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Abstract 
 

 Many Americans are worried about the recent fluctuations in oil prices and the fact that 

the United States imports much of its energy from foreign oil.  The United States is looking for a 

way to limit the dependence on foreign oil and use sustainable substitutes made in the United 

States.  Brazil serves as a perfect case study because it meets 85% of its gasoline needs from 

ethanol made from sugarcane.  The goal of this study is to outline the steps Brazil took to make 

the switch from an oil economy to an energy independent society using ethanol.  This report 

also addresses ways that the United States can try to emulate Brazil. 
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Introduction 
 

 The modern world runs on crude oil, the lifeblood of developing and developed nations 

alike. The possession, transportation, and end use of oil impacts global politics, international 

relations, and even down to the most basic and local of jobs and services. With its high energy 

density and easy storage, it is hard to escape the influence of oil, especially when gigantic 

economies like Japan, China, and Germany imported an average of 5,031, 3,356, and 2,514 

barrels of oil per day (respectively) in 2006 (Energy Information Administration). But even the 

combined thirsts of these countries could not compete with the United States, which although 

produced 8,330 barrels a day, had to import an additional 12,357 barrels a day in 2006 in order 

to sate its energy lust (EIA).  

 Even with likely conservation measures and gains in general energy efficiency, nearly all 

projections of future global energy use factor a substantial surge in demand for oil products, 

whether by continued high consumption in developed nations or projected increases in 

developing countries (Hallock Jr. et al., 2004). Crude oil has been the world economyôs fuel of 

choice, supplying other petrochemicals like plastics and fertilizers, but it has come under 

increasing scrutiny over the last year as prices have soared, instigating a global economic 

slowdown. 
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Figure 1.1: Crude Oil Futures (WTRG) 

 

In the last year, oil prices per barrel have almost doubled, which has led to a major 

rethinking of economic and energy policies. Figure 1.1 shows a price jump of almost $80 in the 

span of one year. Chinaôs spectacular economic growth within the last decade has imposed 

great pressure on world oil markets, with implications in international relations with Middle 

Eastern and African nations. With an economy and an industry so heavily depended on foreign 

oil, the United States is the most affected in terms of energy and economy, not to mention in 

terms of its political relations with Arab states, as well as with a Venezuela with Hugo Chavez at 

the helm. 

 The consumption of hydrocarbons has also fueled the concerns over climate change 

and the levels of carbon dioxide in the atmosphere. In the recent 2008 G8 summit, the eight 

industrial nations proposed non-binding initiatives to cut greenhouse gas emission in half by 
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2050: a measure seen as too little too late by unimpressed environmentalists. The United States 

has also never ratified the Kyoto Protocol, adopted in 1997 with the goal of cutting greenhouse 

gas emissions. US President George W. Bush claims that it places too much pressure on 

developed countries to cut emissions whilst large developing nations like India and China are 

free to pollute even as they economically compete with the United States and the rest of the 

world. Now the US Congress is debating whether or not to start drilling into oil reserves federal 

land in Alaska, which could create unpredictable damage to the its ecosystem.  

 

Historic vulnerability 

 

 The birth of modern day petro-politics arguably began with the formation of the 

Organization of the Petroleum Exporting Countries (OPEC) at the Baghdad Conference in 

September of 1960. The five founding members are Iran, Iraq, Kuwait, Saudi Arabia and 

Venezuela, and have been subsequently joined by Qatar (1961), Indonesia (1962) ï set to leave 

OPEC with the expiration of its membership later this year (BBC), Libya (1962), United Arab 

Emirates (1967), Algeria (1969), Nigeria (1971), Ecuador (1973) -- suspended its membership 

from December 1992-October 2007, Angola (2007), and Gabon (1975ï1994) (OPEC website). 

OPEC seeks to ñensure the stabilization of oil prices in international oil markets with a view to 

eliminating harmful and unnecessary fluctuations, due regard being given at all times to the 

interests of oil-producing nations and to a necessity of securing steady income for themò (OPEC 

website). According to the Energy Information Administration, as of 2006 they account for about 

40 percent of the worldôs total oil production, and 2/3 of its known reserves. 

OPEC is used typically as an example of a profit-maximizing cartel in many economic 

textbooks (Alhajji and Huettner, 2000), although this is hardly the case by formal definition. 

Control over oil production is a powerful tool of leverage, especially in todayôs uncertainty of 
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where future oil will come from. In retaliation for Western support for Israel in the Yom Kippur 

War (also known as the Ramadan War) of October of 1973, the Arab members of the OPEC 

placed various oil sanctions on Western states, including an embargo of oil to the United States. 

The panic triggered crude prices to soar to almost quadruple, from about $3 to almost $12 

(CBC, 2007), and even after the embargo was lifted prices remained high throughout the 

1970ôs, spurred by the Iranian revolution overthrowing the Shah in 1979.   

 

Present predicament 

 

 Now the United States finds itself in similar situation to what it faced 30 years ago. Gas 

prices at the pumps are seeing record highs, while the economy is staring recession in the eye. 

To be certain, there are new complications existing that were not in play during the 1970ôs. The 

war on terror, the emergence of economies like China and India, and issues of international 

humanitarian concern are just a few aspects that are changing the way the oil business is being 

run nowadays.  

With so many states competing for the same oil, new deals and alliances will be made, 

ultimately shaping US foreign policy, and in some instances undermining global security. For 

example, when the US and Europe were trying to curb Iranôs nuclear development program, to 

stop it from developing bomb technology, China has signed a $70 billion energy deal with Iran, 

and had vowed to veto any sanctions that would have been imposed by the United Nations 

Security Council (Luft, 2005). In another instance, China blocked Security Council measures to 

impose sanctions on Darfur, one of Chinaôs mail oil suppliers (Luft, 2005). The competition for oil 

between the United States (worldôs largest consumer) and China (worldôs fastest growing 

consumer) continues to shape international relations not only in the Middle East, but also in 

Africa and Venezuela.  
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The ongoing ñWar on Terrorò exacerbates the complicated politics of oil, trapping the US 

in a very uncomfortable position. The resources already spent and estimated on the invasion 

and occupation of Iraq is resting comfortably in the cost of trillions of dollars (Herszenhorn, 

2008), excluding other military spending, Afghanistan, and the financing of counter-terrorist 

operations around the globe. The current meteoric rise of crude oil prices translates to a 

significant transfer our wealth of the US, Japan, China, Europe into oil-producing countries, and 

there seems to be no stopping the trickle of oil money, official or otherwise, into Muslim 

extremist groups (Luft, 2005).  

 Compounded to these new realities is an old one: oil is running out. There is ongoing 

debate on whether or not the human race has passed its peak in terms of oil production, but 

what is not argued is that oil is being consumed in record quantities, and supply is without 

question finite. Table 1.2 shows various estimates of peak production years, as well as predicted 

levels of output. 
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Table 1.2: Oil Production Forecasts (Hallock Jr. et al., 2004) 1  

 

A study conducted by Hallock Jr. et al (Reference) places the peak or decline point of 

global production of conventional oil between 2004 and 2037 at between 24 to 42 BBO per year. 

Even with the most optimistic forecasts, oil production will peak within the next generation. M.K. 

Hubbert, who accurately predicted in 1956 that US oil production would peak by 1970, 

accurately states the importance of the production peak (versus supply exhaustion): 

ñBecause gas and oil are exhaustible resources, the discovery 
history of these fuels in any particular area must be characterized 
by a beginning, a period of increase, a period of decline, and 
ultimately, an end. In this sequence, the most significant dates are 
neither those of the beginning or of the end, but that of the 
transition between the period of increase and the period of 
declineò (Duncan and Youngquist, 1999). 

  

                                                           
1
 EUR is termed for ñextractable ultimate resourceò 
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Unconventional reserves are already being tapped into, such as reserves only 

accessible by deep sea drilling and ñcookingò oil out of shale and tar sands, but with diminishing 

marginal returns. The impending scarcity of oil would trigger drastic changes in the modern way 

of life as the human race vies for the worldôs remaining crude. Future alternatives have to be 

secured and developed whilst there are still resources and time to do so, even though no 

alternative energy source or combination thereof now known that can completely replace oil in 

all its many and varied uses, particularly with regard to the concentration of such a large amount 

of energy in such a convenient, easy to handle form for use in mobile machines, such as cars, 

trucks, tractors, airplanes, etc. (Duncan and Youngquist, 1999). 

 But if not oil, how else will the US be able to sustain its economy? Are the concepts of 

energy security and environmental friendliness indeed mutually exclusive? Thankfully no 

pressure is as compelling or as motivating as economic pressure, and there continue to be 

advances in energy productivity and efficiency research. The oil debate has now become as 

timely as ever, with the convergence of economic, energy, and environmental concerns. Quite 

simply, not enough measures are being taken in order to significantly reduce greenhouse gases, 

even as the burden of oil prices weigh heavy on national budgets.  

Implementation of new technologies based on alternative, renewable sources of energy 

must be the next step towards satisfying the demand for energy against concerns for the 

environment. The US Department of Energyôs Alternative and Advanced Fuels Data Center 

recognizes alternative fuels like biodiesel, electricity, ethanol, hydrogen, propane, and natural 

gas (Energy Efficiency and Renewable Energy, 2008). There have also been advances in wind 

turbine design, seeing the spread of wind farms from California to Copenhagen. Competitions 

like the World Solar Challenge in Australia keep pushing the development of cars that run 

exclusively on solar power, pushing the bar in what is possible. Solar thermal plants and 

photovoltaic power stations can be seen in countries like Spain and Germany, whist Portugal 
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and the UK lead in the construction of wave power farms. 

 

The ethanol solution 

 

 One fuel source that is gaining global momentum is fuel ethanol derived from crops, and 

that is why our eyes turn to Brazil, which has arguably the most developed alternative fuel 

infrastructure in the world. Running off domestically produced ethanol from sugarcane 

feedstock, Brazil is seeing a realistic shot at energy independence, a surprise legacy of the 

global oil crisis that dominated the 1970ôs. Being as vulnerable as other nations to the politics 

and economics of oil, the Brazilian government developed an ethanol infrastructure program 

that blossomed under decades of commitment. This report will focus on Brazil as a case study 

for the construction and implementation of a successfully ethanol fuel program. 
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Biology 

Microorganism 

 

 The microorganism of choice for the efficient commercial fermentation of biomass into 

ethanol is Saccharomyces cerevisiae, a type of yeast.  It is a eukaryotic, single cellular 

organism, which means it contains a clearly defined nucleus. Its nucleus is surrounded by a 

nuclear membrane, in which well-defined chromosomes are located. Eukaryotic cells also have 

organelles such as mitochondria (cellular powerhouses), a Golgi apparatus (secretory devices), 

an endoplasmic reticulum (an internal system of canal-like membranes), and lysosomes 

(digestive apparatus within many cell types).2  S. cerevisiae cells are round or ovoid in shape, 

measuring about 5-10 micrometers in diameter, as shown below in Figure 2.1.  

  

Figure 2.1: S. cerevisiae under DIC microscopy 

 

 S. cerevisiae is the key component in fermenting sugars of crops like rice, wheat, barley, 

and corn to produce alcoholic beverages, also in the baking industry to expand, or raise, dough 

                                                           
2
 Encyclopedia Britannica 
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(hence its alternative names such as ñBaker's Yeastò or ñBrewer's Yeastò). Like most fungi, 

yeasts perform aerobic respiration, but when air is absent, they can also produce energy by 

fermenting sugars and carbohydrates to produce ethanol and carbon dioxide.  

 Ethanol or ethyl alcohol is derived from the fermentation of glucose, a monosaccharide 

(or simple sugar). During the fermentation process the yeast convert the glucose initially into 

pyruvate through glycolysis. Pyruvate is converted into acetaldehyde by the action of the 

enzyme pyruvate decarboxylase with the release of carbon dioxide. Acetaldehyde is then 

converted to ethanol by the action of alcohol dehydrogenase. (Kavanaugh, 2005). The total 

reaction can be simplified to 

C6H12O6Ą 2C2H5OH + 2CO2 (-58kcal/mol) 

S. cerevisiae is also known as a top-fermenting yeast because its hydrophobic surface 

causes the yeast flocs to adhere to carbon dioxide and rise to the top of the vessel during 

fermentation. One yeast cell can ferment approximately its own weight of glucose per hour 

(Saccharomyces Genome Database (SGD), 2008), or in other terms, as little as two pounds of 

yeast starter can raise 500 pounds of bread dough (Science@NASA). Under optimal conditions 

S. cerevisiae can produce up to 18 percent (by volume) ethanol (with 15 to 16 percent being the 

norm).  

Along with its many attributes, yeast is also often used as a probiotic because it is 50 

percent protein and is a rich source of B vitamins, niacin, and folic acid (SGD, 2008). Yeastôs 

properties were discovered over its long history, almost as long as human civilization. Yeast 

microbes are also thought to be one of the earliest known domesticated organisms, used for 

fermentation and baking throughout the ages.  Archaeologists found early grinding stones and 

baking chambers for yeasted bread in the ruins of Egypt, as well as drawings for 4,000-year old 

bakeries and breweries. Only since Louis Pasteur have scientists begun to explore the workings 
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of the yeast microbe, and it was Pasteur who first proposed that yeast was responsible for 

raising bread by its production of carbon dioxide, which exerts effort during fermentation 

(Science @NASA, 2008). 

 Although yeast fermentation has always been a part of food production, the 20th century 

saw the beginning of yeastôs applications in energy. With todayôs ever-growing energy needs, 

yeast has broadened its scope from food into fuel production, as the industry keeps striving to 

increase the maximum yield from feedstocks and microorganisms. The performance of the 

microorganism is limited by the factors inherent to an environment that supports ethanol 

production. To protect against bacterial contamination and to keep the yeast batch sterile, the 

slurries are put through high heat, which would unfortunately indiscriminately affect both 

undesirable bacteria and useful fungi. To make matters more complicated, yeast also can only 

tolerate up to a certain concentration of ethanol, after which the concentration becomes too 

toxic for the yeast.  

 Improving the general resistances of yeast would increase yields and make the 

production process more efficient. With higher thermotolerance, contaminating bacteria can be 

minimized and chemical processes expedited with less harm to beneficial yeast.  In yeast 

genes, the heat-shock proteins (HSPs) have been manipulated to protect the microbe against 

extremes of heat and cold (Science@NASA, 2008). When cells are exposed to heat, they 

synthesize HSPs which protect the cells from high temperatures, as well as other toxic agents  

(Lee and Goldberg, 1997) Some HSPs also promote rapid degeneration of abnormal proteins, 

such as damaged polypeptides. The biological community hopes that with more research, more 

than 50 to 100 additional microbes will also provide comprehensive genetic scripts for their life 

cycles, giving a better understanding of how these organisms are able to survive stressful 

environments such as in near-boiling water, deep ice, or even in the core of an active volcano 

vent and nuclear reactors (Science@NASA, 2008). 
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 One way to build resistance is to artificially induce the production of HSPs. For example, 

when yeast cells growing at 25°C are shifted into an intermediate environment to stimulate 

induction of HSPs, such as at 37°C, the fraction of cells able to survive a subsequent exposure 

at 50°C increase substantially. The induction of heat shock response is also believed to protect 

cells against other forms of toxic exposure, such as to ethanol and hydrogen peroxide, and even 

other insults like heavy metals and oxidants (Lee and Goldberg, 1997).  

 A study by Lee and Goldberg (Reference) shows that inhibition of proteasome function 

by MG132 or the ɓ-lactone, thereby preventing rapid degradation of abnormal proteins, causes 

induction of all of the HSPs tested and a dramatic increase in thermotolerance. This is also 

being challenged by some studies that dissociate thermotolerance from induction of HSPs due 

to an absence of clear correlation, despite resulting from the same physiological signals (Lee 

and Goldberg, 1997). Conditions that induce the heat shock response in S. cerevisiae also 

buildup trehalose, in part by stimulating its biosynthesis (Lee and Goldberg, 1997). Furthermore, 

the levels of trehalose, from accumulation upon heat shock to decline with return to normal 

temperature, correlated with the positive change in thermotolerance (Lee and Goldberg, 1997). 

 The key for the ethanol industry would be to further understand these functions in 

laboratory conditions and optimize them for use with microorganism strains in ethanol 

production facilities. Yeast in general is a popular subject of genetic study, since Bakerôs yeast 

is one of the microbes on Earth whose unique genome has been comprehensively deciphered 

(Science@NASA, 2008). This organism has a myriad of biological tools available to it, making it 

easy to manipulate and study in the laboratory. Furthermore, S. cerevisiae is the only microbe 

approved by the US Food and Drug Administration (FDA), making it an attractive organism to be 

used for commercial production of biofuels. 
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Sugarcane feedstock 

 

In Brazil, the most widely used feedstock is sugarcane. Also known by the scientific 

name Saccharum officinarum, sugarcane is a drought-tolerant, tropical and subtropical crop 

(shown in Figure 2.2). It is a highly adaptable crop, able to grow in fine to coarse soil textures, 

with high anaerobic tolerance as well as high hedge tolerance. It has also been reported to 

tolerate anthracnose, bacteria, disease, drought, fungus, herbicide, high pH, heavy soil, laterite, 

low pH, mildew, sodium, pesticide, rust, sand, smut, virus, and waterlog (Science@NASA, 

2008). 
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Figure 2.2: Saccharum officinarum 

Sugarcane contains a high sugar level, a disaccharide (two-sugar) of which 90 percent is 

sucrose and 10 percent glucose or fructose (Wheats et al., 1999), which is useful since yeast 

has an enzyme that breaks down sucrose into glucose. The average extraction efficiency to 

produce cane juice by crushing is approximately 95 percent and the remaining solid residue is 

cane fiber, as known as bagasse. A high growth and after harvest regrowth rate make it a very 

economical crop to produce, and is used to make products such as cane sugar, cane syrup, 

molasses, wax, rum, mulch and livestock feed. Different parts of the sugarcane are extracted 

then separated into order to convert it into its various utilities. 

 

Components of sugarcane bagasse 

 

 Apart from the sugarcane juice itself, there have also been developments in creating 

ethanol from sugarcane bagasse. Bagasse is a source lignocellulosic material (this is commonly 
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known as biomass).  Lignocellulosic materials contain certain percentages of lignin, cellulose, 

and hemicellulose.  The lignin, cellulose, and hemicellulose are contained in the cell walls of the 

sugarcane bagasse.  The amount of cellulose, lignin, and hemicellulose contained in the 

biomass is dependent on the type of feedstock.  In sugarcane bagasse, the composition varies 

but is approximately 45 percent cellulose, 26 percent hemicellulose, and 14 percent lignin 

(Rossell).  In general, lignin surrounds interwoven strands of cellulose and hemicellulose.  Both 

the cellulose and the hemicellulose can be used for production of ethanol because they are 

complex carbohydrates that can be broken down into fermentable sugars with the addition of 

water.  With current technology, however, lignin cannot be used to produce ethanol. Table 2.1 

shows a comparison of the lignocellulosic compositions of various agricultural byproducts.  
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Table 2.1: Percentages of lignin, hemicellulose, and cellulose for different lignocellulosic 

materials (Lee, 2005). 

 

   On a molecular level, celllose is comprised of many covalent bonds, as shown 8in 

Figure 2.3. 
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Figure 2.3: Molecular structure of cellulose.  The solid lines are covalent C-H, C-O, or O-H 

bonds.  The dashed lines are O-H hydrogen bonds between groups of molecules (Chaplin). 

 

Cellulose comes in two varieties: amorphous and crystalline. The difference between 

amorphous and crystalline cellulose is the spacing between C6H10O5 groups.  Crystalline 

cellulose is more closely packed than amorphous cellulose, which makes crystalline insoluble in 

water as opposed to amorphous which is soluble.  Hydrolysis also takes longer with crystalline 

cellulose than amorphous.  Typically, crystalline cellulose is surrounded by amorphous 

cellulose.  Once the hydrogen bonds are broken, the simple glucose molecules can form, which 

can be used by S. cerevisiae for fermentation.    

 

Ethanol from cellulose  

 

 Producing ethanol from lignocellulosic wastes, such as sugarcane leaves and bagasse, 

has garnered plenty of major research attention because of their abundance and great potential 

for conversion into sugars and other fuels. Putting more research into various S. cerevisiae 

strains can be used to ascertain the optimal strain and parameters to be used in particular 
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applications, such as direct conversion of ethanol from cane juice or conversion of bagasse into 

ethanol.  

Using the simultaneous saccharification and fermentation (SSF) process would increase 

ethanol output by minimizing product inhibition as well as eliminating separate reactors for 

saccharification and fermentation (Krishna et al. 2001). SSF is the combination of cellulose 

hydrolysis and fermentation into one step. The ethanologenic organism immediately consumes 

glucose produced by the hydrolysis, and only very low levels of cellobiose and glucose are 

observed in the system. This reduces the cellulase inhibition, which in turn increases sugar 

production rates, concentrations, and yields, and decreases enzyme loading requirements. 

Hydrolysis and fermentation are performed in the same bioreactor, saving on capital costs. As 

an added benefit, the presence of ethanol during hydrolysis reduces the likelihood of 

contamination, especially in the continuous operations of commercial interest (Wyman, 1996). 

 On the down side, SSF operation has been identified as the major contributor (>20 

percent) to the cost of creating ethanol from biomass, as well as having the main disadvantage 

of having different optimum temperatures for saccharification (50°C) and fermentation (35°C). 

The upside is that sugarcane has been specifically identified as a potential cellulosic substrate 

(Krishna et al., 2001), and that using the leaves of sugarcane (the agro-residues burnt after 

harvesting the crop) could aid in furthering pollution abatement.  
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Figure 2.4: Typical cell wall structure.  The cellulose and hemicellulose are interwoven in 

between the layer of lignin on the outside (Sigma-Aldrich Co, 2008a). 

 

 The next lignocellulosic component is hemicellulose. Hemicellulose is a polysaccharide 

similar to cellulose.  Hemicellulose is usually interwoven in between the strands of cellulose in 

the plantôs cell wall and acts like glue between the cellulose and lignin (Bon and Ferrara, 1996), 

as shown in Figure 2.4.  It consists of anywhere from 300 to 3000 linked sugar molecules, 

making it much smaller than cellulose.  Hemicellulose can be broken down into simple, 

fermentable sugars similar to cellulose.  The main difference between cellulose and 

hemicellulose is that hemicellulose breaks down into sugar molecules that contain five carbon 

atoms such as xylose (the most abundant sugar in hemicellulose) as opposed to cellulose that 

breaks down into six carbon sugars such as glucose.  Hemicellulose does not have the strength 

that cellulose has which makes it easier to break it down into simple sugars.  This is partially 

because hemicellulose is almost always found in an amorphous state. All in all, hemicellulose is 

also useful, with industrial uses for cellulose and hemicellulose including use in food products, 
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adding a smooth texture because hemicellulose is water-soluble. Figure 2.5 shows another part 

of hemicellulose containing  C5 xylan connected together.   

 

Figure 2.5: A portion of the chemical make-up of hemicellulose.  Hemicellulose has a different 

chemical structure depending on the part of the hemicellulose that is observed.  This section is 

a group of C5 xylan connected together.  After hydrolysis, this portion of hemicellulose becomes 

xylose, which can be fermented into ethanol (Sigma Aldrich Co, 2008b). 

 

 Finally there is lignin, which is still very useful despite its lack of participation in ethanol 

production. Lignin is the boundary that encases the hemicellulose and the cellulose on the 

outside of the cell wall.  Lignin keeps everything together while ensuring that the cell walls are 

hard.  Unlike hemicellulose and cellulose, lignin is not a carbohydrate.  This means that it 

cannot be converted into ethanol by any means.  Lignin resists growth of microorganisms and 

degradation from chemical or biological processes (Bon and Ferrara, 1996). The chemical 

structure of lignin is very complex and unordered, as shown in Figure 2.6.  Next to cellulose, 

lignin is the most abundant renewable resource on this planet.  Over 50 million tons of lignin is 

produced in paper processing mills alone (van Dam et al, 2008).  Lignin burns very well, and so 
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distilleries burn the lignin to produce energy.  Other uses for lignin include wood adhesive, UV 

stabilizer and coloring agent, biopolymer additive, surfactant, uses in radical technology, and 

durability enhancement (because of the hardness nature of lignin) (van Dam et al, 2008).  

 

Figure 2.6: Chemical structure of lignin.  Its amorphous structure and abundance of benzene 
rings allow it to be elastic while keeping its strength (van Dam et al, 2008). 

 

Technologies 

 

To keep pricing competitive, companies strive in order to make the production of ethanol 

more efficient and cost-effective, reducing the energy used in the process, as well as production 

costs and residual emissions. New technologies are constantly being developed and employed 

to ensure maximum returns. This can be within anywhere from improving production plant 

logistics (location of processing vats, delivery schedules etc.), to discovering more efficient 
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processes (better fermentation, distillation etc). In terms of biological components, the two most 

important parts are the a) feedstock from which the starch or sugar is converted to ethanol, and 

b) the microorganism itself that performs the breakdown of sugars into ethanol and carbon 

dioxide. The scientific research community has generated a few possible techniques to 

incrementally increase yields, such as those outlined in the following pages.  

 

Immobilization of the microorganism 

 

 One method that could improve ethanol yield is the immobilization of the microorganism. 

Using microorganism cells immobilized onto a solid material seems to have many advantages 

over free cells, and there are even studies of ethanol production by fermentation using 

immobilized Saccharomyces sp. (Wendhausen et al., 2001). Fermentation profiles indicate that 

immobilized cells are more effective in ethanol production. Chrysotile, a magnesium silicate 

abundant in central Brazil, seems to be suitable for use as support for Saccharomyces sp. 

(Wendhausen et al., 2001).  Table 2.2 details experimental results showing a marked 

improvement in ethanol yields, using immobilized yeast cells against free cells, in all but the 

lowest glucose concentration. 
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Table 2.2: Fermentation yields using free and chrysotile immobilized yeast cells, at different 
glucose concentrations at 30 C (Wendhausen et al., 2001) 

 

 Table 2.3 shows that all studied Saccharomyces sp. strains show higher initial 

fermentation rates when supported onto chrysotile. Since sugarcane fermentation industries use 

a 20 percent sucrose solution in a free cell fermentation system, continuous fermentation cycles 

may improve upon the current (batch) industrial process, given that final ethanol conversion was 

higher with the same glucose concentrations.  

 

Table 2.3: Fermentation data of several S. cerevisiae strains free (F, 0.60 g) and immobilized 
onto chrysotile (I, 0.60 g/1.00g) on 30 percent glucose at 30°C (Wendhausen et al., 2001) 
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 Other interesting studies (such as de Vasconcelos et al., 2004, and Wendhausen et al., 

2001) suggest immobilizing yeast cells in order to produce continuous fermentation of 

sugarcane syrup, and continuous production of ethanol. Continuous cycle fermentation involves 

cultivating yeast under steady conditions and maintaining it at a particular stage of its growth 

cycle. Adding nutrients and extracting byproducts (like ethanol and carbon dioxide) at an equal 

rate keeps a constant reaction volume (Kavanaugh, 2005). The downside of continuous cycle 

fermentation is that is has traditionally been difficult and expensive to establish for fungi, 

although it is now routinely employed in producing mycoprotein and antibiotics. 

In summary, cell immobilization ensures that a high cell density is maintained and that 

cells are not washed out of the bioreactor, reducing opportunity for contamination and removing 

growth inhibition due to the production of a toxic metabolite, such as ethanol. A disadvantage of 

immobilization is that fungal cell viability decreases over time and the immobilization system 

could break down over time (Kavanaugh, 2005). Further studies would have to be done in order 

to maximize the ethanol yields while keeping costs low.  

There are also other possible options available via bed reactors such as packed and 

suspended bed reactors. Continuous packed bed reactors are the most widely used reactors for 

immobilized enzymes and immobilized microbial cells (Rensselaer Polytechnic Institute, 2008). 

Although studies show that packed bed reactors can be assembled using cells immobilized onto 

chrysotile and have higher productivity than batch and semi-continuous systems (Wendhausen 

et al., 2001), this type of reactor is not suitable for scaling up to industrial volumes. For scaling 

up, there is a need to test this support in suspended bed reactors. 

Aside from improving the way S. cerevisiae produces ethanol, there are other 

challenges, one of them being S. cerevisiae  sensitivity to heat. Although S. cerevisiae has been 
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traditionally used to produce ethanol, there are studies that show that perhaps other organisms 

that could be more efficient converters of glucose to ethanol.  

 

Overcoming heat 

 

  Because of the tropical or subtropical requirement for sugarcane growth, and the 

necessity to have processing facilities nearby in order to minimize travel costs and energy 

expenditure, tropical fermentation technologies in particular must be constantly developed to 

overcome vulnerabilities to heat. Conventional industrial yeast strains such as S. cerevisiae 

have limited thermotolerance and have some trouble with fermentation in tropical areas. The 

high ambient temperatures, especially in the summer months, combined with the exothermic 

fermentation reaction would inhibit the ability of yeast to ferment efficiently.  Heat-tolerant 

contaminating bacteria and low-ethanol producing wild yeast strains might also contaminate the 

batch and compete with the commercial strain at such temperatures. Tropical fermentation 

technologies, specifically ethanol conversion by yeasts, must therefore be capable of high-

efficiency substrate conversion above 40°C (Anderson et al., 1985). The distinct advantages of 

high-temperature (40- 50°C) yeast fermentation include faster rates of substrate conversion and 

ethanol formation, easier ethanol recovery, and considerable savings on capital and running 

costs of refrigerated temperature control (Anderson et al., 1985). On the other hand, it is 

accepted that higher temperatures increase the inhibitory effects of ethanol. With these 

considerations in mind, it might be worth identifying possible alternative microbes that could 

perform efficient fermentation at high temperatures. 

  Strains of Kluyveromyces, Candida and Saccharomyces have been seen to be effective 

in glucose fermentation at 40°C; although a major drawback was that high concentrations of 

ethanol (6-7 percent w/v) was only achieved after fermentation for 48 to 72 hours (Anderson et 
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al., 1985). In a study done by Anderson, McNeil, and Watson (Reference), a number of yeast 

strains were isolated from sugarcane mills and were identified as strains of Kluyveromyces 

maxianus var. maxianus and then studied for their ethanol-production capabilities at high 

temperatures.  

 The results of a study (Anderson et al., 1985) in the Table 2.4 identify K. marxianus var. 

marxianus strains 972 and 974 as producing the greatest theoretical yield with glucose and 

dilute sugarcane syrup as substrates, as well as falling within the basic criteria for effective 

commercial utilization.  
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Table 2.4: Fermentation screen of various strains in order of decreasing ethanol production after 
24 hours (Anderson et al., 1985) 

 

Both aforementioned K. marxianus var. marxianus strains were able to ferment 

carbohydrates into ethanol at above 40 C, and rapidly producing >6 percent (w/v) ethanol after 

12 h, with a high retention of cell viability (>80 percent viable cells) (Anderson et al., 1985).  

Both of these naturally occurring Kluyveromyces sp. strains were capable of fermentation of 

carbohydrates into ethanol at temperatures up to 47°C, which is close to the upper temperature 


