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Executive Summary

The growing need to expand the use of renewable energy sources in a sustainable way for purposes of providing greater energy security and reducing the environmental impacts associated with fossil fuels makes sugarcane bioethanol an economically viable alternative with significant potential for expansion. Bioethanol has been regularly produced and used as a motor vehicle fuel since1931, especially so during the last few decades, and has now become a mature and standardized product, which uses a production model that can be adapted and implemented in similar contexts. In the form of bioethanol and bioelectricity, sugarcane currently represents the second most important primary source and the foremost renewable energy source in the Brazilian energy matrix.

From a variety of perspectives, this work presents the characteristics of this biofuel and the agribusiness that surrounds it; particular emphasis is made on the Brazilian experience and, in some cases, comparisons are made with other bioenergy technologies. The work is divided into nine chapters (to be briefly described below) and is aimed at Brazilians and readers from other countries who are interested in bioethanol and bioenergy. 

Bioenergy and biofuels

By means of photosynthesis, solar radiation is converted into vegetative products that can be used as fuel, either directly or after being processed. Eucalyptus firewood and bioethanol (which is made from sugarcane or corn) are both examples of bionergy vectors. In its traditional forms, the use of bioenergy is intertwined with human history, however, through efficient and modern technologies, such as liquid biofuels, it is being considered as an alternative, renewable, source to the fossil fuels, one capable of mitigating severe environmental problems. A fundamental condition to keep an eye in making bioenergy production viable is the efficiency of the solar energy capture, associated with the yield per natural resource-unit used.

Vegetative productivity essentially depends on climate conditions (water availability, solar radiation and temperature) and the fertility of cultivated soil (with requirements varying according to the species grown). Among plants used for bioenergy purposes, those in the Gramineae or grass family (such as sugarcane) are prominent: their photosynthetic efficiency is among the highest of all plants. Based on such assumptions, hot, humid tropical areas (especially in Latin America and Africa) are undoubtedly the most promising for the promotion of bioenergy in a sustainable manner.

Regarding bioenergy not as a virtual substitute for all conventional forms of energy in use by modern society, but rather, as a required element for a new context, it can be seen that, globally speaking, a large area is available for vegetative production, one which scarcely begins to take advantage of the available solar radiation which bathes vast regions of the planet. In view of this, it is reasonable to suppose that in the coming years, bioenergy will develop significantly.

Ethanol as vehicle fuel

Ethanol is quite different from conventional fuels derived from petroleum. The main difference is the high oxygen content, which comprises about 35% of the weight of ethanol. Generally speaking, ethanol's characteristics enable cleaner combustion and improved engine performance (Otto cycle), which contributes to reducing pollution emissions. In order to use pure hydrated ethanol (with about 5% water content), engines must be adapted; however, to use blends containing up to 10% ethanol, conventional gasoline engines may be used without any adjustment. Flex-fuel vehicles (FFV)– with high penetration in the Brazilian market, may be driven with any blend of ethanol/gasoline.

In a comparison with pure gasoline, a careful analysis of the most relevant aspects of gasoline/ethanol blends such as octane rating, volatility, performance, phase separation, materials compatibility (elastomers and metals) and tailpipe emissions (including carbon monoxide, nitrogen oxides, sulfur and aldehydes) demonstrates how this biofuel can be used without technical and environmental problems. The great majority of car manufacturers already tolerate the use of gasoline with 10% ethanol in their engines.

Confirming the established nature of this biofuel, several aircraft engines (for agricultural and light duty use) have already been approved for use with pure ethanol. The use of ethanol in diesel engines, although promising, is still under development. 

From an economic point of view, the opportunity cost of sugarcane bioethanol (compared to sugar and molasses), and the comparison of prices paid to bioethanol manufacturers in Brazil with international gasoline prices during the last decade both confirm the attractiveness of this biofuel and reinforce the importance of promoting it on a competitive basis (and, to the extent possible, with less governmental intervention). However, in order to adequately develop the bioethanol market and back its advantages, the State must assume important responsibilities, such as defining bioethanol standards and minimum levels in gasoline blends, as well as establishing a balanced tariff structure in the fuels market.

In order to complete this review of aspects related to ethanol as a fuel, it's worth commenting on the logistics related to this biofuel, logistics in which the seasonal nature of production typcically imposes the building up of off-season stocks, the volume of which depends directly on the length of the productive season. With respect to transporting bioethanol, the usual methods to transport other fuels, such as pipelines, may be used.

Bioethanol Production

The production of bioethanol is performed on a commercial basis by two technological roadmaps, using directly fermentable sweet feedstocks, such as sugarcane and sugar beets, or starchy feedstocks, such as corn and wheat whose starch must be converted into sugars before fermentation, as shown in Figure 1. A third route, using the biomass available in materials such as bagasse and straw, hydrolyzes the cellulosic chains and produces fermentable solutions of sugars. This route is particularly promising due to the low cost of the feedstock. Nonetheless, this biomass value-adding technique is not yet available on a commercial scale, although there are expectations that it will become economically viable in years to come.

Figure 1 – Technological routes for bioethanol production
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As a function of the differences between agricultural productivity and industrial productivity, bioethanol yields per cultivated unit area vary substantially, as seen in Graph 1. In the case of sugarcane, typical agricultural yields would be 80 tons of sugarcane per hectare and an industrial yield of 85 liters of bioethanol, resulting in a yield of 6800 liters bioethanol per hectare cultivated. Also for sugarcane, the graph also assumes that the ethanol yield of cellulosic wastes (a technology under development) using 30% of available bagasse and 50% the straw, would convert into bioethanol at a rate of 400 liters per ton of dry cellulosic biomass. Of the 51 billion liters of bioethanol produced in 2006, the U.S. production based on corn and the Brazilian production based on sugarcane accounted for 70% of total production. The other major producers of bioethanol are India, China and European Union, but in a much smaller scale. 

Graph 1 – Average per-area yields of bioethanol for different cultures

[image: image2.emf]0 2.000 4.000 6.000 8.000 10.000

Cana

Beterraba

Milho

Mandioca

Sorgo sacarino

Trigo

litro/ha

Etanol de resíduo 

celulósico


One of the most important crops in the world, sugarcane occupies more than 20 million hectares and in 2006/2007, this area produced 1.3 million tons. Brazil, where the cultivated area was around 7 million hectares, contributed 42% of the total sugarcane production. The best climate for growing sugarcane has two distinct seasons: one warm and wet season, for encouraging termination, sprouting and vegetative development, followed by a cold, dry season, to promote the ripening and consequent accumulation of sucrose in the stalks. The sugarcane production cycle typically lasts six years , during which five cuts are made: four rootstock treatments and one reform. Each season, there is a gradual decrease in yields and at a certain point, it is more economical to replant the sugarcane field than to make a new cut. The sugarcane harvest period varies according to the start of the rainy season; it is timed so cutting and transportation are possible and maximum ripening and sugar accumulation are achieved. Under average Brazilian Center-south conditions, the harvested sugarcane contains 14% sucrose and 13% fiber. 

In the Brazilian context, bioethanol from sugarcane is normally produced in agroindustrial units that also make sugar. Such plants also produce molasses that can, when combined with sugarcane juice, make a fermentable mash, as shown in Figure 2. Thus, a good synergy is achieved between two production processes that both use extraction equipment (typically crushers, though diffusers have been adopted more recently) and auxiliary and utility systems. After fermentation of the mash, yeasts are recovered and the liquor produced is distilled, yielding bioethanol.

Figure 2 – Schematic of sugar and sugarcane bioethanol production
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The industrial process consumes considerable thermal and electric energy, but, in the case of sugarcane-based agribusiness, these demands may be supplied by a heat/power production co-generation system installed within the mill itself. This system uses only bagasse as fuel and may also generate surpluses for the public energy grid. 

Corn, the other important feedstock for bioethanol production, is currently cultivated on all continents and occupies around 147 million hectares, producing nearly 725 million tons in 2004. In many countries it constitutes an important source of food – for both humans and animals alike. In 2006, American production surpassed 267 million tons from a harvested area measuring a little more than 28 million hectares. Almost 20% of the production was earmarked for bioethanol. 

Bioethanol may be made from corn by means of two different processes: wet or dry milling. Wet milling was the most common option until the 1990s, although nowadays, dry milling has become the preferred method for producing bioethanol. In the wet process, the different fractions of the grain are separated, enabling discrete products to be produced such as proteins, nutrients, carbonic acid, starch and corn oil. Starch (and, consequently, bioethanol) is produced in the greatest volume, with yields of around 440 liters of bioethanol per ton of corn. In the dry method, the only bioethanol co-product is a protein supplement that is used for animal feed. Bioethanol yields are slightly lower. 

For the other feedstocks, the processes are similar, depending on the particular characteristics of the biomass, which may contain either sugars or starch. As such, sorghum and sugar beets may be used similarly to sugarcane; cassava and wheat (among other crops) may be also used similarly to corn. 

Owing to the range of feedstocks that can be used for making bioethanol, it must be pointed out that the most appropriate ones are those that are most efficient overall. Thus, it is important to prioritize crops with the lowest land, water, and agrochemical requirements, among other aspects. Besides that, economic feasibility must be taken into account: there is little sense in proposing the use of valuable crops with high cash values as sources of bioenergy. Feedstocks typically represent 60% to 70% of bioethanol's final cost, so seeking out low-cost alternatives is paramount. The existence of co-products and by-products with food, manufacturing, or energy-production value purposes is equally important, to the extent they provide (desirable) flexibility in bioenergy production, associating the availability of biofuels with other sources of economic value. 

Another important aspect for making appropriate choices of biomass with potential for making bioethanol is the energy balance associated with each one of them, i.e., the relationship between the energy produced and the direct and indirect energy needed to produce such energy. Therefore, most economical are the high-yield crops with low external energy demands. Information regarding energy balances enables estimates of greenhouse effect gas emissions (GEE) to be made – an important aspect in assessing biofuels and one which varies greatly depending on the feedstock used. Regarding the crops commonly used for bioethanol production, energy balance values and GEE mitigation levels are presented in Table 1.

Table 1 – Comparison of different feedstocks for bioethanol production 

	Feedstock
	Energy ratio
	Emissions avoided

	Sugarcane
	9.3
	89%

	Corn
	0.6 – 2.0
	-30% to 38%

	Wheat
	0.97 – 1.11
	19% to 47%

	Sugar beet
	1.2 – 1.8
	35% to 56%

	Cassava
	1.6 – 1.7
	63%

	Lignocellulosic Residues*
	8.3 – 8.4 
	66% to 73%

	*Theoretical estimate; process under development.


The effective reduction of greenhouse effect gas emissions is likely one of the most important positive aspects associated with sugarcane bioethanol. According to Brazil's initial national communication to the United Nations Framework Convention for Climate Change, the use of sugarcane energy reduced carbon emissions for the entire energy sector by 13% (1994 values). Under current conditions, for every 100 million tons of sugarcane used for energy purposes, the emission of 12.6 million tons CO2 is avoided (calculated based on bioethanol, bagasse and surplus electric power supplied to the grid).

Co-products of sugarcane bioethanol

Besides bioethanol, the sugarcane agroindustry delivers an increasing range of finished products and intermediate feedstocks, which extend its economic significance and enable, by means of economic synergies, to add value to the overall process. Among these products, sugar stands out as the industry forerunner, with electric power becoming increasingly important in recent years.

Currently, more than 130 countries produce sugar and the global 2006/2007 harvest produced 164.5 million tons. Approximately 78% of the total was derived from sugarcane – mainly grown in tropical and subtropical regions in the Southern Hemisphere. The remainder was made from sugar beet, which is grown in the temperate zones of the Northern Hemisphere. Since sugarcane production costs are lower than sugar beet costs, the proportion produced by developing countries will be of growing significance inasmuch as trade barriers which impede the free trade of this product are removed.

Worldwide consumption of sugar has grown steadily at an annual rate of 2% over recent decades, which means an increase in demand of approximately 3 million tons each year. Such growth is mostly taking place in developing countries, reflecting consumers’ increased incomes and changing dietary standards. Currently, these markets already account for over 60% of world sugar consumption.

The production of sugar shows a wide range of production costs. Brazil has the lowest costs relative to other producer countries, mostly due to the development of agricultural and industrial technologies associated with the expansion of bioethanol production. 

Bioelectricity has been produced highly efficiently for decades in the sugarcane agribusiness, using the bagasse as fuel in co-generation systems that also supply the needs for mechanical power and processing heat. For many decades electric power production was limited to meeting agroindustrial needs. However, due to deregulation within the electric power sector, it became possible to increase the performance of co-generation systems to the point that they generate surpluses for the public grid. This has been of increasing economic importance and has contributed to the electric power supply in many countries, such as Brazil. 

As indicators of the greater availability of electric power, typical boilers used in Brazilian plants during the 1980s produced surpluses of 10 kWh/tc (processed sugarcane ton); currently, however, they can attain 28 kWh/tc in most cases, with the most modern plants producing 72 kWh/tc. By using the straw of the harvested sugarcane and with improvements in industrial processes, electric power surpluses could reach over 150 kWh/tc. At the beginning of 2008, the installed capacity of sugar and bioethanol power plants in Brazil was 3.1 GW. It is expected that electric power generation for the public grid based on bagasse reach 15 GW by 2015, the equivalent to 15% of the current installed power capacity of Brazilian electric power plants.

An assessment of the opportunity cost of bagasse– based on prospective yields and capacity cost scenarios, for typical configurations of prices for bioethanol and bioelectricity– indicates that the production of electric power using this method will tend to be more attractive than the production of biofuel. 

Bagasse-based power generation is eligible for obtaining carbon credits, representing Additionality relative to the baseline method of calculating credit offsets under the terms of Clean Development Mechanism, as established by the Kyoto Protocol.

But sugarcane enables the production of more than just bioethanol, sugar and electricity. Traditional sugarcane co-products already include molasses, white rum, bagasse, yeast, filter cake and stillage, while the list of new products – numerous and varied – includes from flavor enhancers for the food industry to plastic packaging materials. A 2005 study listed over 60 technologies employing sugarcane as a feedstock in different industrial sectors; for the most part these are food-industry related. 

Advanced technologies in the sugarcane agroindustry

Besides the products and processes previously mentioned, innovative technologies have been proposed for the use of sugarcane as an industrial and energy input. Such technologies involve bioethanol production and also take into consideration processes intended to enhance the value of lignocellulosic materials (by hydrolysis and gasification) and the production of biodegradable plastics. In this chapter, these subjects (which comprise lines of research and development, in some cases already implemented in pilot plants) are discussed in terms of their technological aspects and with regard to their economic viability. 

Hydrolysis technologies for obtaining bioethanol from lignocellulosic materials involve the fractionation of biomass polysaccharides into fermentable sugars (and subsequent fermentation) in order to produce bioethanol. In order to achieve this, the hydrolysis depends on complex and multiphase technologies based on acid and/or enzymatic routes in order to separate the sugars and remove the lignin. The composition and structure of the feedstock has a strong influence on the performance of the processes, the initial phases of preparation and pre-treatment both being critical. Equally important are the pentose fermentation processes, although these are less developed. Although hydrolysis using diluted acid is at a more advanced stage of development than the other routes, enzymatic hydrolysis appears to be more viable and is currently attracting more attention, especially with respect to simultaneous saccharification and fermentation. 

Less studied, though no less important, the other line of research for generating value from agroindustrial lignocellulosic residues employs thermal processes, by gasification and subsequent conversion of gas into biofuel or bioelectricity. The reactions involved are complex and gasifier designs are still relatively limited in capacity; greater efforts are needed for their development. The generation of electric power associated with biomass gasification may enable the use of gas turbines and high-efficiency combined cycles, but the feeding and operation of high capacity pressurized gasifiers, the cleansing of the gas (removal of alkalis and particulates) as well as the modification of of gas turbines for use with low energy-content fuel are aspects not totally in balance. With respect to using biomass gas for biofuel synthesis, using Fischer-Tropsch-type processes, in particular, there is great interest and an equal need to improve processes, equipment and catalyzers, with expectations of medium-term economic feasibility.  
An extensive field of applications for sugarcane and bioethanol, in particular, is the production of different polymers, whether in the context of the conventional petrochemical industry – (which has come to include bioethanol among the inputs for the manufacture of ethylene and other intermediary products) – or whether in the sphere of so-called ethanol-chemistry, which includes more specific and advanced processes, such as the manufacture of biodegradable plastics (a process currently under development in Brazil). 
In as much as sugarcane, providing both sugar and fiber, becomes an economically significant material, suitable for use in a wide range of integrated and interdependent processes and products, sugar and bioethanol plants become ever more important among biorefineries, a group which in some ways mimics the petroleum industry – albeit on a new basis – renewable and environmentally healthier.

Sugarcane bioethanol in Brazil 

Sugarcane bioethanol has already been in use as a fuel in Brazil for almost 100 years. Its evolution traces an interesting history, from the progressive construction of institutional infrastructure and the evolution of agroindustrial technology (which in themselves trace an exemplary trajectory of gains in productivity) to the gradually increasing importance of environmental aspects, such as the need to reduce water consumption and to recycle. 

The historical development of bioethanol as a fuel in Brazil was marked by visionaries and dedicated technicians; at the same time, the legal and institutional infrastructure (which paved the way for this alternative energy source to become an everyday part of the Brazilian energy matrix) slowly came to establish itself. In 1931, based on good field results from vehicles using bioethanol and with the objective of reducing the impacts of total dependence on petroleum-based fuels, as well as of using sugar industry surpluses, the Brazilian government published Decree 19717, which determined a minimum content of 5% anhydrous bioethanol to gasoline. In 1975, with the effects of the first oil crisis, the PROÁLCOOL (Programa Nacional do Álcool / National Alcohol Program) was instituted with Decree 76593, with production goals (3 billion liters of bioethanol in 1980) and incentives to expand the production and use of bioethanol fuel, initially by increasing the amount of anhydrous bioethanol in gasoline. In 1979, with the oil crisis worsening, the PROÁLCOOL program gained new force and stimulating the use of hydrated bioethanol in engines adapted or specially made to work with it. Under this scenario, bioethanol production reached 11.7 billion liters in 1985, surpassing goals. 

In sum, the combination of incentives adopted by PROÁLCOOL (which had shown itself to be capable of effectively influencing economic agents) at the time included the following points: a) the institution of higher minimum levels of anhydrous by ethanol in gasoline (progressively increased to 25%); b) guaranteed lower consumer prices of hydrated by ethanol relative to gasoline (at the time, fuel prices throughout the entire production chain were determined by the federal government); c) guarantee of competitive prices to the bioethanol producer, even in the face of more attractive international prices for sugar than for bioethanol (competition subsidy); availability of credit lines with favorable conditions for loans for the mills to increase their production capacity; d) availability of credit lines at favorable rates for sugar mills to increase their production capacity; e) reduction of taxes (on new cars and on annual registration fees) for hydrated bioethanol vehicles; f) compulsory availability of hydrated bioethanol idle gas stations; and g) maintenance of strategic stocks to ensure supply out of season.

With falling oil prices and the recovery of sugar prices starting in 1985, policies to develop bioethanol were revised, with a new focus being made on producing sugar for export. Within this context of difficulties and government that ignored bioethanol, the market became disorganized and they were lapses in supply. This resulted in the adoption of emergency measures, such as reduced levels of bioethanol in gasoline, importation of bioethanol and the use of methanol/gasoline blends to substitute for bioethanol. 
The sugar-alcohol industry in Brazil, as well as the fuel market (which had, for decades carried out its activities with a high level of government intervention, with circumscribed markets, quotas and prices) lived through the 1990s in a process of deregulation, with the progressive removal of subsidies and the end of government regulated prices. Consequently, a new relationship paradigm was formed between sugarcane producers, bioethanol producers, and fuel distributors in which the market rules currently adopted in Brazil prevailed. Of the original framework of legal and tax measures which provided the foundation for the consolidation of bioethanol fuel in Brazil, the only vestige is the differential tax on hydrated bioethanol and bioethanol vehicles, one which attempts to maintain parity (more or less) for the consumer vis-à-vis the choice of hydrated bioethanol versus gasoline. 

Currently, the institutional configuration of the national bioethanol agroindustry is represented by the following agencies: The Conselho Nacional de Política Energética (CNPE), (National Energy Policy Council) whose powers include the establishment of directives for specific programs for biofuels use; the Agência Nacional do Petróleo (ANP) (National Petroleum Agency),responsible for the regulation and inspection of economic activities related to bioethanol and biodiesel and for the implementation of national policy on these products with emphasis on their guaranteed supply throughout national territory and on protection of consumer interests; and the Conselho Interministerial do Açúcar e do Álcool (CIMA) (Interministerial Council for Sugar and Alcohol), an agency which deliberates on policies related to sugar-alcohol in Brazil. 

As of 2003, with the advent of flex vehicles and their overwhelming acceptance by consumers, the growth in the consumption of hydrated bioethanol in the national market recommenced, opening up new prospects for the expansion of the sugarcane agroindustry in Brazil and adding to the possibilities for adding anhydrous bioethanol to gasoline mixtures in the international market. Since that time, the Brazilian sugarcane agroindustry has been expanding relatively quickly, as summarized in Graphs 2, 3 and 4, which show, respectively, the evolution of the production of sugarcane and bioethanol (anhydrous and hydrated) and sugar; the evolution of anhydrous bioethanol levels in gasoline; the production of hydrated bioethanol vehicles.

Graph 2 – The evolution of the production of sugarcane, bioethanol and sugar in Brazil 
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Graph 3 – Average levels of anhydrous bioethanol in Brazilian gasoline 
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Graph 4 – Evolution of production of hydrated bioethanol vehicles and share in new vehicle sales
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Currently, sugar cane occupies about 9% of Brazil's farmland, being the third most important crop in terms of land occupied, after soy and corn. In 2006, the area harvested was 5.4 million hectares, for a total planted area of 6.3 million hectares and total production of 425 million tons. The biggest producer area is the Mid-South-Southeast, accounting for more than 85% of production, with close to 60% in the State of São Paulo, alone. 

The production system involves more than 330 mills, with cane-processing capacities ranging from between 600 thousand and 7 million tons per year. An average plant has the capacity to mill close to 1.4 million tons annually. Graph 5 shows the distribution of annual milling capacity (data from 2006/2007 harvest). It can be seen that the 10 biggest mills are responsible for 15% of the raw material processed, whereas the 182 smallest units process half of all sugarcane, a sign of low economic concentration. From a production profile perspective, Brazilian plants can be classified according to three types of facilities: sugar mills (which make sugar exclusively); sugar mills with distilleries (which make sugar and bioethanol), and the facilities producing bioethanol exclusively (independent distilleries). The great majority of facilities is made up of sugar mills with distilleries attached (close to 60% of the total), followed by a considerable quantity of independent distilleries (close to 35%) and then by some units that process sugar exclusively. Brazilian plants, on average, receive 80% of sugarcane from land owned or rented, or belonging to shareholders and agricultural businesses linked to the plants. The remaining 20% is supplied by close to 60 thousand independent producers, the majority working with less than two agricultural módulos (plots).

Graph 5 – Distribution of the annual processing capacity of sugar and bioethanol plants in Brazil 
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According to harvest figures for 2006/2007, the sugarcane agribusiness (which includes sugarcane, sugar and bioethanol production) generated close to R$ 41 billion in direct and indirect profits. Thirty million tons of sugarcane were produced and 17.5 billion liters of bioethanol; 19 million tons of sugar (US$ 7 billion) and 3 billion liters of ethanol (US $ 1.5 billion) were exported, representing 2.65% of Brazil's Gross National Product (GNP). In addition, R$ 12 billion in taxes and fees were collected and annual investments of R$ 5 billion in new agroindustrial units were made. In parallel with the expansion of sugar-alcohol production, there has been significant diversification in the composition of the capital invested in the agroindustry, originally almost all invested in family businesses.

It is important to understand that the expansion of bioethanol and sugar production in recent decades has occurred not only due to the increase in cultivated area, but also due to the marked gains in productivity of agriculture and industry. Together, they have shown cumulative annual gains of 1.4% and 1.6%, respectively, resulting in an annual growth rate of 3.1% in the per-hectare yield of bioethanol, over the course of 32 years. Thanks to these gains in productivity, the area currently dedicated to the cultivation of sugarcane for bioethanol production, close to 3.5 million hectares, is only 38% of the area which would have been required to produce the same yields using 1975 parameters (when Proálcool began). This noteworthy gain in productivity, a 2.6-fold increase in bioethanol yields, was essentially obtained through the continuous adoption of new technologies. As a direct consequence of the evolution of productivity, there has been a progressive reduction in costs, mirroring a learning curve and consolidation not unlike that experienced in other innovative energy technologies.

In promoting technological development, the existence of public, federal, and state institutions, as well as private businesses providing know-how to the sugarcane bioethanol production chain (especially agricultural aspects) always has been, and continues to be, of critical importance. This process involves genetic improvements, agricultural mechanization, oversight, biological pest control, recycling of wastes and better-performing agricultural-conservation practices – all of which will yield results that are both effective and that have likely prospects for gaining additional production system efficiencies. 
Sustainability of sugarcane bioethanol: the Brazilian experience 

In a broader sense, and one which is ever more decisive, it is important that energy systems are not only renewable conceptually speaking, but also, that they are effectively sustainable. In sum, measuring the sustainability of an energy system is not a simple task and depends not only on the energy vector itself, but also, fundamentally, on the context where it is produced and used, with procedures and methods yet to be consolidated. However, even though the debate regarding the sustainability of bioenergy is still ongoing, and is often polarized between those who wish to utilize fossil fuels and those who wish to preserve them, the benefit to human societies from the energy flows from vegetative production has already lasted millennia. As such, bioenergy, too, should be also be effectively considered as an energy alternative, one to be better understood and utilized in those contexts where it is most appropriate. 

In that regard, this chapter presents bioethanol and sugarcane production from the perspective of sustainability, where sustainability is defined as the possibility of bioenergy systems maintaining their production over the long term – without overt depletion of the resources that originally gave rise to them, such as biodiversity, soil fertility, and water resources. Such focus is based on one of the classical definitions of sustainability: "the amount of consumption that can be sustained indefinitely without degrading capital stocks, including natural capital stocks" considering the three pillars: – environmental, social and economic – and taking into account the production of sugarcane bioethanol as practiced in Brazil.

Considering the most relevant themes associated with environmental impacts on sugarcane and bioethanol in Brazil, based on many field studies, it is possible to show how Brazilian sugarcane agroindustry has evolved in a positive way. Emissions with a global impact (greenhouse effect gases) are effectively mitigated by the production and use of bioethanol and bagasse, which substitute for fossil fuels. Emissions with local impacts, on the other hand (especially from preharvest burning), have seen steady reductions due to the increased use of raw cane harvesting in compliance with the protocols signed between agroindustry and the government. 

From the point of view of hydro resources, a notable reduction (over 60%) in water consumption and release of wastes has been recorded. This is due to the rationalization of consumption and the adoption of recycling techniques. Additionally, the eventual availability of stillage in fertirrigation systems has enabled increased agricultural yields and a reduction in the use of fertilizers. With respect to agricultural fertilizers and pesticides, it has been demonstrated that sugarcane, compared with other important crops, requires lower applications of agrochemicals, whether due to better recycling of nutrients, or whether due to the widespread employment of biological pest control methods. 

Reduced soil erosion and protection of soil fertility are naturally favored due to the fact that sugarcane is a perennial crop, however, they are also promoted by means of adequate farming methods. In this way, biodiversity has been the focus of greater attention within agroindustry, both in the protection of permanent preservation areas and in the renovation and diversification of the germplasm bank being exploited. It is important to note that effective application of the law and a more favorable attitude towards the natural environment derive from, and depend on, the clear and active presence of the State, whose mission it is to implement and enforce environmental law compliance. 
As examples of recent, though little-debated, environmental issues, an analysis will be made of the emission of greenhouse gases associated with changes in soil use (with loss of original vegetation, when sugarcane farming is implemented) and the indirect process of deforestation (caused by the occupation of pastureland by sugarcane). In the case of bioethanol in Brazil, it is very unlikely that forest coverage losses can be attributed to bioethanol production because the expansion of sugarcane farming has basically occurred in areas previously occupied by low productivity pastureland or annual crops (such as soy, mostly destined for export). In both these cases, the root system and the above-soil biomass are generally of lesser magnitude than in the case of sugarcane. With respect to deforestation caused indirectly by the expansion of sugarcane production, it must be pointed out that Brazil (like several other countries situated in the humid tropical region of the planet) has sufficient land for a significant expansion of agricultural production and can produce food and bioenergy in a sustainable way without compromising its forest assets. In Brazil, sugarcane planted for the production of fuels corresponds to a relatively minor area of farmland and national territory, as Figure 3 demonstrates. In effect, the production of sugarcane bioethanol does not imply deforestation, whose complex problems impose the balancing of expanding agriculture in the Amazon Forest region with strengthened inspections and law enforcement.

Figure 3 – Land-use in Brazil 
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An important instrument for regulating the expansion of the bioethanol agroindustry in Brazil is the Agroecológico da Cana-de-Açúcar (Sugarcane Agroecological Zoning), which was developed by the federal government based on information from soil maps, climate maps and environmental reserves, and which establishes appropriate areas and regions for which the wide scale cultivation of this crop is not recommended. As such, that work may be used as an instrument to guide finance policy, infrastructure investments and tax regime reforms, and may also be useful for socio-environmental certifications as may be implemented in the future. According to the survey, the area which is available and appropriate for sugarcane (without the use of irrigation) surpasses 110 million hectares.

With regards to economic sustainability, as summarized in Graphs 6 and 7, sugarcane bioethanol is demonstrably competitive compared with conventional fuels in terms of international prices available to the producer (excluding taxes) in free markets, as well as final consumer prices, under Brazilian conditions. 

Graph 6 – Evolution of prices paid to producer, not including taxes: US gasoline and Brazil sugarcane bioethanol
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Graph 7 – Evolution of average consumer prices for hydrated bioethanol and regular gasoline in Brazil and the relationship between them
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Considering the costs of production – raw materials, operation, maintenance and investments – the final cost of sugarcane bioethanol is somewhere between US$ 0.35 and US$ 0.40 per liter, values corresponding to barrel-of-oil equivalent prices of between US$ 50 to US$ 57, significantly below market prices for this fossil fuel. It is probable that bioethanol costs are lower for plants being established in new production frontiers, bearing in mind the location of these plants, which have greater sugarcane crop density (lower transport costs) and the fact that they are dedicated to biofuel production, which reduces raw material costs and investments. On the other hand, considering the older and fully amortized plants, bioethanol could also have lower financial costs, the same way that higher levels of electrical power production based on bagasse tend to improve the overall indicators of this agribusiness. Another important exception refers to the impact of the adopted exchange rate, because the sharp appreciation of Brazilian currency in recent years has considerably increased the value of sugar-alcohol agribusiness products in terms of foreign exchange. 

If the possibilities of continued increased yields in agricultural and industrial productivity are taken into account, it is reasonable to expect that the costs of sugarcane bioethanol production will remain stable or somewhat lower in relative terms, while with fossil fuels, the expected scenarios are continued high costs with no prospects of a decline to the price levels of a few decades ago. Therefore, from an economic point of view, the production of sugarcane bioethanol appears to be sustainable, with essentially viable prices and costs, without any more need for subsidies to compete with conventional fuels.

To conclude the analysis of sugarcane bioethanol production sustainability, from the point of view of its social implications, it is important to demonstrate the relevance of jobs and income provided by this agroindustry. In 2005, there were 982 thousand workers directly and formally involved in sugar-alcohol production. Is estimated that for the same year a total of 4.1 million people were working in jobs some way dependent on the sugarcane agroindustry. With respect to the quality of the jobs, based on information from the Pesquisa Nacional por Amostra de Domicílios (PNAD) (Brazilian National Household Sampling Survey), and using as variables the educational level of employees, degree of job formality, income received for the main job, and benefits received by employees, quantitative indices were established to enable an objective evaluation to be made of job conditions. The evaluation indicates important improvements in several socioeconomic indicators for Brazilian sugarcane workers in recent years, such as real gains in salaries, growth in income and range of benefits received by employees, marked reduction in child labor and increased schooling levels. 

Despite these improvements, the labor involved in bioethanol production (especially plantation work) is generally heavy and the State must be ever vigilant in strictly enforcing labor laws. This is factor is essential to suppressing the abuses that still exist and to promoting progressive labor relations in this sector. 

The creation of job opportunities and the distribution among workers of the value added in the production chain are two of the most important characteristics of bioenergy, and in particular of sugarcane bioethanol, constituting a significant difference between this energy technology and its counterparts. Even with the adoption of high productivity technologies, such as mechanical harvesting, bioethanol production continues to be a major generator of jobs, of increasingly better quality, and with a corresponding elevation in required skills and average pay. Similarly, it is important to recognize the important role of agroindustrial activity as a generator of income and a stimulus to local and regional economic activity, with significant indirect benefits. Based on an analysis made with the aid of an intersectoral relations input-output matrix, adjusted for 2002, it has been estimated that, for each a million cubic meters of bioethanol yearly production, R$ 119 million per year are added because of investments. During operation, close R$ 1.46 billion should also be generated annually, including direct, indirect and induced effects.

As one way to ensure the observance of sustainability criteria in biofuels production, several certification systems have been proposed, mainly by industrialized countries, to explicitly ensure that biofuels are produced and distributed in a sufficiently sustainable manner. It is believed that, when adequately designed and well implemented, these information systems may serve as instruments for biofuels production to develop as a desirable benchmark of rationality, just as it has already been demonstrated that sugarcane can compete competitively.

Perspectives for a worldwide biofuel market

The existence of countries with good conditions for the sustainable production of bioethanol and the global need for a renewable and environmentally acceptable fuel underscore the attractive prospects for this biofuel as a global commodity. Along this line, it is worthwhile characterizing the bioenergy potential, which depends on geographic and economic scenarios, as well as dynamic policies and production and conversion technologies, some of which are still being developed. 

Using methodologies that take into account the available natural resource base as well as projections of demands for agricultural products, it is estimated that the potential contribution of biomass to the future global energy supply may vary from around 100 EJ/year to 400 EJ/year in 2050, the equivalent to 21% to 85% of current total energy consumption on the planet (estimated at 470 EJ). In other studies, broken down by type of resource and region, It can be seen that the greatest potential for the production of energy crops is found in Sub-Saharan Africa and Latin American and the Caribbean, which, in the scenario with the highest efficiency of animal food conversion, achieve annual productions of 317 EJ and 281 EJ, respectively. 

A report from the International Energy Agency states that is realistic to expect that the current contribution of bioenergy of 40 EJ to 55 EJ per year will increase considerably, and that a yearly annual contribution of between 200 EJ and 400 EJ is expected before the end of the century. The same report observes that a third of this energy could be supplied by waste, a fourth by the regeneration of degraded or marginal lands, and the rest by arable lands and, above all, existing pastureland. 

With regard to the bioethanol market, for year 2010, the projected global bioethanol demand will be 101 billion liters, compared to a supply of 88 billion liters. This outlook should be in balance by 2015, when supply should reach 162 billion liters and demand should level off at 150 billion liters, being distributed heterogeneously across regions, as shown in Graph 8. 

As a fundamental condition to developing production potential and the consequent global bioethanol market in the coming years, policies oriented to the promotion of biofuels have been proposed and implemented in several countries, albeit with varying degrees of clarity and objectivity. An analysis of these policies shows that increased energy security and the mitigation of climate change are among the most important factors that drive biofuel programs in most countries. While environmental issues are more salient in industrialized countries, the promotion of rural development is an important objective for other countries and this objective is almost always linked to an agenda for combating poverty. All countries emphasize in their policies different central and competing objectives; this aspect can make bioenergy development a more difficult task, one possibly beyond the possibilities of a transition between energy bases, a transition which in and of itself is quite complex. Nonetheless, the appearance of bioenergy in the agenda of public policy is positive.

Graph 8 – Estimated bioethanol supply and demand: 2010 and 2015
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Related to the development of a global biofuels market, it is crucial to understand the connection between food commodity markets and bioenergy production. In particular, with respect to the availability of resources for the production of foodstuffs, it can be seen that the use of farmland for the production of raw materials for energy production is almost trivial compared to the total cultivated area. In effect, currently only 1% of arable land in the world is used for liquid biofuel production, with prospects of this increasing to 3% or 4% by 2030. Structurally speaking, the limited availability of arable land neither affects food security nor restricts the possibilities of biofuel production. In parallel fashion, the current crisis in the food market is certainly not caused by a lack of food production. Worldwide food production has grown systematically and per capita supply has increased 24% over the last 40 years, from 2,360 to 2,803 calories per day, while the world population has doubled from three to six billion of people. 

Despite this, is important to recognize that the impacts of biofuels clearly depend on the latter's origin. The production of biofuels in the US and European contexts using low yield technology routes has severe limitations, directly related to the production of foodstuffs and involving the exploitation of production niches – especially in the case of agricultural surpluses, which may represent a small percentage of the domestic consumption of liquid fuels in these countries. This reality opens a window of opportunity for the rational and sustainable production of biofuels in the context of the humid tropical countries of Latin America and the Caribbean, Africa and Asia, which could gradually permit high-energy-consumption countries to reach higher rates of substitution (say, 20 to 30%) without significantly affecting the production of other agricultural goods and with considerable potential for the development of these regions. 

The effect of biofuels production on the demand for agricultural products is aggravated by protectionist practices (widely adopted by industrial developed countries) with severe implications in at least two aspects. On the one hand, maintaining protectionist prices for farmers presupposes the existence of tariff barriers that impede access (by the markets of industrialized countries) to agricultural products originating from developing countries, thereby reducing the incentive to produce for export. On the other hand (and worse), the surplus of subsidized production perversely upsets the worldwide market for agricultural goods, causing international prices to wither and, and throwing into disarray the production of foodstuffs in the majority of low income countries. 

The base of natural resources available on the planet is sufficiently ample for the sustained production of bioenergy, in reasonable volumes, and with low impacts on other activities. This also assumes that rational technologies are deployed such a sugarcane bioethanol which, due to its high productivity, can scarcely be associated with a food supply and demand crisis. Further, the adoption of more efficient technologies that reduce losses and rationalize farming production, may be even more important than the wide availability of natural resources as a mitigating factor in the contest between food production and bioenergy production (and other non-food agricultural products) for land and other productive resources. 

In order to provide more consistency to the relevant discussion concerning the relation between biofuel production and food availability, as well as to characterize possible correlations between the prices of different product, the evolution of international prices for different categories of agricultural products between March 1990 and March 2008 was evaluated. The figures are aggregated according to their direct, indirect or lack of relation with the production of biofuels. Although there is a clear correlation between the prices of petroleum and agricultural products related to biofuels, in the case of sugar (related to sugarcane) the correlation is significantly less. This fact confirms the lack of a connection between sugarcane bioethanol and the increase in prices for foodstuffs. 

There exist good reasons to promote a bioethanol market using criteria of sustainability. And such reasons go further than enabling the producer countries and consumer countries of this biofuel to comply with the objectives of international environmental agreements. In this sense, national strategies should adequately make allowances for their own development prospects and demands for energy, agriculture and commerce. Doing so implies contemplating entry into a future international bioethanol market or prioritizing the national product, in order to foster rural development and the supply of energy for domestic use. In any case, in proposing consistent programs for the production and use of bioethanol, in countries where this energy technology is still at the early stages, it is imperative that advance evaluations and studies be carried out in order to establish goals consistent with existing resources. It is quite probable that a global bioethanol market will be a reality within just a few years. However, its magnitude and penetration among countries will depend on various elements which are still being delineated, such as countries' policies regarding their internal markets, discussions on sustainability criteria, international trade negotiations and the reactions of civil society in developing countries and industrialized countries – all of which are needed to comprise a dynamic and well-defined framework.

A vision of the future of bioethanol fuel

Bioenergy represents one of the best alternatives for capturing and storing solar energy and one of the few natural resources underutilized by humanity; essential components are available land, suitable climate (light, water and temperature) and – just as important – sufficient know-how and the entrepreneurial wherewithal to make it happen. Especially appropriate for supplying vehicle fuel, bioethanol (produced from solar energy, efficiently and sustainably) is capable of meeting the urgent demands for reduced greenhouse gas emissions, improving metropolitan air quality and competing pricewise with conventional energy sources. Additionally, this pathway can provide a new agroindustrial dynamic for tropical countries with available land, one capable of providing energy security and bringing new prospects for economic growth to those with the will to look beyond energy schemes that are concentrated and environmentally problematic. 

The Brazilian experience in this field can and should be seen as a reference for other similar countries and contexts. There are many countries with the conditions to promote the production and use of sugarcane bioethanol by adapting the Brazilian model to their own particular characteristics, potentials and markets. However these countries, still lack the detailed studies and evaluations adequate for the formulation and implementation of efficient and consistent national programs. In the same way, many countries have sought to reduce their energy dependence, reduce their carbon emissions and improve air quality in their cities; in general, however, they have still not included the use of sugarcane bioethanol in the range of alternatives, instead raising barriers that protect inefficient and unsustainable solutions. 

Well documented and proven, based on the experience of several decades in Brazil, the following points support sugarcane bioethanol is being a strategic and sustainable energy option, one with the potential to being replicated and adapted in other countries with available land and suitable topography/soil/climate conditions:

1. Bioethanol can be used in combustion engines, pure or blended with gasoline, with good performance and using essentially the same distribution and storage systems as exist for gasoline. Blended at a rate of 10%, the effects of bioethanol are almost imperceptible on fuel consumption; at such levels, this biofuel can be used in engines without any modification, whatsoever.

2. Sugarcane bioethanol is produced using highly efficient capture and conversion of solar energy (a production/consumption energy ratio of over 8) and with agroindustrial yields substantially above those of other biofuels. This product yields close to eight thousand liters per hectare and provides significant surplus energy, both in the form of solid biofuels (bagasse and straw) and, most important, bioelectricity.

3. Sugarcane bioethanol, produced under Brazilian conditions, is competitive with crude oil at around US$ 50 barrel, with a production cost determined mainly by the feedstock. The technology employed for its production is open and available, being able to be progressively introduced into a sugarcane agroindustry built for making sugar.

4. Environmental impacts of a local nature associated with the production of sugarcane bioethanol on Hydro resources, the soil, biodiversity and arising from the use of agrochemicals, amongst other things, can be, to a good extent, effectively attenuated to tolerable levels, levels which are less than the majority of other crops.

5. The use of sugarcane bioethanol enables an almost 90% reduction in greenhouse gas emissions, contributing in an effective way to mitigate climate change. Under current conditions, for each million cubic meters of sugarcane bioethanol mixed with gasoline, about 1.9 million tons of CO2 entering the atmosphere are avoided.

6. The prospects for the technological development of sugarcane bioethanol agroindustry are significant, with increased yields and energy performance and diversification of the range of products, most importantly the hydrolysis and gasification routes, particularly important from the point of view of increasing the production of bioethanol and bioelectricity.

7.  Jobs in the sugarcane bioethanol agroindustry show good quality indicators and, even though the growing mechanization of sugarcane harvesting reduces manual labor, labor demands remain quite high per energy units produced, in comparison with other energy sources.

8. The production of sugarcane bioethanol, as it has been developed in Brazil and in other countries with sufficient availability of land, scarcely effects food production, occupying a much smaller area in relation to the area cultivated for food and with the areas available for the expansion of farming activities in general.

9. The sugarcane bioethanol agroindustry co-articulates with many sectors of the economy and promotes development in many areas, such as services, farming and industrial equipment industries, and logistics. 
10. 
The possibilities for expanding the production of sugarcane bioethanol are vast, not only in Brazil, but also in other wet tropical countries, taking into account the availability of idle land or land use for low yield cattle farming and the existence of adequate climate.

The sugarcane agroindustry presents great possibilities for diversification of its products and increases in available energy, whether in the direction of biorefineries (production complexes capable of supplying bioenergy and a range of biomaterials), or whether by reinforcing the base of genetic resources (including studies at the level of photosynthetic processing). The sugarcane agroindustry is just beginning to show its potential.

To be sure, there is much work to be done and many challenges to be overcome for the expansion of bioenergy systems. However the benefits will be just as great, in as much as healthy and consistent energy development depends on the consolidation of a new relationship between nature and humankind. And based on this view, the production and use of sugarcane bioethanol together offer concrete prospects for a more sustainable energy reality and can use this agroindustry to leverage desirable social and economic transformations. The Brazilian model, fine-tuned over decades and with the potential for expanded productivity and efficiency, is at the disposal of those countries that seek to competitively reduce their emissions of greenhouse gases and diversify their energy supply sources: by means of their climates, soil and people, they can successfully replicate the efficient production of biofuels, for the use and benefit of all. 
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� The references have been removed. For more details, look for the original full text.
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