,  Saccharum officinarum  L. (Poaceae), a perennial plant with thick and fibrous stems, is traditionally

cultivated in more than 110 countries in the tropical and temperate regions of the world , occupying a production

area of 27 million hectares . In the period 2000–2019, the sugarcane crop accounted for 21% of global crop

production . Simultaneously, with the worldwide increase in the areas cultivated with sugarcane, there is also an

increase in the demand for products derived from this sugar plant.

Sugarcane crops provide the raw material for 86% of the sugar produced globally (the remaining 14% being mostly

obtained from sugar beet crops) . In 2020, 1869.7 million tons of sugarcane were harvested worldwide, of which

there were 757.1 million tons in Brazil, 370.5 million tons in India, 108.1 million tons in China, 81 million tons in

Pakistan, 75 million tons in Thailand, 54 million tons in Mexico, 32.7 million tons in the USA, and 30.3 million tons

in Australia . The percentage distribution of sugarcane production by the top five major producing countries is as

follows: 40% in Brazil, 20% in India, 7% in China, 6% in Thailand, and 5% in Africa .

From a physical point of view, sugarcane is made up of four major fractions; namely, fiber, insoluble solids, soluble

solids, and water, and their relative size depends on the agro-industrial process of sugar extraction. The fibers are

composed of the organic solid fractions originally found in the cane stem and are very heterogeneous. Insoluble
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solids (the fraction that cannot be dissolved in water) are mainly constituted by inorganic substances (rocks, soil,

and other foreign materials) and depend on the agricultural conditions of cane processing, such as the type of

cutting practiced and the type of harvesting. Soluble solids (the fraction that can be dissolved in water) are mainly

composed of sucrose and may contain other chemical components in smaller proportions (such as wax).

Sugarcane contains 53.6% juice (wet basis) and 26.7% fiber (dry basis) . It is a plant rich in sugars (glucose,

fructose, and sucrose), amino acids, and organic acids .

Sugarcane crop is harvested manually or mechanically every 6 months, then it is cut into pieces and transported to

the processing plants, which are usually located in the vicinity of sugarcane fields, as the crop begins to deteriorate

the next day after harvesting . Sugarcane processing factories can be classified into three categories : factories

that only produce raw table sugar; plants that produce only ethanol; integrated plants, which produce both raw

sugar and ethanol (these account for 80% of the plants). The juice extracted by pressing the stems is used in most

cases to obtain table sugar and less to obtain ethanol . In Brazil, the country with the largest sugarcane

production, 90% of the harvested sugarcane is used to produce both sugar and ethanol, while only 7% of the crop

is used to produce only ethanol and 3% to produce only sugar .

2. Waste and By-Products Generated in Sugarcane
Processing

2.1. Waste and By-Product Generation Flow in Sugarcane Processing Factories

In any sector of the food industry, food production is carried out with significant energy consumption, and relatively

large amounts of waste result from the technological processes. Thus, major issues related to food technologies

are energy and waste management.

In the sugar industry, approximately 279 million metric tons of sugarcane waste are generated annually worldwide

. From the global amount of sugarcane waste, South Africa has an annual share of over 1.353 million metric

tons, of which more than 50% are recovered in cogeneration facilities . The uncontrolled disposal of sugarcane

waste can generate major problems on the environmental factors and, by consequence, on human health.

These wastes are of a solid, semi-solid, and liquid nature and can be classified into two categories: waste from the

harvesting operation, represented by leaves and cane tips; and waste from the cane processing stream (Figure 1),

including bagasse, ash from bagasse incineration, press mud (sludge from juice settling and residual cake from

juice filtration), wastewater, vinasse, and molasses.
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Figure 1. Sustainable technological flow of cane sugar production, highlighting the generated waste and by-

products.

Typically, crushing a ton of sugarcane yields about 280–300 kg of bagasse (wet basis) with 50% moisture content,

30 kg of press mud (wet basis), and 41 kg of molasses .

The energy content of one ton of sugarcane is 6560 MJ, distributed as follows: 2110 MJ in 280 kg of leaves and

tops (50% moisture), 2110 MJ in 280 kg of bagasse (50% moisture), and 2340 MJ in 140 kg of sugar .

Currently, the global priority is not only to mitigate the environmental impact already caused by human and

industrial activities, but also to respond to the need to produce more food and energy for a population estimated to

exceed 10 billion people by 2050.

2.2. Sugarcane Leaves and Tops (Straws)
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Sugarcane leaves and tops (also called straws or sugarcane litter) are lignocellulosic materials whose chemical

composition varies depending on the stage of development and variety of the plant, place of collection, and climatic

conditions. According to , these wastes have an approximate composition of 40% cellulose, 25% hemicellulose,

and 18–20% lignin.

From one ton of sugarcane, between 270–280 kg of leaves and tops remain as harvesting waste . Sugarcane

straws can contain up to 5% m/m impurities (sand and other debris) due to transport and harvesting operations .

If these impurities would reach the cane processing plant, they would cause wear of the mill rolls .

Many times, these wastes are conventionally disposed by direct burning in the field . Moreover, when

traditional manual harvesting is used, farmers set fire to the sugarcane plantations before harvesting to burn off the

sharp leaves and facilitate the manual cutting of the stalks. This practice contributes to severe air pollution with

suspended particles, the occurrence of severe respiratory diseases in the affected area, and greenhouse gas

emissions. In addition, polycyclic aromatic hydrocarbons formed during incineration will pollute both the soil and

water.

The valorization of cane leaves and tips is practiced on some plantations. If the sugarcane crop is harvested while

it is still green, the cane leaves and tips are left as such in the field as a vegetable mulch, to control weeds, reduce

water evaporation from the soil, and return carbon and nutrients to the soil , thus contributing to the improvement

of soil properties . This waste can also be collected manually or mechanically and briquetted or pelletized for

incineration for energy purposes . In laboratory experiments, second-generation ethanol with a yield of 156 L/t

was obtained from cellulose and hemicellulose mixtures extracted from sugarcane tops and leaves,

thermochemically treated by alkaline catalysis, and subjected to simultaneous saccharification and fermentation .

2.3. Sugarcane Bagasse

2.3.1. Characterization of Sugarcane Bagasse

Bagasse is the primary industrial fibrous residue obtained after pressing (crushing) of sugarcane stalks in order to

extract the juice. When processing one ton of sugarcane, between 0.25–0.30 tons of bagasse are obtained . In

factories in Brazil, 0.28 tons of bagasse are typically generated . According to other studies, 0.14 tons of

bagasse (dry mass) and 0.14 tons of straw (stems) are obtained from one ton of sugarcane .

It is also estimated that over 700 million tons of bagasse are produced annually worldwide , i.e., between 40–

50% of the total weight of sugarcane produced annually in the world . In only the top ten countries in terms of

sugarcane production, more than 540 million tons of bagasse are generated annually .

The chemical composition of sugarcane bagasse varies with plant variety, cultivation conditions, harvesting

practices, and processing methods. Sugarcane bagasse contains 45–50% water, 2–5% dissolved sugars and 40–

45% fiber , and 60–80% carbohydrates . Like any natural vegetable fiber, sugarcane bagasse has a fibrous
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structure consisting of cellulose, hemicellulose, and lignin , with different values of these components being

presented in the literature.

2.3.2. Uncontrolled Disposal of Sugarcane Bagasse

A significant amount of bagasse is disposed of uncontrollably in the form of waste piles directly on open land ,

which inevitably leads to environmental pollution due to the release of unpleasant odors that attract insects and

other pests, and sometimes due to accidental occurrence of self-igniting fires.

Even the temporary storage of excess bagasse remaining on the technological flow, which can represent up to

50% of the bagasse produced in the sugar factory , has negative consequences on the environment.

Uncontrolled disposal and landfills are the most unsustainable option for managing sugarcane wastes.

2.3.3. Valorization of Sugarcane Bagasse

In large sugarcane-growing countries, bagasse is an important type of waste that can be recovered , and there

are currently more than 40 different uses for it . Approximately 58–76% of the wet mass of bagasse is composed

of polysaccharides that can be hydrolyzed into monosaccharides (glucose and xylose) and then transformed by

microbial fermentation into biofuels, enzymes, proteins, lipids, feed, and other biochemical substances .

Incineration of Sugarcane Bagasse for Energy Recovery

Sugarcane bagasse with a moisture content of approximately 48% has a calorific value of 8021 kJ/kg  and is

usually valorized as fuel in cogeneration plants to produce thermal energy (steam) and electricity . These

energy products can provide the necessary thermal and electrical energy for the operation of the sugar factory 

, and the eventual energy surplus is transferred to the national electrical network .

For example, India annually generates between 75–90 million tons of bagasse (wet mass) , which it mainly uses

through incineration with cogeneration (electricity and heat generation) in medium and large sugar factories. In

Brazil, the energy recovery of one ton of bagasse generates 12 kWh of electrical energy, 330 kWh of thermal

energy (steam), and 16 kWh of mechanical energy .

In sugar mills, thermal energy and mechanical energy obtained by bagasse incineration are used to drive milling

equipment, and electrical energy is used to drive rotating equipment in the factory during the harvest season .

Bagasse incineration is, however, associated with large volumes of CO  emissions that contribute significantly to

the global warming faced by all of humanity today .

2.4. Residual Ash from Bagasse Incineration

2.4.1. Characterization of Sugarcane Bagasse Ash
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Figure 2  shows a simplified production flow in the sugar factory. After extracting the sugary juice from the

sugarcane, the sugarcane bagasse remains as waste. Bagasse represents approximately 50% of the composition

of the sugarcane and is, in most factories, incinerated for energy purposes. After its incineration, bagasse ash

(consisting of fly ash and bottom ash) will remain as the final waste from the sugar production stream .

Figure 2. Typical generation flow of bagasse ash in a cogeneration plant sugar factory.

Following the incineration of a ton of sugarcane bagasse, between 25–45 kg of ash is generated , of which fly

ash represents only 5–6.6 kg . In Brazil, approximately 148 million tons of bagasse are produced annually,

generating 3.6 million tons of bagasse ash, considering that for each ton of processed sugarcane, around 250 kg of

bagasse are obtained, whose combustion results in 6 kg of ash. In China, between 1.25–2 million tons of

sugarcane bagasse ash are produced annually , and Australia generates over 230 thousand tons of bagasse

ash .

2.4.2. Valorization of Sugarcane Bagasse Ash

The utilization of bagasse ash can be achieved, at the present time, through different possibilities.

Bagasse ash can be applied as an amendment for agricultural land , although it does not contain a sufficient

concentration of mineral nutrients and will therefore be a fertilizer with low nutritional value. To increase its nutrient

content, ash can be mixed with sludge from cane juice filtration or vinasse from ethanol distillation. Another

problem related to the utilization of ash as fertilizer in agriculture is its content of heavy metals (aluminum,

chromium, lead) and total phenol, whose values exceed the levels allowed by many national standards .

These chemical pollutants accumulate in the soil (from where they are transferred to the food chain) and can also
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pollute groundwater, thus triggering potentially serious problems from an agronomic, environmental, and human

health point of view.

Solid fuels were obtained by briquetting bagasse ash  in the presence of binders or additives. The

additives also come from biomass waste or ecological materials, so the use of these solid biofuels contributes to

reducing the carbon footprint and protecting the environment. The briquettes obtained in study  were starch,

obtained from flour of tropical root cassava used as a binder, and presented good mechanical and thermal

properties, having an average density of 1.12 g/cm  and an average calorific value of 25.551 kJ/kg. By carbonizing

sugarcane bagasse, ecological coal was obtained which was then added with clay and sugarcane molasses to

obtain ecological briquettes for household use, whose combustion does not generate smoke and unpleasant odor,

with the following characteristics: 36.4% ash content, 27.2% volatile matter, and 4.390 Kca/g calorific energy . In

a study , a mixture of bagasse with kraft lignin was briquetted at a temperature of 140 °C and a pressure of 17

MPa for 8 min. It was shown that the addition of kraft lignin improved the characteristics of the briquettes, such as

resistance and durability. These characteristics are especially important during the storage and transport of

operations because briquettes with low durability crumble easily, generating dust that affects human health;

additionally, they can self-ignite if they are stored at high temperatures or they can absorb moisture, which will

decrease their calorific value.

In the construction materials industry, bagasse is used as a substitute for sand , and additive in the

manufacturing of bricks , cement , mortar, and concrete . Cement-based materials in which

bagasse ash have been incorporated have superior mechanical performance . In addition, this type of ash

utilization can help reduce greenhouse gases produced in cement factories, as it is known that the cement industry

contributes 8% to the total CO  emissions from anthropogenic sources . In addition, utilization of bagasse ash in

the cement industry decreases the costs of construction materials, alleviates the pressure of the final disposal of

waste (storage costs are increasing), and prevents soil and air pollution.

2.5. Vinasse from Ethanol Distillation

2.5.1. Characterization of Sugarcane Vinasse

From the ethanol distillation stage, vinasse results as waste, i.e., the fermented liquid medium without ethanol

content, considered to be a severe environmental pollutant. Vinasse represents a flow of acidic wastewater (with

pH = 3.5–5), dark brown in color, with an unpleasant odor , a high chemical oxygen demand (COD), and high

salt content ; it also contains suspended organic solids, minerals, yeast, sugarcane proteins, and phenolic

structures ; it has high concentrations of nutrients (nitrogen, phosphorus, potassium) , heavy metals (zinc,

copper, barium, and chromium) , residual sugar, and some volatile compounds.

For each liter of ethanol produced from sugarcane, between 10–15 L of vinasse are generated . It is estimated

that by 2024 the production of vinasse will reach 1742 billion liters .

2.5.2. Valorization of Sugarcane Vinasse
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Due to its large generation volumes and still limited fields of application, vinasse is successfully treated mainly by

anaerobic digestion . Anaerobic digestion of vinasse contributes to the reduction of pollution because its

polluting load with organic compounds is considerably reduced by biological treatment, and the obtained biogas is

a renewable biofuel. Due to the high concentration of sulfides in the vinasse, the biogas obtained will also have

high concentrations of hydrogen sulfide, a highly corrosive gas that, if not removed quickly, will attack the pipes of

the installations. Technologies for obtaining third-generation biodiesel and hydrogen from vinasse are currently in

the development stage .

Because of the low concentration of fermentable carbon in vinasse, it can be mixed with carbohydrate sources

(such as molasses) to allow the production of larger amounts of hydrogen.

The vinasse can also be temporarily stored in lagoons where treatment by oxidation takes place under natural

conditions, to be later applied as liquid organo-mineral fertilizer , by sprinkling systems, on the sugarcane

fields in the vicinity of the ethanol distilleries, thus contributing to higher agricultural productions. The phosphorus

content of vinasse can fully cover the requirements of agricultural crops. Like any other type of fertilizer, it must be

mentioned that the application of vinasse must be done at the times and rates required by the characteristics of the

crop and the soil. If applied in excess, it will lead to reduced productivity and late maturation of the sugarcane

crops, which will have a low sucrose content; additionally, excess vinasse causes environmental problems such as

soil pollution with heavy metals, soil acidification and salinization, processes that disturb the soil biota, and salt

leaching to groundwater.

On a laboratory scale, due to its high content of micronutrients, vinasse was used as a growth medium for

filamentous fungus Neurospora  intermedia, and as a substrate for obtaining unicellular products (proteins, lipids,

enzymes, organic acids, alcohols). The obtained biomass contained 45% protein and important essential amino

acids .

2.6. Press Mud (Cake)

2.6.1. Characterization of Sugarcane Press Mud

Press mud (cake) is the dark, spongy solid residue left after the juice extracted from sugarcane has been clarified

and filtered. Processing one ton of cane yields 0.03 tons of press mud , which is rich in fiber, crude protein,

crude wax, sugar, fat, and ash Therefore, press mud has a complex composition: 15–30% fibers, 5–15% crude

proteins, 5–15% sugars, 5–14% crude wax, 9–10% total ash, 4–10% SiO, 1–4% CaO, 1–3% PO, and 0.5–1.5%

MgO .

Press mud is an insoluble material, whose decomposition in natural conditions takes a long time, generates an acid

leachate , emits unpleasant odors that attract insects and other pests, but also intense heat  and poses risks

of self-ignition  when exposed to direct sunlight.

2.6.2. Valorization of Sugarcane Press Mud
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Being a waste rich in nitrogen, phosphorus, calcium, and organic matter , press sludge can be used as soil

fertilizer . Its usefulness in reducing soil degradation through crusting, cracking, erosion, and compaction has

been demonstrated .

Press sludge can be composted as such  or mixed with wastewater or residual vinasse from ethanol distillation

, with animal manure and bagasse , or with other types of vegetable waste . It can also be

vermicomposted , in the presence of earthworm species such as  Eisenia fetida  or  Eudrillus eugeniae.  A

drawback of composting is that it is a slow process that requires large spaces and infrastructure for turning,

aeration, and watering the furrows or piles of organic matter. On the other hand, excessive application of press

sludge to the field for long periods will result in soil contamination, due to accumulation of heavy metals (zinc,

copper, lead) , and in negative effects on plant growth .

Other domains in which press sludge is used include aquaculture ; biosorbent for some metal ions and dyes

from liquid solutions ; the production of hydrocarbons and chemicals ; the production of cement, paints, and

foaming agents ; the production of biofuels, such as ethanol, biobutanol, and biogas  and of biofuel briquettes

obtained from cane straws, bagasse, bagasse ash, and press sludge .

2.7. Wastewater from Sugarcane Processing

2.7.1. Characterization of Wastewater from Sugarcane Processing

Wastewater represents the most common waste of the food industry, and in most of the unitary operations of food

product technologies taking place in an aqueous environment or requiring significant amounts of fresh water.

The sugar industry is one of the main users of fresh water at all stages of the technological stream, and

consequently among the largest generators of wastewater.

In sugarcane factories (mills), wastewater is mainly generated from the washing operations of floors and equipment

on the process stream, in evaporators (condensate water), by cane juice leaks at improperly attached taps of

pipelines, from syrup and molasses generation stages, and from dewatering of press mud or of other solid waste

.

For example, processing one ton of sugar beet requires about 20 m  of fresh water . As a comparison, crushing

a ton of sugarcane typically consumes between 1.5–2 m   of fresh water and generates an average of 1 m   of

wastewater . Some sugarcane processing plants in India produce between 0.2–1.8 m  of wastewater per ton

of sugar produced.

Wastewater from sugarcane factories has the following characteristics: pH between 4–7 units, chemical oxygen

demand (COD) between 1800–3200 mg/L, biochemical oxygen demand (BOD ) between 720–1500 mg/L, solids

total at 3500 mg/L, total nitrogen at 1700 mg/L, and total phosphorus at 100 mg/L . According to other studies,
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these wastewaters have a COD between 2300–8000 mg/L, BOD  between 1700–6600 mg/L, and total suspended

solids at 5000 mg/L , and high ammonium content, respectively .

Wastewater from sugar factories also contains carbohydrates, nutrients, sulfates, chlorides, heavy metals , oils

and fats from different equipment , pesticides, herbicides, and pathogens from contaminated surfaces or

materials . These wastewaters have high concentrations of organic and inorganic substances, including

gaseous and solid pollutants.

2.7.2. Valorization of Wastewater from Sugarcane Processing

Wastewater from the manufacture of sugar and ethanol from sugarcane, as the vinasse (the liquid residue resulting

from the distillation of ethanol) can be used for a variety of purposes.

Due to their content of organic matter and sugars, the wastewater from sugar industry quickly undergoes

fermentation. Thus, it can be used in the generation of bioenergy: anaerobic digestion to obtain biogas, bioethanol,

and biohydrogen production, etc. Additionally, sugarcane wastewater can be used as a culture medium for algae

from which lipids can be extracted to obtain biodiesel .

These wastewaters can be used in other fermentation processes to obtain products with added value, such as

organic acids (lactic, butyric, acetic) and enzymes (cellulase and laccase) .

2.8. Sugarcane Molasses

2.8.1. Characterization of Sugarcane Molasses

Molasses is the most important by-product of the sugar industry and is obtained from sugar crystallization.

Molasses is a viscous substance similar to honey and contains 35% sucrose, 20% water, 9% fructose, 7% glucose,

3% reducing sugars, 4% carbohydrates, 4.5% nitrogenous compounds, 5% non-nitrogenous acids, 12% ash, and

5% other substances .

According to , sugarcane molasses has the following composition (values in g/kg): between 735–875 total

solids, 447–587 total sugars, 157–469 sucrose, 97–300 sugars reducing agents, 0.25–1.5 nitrogen, 0.3–0.7

phosphorus, 19–54 potassium, 6–12 calcium, and 4–11 magnesium. It has an acidic pH (5–7 units), mineral and

ash content between 8–13%, and its salt content between 2–8% contributes to the buffering capacity, flavor

stabilization, and prevention of hydrolysis . Molasses has a chemical oxygen demand of 862.842–935.62 g/L

and a biological oxygen demand of 486.35–618.46 g/L .

2.8.2. Valorization of Sugarcane Molasses

Sugarcane molasses is usually exploited on industrial scale in the production of: biogas, with the mention that the

anaerobic digestion of molasses is limited by high values of its chemical oxygen demand and ion concentration, as
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well as melanoidin content ; ethanol, with the mention that molasses no longer requires the pretreatment step

before fermentation ; and bioethanol , but also ethyl alcohol, butanol, and acetone .

Molasses is also used as a raw material to obtain some food products. It is a major constituent of commercial fine

brown sugar but is also used to sweeten and flavor foods , as well as in the alcoholic beverage industry such

as rum , vodka, and sometimes beer . Unlike highly refined sugars, molasses also contains significant

amounts of vitamin B6 and minerals, including calcium, magnesium, iron, and manganese, so it is also an

important dietary supplement.

Molasses is widely used as a supplement in animal feed, as a soil fertilizer, as a culture medium for the production

of microbial transglutaminases , as a substrate for fermentation processes (production of acids: citric, lactic,

succinic; alcohols; vitamins; monosodium glutamate; fructo-oligosaccharides) , and even as a raw

material in cosmetic products (for example, moisturizing hair masks).
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