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ABSTRACT 

In the present work it is evaluated the possibility of incorporating the production of hydrogen 

through the steam reforming of ethanol in a sugar-ethanol plant. The analysis is made using as a model 

an existing plant located in São Paulo, the Pioneros Distillery. 

An energetic and exergetic analysis is performed. Three operating scenarios were analyzed. In 

the first configuration the plant only generates electricity to supply its internal needs. In a second 

scenario the plant uses all the bagasse to generate electricity, targeting to sell electric power. Finally it 

was considered the possibility to incorporate the hydrogen production by ethanol steam reforming. The 

capacity of the plant to produce hydrogen is evaluated. The surplus bagasse is used to generate the 

electricity and thermal energy required for hydrogen production. A part of the anhydrous alcohol is 

used in the reformer for hydrogen production. 

An energetic study of the plant is developed based on the first law of thermodynamics. Some 

important parameters related to the thermal system performance are evaluated like: steam consumption 

in the process, specific consumption of steam turbines; and those properly related to plants of sugar-

ethanol sector as: electrical or mechanical power generated from one ton of sugarcane and power 

generated from a given amount of bagasse burned in the boiler. It is considered the possibility of 

generating electricity using bagasse, which could be sold to the local energy concessionaire. 

Characteristic parameters of a cogeneration system (α and β) are also evaluated, these parameters 

depend on the characteristics of the thermodynamic system and the operating strategy.  

The system energy losses, excluding those located in the boiler and the electric generator, are 

higher in scenario 2 than in scenario 1. The efficiency is 70% in Scenario 1 and 57% in scenario 2. 

In scenario 3, the plant's potential for hydrogen generation is 4,467,000Nm3/year (951Nm3/h). 

To achieve this, the new process uses 7 % of the anhydrous ethanol produced in the plant, which 

implies a surplus of 37 lethanolanhydro/tcane available for sale. In this configuration all the bagasse is used 

for electricity and heat generation required for the hydrogen production. 

The hydrogen could be used for fuel cell vehicles. The plant is able to supply 68 buses with 

autonomy of 200 to 300 km per day. 

The incorporation of the hydrogen production process by steam reforming represents an 

attractive alternative to the sugar-alcohol sector.  
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SAMMANFATTNING 

Syfte med arbete är att evaluera framställning av vätgas i etanol industrier genom reformering av 

etanol. Pioneros distillery, som ligger i São Paulo tas som modell för studie.  

En energetisk och exergetisk analys genomförs. Tre scenarier analyseras. I den första 

konfigurationen producerar anläggningen enbart el för sin egen förbrukning.  I ett andra scenario 

används all bagass för elproduktion med syfte att sälja elektricitet. Slutligen analyseras möjlighet att 

inkludera vätgas produktion genom etanol ångreformering. Kapaciteten i anläggningen för att 

producera vätgas evalueras. Bagass överskottet används för att producera el-och värme energi för 

vätgas produktionen. En del av vattenfri etanol används i reformer för vätgas framställning.  

En energetisk analys av anläggningen baserad på termodynamikens första lag genomförs. Det 

utvärderas viktiga parametrar relaterade till den termiska prestanda som: ångförbrukningen i processen, 

specifika förbrukningen i ångturbiner samt andra specifika parametrar för socker-etanol industrier som 

elektrisk och mekanisk energi som genereras från ett ton sockerrör och energi som produceras med en 

viss mängd bagass.  Möjligheten att producera enbart el med bagass med syfte att sälja elektricitet 

analyseras. Karakteristiska parametrar för ett kraftvärme system (α och β) också utvärderas.  

Systemet energi förluster, med undantag av energiförluster i pannan och vid el-generering, är 

högre i scenario 2 än i scenario 1. Verkningsgraden är 70 % I scenario 1 och57% I scenario 2. 

I scenario 3, är anläggningens kapacitet för vätgas framställning 4 467 000 Nm3/år (951 Nm3/h) 

För detta används 7 % av vattenfri etanol som produceras i anläggningen, vilket innebär en överkott på 

37 lvattenfri etanol/tsockerrör  tillgängligt för försäljning. I denna konfiguration används hela bagass för el och 

värmeproduktion för vätgas framställning. 

Vätgasen kan användas i bränslecellsfordon. Anläggningen kan producera vätgas som skulle 

räcka för 68 bussar som kör 200 till 300 km per dag.  

Framställning av vätgas genom ångreformering av etanol är ett attraktivt alternative till socker-

etanol industrier. 
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1. OBJECTIVES 

In the present work it is evaluated the possibility of incorporating the production of hydrogen 

through the steam reforming of ethanol in the ethanol industry. The analysis is made using as a model an 

existing plant located in São Paulo, the Pioneros Distillery. The study is based on information available at 

the Fiomari (2004) master dissertation, which specifies the production data and energy parameters of the 

system corresponding to a hypothetic configuration for the 2005/2006 harvest. 

As a first step an energetic study of the plant is developed based on the first law of 

thermodynamics. Some important parameters related to the thermal system performance are evaluated 

like: steam consumption in the process, specific consumption of steam turbines; and those properly related 

to plants of sugar-ethanol sector as: electrical or mechanical power generated from one ton of sugarcane 

and power generated from a given amount of bagasse burned in the boiler. In this stage it is considered the 

possibility of generating electricity using bagasse, which could be sold to the local energy concessionaire. 

Characteristic parameters of a cogeneration system (α and β) are also evaluated, these parameters depend 

on the characteristics of the thermodynamic system and the operating strategy. 

Finally we evaluate the possibility of incorporating to the system the hydrogen production process; 

an ethanol reformer capable of producing 1 Nm3 of hydrogen per hour is incorporated into the system in 

order to generate the gas. The reformer uses as input thermal power, electric power and anhydrous 

ethanol, which should be provided by the sugar-ethanol plant. The excess of bagasse would provide the 

electric and thermal energy necessary for the new process, so from the available bagasse of the plant is 

calculated the maximum volume of hydrogen that can be generated.  

This work is performed in cooperation with Tulio Colombarolli. Both Tulio Colombarolli and Justo 

Roberts use the Pioneros Distillery in São Paulo as model for the analysis of production of hydrogen in the 

plant.  This work focuses on energetic aspects related with the incorporation of the hydrogen production. 

The work of Tulio Colombaroli focuses on environmental aspects. 



 12

2. INTRODUCTION 

Global warming is caused mainly by burning fossil fuels (oil, diesel, gasoline, etc.) that emit 

millions of tons of pollutants. Also, the certainty that these fuels are not renewable sources of energy 

encourages the research in the field of clean energies. In this context, hydrogen is being presented as an 

attractive alternative. However hydrogen is not found naturally in pure state, and the various methods for 

obtaining it, consume energy. Therefore, if the goal is to obtain a fuel with the lowest "environmental 

cost" as possible, it is necessary to generate cleanly and inexhaustible hydrogen, which represents a major 

obstacle. 

Researchers have helped to develop technologies that strengthen the use of this extraordinary source 

of energy and thus lowering costs, with de objective of producing hydrogen in large quantities in order to 

compete with traditional energy sources. The main methods for obtaining hydrogen that scientists are 

developing at lower cost consists of separate hydrogen from a hydrogen source such as fossil fuels or 

water, but vary greatly in the way hydrogen is extracted. 

Today, about half of world hydrogen production comes from natural gas, and most of the industrial 

scale production derives from the steam reforming process, or as a byproduct of petroleum refining and 

chemicals production. 

The process of steam reforming of alcohols, in this case ethanol, have proven to be more viable 

every day in Brazil, because the country is a major ethanol producer, dominating the production and 

distribution of alcohol fuel. 

Considering this possibility, the actual process of a sugar-ethanol plant would be modified, starting 

to produce besides sugar, ethanol and anhydrous ethanol (pure ethanol), hydrogen. It thus becomes 

necessary to perform an energy analysis of the new process to allow the development of sugar-ethanol 

industry and the Brazilian energy sector. 
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3. LITERATURE REVIEW 

3.1. Some historic data from the sugar-ethanol sector 
The sugar cane was brought to America by Christopher Columbus on his second trip to this 

continent, introduced in the region where today is the Dominican Republic. 

However, with the possibility of mining gold and silver in the recently dominated land, the Spanish 

decided to abandon the sugarcane farming, preferring to concentrate efforts on obtaining these ores. 

On the other hand, the Portuguese, after an initial period of little interest in Brazil's newfound 

occupation, saw the cultivation of sugar cane as a way of occupation of the territory that suffered the 

threat of increasingly frequent raids by English and French, besides generating revenue to maintain 

possession of the colony (ENSINAS, 2008). 

 In 1525, only 25 years after the discovery of Brazil, Martim Afonso de Souza introduced the 

sugarcane in Brazil. Beginning with one of the most successful business in the Brazilian history with 

products coming from the sugar-alcohol industry. 

The sugarcane began to be used as animal feed and, increasingly, for food production, especially 

sugar. Seven years later, it was created the first sugar mill in São Vicente in the State of São Paulo, and in 

1535, the first northeast mill, in the city of Olinda, in the State of Pernambuco. 

In the XVII century, sugar cane expands in areas with suitable soils and constitutes the main 

economic activity in the country. The product is consolidated as a major export product, with no 

competitor to match. In 1650, comes up the production of sugar from sugar beet. Even so, sugarcane 

remains with position of international prominence, with a share exceeding 90% of world production. The 

Tab. 1 presents one hundred years of world production of sugar made from cane and sugar beet, broken 

down by decades, beginning in 1840. 
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Table 1. World production of sugar from sugarcane and sugar beet, 1840 – 1940, in thousand 

metric tons (MOURA FILHO, 2003) 

Year Sugar from Sugarcane % Sugar from sugar beet % Total 
1840 773 94 48 6 821 
1850 1,046 87 159 13 1,205 
1860 1,364 79 352 21 1,716 
1870 1,662 64 939 36 2,601 
1880 1,881 50 1,857 50 3,738 
1890 2,600 41 3,680 59 6,280 
1900 5,285 47 6,006 53 11,291 
1910 8,198 49 8,668 51 16,866 
1920 12,023 71 4,906 29 16,929 
1930 16,023 57 11,911 43 27,934 
1940 18,245 61 11,684 39 29,929 

3.2. Worldwide production of Sugarcane 
In 2007, Brazil produced 514 million tons of the 1,558 million produced worldwide, which placed 

the country as the largest global producer of sugarcane, with 33% of production followed by India and 

China, see Fig .1. 

30%

3%

4%

7%

23%

33%

Others

Mexico

Thailand

China

India

Brazil

 

Figure 1. Leading worldwide producers of sugarcane in 2007 (TÁVORA, 2011) 

  In terms of planted area, the order is similar: Brazil leads with 6.7 million hectares (30%), 

followed by India with 4.9 million hectares (22%) and China with 1.2 million hectares (5%), see Fig. 2. 
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Figure 2. Ranking of countries for sugarcane planted area, 2007 (TÁVORA, 2011) 

However, by observing the productivity for the year 2007, China is left with 86.1 t/ha, Brazil with 

77.6 t/ha and Mexico with 74.5 t/ha (see Fig. 3). 
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Figure 3. Productivity of the leading worldwide sugarcane producers, in t/ha, 2007 (TÁVORA, 2011) 

3.3. Worldwide production of Sugar 
In 2007, world production was 166.3 million tons (see Tab. 2). That year, Brazil was the world’s 

largest sugar producer with 33.2 million tons (20% of global production), followed by the European Union 

with 29.1 million tons (17.5% of global production) and China with 18.5 million tons (11.1% of global 

production). 
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Table 2. World sugar production, in millions of tons (TÁVORA, 2011) 

Country Year 2007 Shear 
Brazil 33.20 20.0% 
European Union 29.09 17.5% 
China 18.45 11.1% 
India 13.90 8.4% 
USA 7.15 4.3% 
Mexico 7.68 4.6% 
Australia 5.42 3.3% 
Thailand 4.63 2.8% 
Pakistan 4.36 2.6% 
Cuba 1.19 0.7% 
Others 41.23 24.8% 
Total 166.30 100.0% 

The main consumer of sugar in 2007 was India with 20.9 million tons, followed by the European 

Union and Brazil with 19.3 million tons and 13.8 million tons, respectively (see Tab. 3). 

Table 3. Leading sugar consumers, in millions of tons (TÁVORA, 2011) 

Country 2007 Shear 
India 20.88 13.2% 
European Union 19.31 12.2% 
Brazil 13.82 8.8% 
USA 12.47 7.9% 
China 9.11 5.8% 
Russia 6.50 4.1% 
Mexico 4.94 3.1% 
Pakistan 4.40 2.8% 
Indonesia 4.25 2.7% 
Japan 2.45 1.6% 
Others 59.57 37.8% 
Total 157.70 100.0% 

The major sugar exporters were Brazil with 42% of the world market, followed by Thailand and 

Australia with 9.7% and 8.0% respectively of the global market (see Tab. 4). 
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Table 4. Leading exporters of sugar, in millions of tons (TÁVORA, 2011) 

Country 2007 Shear 
Brazil 20.53 42.1% 
Thailand 4.74 9.7% 
Australia 3.91 8.0% 
India 2.73 5.6% 
Guatemala 1.50 3.1% 
Cuba 0.54 1.1% 
Colombia 0.56 1.1% 
South Africa 0.70 1.4% 
European Union 1.62 3.3% 
Turkey 0.04 0.1% 
Others 11.94 24.5% 
Total 48.82 100.0% 

3.4. Worldwide production do Alcohol 
An expected shortage of fossil fuels sometime in the future, increasing energy demand due to global 

growth and the growing concern with environmental issues and global warming have led countries to seek 

new sources of energy. In this context, one of the most triumphant initiatives with worldwide recognition 

is the production of biofuels, especially ethanol. 

In about 22 countries worldwide there are programs for using alcohol fuel and 18 others have 

programs under implementation. In Tab. 5 it can be seen the ethanol demand for the year 2007. 

Table 5. World demand of ethanol, 2007 (TÁVORA, 2011) 

Country Quantity (billions of liters) Ethanol fuel Mixture (%) 
USA 57.0 No limit 
Brazil 27.0 20 a 25 
EU 22.0 10 
China 4.8 10 
Australia 2.1 10 
Japan 1.8 3 
Venezuela 1.5 10 
India 1.1 10 
Thailand 1.0 10 

The production for the year 2008 is still far from meeting the projected demands in the case of 

public policies proposed by the countries, are in fact, effective. According Tavora (2011), the global 

ethanol production for 2008 was 67 billion liters (see Table 6). As a trend, it is expected that ethanol 

production continues to grow for years to come. 
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Table 6. World production of ethanol, in billions of liters, 2008. 

Country Production (billions of liters) Shear (%) 
USA 34.0 51.0 
Brazil 27.0 40.5 
China 1.9 2.8 
France 1.2 1.8 
Canada 0.9 1.3 
Germany 0.5 0.7 
Spain 0.4 0.6 
Thailand 0.3 0.4 
Others 0.5 0.7 
Total 67.0 100 

It is estimated that current world demand for this fuel is about 120 billion liters; the United States of 

America (USA), Brazil and the European Union (EU) are the highest applicants with 57, 27 and 22 billion 

liters, respectively. Brazil adds more than 10% ethanol to gasoline (theoretically limited at 20% and 25%). 

If the addition parameter changes, the demand can be drastically altered. 

Brazil exported about 4.2 billion liters in 2008 (17% of total production). It is expect that in 2017 

the export would be the double. (Valor Econômico, 2008). 

3.4.1. Alcohol production in Brazil, establishment of the PROÁLCOOL program 
In 1975, the National Alcohol Program (Programa Nacional do Álcool - PROÁLCOOL) was 

created, whose main ambition is to replace the gasoline-powered vehicles by others running on ethanol. 

The slogan "o álcool é nosso" (Alcohol is our) turned into strategic national dream thereafter. It is 

important to remember that the country's trade deficit was around U$D 3 billion and imports of oil 

consumed about 47% of the currency from the exportations (TAVORA, 2011). The program also tried to 

relieve the problems of balance of payment. 

In 1977, begins the addition of 4.5% ethanol to gasoline. That would be a definite contribution of 

alcohol to people's health. Through use of alcohol, which is added to gasoline, it might be possible to 

completely replace tetraethyl lead (Pb (C2H5)4), which was used to increase the octane of gasoline and as 

anticorrosive in engines. In 1979, the second global crisis of oil breaks out. Then, after a linear trend of 

increase, the average value per barrel of oil increased from U$D 18.36 in 1979 to U$D 30.72 in 1980 and 

reached U$D 36.59 in 1981 (see Tab. 7), a surprising increase of about 100%. Brazil, which was already 

juggling fell of the rope, suffered this hard hit in its matrix cost. 
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Table 7.  Price of Brazilian imported oil, 1973-1984 (GUSMÃO, 1985) 

Year Price 
1973 3.88 
1974 12.55 
1975 12.27 
1976 12.97 
1977 13.51 
1978 13.65 
1979 18.36 
1980 30.72 
1981 36.59 
1982 35.25 
1983 31.93 
1984 30.50 

As a result, cars powered by hydrated-alcohol (alcohol as fuel) begin to be used on a large scale 

across the country. Furthermore, the addition of 15% of anhydrous ethanol to gasoline becomes 

mandatory. In July 1979, it was released in the domestic market the first alcohol-powered car, the Fiat 

model 147. Quickly, other automakers began to feed the market with this new option. In 1980, the first 

biodiesel-powered bus traveled 300 km with good results. 

In 1980, based on the analysis of the initial phase of the PROÁLCOOL, the Ministry of Industry 

and Trade reported that the goal of producing 3.0 billion liters for 1980 (see Tab. 8) was reached and that 

the addition of 20% of anhydrous alcohol was already a reality in almost all the country. 

Table 8. Evolution of ethanol production in Brazil, 1975-1980, in billions of liters (TÁVORA, 

2011) 

Harvest Production Growth (%) 
75/76 0.6 - 
76/77 0.7 17% 
77/78 1.5 114% 
78/79 2.5 67% 
79/80 3.6 44% 
Total 8.9  

In 1985, 92% of cars sold in Brazil ran on hydrated ethanol and the mixture of anhydrous ethanol 

with gasoline reached 22%. It seemed that Brazil would follow firm accordingly. The facts were 

encouraging so far, even one of their biggest obstacles, the famous alcohol account, was positive. Data 

form Guzman (1985) indicated that between 1978 and 1985, considering only the fuel market, the balance 

was U$D 5.83 billion. 

 

 



 20

3.4.2. Collapse of PROÁLCOOL 
All the intended goals were achieved by PROÁLCOOL, however, since 1986 with the decline in 

international oil prices (reaching less than U$D 15 per barrel in 1987), it began to be questioned due to 

several factors. Among which we can highlight: the high cost of the program; the expansion of planting 

sugarcane at the expense, sometimes, of agricultural spaces occupied by other food crops; the fact that 

alcohol is not totally a replace for petroleum, and the fact that generated gasoline surplus of difficult 

commercialization, since the international market offered lower prices (FIOAMARI, 2004). 

In 1986, when PROÁLCOOL began to be questioned, the production of alcohol powered cars 

reached the mark of 76% of all cars produced in Brazil (considering ethanol engines, gasoline and diesel). 

This number reached its maximum of 92% in the late 80's. Thereafter, this percentage has been falling 

gradually reaching 0.06% in 1997, when the number began to grow again (UNICA, 2004). 

In 1988, began the end of state intervention in the sugar-alcohol sector, which was followed by 

elimination of regulatory practices in sugar exportation, quotas and any other intervention. This process is 

only complete in 1999 with the total release of prices and services control of the sugar-alcohol sector. 

In 1990, in a context of drastic cost reduction of the state, the Institute of Sugar and Alcohol 

(Instituto de Açúcar e Álcool - IAA) was extinguished and the quotas on domestic commercialization were 

removed. 

3.4.3. Alcohol fuel rebirth and growth of Cogeneration importance 
In 1992, takes place in the city of Rio de Janeiro, the United Nations Conference on Environment 

and Development, also known as Rio '92 or Eco '92, whose main goal was to seek ways to reconcile 

economic development with conservation and protection of Earth's ecosystems. Many documents arises 

from this conference, from the principles for the preservation of forests, to the formulation of policies on 

biodiversity, desertification and climate change, in particular, the Agenda, a sort of guide to developing all 

policies aimed at preserving the environment. The debate over global warming and deforestation began to 

gain momentum in the international scenario. 

The overhaul of energy systems and the international pressure to reduce CO2 emissions put again 

into focus the old familiar Brazilian ethanol. Academic disputes on their effectiveness in reducing 

emissions surfaced again in Brazil (TÁVORA, 2011). 

In 1993, through a specific legislation, the mixture of 25% ethanol in gasoline becomes mandatory. 

Meanwhile, the country was going through a good moment in the international sugar market. Hydrated 

alcohol continued to be relegated to the launch of flex fuel vehicles. 



 21

By 2003 flex-fuel vehicles, that can run either on ethanol or on gasoline in any mixing ratio, reach 

the market and cause great changes. 

Brazilian consumers show economic rationality and environmental consciousness as they massively 

adhere to the new option. In 2008, approximately 92% of cars sold in Brazil were already biofuels, 

accordingly to the data of the National Association of Automobile Manufacturers (see Tab. 9). 

Table 9. Flex-fuel vehicles sells development in Brazil, 2003 – 2008 (TÁVORA, 2011) 

Year Sells of flex-fuel vehicles Total sells Shear 
2003 48,178 1,237,021 3.9% 
2004 328,379 1,457,274 22.5% 
2005 812,104 1,541,494 52.7% 
2006 1,430,334 1,748,758 81.8% 
2007 1,995,090 2,240,857 89.0% 
2008 2,329,247 2,546,352 91.5% 

In a positive context, the sugar-ethanol industry, which had been producing food and beverage, 

liquid and granular sugar, anhydrous and hydrated alcohol (including those for household use), and other 

byproducts of chemical processing, starts to produce bioelectricity from sugarcane bagasse. 

In 2008, the mixture of diesel with 2% biodiesel is launched, the so called B2, and was held in São 

Paulo. In July 2009, the country adopts the B4 (diesel with 4% of biodiesel), and in January 2010, enters 

the market the B5 (diesel with 5% biodiesel). With this measure, the Government advances the goal of the 

year 2013 and gives signals of interest to increase the use of renewable fuels. Biodiesel production for 

2010 in Brazil was estimated at 2.4 billion liters (at an average consumption of around 45 billion liters of 

diesel) (TÁVORA, 2011). 

4. HYDROGEN 

The energetically alternatives to replace or complement the currently used sources has been a 

constant challenge for scholars and researchers. Due to its large energy capacity (LHV = 119.950 kJ/kg) 

and because it offers a significant reduction in emissions of greenhouse gases, the hydrogen is presented 

as a good alternative. Hydrogen may be produced at large-scale central locations and then transported to 

multiple end use destinations.  Alternatively, it can be produced on-site at small-scale decentralized 

locations closer to the point of use. 

However this element is not found as primary energy source, then, it must be obtained from 

processing of fossil fuels such as hydrocarbons, or non-fossil fuels such as biomass or water. The method 

to obtain hydrogen varies with the availability of staple, the amount of hydrogen required and accordingly 
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with the required purity. About 95% of the hydrogen we use today comes from processing natural gas.  

The remainder is produced using electrolysis.  

4.1. Main Hydrogen production methods 
 Electrolysis 

Electrolysis uses electricity to break water into hydrogen and oxygen by passing an electric current 

through it. This process is known for over 100 years. Its operation consists of two electrodes, a negative 

(anode) and a positive (cathode) that are immersed in pure water, to which an electrolyte is applied, such 

as a salt, to increase conductivity and improve the efficiency of the process. Electrolysis hasn't been 

widely used because the cost of electricity used in the process prevents it from competing with the process 

of steam reforming of natural gas and in the future with ethanol. The electricity can cost three to four 

times more than natural gas steam reforming. (NETO, 2005). 

 

Figure 4. Schematic of  Electrolysis hydrogen production (BY EXAMPLE, 2011)  

 Biomass Gasification and Pyrolysis 

The plants through photosynthesis capture sunlight and transform it into chemical energy. These 

organic sources are called biomass. This energy can be converted into electricity, fuel or heat, through 

processes such as gasification and pyrolysis. Pyrolysis is the decomposition by heating at high 

temperatures, which takes place in the detachment of liquid and gaseous. This liquid, in the biomass 

pyrolysis, is known as (bio-oil) and can be decomposed or transformed into other products, including 

hydrogen. 
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It can be mentioned the following advantages of this process: (1) The residual ashes and the carbon 

remain in the gasifier, thereby reducing the emission of particulates. (3) The resulting fuel is cleaner and, 

in most cases there is no need for pollution control. (2) Associated with catalysts such as aluminum and 

zinc, gasification increases the production of hydrogen and carbon monoxide and reduces the production 

of carbon dioxide (BRAGA, 2010).   

 Photoelectroquemical processes 

Photoelectrochemical processes use two types of electrochemical systems to produce hydrogen. 

One method uses soluble metal complexes as catalysts, while the other uses semiconductor surfaces. 

When the metal complex dissolves, absorbs solar energy and produces an electrical charge that initiates 

the decomposition of water. This process is similar to photosynthesis. 

     The other method uses semiconducting electrodes in a photochemical cell to convert optical 

energy into chemical energy. The semiconductor surface serves two functions: to absorb solar energy and 

act as an electrode. The light-induced corrosion limits the useful life of the semiconductor. 

 Biological Process - Enzymes (Algae) 

Biological and photobiological processes by enzymes and bacteria can use algae to produce 

hydrogen. Under specific conditions, the pigments in certain types of algae absorb solar energy. The 

enzymes in the energy cell acts as a catalyst to split water molecules. Some bacteria are also capable of 

producing hydrogen, but unlike algae they require a substrate for its growth. The organisms not only 

produce hydrogen, but can clean up environmental pollution. The production of hydrogen from algae 

could eventually provide a practical and low cost way for the conversion of sunlight into hydrogen. 

 Steam Reforming 

The steam reforming is the most popular method to obtain hydrogen from hydrocarbons and is the 

process that produces hydrogen with greater efficiency. The method consists of heating the fuel to 

vaporization, and then injected with superheated steam in the reaction vessel, in the presence of catalysts. 

The processes within a reformer are three, as is described below (BRAGA et al, 2008): 

• Fuel Cleanness: Removal of sulfur and ammonia to prevent the degradation of the Reformer and 

fuel cell. 

• Fuel Conversion: Conversion of fuel into a reformed gas rich in hydrogen and containing CO, 

CO2, and H2O (steam). 
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• Amendment of reformed gas: Conversion of carbon monoxide (CO) and water (H2O) into H2 

and CO2 by the reaction of simple exchange, and selective oxidation to reduce CO to low 

concentration, or removal of water by condensation for increase H2 concentration. 

The disadvantage of the process is that it is endothermic, requiring an external heating. A steam 

reformer is an integrated unit consisting of one or more processes described above to obtain the H2 purity 

specifications. 

The steam reforming can be accomplished using natural gas (methane), ethanol, methanol, biogas 

and others. 

4.2. Delivery and Storage 
Hydrogen has the highest energy content per unit of weight of any known element.  It is also the 

lightest element.  As a result, it is characterized by low volume energy density, meaning that a given 

volume of hydrogen contains a small amount of energy.  This presents significant challenges to 

transporting, delivering and storing the large quantities of hydrogen that will be necessary in the hydrogen 

energy economy. 

Hydrogen is currently transported by pipeline or by road via cylinders, tube trailers, and cryogenic 

tankers, with a small amount shipped by rail or barge. Due to the energy intensive nature and the cost 

associated with hydrogen distribution via high-pressure cylinders and tube trailers, this method of 

distribution has a range limited to approximately 200 km.  For longer distances of up to 1,600 km, 

hydrogen is usually transported as a liquid in super-insulated, cryogenic, over-the-road tankers, railcars, or 

barges, and then vaporized for use at the customer site.  This is also an energy intensive and costly 

process.   

Hydrogen for transportation applications is compressed and stored in high-pressure metal and 

composite storage tanks.  It is also stored by cooling it to its liquid form and containing it in super-

insulated tanks. Today, the most used technologies for storing hydrogen are: (1) High-pressure tanks: 

work in the range of 35 MPa to 70 MPa. The energy consumed to compress the hydrogen reduces the 

efficiency of this storage media. (2) Liquefied Hydrogen: with this technology the energy density of 

hydrogen can be improved. However, hydrogen losses become a concern and improved tank insulation is 

required to minimize losses from hydrogen boil-off (IPHE, 2011). 
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4.3. Production and demand of Hydrogen 
According to data from SILVA el al. (2003), most of the hydrogen produced worldwide derives 

from oil (78%), with only 4% from renewable sources origin, primarily hydropower. Table 10 shows the 

worldwide demand for hydrogen for that year. In Tab. 11 we observe the production of hydrogen 

according to the sources used. 

Table 10. Worldwide demand of hydrogen till 2003 (SILVA et al., 2003) 

Sector 
Hydrogen Worldwide Consume (109 m3/year) 

1995 1996 1997 1998 2003 
Large Consumers 559.7 534.5 551.1 553.2 687.1 
Market (except fuel 
cells) 222.4 244.3 251.1 288.8 338.6 

Fuel Cells 5.9 7.4 8.1 10.3 12.8 
Total 788.0 786.2 810.3 851.5 1038.5 

Table 11. Worldwide hydrogen production according to the sources used (SILVA et al., 2003) 

Source Volume (109 m3/year) Shear (%) 
Natural Gas 240 48 
Oleo 150 30 
Coal 90 18 
Electrolysis (various sources) 20 4 
Total 500 100 

4.4. Hydrogen in Brazil 
An estimate made by the Hydrogen Laboratory of UNICAMP faculty says that in 1984 the 

percentage composition of the Brazilian consumption of hydrogen market was composed by: 75.6% for 

fertilizers, petroleum refining an 8.5%, 3.5% for methanol production and byproducts of caustic soda 8.6 

%. It can be seen that the highest percentage was used by the industrial sector (SILVA et al., 2003). 

Since 1999 the Brazilian government, through the Ministry of Science and Technology, has 

supported the development of ethanol reforming process for hydrogen production. This support has 

stimulated projects and research programs involving fuel cells and hydrogen production. In 2002 it was 

established the Brazilian Program for Hydrogen and Fuel Cell Systems  (PROCAC in Portuguese), with 

the aim of facilitating national development of hydrogen technology and fuel cell systems in order to 

make Brazil an internationally competitive producer in this area. This program involves besides of the 

development of fuel cells, the production, storage and distribution of hydrogen. 
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Brazil also became a member of the IPHE - International Partnership for the Hydrogen Economy, 

established in November 2003, to implement the hydrogen economy. In establishing its roadmap for 

structuring the Hydrogen Economy in Brazil, the Ministry of Mines and Energy was seeking to structure 

the work program in the form of networks of research and development to implement information 

networks, training and capacity building for technology development. Renewable sources for the 

production of hydrogen are searched, with the focus on ethanol from sugarcane biomass, using the steam 

from this fuel (ethanol). The program seeks to diversify the energy sources with an important interest on 

increasing the share of renewable fuels. In the Brazilian internal energy supply matrix, oil is the main 

actor with a contribution of 37.3%, biomass contributes to 31.5% (11.4% wood, cane products 16.6% and 

other 3.4%), hydroelectricity represents 13.9%, natural gas has a contribution of 10.2%, coal accounts for 

5.7% and 1.5% for nuclear (MME, 2007). The current Brazilian program is divided into four 

subprograms: ethanol and biomass, water, natural gas and the search for alternative processes. Ethanol is 

the primary source for hydrogen production due to the domain of Brazilian technologies for producing 

ethanol (REFLECTIONS, 2011) 

5. COGENERATION 

The quality of an energy flow is fundamentally linked to the ability of converting this flow into 

other types of energy. Thus, electrical energy is considered a noble form of energy, since it can be fully 

converted in any other, while the heat and consequently fuels, have their quality determined by the 

temperature at which there is a corresponding energy flux. Higher levels of temperature correspond to 

higher energy quality in a heat flow. This important aspect in the analysis of energy systems is often 

overlooked, comparing the magnitudes of energy in very different bases, and wrongly evaluating the 

losses. Such considerations are timely when presenting cogeneration, as it is seek with this conversion of 

energy procedure, to improve the quality of power produced by a fuel, reducing the losses that occur in 

their use and justifying all the interest in this technology. 

The term "cogeneration" refers to the technology used for the simultaneous production of electrical 

or mechanical power and useful heat from a single source of power. The cogeneration seeks to employ the 

heat flow that would normally be rejected in the atmosphere in industrial systems for any type of industrial 

process, heating network of residential heating and also cooling through the use of absorption cycles. This 

technology has the advantage of achieving higher levels of efficiency compared to traditional processes of 

energy production. In conventional energy production, about 30% of the energy contained in fuel is 

actually utilized in the form of useful energy. In turn, the energy production in cogeneration systems 

achieves higher levels such as 80%, depending on the technology used (see Fig. 5).  
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Figure 5. Comparison  cogeneration and conventional energy production.  

5.1. Technological Aspects  
The main thermal cycles used in cogeneration employ reciprocating engines, gas turbines and steam 

turbines. In all of them there is a rejection of heat not converted into shaft power, which can then be used 

to meet a heat demand. When there is a disposition of heat in relation to the generation of electric energy 

in a cogeneration central, two types of cogeneration systems may be used, which should be chosen 

depending on the thermal and electrical requirements of each process and, crucially, on the level of 

desired temperature of the heat demand. Thus, according to the relative position of power generation in 

the sequence of generation and use of heat, cogeneration systems can be classified in two types: the power 

generation upright (topping), when the production of electricity occurs before the supply of useful heat. 

The power generation downstream (bottoming), when electricity generation is located after the thermal 

demand. The two cases can be seen in Fig 6 e 7. 

 

Figure 6.  Topping cogeneration system (ELECTROBRÁS/PROCEL, 2003) 
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Figure 7. Bottoming cogeneration system (ELECTROBRÁS/PROCEL, 2003) 

Bottoming cogeneration systems have a more restricted, often because the heat rejected in industrial 

processes is already at a relatively low temperature level for power production. They are mostly used in 

ceramic industry, cement and metallurgical plants where processes gases are rejected at a high 

temperature. 

5.2. Evolution of cogeneration systems 
The cogeneration technology has recently expanded differently from the conditions of his first cycle 

of expansion, thus two distinct phases can be identified, the traditional and modern. In the following table 

the characteristics of each phase are indicated. 

Table 12. Characteristics of cogeneration evolution (ELECTROBRÁS/PROCEL, 2003) 

Aspect Traditional Cogeneration Modern Cogeneration 

Initial motivation Self-sufficiency in electricity Sale of surplus and emissions 
reduction 

Prevailing generation equipment Steam turbine Gas Turbine and combined 
cycles 

Prevailing fuels Waste (bagasse, husks) All 

Relationship with the 
concessionaire Independent operation Interconnected operation 

A typical example of traditional cogeneration in Brazil, with great opportunity for improvement, is 

found in the sugarcane industry. Where the sugar cane bagasse is the fuel used to produce steam that, after 

driving the mill and turbo generator turbines, meets the industrial process heat demand. 
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5.3. Comparison between different Cogeneration Systems configurations 

Table 13. Advantages and disadvantages of cogeneration system variants 

Variant Advantages Disadvantages 
Back Pressure  
Steam Turbine  
and Fuel firing in  
Conventional  
Boiler  
 

• High fuel efficiency rating  
• Very simple Plant    
• Well suited to all types of fuels of  high 

or low quality  
• Good part load efficiency   
• Moderate relative specific capital cost 

• Little flexibility in design and  operation  
• More impact on environment in case of use of 

low quality fuel  
• Higher civil   construction cost  due to 

complicated foundations   

Extraction cum 
Condensing  
Steam Turbine  
and fuel firing in  
Conventional  
Boiler  
 

• High flexibility in design and operation 
• Well suited to all types of fuels, high 

quality or low quality  
• Good part load efficiency  
• More suitable for varying steam  
• Demand 

• More specific capital cost  
• Low fuel efficiency rating, in case of more 

condensing  
• More impact on environment in case of use of 

low quality fuel  
• Higher civil construction cost due to 

complicated foundations  
• High cooling water demand for condensing 

steam turbine 

Gas Turbine with  
Waste Heat  
Recovery Boiler  
 

• High fuel efficiency at full operation  
• Very simple plant  
• Low specific capital cost 
• Lowest delivery period, hence low 

gestation period  
• Less impact on environment (with use 

of clean fuels)  
• Least maintenance option  
• Quick start and stop 
• Better efficiency with supplementary 

firing in waste heat recovery boiler  
• Least cooling water requirement 

• Moderate part load efficiency  
• Limited   suitability    for   low  quality fuels  
• Not economical, if constant steam load a 

problem 

Combined Gas  
and  
Steam Turbine  
with Waste Heat  
Boiler  
 

• Optimum fuel efficiency rating  
• Relatively low specific capital cost  
• Least gestation period  
• Less impact on environment  
• High operational flexibility  
• Quick start and stop  
• Still    better   efficiency   with 

supplementary firing in waste heat 
recovery boiler  

• Average   to moderate part load  
• Efficiency 
• Limited   suitability    for low quality fuels  
• High civil construction cost due to more and 

complicated foundations/buildings  
• More cooling water demand with condensing 

steam turbine 

Reciprocating  
Engine and  
Waste Heat  
Recovery Boiler  
with Heat  
Exchanger  

 

• Low civil construction cost due to 
block type foundations  

• High electrical power efficiency  
• Better suitability as emergency standby 

plant  
• Least specific capital cost  
• Low cooling water demand  

• Low overall plant efficiency in cogeneration 
mode  

• Suitability for low quality fuels with high 
cleaning cost  

• High maintenance cost  
• More impact on environment with low quality 

fuel  
• Least potential for waste heat recovery 
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Cogeneration  system  in industrial  sector  is  one  of  the best  viable options  for energy  

conservation  in  the most effective and economical way. Depending on  type of process or engineering  

industry,  its  requirement of power  and  steam, their  essentiality,  etc. , an appropriate  cogeneration  

system  can  be easily selected by considering all the factors described in the next table. 

5.4. Operation strategy of cogeneration systems 
Generally, the good opportunities for power and heat systems occur in medium to large industries, 

where the demand of electrical and thermal energy is in such proportions that the cogeneration facility is 

able to meet the associated demand without great external complement. This complement is normally 

satisfied with electricity because they do not usually have thermal energy networks for supply. In this 

case, it is said that the system operates in thermal parity, that is, electrical energy is produced as a result of 

heat provision. The opposite situation is the power plants of public service, in which heat production is not 

a priority, existing electric parity. 

5.5. Parameters α and β 
Aiming to analyze the operating conditions of systems by comparing the relationship between 

electricity and thermal energy at a production and consumption level, the α and β parameters are defined: 

c

c

Q
E

ConsumedHeatUseful
ConsumedEnergyElectric

==α  (1)  

P

P

Q
E

oducedPrHeatUseful
oducedPrEnergyElectric

==β  (2)  

The value of α characterizes the industrial sector, rely exclusively on consumers and is higher when 

it requires more electrical energy per unit of heat energy. For a given branch of industry the values of α 

should be similar, since they depend mainly on the employed production technology, with the possibility 

to vary with time. In Tab. 14 are shown reference values for some industries. 
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Table 14.  α parameter for different industrial sectors (ELECTROBRÁS/PROCEL, 2003) 

Industrial Sector α 
Sugar and Alcohol 0.11 a 0.09 
Pulp and Paper 0.18 a 0.23 
Textile 0.40 a 0.44 
Petrochemicals 0.21 a 0.25 
Food and Beverage 0.05 a 0.10 

The value of β characterizes the cogeneration system and depends only on the technology and 

performance of the equipment used for combined heat and power production. In Tab. 15 it is presented the 

usual ranges for β values for the main types of generation technologies used in cogeneration. 

Table 15. β parameter for different technologies (SILVEIRA, 2009) 

Industrial Sector β 
Steam Turbines 0.08 a 0.26 
Gas turbines 0.48 a 0.77 
Combined Cycle 0.60 a 1.09 
Internal Combustion Engines (Otto and Diesel) 0.40 a 1.00 

5.6. Traditional topping steam pressure cogeneration cycle used on the sugar-alcohol 
industry 

Thermal and electrical energy generation supply in sugar and alcohol plants is traditionally 

performed by topping cogeneration cycles with back pressure steam turbine, the sugar cane bagasse is 

used as fuel and whose final uses of energy are mechanical and thermal. In these systems, biomass is 

burned directly in boilers, the so called direct fired boilers, and the resulting thermal energy is used to 

produce steam. This steam will drive mechanical turbines of the process and power generation turbines 

and, after completion of the work, the steam will be guided to meet the thermal needs of the production 

process. 

In the Brazilian sugar-alcohol sector, these cycles operate at saturated vapor pressures of around 2.0 

MPa, well below the 8.0 MPa used in sugar producing plants from other regions of the world, which 

provide a significantly higher electric generation. This is due to the characteristics of the development of 

sugar-alcohol agribusiness in Brazil. Table 14 shows the key indicators of production and consumption of 

these units in the sugar-alcohol sector. 
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Table 16. Technical characteristics of traditional topping cycles with back pressure turbines 

(CORRÊA NETO, 2002) 

Parameter Unit Range 
Operation Temperature °C 280 a 350 
Operation Pressure MPa 1.76 a 2.45 
Steam Production and Consume kgsteam/tcane 540 a 680 
Boilers Efficiency Based HHV (%) 55 
Electrical Energy Consume kWh/tcane 10 a 12.5 
Electrical Energy Generation kWh/tcane 5 a 12 
Turbines Efficiency % 34 
Thermoelectric Generation Efficiency % 1.5 a 4.5 
Bagasse Surplus % 12 
Range of power MW 25 

5.7. Cogeneration as an alternative to Distributed Generation 
In Brazil in the late 19th and mid-20th century, energy has come to be generated close to the 

consumer; this approach is called Distributed Generation (DG) or on-site generation. But with the 

Brazilian economic development and deployment of large hydroelectric plants, that option was restricted. 

Moreover, due to an energy crisis which took place in 2002, the country faced restrictions on energy 

consumption. Coupled to this fact, changes occurred to improve the sector, encouraging the Brazilian 

government to support the use of alternative energy sources and boosting the breaking of paradigms, 

resulting in the fact that approximately 90% of the electricity generated in the country is hydroelectric 

(CORRIA et al. 2006). 

However, some global transformations such as the energy crisis in California in the period 2000-

2002 and power blackouts in the United States, Canada and throughout Europe promoted the return of 

DG, including Brazil (HALMEMAN, 2008). DG is considered to be the production of energy from 

independent agents or authorized dealers, connected directly to the electric distribution system.  

Another point to consider is that DG is a tool to fill the niche market of power generation, 

responding in a flexible manner to changing market conditions, promoting cleaner energy through more 

efficient solutions. 

The Brazilian sugar-alcohol sector stands out among the possibilities of DG, because the amount of 

biomass coming from this sector is greater than the processing plants needs to produce sugar and alcohol. 

The burning of straw, leaves and bagasse from sugarcane contributes on cogeneration, allowing the 

generation of electricity at lower cost. (HOLLANDA, 2005). 
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6. THERMODYNAMIC CONCEPTS AND DEFINITIONS 

The classical way to determine the thermal performance of systems is by using the first law of 

thermodynamics (HORLOCK, 1997). This analysis allows us to define, from the point of view of energy, 

the performance of each equipment, as well as the overall system performance. 

Although very popular, this methodology has its limitations, because it does not account for power 

quality, not worrying about the inherent irreversibility of all processes. To be able to consider this aspect 

is necessary to jointly use the second law of thermodynamics, through exergetic analysis (KOTAS, 1995).  

To make an energetic and exergetic analysis of a plant should be carried out mass, energy and 

exergy balances, and the efficiencies by first and second law of thermodynamics must be defined. Also the 

irreversibilities should be calculated, considering a control volume (CV) around each item of equipment 

that composes system. 

To perform the mass balances the following simplifying assumptions were used: 

• Every CV analyzed operates in steady state (SS) regime, excluding of the analysis the transient 

phenomena when entering in operation, stops or even in normal operation of equipment. 

• All processes are considered adiabatic without heat transfer to or from the control volume. 

• Ideal reversible processes are considered. 

6.1. First Law of Thermodynamics  
To analyze the mass flows in the system the continuity equation or mass conservation law is used. 

Considering these processes are in SS, there are no changes of mass within the VC. According to Van 

Wylen, the equation is presented as follows: 
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Considering the SS, equation (3) is reduced to: 
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For a SS process as is considered in this work, and adopting the assumptions of very small variation 

of kinetic and potential energy, equation (5) reduces to: 
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6.2. Second Law of Thermodynamics 
For a SS process, in where there is no variation over time, the second law of thermodynamics can 

be written as follows: 
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Before defining the balance of exergy, it should be noted that the maximum reversible work that 

can be extracted from a given system at a certain thermodynamic state will be given when the matter of 

the system reaches the dead state (reference state), that is when the amount of mass is in mechanical and 

thermal equilibrium with the environment, that is, at P0 pressure and T0 temperature. It should also be in 

chemical equilibrium. Thus, we define the exergy flow from one state as the capacity (potential) to 

achieve the maximum possible work. 

Indicating the dead state by the index 0, the reversible work will be maximum when hs = h0, ss = s0, 

Ts = T0, Zs = Z0. It is assign the maximum reversible work, per mass unit that flows and where there is no 

heat transfer, such as exergy flow (ex) per mass unit given in kg/kJ, that is: 
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For a process in SS, it is defined the variation of exergy or irreversibility generation as follows: 
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Therefore, disregarding the changes in kinetic and potential energy, the specific exergy entering and 

leaving the CV are calculated using the following equations: 

( ) ( )0e00ee ssThhex −−−=  (10)  
( ) ( )0l00ll ssThhex −−−=  (11)  
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In this work the following conditions for SS were considered, T0 = 298.15 °K (25 °C) and P0 = 0.10 

MPa obtaining as a result 

h0 = 104.93 (kJ/kg), 

s0 = 0.37 (kJ/kg.K), 

6.3. Thermal efficiency by the first and second law of thermodynamics 
The thermodynamic efficiency based on the first law (ηI) for devices that produce power relates the 

work done in the CV with the work produced in a hypothetical isentropic process from the same initial 

state to the same final pressure. To a pump, the relationship is inverse to the turbine. Equations (12) and 

(13) show the efficiency based on the first law for turbines and pumps, respectively. 
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To measure the performance of a device the efficiency based on the second law of thermodynamics 

is defined (ηII). This relates the actual thermal efficiency and the maximum possible efficiency (reversible 

process): 
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For the specific case of a boiler and assuming that the steam flow that leaves is equal to the flow of 

water entering, the efficiencies are calculated using the following equations: 
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To calculate the specific exergy of cane bagasse it was used equation SZARGUT et al. (1988). This 

relation takes into account the correlation between chemical exergy and LHV of fuel, considering the 

relationship between the mass fractions of oxygen and carbon, the elemental composition of the fuel, and 

the ash and moisture content, as follows: 
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( ) waterwaterwaterbagbag ZexLLHV.ex ++β=  (17)  
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Where, 

Lwater = 2,442 (kJ/kg); 

exwater = 50 (kJ/kg); 

The mass fractions of bagasse chemical elements are (SILVA, 2010): 

Table 17. Mass fraction of chemical elements that make part of de sugarcane bagasse  

Mass fraction of Carbon ZC 44.80%
Mass fraction of Hydrogen ZH2 5.40%
Mass fraction of Oxygen ZO2 39.55%
Mass fraction of Nitrogen ZN2 0.38%

6.4. System Performance Indexes 
To evaluate the performance of the cogeneration system a number of factors based on the first law 

of thermodynamics are used. These indexes allow comparing the thermodynamic quality of the different 

products generated by the system, such as electricity and thermal power. 

In a sugar-alcohol plant, the combustion of bagasse in the boilers releases the necessary energy to 

turn the water into steam which, in turn, expands in a steam turbine, generating shaft work, which could 

generate electrical or mechanical power. The exhaust steam (useful waste) contains the thermal energy 

used to meet the thermal demand of the plant. 

6.4.1. Energy Utilization Factor (EUF) 
Expresses the relationship between the useful thermal or electromechanical power used to produce 

work and the energy of the fuel expended in its production. It is also called efficiency of the first law, and 

is expressed: 
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6.4.2. Energy Saving Index (ESI) 
Refers to fuel energy savings achieved by cogeneration systems in comparison with conventional 

plants that produce electricity and heat separately, and is defined as: 
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The smaller the ESI of the fuel, the better the system performance with reference to the efficiencies 

adopted. 

In our case we adopted the following reference efficiencies: 

ηterm_ref = 40%, 

 ηboiler_ref = 77%, 

Then, the amount of  Saved Energy due to Cogeneration (SEC), is given by equation: 
ESISEC −=1  (21)  

6.4.3. Power Generation Index (PGI) 
Parameter defined to separately calculate the efficiency of power generation, discounting the energy 

input that is used purely for heating purposes. 
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6.4.4. Heat Power Ratio (HPR) 
It is the relationship between the total power produced and the thermal power used in the process, 

namely: 
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6.5. Parameters of a sugar-alcohol plant 
When evaluating the performance of a sugar-alcohol plant, it is necessary to take into account the 

relationship between the used inputs of fuel and thermal products. In this industrial sector, the energy 

source for the boilers is the cane bagasse, thus the system has great dependence in this by-product, on its 

quality and quantity, since variations in the bagasse mass flow will influence the production of steam in 

the boiler and consequently in the sugar and alcohol production process. 

6.5.1. Bagasse-Steam Ratio (Rbagsteam) 
This coefficient indicates the amount of steam (at specific pressure and temperature) that is 

produced for each kilogram of bagasse entering the boiler. Thus: 
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m

mR =  (24)  

Obviously this factor is related to the boiler efficiency, then from eq. (15) and (16) and considering 

a SS process, is that: 

( )
bagbagsteam

watersteam
)boiler(I LHVR

hh
⋅
−

=η  (25)  

( )
bagbagsteam

watersteam
)boiler(II ex.R

exex −
=η  (26)  

6.5.2. Steam-Cane Ratio(Rsteamcane) 
This factor represents the heat which is being used in the production of sugar and alcohol, 

representing the thermal energy used per kg of sugarcane milled.  
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steam
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steamcane

m

mR =  (27)  

This parameter is used as a reference to compare different systems; lower values indicate that the 

thermal balance is better than those with larger values. According to CORRÊA NETO (2002) for a 

topping cogeneration cycle with steam backpressure turbine, the ratio varies in the range from 540 to 680 

kgsteam/tcane 

6.5.3. Electric energy-cane Ratio (Rpowelecana) 
This number relates to electricity generated in kWh, with the amount of milled cane. The value of 

this ratio defers from a plant in which most of their equipment is electrically driven to one that depends 

more on electromechanical power. When comparing two plants, it must be known what type of equipment 

is used. The relationship can be written as follows (kWh/tcane). 
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6.5.4. Steam-Power Generated Ratio (Rsteampowgen) 

Relates the steam consumed in (t/h) with the electrical or mechanical power (
.

W) in kW generated 

by a turbine, is also known as specific consumption of steam given in kg / kWh  
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This number is related to the machine performance, being the ηI inversely proportional to Rsteampowgen 

as it is shown in the following equation:  
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6.5.5. Bagasse-power Ratio (Rbagpow) 
For evaluating the efficiency of the boiler and turbine assembly, either electric or mechanical drive, 

it can be used the Rbagpow (kgbagasse/kW) which relates the amount of bagasse consumed with the electric 

( Wele ) and mechanical ( Wmec ) power generated by the plant: 
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6.5.6. Global Efficiency of the System (ηglobal) 
For a general assessment of the plant, it must be considered all the power generated, either electric 

or mechanical energy, all useful thermal energy, the lost energy and the energy from the hot source that 

comes from burning bagasse. Thus, it can be defined the global efficiency of the system (ηglobal). This 

index represents the net use of bagasse energy consumed in the boiler, since considers the useful energy in 

the form of electromechanical or thermal power, and the energy consumed and/or lost in the 

thermodynamic cycle. The resulting equation is:  
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7. THE PRODUCTION PROCESS IN SUGAR AND ETHANOL 
PLANTS  

The basic raw material in the sugar-alcohol industry in Brazil is sugar cane. From the point of view 

of industrial production of sugar and ethanol, sugar cane consists of fiber and broth, being the latter the 

raw material itself. Fiber is all the material insoluble in water and the broth is composed of all the soluble 

components, such as sugars, ash, nitrogen and other materials. The fiber content is an important parameter 

since it indicates the amount of bagasse available and the difficulty of extracting the broth (CORRÊA 

NETO, 2002). 

The process of producing sugar and ethanol is identical in its initial stages, namely, harvesting, 

handling of raw material, extraction of broth and processing of mixed broth. Once the mixed broth is 

ready it is goes through different processes for the production of sugar and ethanol. The overall scheme of 

production of sugar and ethanol in a sugar-alcohol plant is shown in Fig. 8. 

 

Figure 8. General diagram of a sugar-alcohol plant (CORRÊA NETO, 2002) 

In the Fig. 9 we can see a more detailed layout of the steps involved in the various production 

processes, it can be seen that the first stage of industrial processing is the proper handling of raw material, 

consisting of receiving and washing the sugar cane, where the removal of impurities is performed. 
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Figure 9. Detailed layout of the sugar and alcohol production processes (CORRÊA NETO, 2002) 

The next step is the extraction of the broth, carried out in the tandem mills, which is equipment used 

for grinding, and may be composed of 4 to 7 suits milling. To increase the extraction of sucrose, it is 

added water to sugar cane after passing through the first suit to milling, a process called imbibition. 

The mixed broth extracted by milling is composed of the broth from sugar cane and water from 

imbibition. The treatment of mixed broth includes the step of sifting, sedimentation and filtration. 

7.1. Sugar Production 
In the production of sugar, the treated mixed broth is sent to evaporation, the first stage of the 

concentration process. The objective of this phase is the removal of a large portion of water from mixed 

broth to raise its the concentration. The evaporation is performed with the turbine exhaust steam in 

indirect exchangers of multiple effects. 

The next stage is baking, where the syrup obtained by evaporation, with a composition around 60% 

of sucrose, 7% of impurities and 33% of water, its concentration is increased until cooked dough is 

formed. Water steam is continuously supplied to the cooker during the cooking process by the end of the 

operation the cooker is "washed" directly with steam water. After cooking, the sugar passes through a 

drying process to be ready. 

7.2. Ethanol Production 
In the production of ethanol, the treated mixed broth is sent to fermentation, the process of 

converting sugars into ethanol, usually performed discontinuously in vats called tanks. Yeasts and 

unicellular microorganisms added to the broth produce a set of enzymes that catalyze the reaction of 

fermentation. 
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The fermented wort is separated into two fractions: the yeast milk and wine without yeast. The wine 

goes to the wheel vat that is the lung of the distillery and yeast milk is diluted in water and treated with 

sulfuric acid, returning to the process. 

The wheel vat feeds the distillery and its purpose is to purify and concentrate the alcohol obtained 

in the fermentation. The distillery consists of a series of distillation columns; the number of them varies 

according to the type and quality of the desired alcohol. After a sequence of distillation columns the 

alcohol vapors produced by water steam in direct or indirect exchange are condensed resulting in hydrated 

alcohol with 96 ºGL, second alcohol with 92 ºGL and byproducts like the vinasse, flegmas and fusel oil. 

Hydrated alcohol with a concentration of 96 ºGL is an azeotropic compound that cannot be separated from 

water by conventional distillation, to promote dehydration and produce the final anhydrous alcohol 

commercial benzene is used. 
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8.  STUDIED SUGAR-ALCOHOL PLANT 

The final useful energy forms used in the production process of a sugar-alcohol plant are the 

thermal energy as heat and mechanical energy. The final energy needs of the process, both thermal and 

mechanical, are almost entirely attended by water steam generated in a boiler and distributed by an 

internal network. The primary source of energy for the boilers is the bagasse derived by the sugar cane 

processing.  

The energy supply system of the plant is composed of bagasse boilers that generate water steam, 

and an internal network which distributes this steam as an energy input for various final uses. The high 

pressure steam produced in the boiler is first used in turbines that drive the higher power equipment, such 

as grinders, rotary blades, graders, pumps, fans and others, besides generating electricity. 

The steam generated in the boiler after passing through the turbines, is directed to meet the thermal 

needs of the production process. As explained above this is a topping type configuration, because it is 

firstly generated the axis power followed by the heating recovery for meeting the heat demand. 

8.1. Scenarios  
Aiming to evaluate the performance of different operation schemes, three scenarios will be studied. 

The first proposes the operation of the plant in which the energy generated by the turbo generator is only 

designed for the internal processes consumption, resulting in a surplus of bagasse not burned in the boiler. 

The second scenario models the operation of the plant where whole sugarcane bagasse is used for 

generating electric energy, having consequently a large availability of energy which can be sold to the 

concessionaire. 

Finally it is considered a scenario in which the production of hydrogen by steam reforming of 

ethanol is added. In this case part of the thermal and electrical energy generated at the plant will be used to 

provide the necessities of the new process. For this last configuration is estimated the maximum volume of 

hydrogen that can be generated according to the operating conditions of the reformer. 

8.1.1. Scenario 1: Sugar-alcohol plant with surplus of bagasse  
The plant configuration adopted for the study can be seen in Fig. 10, which represents the scheme 

of generation, distribution and consumption of steam. As a study model was used data corresponding to 

the reference (FIOMARI, 2004) of the Pioneers Distillery during the 2005/2006 season. This 
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configuration corresponds to a hypothetical configuration proposed by the author, since the base 

thermodynamic information which he takes as a reference corresponds to the year 2004. 

The system consists of a steam generator designed to nominally operate producing 150 tons of 

steam at a 2.5 kPa pressure and 300 ºC temperature. 

The major consumers of direct steam (which comes from the boiler) are the mechanical drive 

turbines of the milling (points 7, 9, 11, 13, 15, 17, 19) and the electric generator (point 3). 

There are two turbines that prepare the raw material prior to crushing, one drives the chopper 

(Turbine Chopper) and the other drives the cane grinder (Turbine Grinder), which are the devices. The 

extraction of the broth is made with the other three turbines (Turbine 1º/2º T, Turbine 2º/3º T and Turbine 

5º/6º T), each turbine drives two mills that are composed of four rolls each one. 

The remaining direct steam is consumed by the turbine which drives the pump responsible for 

supplying water from the boiler and the power generator turbine (GT), which can generate nominally 8.5 

MW. In this configuration the GT works beneath the nominal conditions, because there are no plans of 

selling surplus electricity. The energy generated at 440 volts is destined only to meet internal electricity 

demand. 

After passing through the turbines, the direct steam shall be called exhaust steam at 245 kPa. A 

small fraction of the exhaust steam returns directly to the heat deaerator (point 5), being its function to 

pre-heat the water and remove the air from it. A large portion of the exhaust steam is used in the process 

of making alcohol and sugar on the steps of heating, evaporation, distillation and cooking. 

 However, before being used in the mentioned processes, the steam passes through desuperheater 

where receives an injection of water (point 21). The water used comes from the treatment plant and 

reduces the steam temperature to about 135 °C. This temperature, closer to vapor saturation favors the 

heat transfer. 

The steam for the process (point 22) is totally consumed in the production of sugar and alcohol, and 

after being condensed in the broth evaporation system is returned to the heat deaerator (point 24). From 

there, water is pumped to the boilers (point 25) and starts the cycle again. 

Table 16 presents the data of grinding, time of harvest, bagasse production and consumption of each 

boiler, according to the model adopted for the 2005/2006 harvest of the Pioneers Distillery. 

According the numbers of Fig 10, the Tab. 19 shows the thermodynamic parameters of the plant: 

mass flow (m), pressure (P), temperature (T), enthalpy (h), and entropy (s). 
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Figure 10. Configuration of the sugar-alcohol thermal plant  
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Table 18. Milling data, harvest 2005/2006, Scenario 1 (FIOMARI, 2004) 

Parameters Values Unit 
Total milled cane 1,300,000.00 tcane 
Days of Harvest 215.00 days 
Actual hours of milling 4,695.60 hours 
Hourly milling 276.85 tcane/h 
Hourly milling 996.68 kgcane/s 
Bagasse-steam Ratio 0.47 kgbagasse/kgsteam 
Fiber content of sugarcane 13.50 % 
Fiber content of bagasse 47.40 % 
Bagasse flux into de boiler 63.80 tbagasse/h 
Total bagasse flux produced 78.90 tbagasse/h 
Surplus bagasse flux 15.10 tbagasse/h 
Total surplus of bagasse in the harvest 70,903.56 tbagasse 
LHV bagasse 7,736.00 kJ/kg 
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Table 19. Thermodynamic parameters, harvest 2005/2006, Scenario 1 (FIOMARI, 2004) 

Points m (t/h) P (kPa) T (°C) h (kJ/kg) s (kJ/kg.K) 
1 135.7 2,156 300 3,019.6 6.728 
2 78.7 2,156 300 3,019.6 6.728 
3 57.0 2,156 300 3,019.6 6.728 
4 57.0 245 161 2,788.4 7.234 
5 2.9 245 161 2,788.4 7.234 
6 54.1 245 161 2,788.4 7.234 
7 7.1 2,156 300 3,019.6 6.728 
8 7.1 245 215 2,899.0 7.474 
9 13.4 2,156 290 2,996.1 6.686 

10 13.4 245 165 2,796.9 7.253 
11 13.4 2,156 290 2,996.1 6.686 
12 13.4 245 165 2,796.9 7.253 
13 13.7 2,156 290 2,996.1 6.686 
14 13.7 245 174 2,816.1 7.297 
15 13.2 2,156 290 2,996.1 6.686 
16 13.2 245 174 2,816.1 7.297 
17 13.2 2,156 290 2,996.1 6.686 
18 13.2 245 174 2,816.1 7.297 
19 4.7 2,156 300 3,019.6 6.728 
20 4.7 245 185 2,838.1 7.345 
21 132.8 245 170 2,806.2 2.274 
22 137.0 245 135 2,733.6 7.104 
23 137.0 245 100 419.2 1.307 
24 137.0 490 100 419.8 1.307 
25 139.9 245 105 440.3 1.363 
26 139.9 3,920 106 446.4 1.369 
27 4.2 3,920 106 446.4 1.369 
28 4.2 245 106 443.7 1.372 
29 135.7 3,920 106 446.4 1.369 
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The product volume generated by the plant corresponding to the period studied are presented in 

Tab. 20. 

Table 20. Production data, harvest 2005/2006, Scenario 1 (FIOMARI, 2004) 

Harvest 2005/2006 Volume Ratio Unit 
Milled cane (t) 1,300,000 - - 
Sugar (t) 95,000 73.08 kgsugar/tcane 
Anhydrous alcohol (l) 52,100,000 40.08 lalcoholanhyd/tcane 
Hydrated alcohol(l) 714,000 0.55 lalcoholhydr/tcane 
Hourly sugarcane production 20,231 - kgsugar/h 
Hourly anhydrous alcohol production 11,095 - lalcoholanhyd/h 
Hourly hydrated alcohol production 2 - lalcoholhyd/h 

8.1.2. Scenario 2: Sugar-alcohol plant with generation of surplus electrical power 
In this new operation scheme, the plant uses all the bagasse to produce steam in the boiler. The 

steam which is not use to supply the heat necessities is derived to the turbo generator. Thus, there is a 

surplus of electricity generated which could be sold to the concessionaire or used to supply another 

process as will be discussed in Scenario 3 with the addition of hydrogen production process. 

The flowchart of the plant does not change, keeping the numbering shown in Fig. 10, the milling 

data vary depending on that all the produced bagasse is now burned in the boiler. Tab. 21 presents the 

milling data and the plant parameters for Scenario 2. The production volumes of sugar and alcohol are the 

same as for Scenario 1. 

Table 21. Milling data, harvest 2005/2006, Scenario 2 (FIOMARI, 2004) 

Parameters Values Unit 
Total milled cane 1,300,000 tcane 
Days of Harvest 215 days 
Actual hours of milling 4,696 hours 
Hourly milling 277 tcane/h 
Hourly milling 997 kgcane/s 
Bagasse-steam Ratio 0.47 kgbagasse/kgsteam 
Fiber content of sugarcane 13.5 % 
Fiber content of bagasse 47.4 % 
Bagasse flux into de boiler 78.9 tbagasse/h 
Total bagasse flux produced 78.9 tbagasse/h 
Surplus bagasse flux 0 tbagasse/h 
Total surplus of bagasse in the harvest 0 tbagasse 
LHV bagasse 7,736 kJ/kg 
Steam flux produced 168 tsteam/h 
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The thermodynamic parameters of Scenario 2, can be seen in Tab. 22. 

Table 22. Thermodynamic parameters, harvest 2005/2006, Scenario 2 (FIOMARI, 2004) 

Points m (t/h) P(kPa) T(°C) h(kJ/kg) s(kJ/kg.K) 

1 167.872 2,156 300 3,019.6 6.728 
2 78.700 2,156 300 3,019.6 6.728 
3 89.172 2,156 300 3,019.6 6.728 
4 89.172 245 161 2,788.4 7.799 
5 35.072 245 161 2,788.4 7.234 
6 54.100 245 161 2,788.4 7.234 
7 7.100 2,156 300 3,019.6 6.728 
8 7.100 245 215 2,899.0 7.474 
9 13.400 2,156 290 2,996.1 6.686 

10 13.400 245 165 2,796.9 7.253 
11 13.400 2,156 290 2,996.1 6.686 
12 13.400 245 165 2,796.9 7.253 
13 13.700 2,156 290 2,996.1 6.686 
14 13.700 245 174 2,816.1 7.297 
15 13.200 2,156 290 2,996.1 6.686 
16 13.200 245 174 2,816.1 7.297 
17 13.200 2,156 290 2,996.1 6.686 
18 13.200 245 174 2,816.1 7.297 
19 4.700 2,156 300 3,019.5 6.728 
20 4.700 245 185 2,838.1 7.345 
21 132.800 245 169 2,806.2 2.274 
22 137.000 245 135 2,733.6 7.104 
23 137.000 245 100 419.2 1.307 
24 137.000 490 100 419.8 1.307 
25 172.072 245 105 440.3 1.363 
26 172.072 3,920 106 446.4 1.369 
27 4.200 3,920 106 446.4 1.369 
28 4.200 245 106 443.7 1.372 
29 167.872 3,920 106 446.4 1.369 

The volume of production for Scenario 2 is the same as in Scenario 1, differing only in the amount 

of energy generated. 

8.1.3. Scenario 3: Incorporation of hydrogen production process to the sugar-alcohol plant 
In this new scenario is proposed the possibility of adding a new process in the ethanol production 

chain by incorporating the hydrogen production by ethanol steam reforming. 
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The incorporation of the ethanol steam reforming process at the plant adds to the sugar-alcohol 

industry, the production of hydrogen, besides the conventional products (ethanol and sugar). It is proposed 

to incorporate to the conventional plant an ethanol reformer for generating hydrogen. The system is 

modified so that the ethanol initially produced for the consumer market, passes through the dehydration 

process to reach the ideal of purity and alcoholic tenor required by the ANP. A fraction of the ethanol 

produced at the plant is destined directly to the production of hydrogen without the dehydration step, since 

the inputs of the ethanol steam reforming process are ethanol and distilled water (besides the heat coming 

from burning of bagasse). After the vaporization of the mixture of ethanol and distilled water, there are 

two catalytic steps; one step occurs at high temperatures in a reformer, in which the Steam Reforming 

Reactions (SRR) occur. And the other step occurs at lower temperatures in a shift reactor in which the 

Water Gas Shift Reactions (WGSR) occur (SILVA, 2010). 

8.1.4. Ethanol Reformer 
Hydrogen production is possible thanks to the use of an ethanol reformer, which from primary 

inputs such as water, ethanol, electricity and thermal energy produces hydrogen in specific quantities. 

The reformer could be generally described as a device that processes the ethanol in a synthesis gas 

rich in hydrogen. Then, this gas is subjected to a purification step where is quantified according to the 

requirements of its application. 

Figure 11 shows the diagram with the components of the system of hydrogen production by steam 

reforming of ethanol followed by a purification system for the synthesis gas with two columns operating 

in cycles PSA (Pressure Swing Adsorption). The synthesis gas rich in hydrogen after the steam reforming 

system is subjected to a purification system for molecular adsorption (PSA) to minimize impurities, 

mainly CO concentrations (SILVA, 2010). 
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Figure 11. Steam reformer diagram used for hydrogen production in the sugar-alcohol plant (SILVA, 2010) 

The reformer used for calculations of hydrogen production is a prototype studied in the PhD theses 

of Silva, the technical characteristics of the equipment are shown in the following table. The quantity of 

inputs (alcohol, heat, electricity) are detailed as a function of the generated product (hydrogen), in this 

case the steam reformer has a nominal generating capacity of 1 Nm3 of hydrogen per hour. 

 

Table 23. Technical characteristics of the ethanol steam reformer used in the sugar-alcohol 

plant 

Characteristics Value Unit 

Nominal Capacity of the Reformer 1.00 Nm3/h 
Anhydrous Ethanol Consume 0.80 l/h 
Electrical Energy Consume 1.90 kWh 

Heat Power required 2.64 kW 

Bagasse Equivalent need to maintain the thermal conditions 1.23 kgbagasse/h 

Water Consume 0.40 kg/h 

The flowchart presented in the figure below shows schematically the reformer, pointing inputs and 

outputs. From this schema and the data of Tab. 21 were performed the calculations of hydrogen 

production. The results are presented in the following chapter. 
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Figure 12. Flowchart of the Ethanol Steam Reformer used to perform the hydrogen production calculus 
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9. RESULTS AND REMARKS 

The  results of the first and second law analysis for Scenarios 1 and 2, also the results of the system 

performance indexes described in item 5.4 and the characteristic parameters of sugar-alcohol plant 

detailed in item 5.5 are presented here. Additionally, it is also illustrated the behavior of the cogeneration 

system by calculating parameters α and β, according with item 4.5. To resolve the equations an Excel 

spreadsheet was used. 

9.1. Results obtained for Scenarios 1 and 2 

9.1.1. Results of the First Law of Thermodynamics analysis 
The first law efficiencies or isentropic efficiency (ηI) were calculated using the information of Tab. 

19 and with Eq. (12) for the turbines and Eq. (13) for the pumps. 

In Tab. 24, the efficiencies by the first law which have been obtained for Scenario 1, are shown. 

They do not change for Scenario 2, since they depend on the enthalpy difference between input and output 

of each equipment, equal in both scenarios. It is also detailed the thermodynamic efficiencies calculated 

by the second law, Eq (14), and the steam-power generated ratio, Eq (29), calculated for each turbine 

system. The high pressure levels do not change from one scenario to another, therefore the efficiencies by 

the second law also do not change for the backpressure turbines of Scenarios 1 and 2. 

Table 24. Turbine Thermodynamic Efficiencies calculated by the first and second law and steam-power 

ratio for the Scenarios 1 and 2 

Points of the 
diagram Turbines ηI (%) ηII (%) Rstempowgen 

(kg/kWh) 
3-4 Turbo Generator 52.97 60.5 15.57 
7-8 Hydraulic Pump 27.62 35.1 29.87 

9-10 Chopper 46.35 54.1 18.08 
11-12 Grinder 46.35 54.1 18.08 
13-14 1ª and 2ª Milling 41.88 49.7 20.01 
15-16 3ª and 4ª Milling 41.88 49.7 20.01 
17-18 5ª and 6ª Milling 41.88 49.7 20.01 
19-20 Exhauster 41.59 49.7 19.83 

Table 25 shows the shaft power obtained for each device, for Scenarios 1 and 2. 
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Table 25. Power generated for each equipment for the Scenarios 1 and 2 

Points on the 
diagram Turbines SCENARIO 1 

Wshaft (kW) 
CENÁRIO 2 
Wshaft (kW) 

7-8 Hydraulic Pump 237.68 237.68 
9-10 Chopper 741.30 741.30 

11-12 Grinder 741.30 741.30 
13-14 1ª and 2ª Milling 684.81 684.81 
15-16 3ª and 4ª Milling 659.82 659.82 
17-18 5ª and 6ª Milling 659.82 659.82 
19-20 Exhauster 236.96 236.96 

  Eletromechanical Power 3,961.69 3,961.69 
3-4 Turbo Generator 3,660.03 5,725.86 

  Electrical Power 3,660.03 5,725.86 
  Electrical Power - GENERATOR 3,477.03 5,439.56

It should be clarified that to calculate the net electric power generated, an electric generator 

efficiency of 95% was assumed. 

According to values shown in the table, the power generated by the turbo generator in Scenario 2 is 

greater than in Scenario 1, this is because the latter one is configured to produce the minimum power 

required to provide the internal processes. While in Scenario 2 the objective is to generate energy excess 

to be used on other purposes. For this,all the bagasse available from sugar cane is burned in the boiler, 

increasing the flow of steam in the turbine and as a consequence the electrical energy generated. 

The case of Pioneer Distillery, which is taken as a model to perform the calculations in this study, is 

a classic sugar-alcohol plant, which works on thermal parity.  Meaning that the thermal energy for the 

processes has priority over the generated electric energy. It is presented in Tab. 26 the thermal energy used 

in processes. 

Table 26. Thermal power consumed by the processes for the Scenarios 1 and 2 

Points on the diagram Description  Qproc (kW) 
22-23 Thermal Energy for Process 88,075.89 

In the plants, beyond the generated power, there is consumed power that is used to pump the 

working fluid, which in the case studied is water. Although it is not very significant,  the power demanded 

by the pumps is presented in Tab 27. To feed the boiler water, a hydraulic pump is driven through a 

turbine which its power is shown in Tab. 25. 
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Table 27. Power consumed by the pumps for the Scenarios 1 and 2 

Points on the diagram   SCENARIO 1 
Wpump (kW) 

SCENARIO 2 
Wpump (kW) 

23-24 Pump work 1 23.06 23.06 
25-26 Pump work 2 236.73 291.18 

In Scenario 2 the power required to pump is higher than in Scenario 1, this is because the flow of 

water into the boiler increases respect of Scenario 1. 

Finally we present the boiler efficiency according to the first law, which was calculated with the eq. 

(15), and the second law, calculated with the eq. (16). 

Table 28. Boiler Efficiency according to the first and second law , for Scenarios 1 and 2 

 Points on the diagram Boiler Efficiency ηboi (%) 
1-29 First Law 70.75 
1-29 Second Law 20.47 

In both scenarios, the boiler generates steam under the same pressure and temperature conditions 

and with the same bagasse-steam ratio, resulting in the same thermodynamic efficiency for the both. 

The global efficiency calculated using eq. (30) allows us to make a thermodynamic evaluation of 

the plant taking into account all the useful energy used on the plant (heat or mechanical), and all the 

supplied energy. The results for Scenarios 1 and 2 are presented in Tab. 29. 

Table 29. Global Efficiencies for Scenarios 1 and 2 

Global Efficiency   ηglo (%) 
SCENARIO 1 69.61 
SCENARIO 2 57.48 

Because the work of the pump 2 is higher in Scenario 2, the global system efficiency is decreased 

for this configuration. 

A simplified energy flow diagram for the thermal plant corresponding to Scenarios 1 (Fig. 13) and 2 

(Fig. 14) is shown. This diagram represents the balance of energy for the studied cogeneration systems 

discriminating the useful thermal energy, the electrical and electromechanical power as well as the losses 

that occur in the system. 
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Figure 13. Energy flow diagram for the Scenario 1 

 

Figure 14. Energy flow diagram for the Scenario 2 

In Scenario 2, the "other losses" are considerably higher compared to Scenario 1. This is because 

much of the exhaust steam of the TG is sent directly to the deaerator and is not used in any process. In 
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Scenario 2 the flux of bagasse burned in the boiler increased, also increasing in proportion the steam mass 

flow generated. Yet the thermal requirement of the production process does not change, resulting in 

surplus of low pressure steam. This not used steam represents lost energy, which could be exploited in 

some other process. The incorporation of hydrogen production by ethanol steam reforming is a possibility 

to make a good use of that excess steam. 

9.1.2. Results of the Second Law of Thermodynamics analysis 
Making use of the second law of thermodynamics, the irreversibilities of the equipment present in 

the system can be calculated. In Tab. 30 it is presented the irreversibility rates for all turbines and pumps 

of the system. 

Table 30. Irreversibility rates for de system equipment,  Scenario 1 and 2 

Turbine Irreversibility rate SCENARIO 1 
 (kW) 

ACENARIO 2 
 (kW) 

Turbo Generator Ex(steament)-Ex(steamleav)-Wst 2,388.68 3,736.91 
Hydraulic Pump Ex(steament)-Ex(steamleav)-Wst 438.66 438.66 
Chopper Ex(steament)-Ex(steamleav)-Wst 629.25 629.25 
Grinder Ex(steament)-Ex(steamleav)-Wst 629.25 629.25 
1ª and 2ª Milling Ex(steament)-Ex(steamleav)-Wst 693.26 693.26 
3ª and 4ª Milling Ex(steament)-Ex(steamleav)-Wst 667.96 667.96 
5ª and 6ª Milling Ex(steament)-Ex(steamleav)-Wst 667.96 667.96 
Exhauster Ex(steament)-Ex(steamleav)-Wst 240.17 240.17 
Pump 1 Ex(waterent)+Wp-Ex(waterleav) 11.35 11.35 
Pump 2 Ex(waterent)+Wp-Ex(waterleav) 80.76 99.33 
TOTAL  6,447.27 7,814.08 

The exergy for each point of the system was calculated from the equations (10) and (11). 

9.1.3. System performance indexes 
In item 5.4, a series of criteria based on the first law of thermodynamics that allow a better 

comparison between systems are presented. The Tab. 31 shows the variation of the analyzed performance 

indexes for each case studied. 
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Table 31.  Performance indexes based on the first law of thermodynamics 

Performance Index SCENARIO 1 SCENARIO 2 
EUF, energy utilization factor 0.70 0.58 
ESI, energy saving index 1.03 1.22 
SEC, saved energy due to cogeneration -0.03 -0.22 
PGI, power generation index 0.60 0.21 
HPR, power-to-heat ratio 0.09 0.11 

To calculate the indexes ESI (energy saving index) and SEC, it was considered efficiency of power 

generation and steam generation of 40% and 77 %, for the boiler and for the turbines. In the studied 

scenarios, the ESI resulted less than 1 and the EEC was negative, meaning that the obtained results are 

worse than those taken as reference.  

The values of EUF and global efficiency (ηglo) are slightly different, since in the first scenario the 

power demand for pumps is taken into account, while in the second this one is not considered. As a result 

the value from EUF is slightly higher than the ηglo. 

Another way to evaluate the sugar-alcohol plants is by using the parameters shown in section 5.5. 

One of the main parameters is the ratio between the used steam in the process and the amount of milled 

cane, Rsteamcane. This relationship expresses the thermal energy required in the plant's cane processing that 

work on thermal parity. 

Table 32. Parameters for the sugar-alcohol plant, scenarios 1 and 2 

Parameter SCENARIO 1 SCENARIO 2 Unit 
Rsteamcane 494.84 494.84 kgsteam(process)/tcane 
Rpowelecane 12.56 20.68 kWh/tcane 

Rsteampowtele 15.57 15.57 kgsteam/kWh 
Rsteampowgen 17.80 17.33 kgsteam/kWh 

Rbagpow 8.37 8.14 kgbagasse/kWh 

 

In plants with extraction-condensing turbines, the consumed steam in the process can be reduced.  

Finally it is presented the data of the plant's power generation for Scenarios 1 and 2 and the 

parameters (α and β) of the cogeneration system. 
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Table 33. Indexes referring to power generation, scenarios 1 e 2 

Main technical indexes  SCENARIO 1  SCENARIO 2  Unit  
High pressure Steam (saturated in the boiler) 2.16 2.16 MPa 
Superheating Temperature 300.00 300.00 °C 
Low pressure steam (backpressure steam) 0.25 0.25 MPa 
Energy inputs        
Specific power consumption 12.50 12.50 kWh/tcane 

Specific steam consumption in the processes 494.84 494.84 kgsteam/tcane 

Steam-bagasse ratio 2,126.96 2,127.66 kgsteam/tbagasse 

Electrical energy consumption in the process  
Power consumption in Sugar Production 5,265.00 (32%) 5,265.00 (32%) MWh/harvest
Power consumption in Alcohol Production 10,985.00 (68%) 10,985.00 (68%) MWh/harvest
Total power consumption in the processes 16,250.00 16,250.00 MWh/harvest
Power consumption by ton of sugar 55.42 55.42 kWh/tsugar 

Power consumption by liter of alcohol 0.21 0.21 kWh/lalcohol 

Electrical Power Generation       
TOTAL Power Generation 16,326.75 26,886.33 MWh/harvest
Surplus of energy 76.75 (0.47%) 10,636.33 (40%) MWh/harvest
Specific Power generation 12.56 20.68 kWh/tcane 

Specific surplus of power energy 0.06 8.18 kWh/tcane 

Cogeneration Parameters       
E (consumed electrical and/or mechanical 
energy) 34,852.51 365,179.40 MWh/year 

S (consumed thermal energy) 413,569.16 413,569.16 MWh/year 
α = E/S 0.08 0.08   
E´ (generated electrical and/or mechanical 
energy) 34,929.26 45,488.84 MWh/year 

S´ (Useful produced heat) 413,569.16 413,569.16 MWh/year 
β = E'/S' 0.08 0.11   

9.2. Results obtained for Scenario 3 
As explained in section 7.1.3 in this scenario it is suggested the possibility to incorporate the 

hydrogen production in the studied sugar-alcohol plant. In Scenario 2 the excess of bagasse generated in 

the plant was used to produce only electric power. In scenario, hydrogen is also produced with an ethanol 

reformer. 

It is calculated the potential production of hydrogen from the excess of bagasse generated in the 

sugar cane processing. As input in the production of reformed hydrogen, a portion of anhydrous ethanol 
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generated in the plant, is used. Then it is calculated whether the plant is able to provide the required 

amount of anhydrous ethanol for the new process. 

To perform the calculations, it is used the relationships shown in Tab. 34 and already calculated for 

Scenario 1. 

The energy inputs needed by the reformer according Tab. 23 are transformed into its bagasse 

equivalent (using its LHV) in order to simplified the calculations. The estimated values are shown in 

Table 35. 

Table 34. Steam-bagasse ratio and e electrical power-bagasse ratio for Scenario 1 

Steam - bagasse ratio in the Boiler 2.13 tsteam/tbagasse 

Electrical power – bagasse ratio in the turbo generator 129.75 kWh/tbagasse 

Table 35. Bagasse equivalent for the energy inputs of the reformer 

Bagasse equivalent of consumed Electrical Energy (EE)  14.64 kgbagasse/h 

Bagasse equivalent of consumed Thermal Energy (TE)  1.23 kgbagasse/h 

TOTAL quantity of bagasse to produce 1 Nm3/h of hydrogen 15.87 kgbagasse/h 

 

The amount of bagasse destinated for hydrogen production is shown in Tab 36. 

Table 36. Amount of surplus bagasse destined to hydrogen production 

Bagasse surplus (Scenario 1) 15,100 kgbagasse/h  
Amount of Bagasse destined to production of EE for the Reformer 13,930 kgbagasse/h 92.70 % 
Amount of Bagasse destined to production of TE for the Reformer 1,170 kgbagasse/h 7.70 % 

Then, it is estimate the maximum volume of hydrogen that can be generated in the sugar-alcohol 

plant using all available bagasse surplus. 

Table 37. Potential for hydrogen production from bagasse 

Volume of produced Hydrogen 951 Nm3/h  

Amount of anhydrous ethanol used in the hydrogen production process 757 lethanolanhydr/h 7% 

To produce this amount of hydrogen, 951 Nm3/h, it is used 7 % of the anhydrous ethanol generated 

in the plant. 
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A smaller amount of ethanol could be used for hydrogen production. In this case, the required  

electrical power for hydrogen production decreases, and the surplus electricity can be sold. In table 38, 

two options are presented,in which it is used 5% and 3% of the produced anhydrous ethanol for hydrogen 

production by steam reforming. 

Table 38. Two different operation strategies for hydrogen generation 

5% of anhydrous ethanol    

Amount of anhydrous ethanol 555 lethanolanhydro/h 5.00% 

Volume of hydrogen produced with 5% anhydrous Ethanol 697 Nm3/h  

EE necessary 1,324 kWh 71.65% 

Bagasse surplus 4.04 tbagasse/h  
Surplus of EE 524 kWh 28.35% 
3% of anhydrous ethanol    

Amount  of anhydrous ethanol 333 lethanolanhydro/h 3.00% 

Volume of hydrogen produced with 5% anhydrous Ethanol 418 Nm3/h  

EE necessary 795 kWh 41.98% 

Bagasse surplus 8.46 tbagasse/h  
Surplus of EE 1,098 kWh 58.02% 

Figures 15 to 18 show the generated products considering different option regarding the hydrogen 

production. 

 • All surplus bagasse is used to produce electricity (Fig. 15); 

• All bagasse surplus  is used for hydrogen production via steam reforming, equivalent to 7 % of 

anhydrous ethanol production (Fig. 16); 

• 5% of anhydrous ethanol is used to produce hydrogen (Fig. 17); 

• 3% of anhydrous ethanol is used to produce hydrogen (Fig. 18). 



 62

 

Figure 15. All surplus bagasse is used to produce electricity  

 

Figure 16. All surplus bagasse is used for hydrogen production via steam reforming  

 

Figure 17. 5% of anhydrous ethanol is used to produce hydrogen  
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Figure 18. 3% of anhydrous ethanol is used to produce hydrogen  

Hydrogen can be used in the automotive industry, specifically as fuel for passengers public 

transport through their use in fuel cells. The automotive industry is a major consumer of energy in Brazil 

with 28% of the final energy consumption, of which 90% corresponds to the transport sector 

(BERMANN, 2002). According to MME (2007) only São Paulo has more than 9,000 buses fueled mostly 

by diesel. If these buses are converted to the use of hydrogen as fuel, it would be formed a large consumer 

market with a considerable environmental benefit. 

Taking SOUZA (2002) as reference, a bus with an autonomy in the range of 200 to 300 km needs to 

operate 336.30 Nm3 (30.27 kg) of hydrogen per day. Based on this value it is calculated the number of 

buses that can supplied for each of the scenarios proposed above (Fig. 19). 
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10. CONCLUTIONS 

An energetic and exergetic analysis of the sugar-alcohol cogeneration plant has been performed. 

Three operating scenarios were analyzed. In the first configuration the plant only generates electricity to 

supply its internal needs, and as a consequence there is a bagasse surplus not used. In a second scenario 

the plant uses all the bagasse to generate electricity, targeting to sell electric power. Finally it was 

considered the possibility to incorporate the hydrogen production by ethanol steam reforming. The 

capacity of the plant to produce hydrogen is evaluated. The surplus bagasse is used to generate the 

electricity and thermal energy required for hydrogen production. A part of the anhydrous alcohol is used 

in the reformer for hydrogen production. 

The system losses, excluding those located in the boiler and the electric generator, are higher in 

scenario 2 than in scenario 1 (Fig. 13 and 14). It is due to the increase of generated steam, while the 

thermal requirements of the process don't change. Much of the exhaust steam from the TG is not used for 

any process, becoming lost energy. In consequence, a larger power generation implies an increase in 

losses, which was reflected in the values of global efficiency shown in Table 29. It can be observed a 

decrease in the efficiency from 70% in Scenario 1 to 57% in Scenario 2. 

 The useful thermal energy of process is directly proportional to the amount of Rsteamcane and the 

amount of cane. For plants working at thermal parity this relationship defines the operating point. The 

calculated Rsteamcane (495 kgsteam / tcane) is close to the value presented in reference (BARREDA DEL 

CAMPO et al., 1996) of 500 kgsteam/tcana. 

 Evaluating the plant with the performance indexes based on the first law of thermodynamics it can 

be concluded that the performance of Scenario 1 is better than Scenario 2. Although the latter generate 

more electric power due to increasing the flow of bagasse into the boiler, the system performance 

decreases by the fact that a large part of the exhaust steam is not used. The indexes with greater variation 

are the PGI and HPR because they are influenced by the total power generation of the plant. A lower 

global system performance could only be justified by the incorporation of a new process aiming the use of 

the energy contained in exhaust steam or by an increase of income resulting from a possible sale of 

electricity. 

Rpowelecane and Rbagpow , shown in tab 32 and used for comparison between different plants, depend 

both on the boiler and turbine efficiencies. Rsteampowele depends exclusively on the turbine efficiency. The 

same turbine is used for both scenarios. Thus Rsteampowele is equal in Scenario 1 and 2. The higher Rpowelecane 

obtained for Scenario 2 is a consequence of the operation strategy which gives priority to the generation of 

electric power for export. 
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The obtained values for the system cogeneration parameters (α and β) are found within the range of 

operation according to the consulted references, since for ELECTROBRÁS/PROCEL (2003) α values 

vary within the range of 0.08 to 0.11 and for SILVEIRA (2009) values of β vary in the range of 0.08 to 

0.26. For both Scenarios 1 and 2 the parameter α is similar due to for both cases the consumed electric 

and/or mechanical power and thermal energy do not vary (the process requirements do not change). On 

the other hand the value of β parameter increases in Scenario 2, consequence of the increased electricity 

generation. In an operation scheme in which it is aimed the generation of surplus electricity, as it is 

proposed in Scenario 2, it is expected a β value as large as possible. 

Regarding to Scenario 3, it is concluded that the plant's potential for hydrogen generation is 

4,466,600Nm3/year (951Nm3/h). To achieve this, the new process uses 7 % of the anhydrous ethanol 

produced in the plant, which implies a surplus of 37 lethanolanhydro/tcane available for sale. In this configuration 

all the bagasse is used for electricity and heat generation required for the hydrogen production. 

The hydrogen could be used for fuel cell vehicles. The plant is able to supply 68 buses with 

autonomy of 200 to 300 km per day. 

Analyzing the results obtained for Scenario 3 it can be concluded that the incorporation of the 

hydrogen production process by steam reforming represents an attractive alternative to the sugar-alcohol 

sector. The use of turbines exhaust steam implies an increase in the plants global efficiency, besides the 

environmental benefits. Even today, in Brazil there are no policies that encourage the production of 

hydrogen on a large scale. The PROCAC, program aiming the use of fuel cells for urban passenger 

transport, is still in evaluation stage. 

At the present there is no massive market for the hydrogen. On the other hand one of the main 

disadvantages of the large scale production of hydrogen using other technologies, such as electrolysis of 

water, is the high initial investment required to install the system. In the case of a sugar-alcohol plant, 

much of the system is already set up. 

The incorporation of hydrogen production via ethanol steam reforming represent an alternative to 

be taken into account for the Brazilian sugar-alcohol industry. The extensive know-how in this sector 

facilitates the integration of this new process. 

This work presents a first approach to the proposal of incorporating the hydrogen generation from 

ethanol steam reforming in a sugar-alcohol plant. From the analysis performed, it could be concluded in 

first hand that this approach is feasible. However it is necessary to carry out more detailed technical 

studies as well as economic analyses to make this assertion conclusive.  
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