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ABSTRACT 
The sugar cane industry represents one of the most important economic sectors in Brazil. It 

produces sugar and ethanol for the internal and external markets. Also, thermal and electric energy are 
produced for the own factory consumption, using sugar cane bagasse as fuel in cogeneration plants. Almost 
all the sugar cane factories in Brazil are self-sufficient in terms of energy supply and in the last few years 
some of them have been selling their surplus for the grid. The introduction of steam power plants operating 
at higher pressure and temperature levels or even Biomass Gasification Systems operating in combined 
cycles are new alternatives for increasing the efficiency of these systems. The purpose of this paper is to 
analyze different options of cogeneration systems in sugar cane factories in order to evaluate the 
possibilities of increasing electricity generation. The analysis of the power plant is performed together with 
the steam demand reduction of sugar production process once the two systems are interlinked. 
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1. INTRODUCTION

Sugarcane production is one of the most 
important economical activities in Brazil, mainly 
due its high efficiency and competitiveness. In this 
sector are found sugar factories, alcohol distilleries 
and integrated sugar and alcohol industries that can 
produce both products from the sugar cane. In the 
last few years electricity is becoming a new 
product too, once sugar cane bagasse can be used 
as fuel in a cogeneration system.  

Currently there are more than 300 cane 
industries operating all around the country [1]. A 
total of 394.4 Mt of cane were processed in the last 
harvest season (2005/2006) in Brazil [2]. In 
average, each unit of Center-South-Southeast 
region crushed 7,000 t cane/day operating around 
200 days/year in 2003/2004 harvest season [3].   

Actually almost all sugarcane industries in 
Brazil are self-sufficient in thermal, mechanical 
and electrical energy during the crushing season. 
Generally low efficiency cogeneration systems 
based on steam cycle with live steam at 22 bar and 
300ºC [4] are found in these industries. New 
cogeneration systems installed are working with 
live steam generation pressure up to 60 bar [5] and 

can attend its energy requirement and produce 
surplus of electricity that can be sold. The actual 
total electricity generation capacity installed in the 
sugar cane industries using bagasse in Brazil is 
around 2300 MW distributed in 221 units of 
production [6].   

The installation of more efficient cogeneration 
systems associated with investments in reduction 
of thermal energy demand in the production 
process, with optimization of process layout and 
operational parameters can increase the surplus of 
electric power generated that can be sold to the 
grid.

Moreover, these systems consume biomass as 
fuel, that being a renewable energy source, 
contribute for the substitution of the fossil fuels 
used for electricity generation, reducing like that, 
the green house gas emissions.  

The purpose of this paper is to analyze 
different options of cogeneration systems in sugar 
cane factories in order to evaluate the possibilities 
of increasing electricity generation. The analysis of 
the power plant is performed together with a study 
of the possible steam demand reduction of the 
sugar production process.  
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The production process supplies the fuel 
(sugarcane bagasse) for the cogeneration system 
which in its turn provides thermal and electric 
energy for it. Data from real sugar factories 
(Usinas Cruz Alta, Guarani and Santa Isabel) 
located at the State of Sao Paulo - Brazil were used 
for the process analysis. 

Other parameters are also analyzed, as the 
availability of cane bagasse for power generation 
and the need of complementary fuels.   

2. SUGAR PROCESS DESCRIPTION AND 
STEAM DEMAND REDUCTION  

The sugar production from sugar cane is done 
basically by several steps shown in Figure 1:  

I. Extraction of the raw juice and separation of 
the bagasse.

II. Clarification of the raw juice with juice 
heating and addition of chemical reactants. 

III.  Evaporation of the water content in the 
clarified juice for its concentration. 

IV. Treatment of the syrup produced in the 
evaporation.

V. Boiling, Crystallization and Centrifugation 
where the crystal sugar and the molasses are 
obtained.

VI. Drying of the crystal sugar 

The bagasse produced at the extraction system 
is delivered to the cogeneration system (VII) as 
indicated in Figure 1, where is used as fuel to 
produce electricity and steam consumed by the 
process.  If there is surplus of electricity, it can be 
sold to the grid. 

For the analysis of the process steam demand 
reduction, data from real sugar factories and from 
the literature [7 - 10] were used to elaborate a base 
case (Case 1) and the improved case (Case 2). 

Case 1 represents an average of the thermal 
energy used in a typical crystal sugar production 
factory and can be characterized by: 

Raw juice leaving the extraction system at 
35ºC; 

Juice heating up to 103ºC for the 
clarification;

Treated juice entering the first effect of 
evaporation at 97ºC; 

Five effect evaporation station with juice 
concentration from 15 to 65º Brix; 

Absolute pressures (bar) of the evaporation 
stages: 1.69; 1.34; 0.98; 0.51; 0.16. 

Syrup heating up to 80ºC for the treatment; 

Juice and syrup heating with steam from 
the first effect of evaporation station; 

Sugar boiling into vacuum pans with steam 
from the first effect of evaporation station;  

5% of steam losses at the process.  
Use of process steam at 2.1 bar of pressure 

for first stage evaporation and sugar drying;  

 Figure 1. Scheme of a sugar factory with the 
cogeneration system 

Case 2 was proposed for process steam 
demand reduction. Some changes in the layout of 
the factory with introduction of new equipments 
were proposed to achieve this target. The main 
changes are summarized below:  

Vapor bleeding from the 1st, 2nd,3rd and 4th

effects of evaporation; 
Use of 2nd,3rd and 4th effect vapor for juice 

heating;
Use of 2nd effect vapor for syrup heating; 
Use of 3rd effect vapor for sugar boiling; 
Use of process steam, 1st and 2nd effect 

vapors for clarified juice preheating until saturation 
temperature in the first effect of evaporation; 
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Addition of a 6th effect at evaporation 
station;

After implementing all improvements for 
decreasing the process steam demand a 
considerable reduction was obtained as shown in 
Table 1. 

Table 1. Process steam demand cases 
Steam demand 

(kg steam1/t cane)
Case 1 470 
Case 2 335 

1Saturated steam at 2.1 bar of pressure 

3. COGENERATION SYSTEMS  

Four configurations of cogeneration systems 
were chosen for the analysis of the different 
technological alternatives that could be applied to 
in sugar cane factories. The results refer to a cane 
sugar factory that crushes 22,000 t cane/day and 
operates 185 days/years. For the comparisons, 228 
kg wet bagasse/t cane or 95% of the bagasse 
produced by the factory was considered available 
as fuel for the cogeneration system. Thermal and 
electrical energy requirements of the process must 
be supplied by this system and surplus of 
electricity generated is considered available for 
sale to the grid. The simulations were performed 
using EES software [11] assuming electricity 
generation just during the harvest season, when the 
sugar production process is in operation.  

For the simulations presented in this paper the 
direct drive steam turbines commonly used for 
juice extraction system were substituted by electric 
engines, which offer higher efficiencies for energy 
conversion. Table 2 shows the general parameters 
adopted for all the configurations here proposed. 

Configuration I: The first configuration 
analyzed is a Steam Cycle with back-pressure 
steam turbine (Figure 2). In this case the sugar 
process determines the quantity of steam that can 
be produced by the boiler, once there is not a 
condensation system. This kind of cogeneration 
system is the most common in the Brazilian sugar 
cane factories and can operate just during the crush 
season when the factory is in operation and the 
steam demand exists. 

Configuration II: The second 
configuration is a Rankine Cycle with extraction-
condensation turbine (Figure 3). In this case the 
condenser offers more operation options and 
higher flexibility, being possible to operate all 

around the year, in crushing and non-crushing 
season. The condensation pressure adopted was 
0.085 bar. 

Table 2. General parameters adopted for 
cogeneration systems 
Parameter Value

Atmospheric Air Temperature (ºC) 25
Atmospheric Air Pressure (bar) 1.013
Bagasse Fiber Content (%) 12
Bagasse Moisture (%) 50
Bagasse LHV (kJ/ kg bagasse)1 7500
Bagasse Ash Content  (%)2 3.6
Process Mechanical Energy Demand  
(kWh/ t cane) 

16

Process Electric Demand  
(kWh / t cane) 

12

Boiler Thermal Efficiency (%)3 85
Steam Turbines Isentropic Efficiency (%) 80
Pump Isentropic Efficiency (%) 80
Electric Generator Efficiency (%) 96
Mill Electric Engines Efficiency (%)4 89
1 Wet base; 2 Dry base [12]; 3 LHV base; 4Considering the 
following efficiencies in series: Electric Engine (96%), 
Frequency Converser (97%) and Low Speed Reduction Gear 
for Mechanical Transmission (95%) 

Figure 2: Sketch of Configuration I 

Configuration III: The third 
configuration analyzed operates with a gasifier that 
converts the bagasse produced by the factory in a 
syngas that is used as fuel in a gas turbine (Figure 
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4). Thermal energy of exhaust gases from the gas 
turbine is used for generating steam in a HRSG 
operating at 2.1 bar of pressure required by the 
sugar process. 

Configuration IV: The fourth 
configuration analyzed is a BIG-CC cycle that like 
the previously considered configurations is 
operated with a gasifier of bagasse producing the 
fuel for a gas turbine. The thermal energy of 
exhaust gases from the gas turbine is used for 
steam generation in a HRSG operating at two 
levels of pressure. First it is produced steam at 2.1 
bar used by the sugar process and then steam at 
high level of pressure for the steam turbine. The 
steam turbine operates at back-pressure with 
exhaust steam directed to the process (Figure 5).  

The electricity is produced by gas and 
steam turbines and consumed by pumps, sugar 
production process and electric engines used in the 
juice extraction system. Table 3 shows the 
parameters adopted for the simulation of BIG-CC. 
For the available bagasse in a sugar factory, 
approximately 593 Nm3 Syngas/t cane could be 
produced.

Figure 3: Sketch of Configuration II 

Table 3. Parameters adopted for Configurations III 
and IV 

Parameter Value 
Syngas Production (Nm3/kg bagasse)1,2,3 2.6
Syngas LHV (kJ/Nm3)2 4100
Electricity Consumption for Gasification  
(kJ/Nm3 of Syngas)3

555

Pressure Ratio 11
Combustor Outlet Temperature  (ºC) 1050
Gas Turbine Isentropic Efficiency (%) 85
Compressor Isentropic Efficiency (%) 85
HRSG Pinch Point Temperature (ºC) 10
HRSG Approach Temperature (ºC) 5

1Dry and ash free basis 
2Source: [12] 
3 Nm3 (volume at 1 bar and 0ºC) 
3Parameter calculated based on data from Hassuani et al. 

[12] considering energy consumption in bagasse drying, 
gasification and syngas cleaning and compression.  

The syngas composition used for combustion 
simulation at the gas turbine was presented by 
Hassuani et al. [12] and is shown in Table 4.  

Table 4. Syngas Composition adopted for 
Configurations III and IV 

Syngas Element Fraction (% volume)1

H2 10.4
N2 57.1
CO 10.9 
CH4 3.5
CO2 17.6
C2H4 0.5

1Dry basis 

For all the configurations analyzed in this 
paper, three levels of live steam pressure and 
temperature were considered to evaluate its 
influence for electricity generation (see Table 5). 

Table 5. Parameters of live steam 
Pressure (bar) Temperature (ºC) 

L 1 60 480 
L 2 80 510 
L 3 100 540 
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Figure 4: Sketch of Configuration III 

Figure 5. Sketch of the Configuration IV 

4. RESULTS

4.1. Configuration I 

For the Configuration I the following results 
presented at Table 6 and 7 were reached.  

Table 6. Surplus Bagasse for Configuration I 
Bagasse Surplus (%)

 Case 1 Case 2 
L 1 9.3 35.4 
L 2 7.5 34.1 
L 3 5.9 32.9 

Table 7. Surplus Electricity for Configuration I 

As can be seen in Table 6, surplus bagasse 
between 6 and 9% was calculated for typical 
factories with high steam process demand like 
Case 1. Even with the increase of the pressure and 
temperature of live steam generated, the surplus of 
bagasse still exists, indicating that investments in 
new systems with higher live steam parameters can 
be feasible, generating an important quantity of 
surplus of electricity to be sold as shown in Table 
7.

When the process steam demand reduction 
proposed in Case 2 is implemented, the steam 
produced in the cogeneration system is lower and 
as a consequence the surplus of electricity 
decreases. A second consequence is that the 
bagasse surplus reaches more than 30%.  In this 
case the large quantity of surplus bagasse, make it 
a new product that can be sold to other consumers.  

On the other hand, the introduction of an 
additional steam turbine with condensation system 
like Configuration II, that permits the consumption 
of all the bagasse generated by the factory, is a 
more interesting investment for surplus electricity 
generation as will be seen in the following 
analyses.     

Surplus Electricity  Production 
(kWh/t cane)

 Case 1 Case 2 
L 1 46.0 24.2
L 2 53.2 29.3 
L 3 59.2 33.6 
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4.2. Configuration II 

 In this configuration it was considered that 
all the available bagasse is consumed by the 
cogeneration system. Table 8 shows the results for 
surplus of electricity produced. The difference 
between Cases 1 and 2 is lower in Configuration II, 
due to the fact that with this configuration all the 
bagasse is consumed in both cases.  

Moreover, the reduction of steam demand in 
Case 2 makes possible to increase the electricity 
surplus for this Configuration, being 20.5% for L1 
and 17.8% for L3, showing the importance of the 
reduction of process steam demand for a steam 
cycle with condensation systems.  

Table 8. Surplus Electricity for Configuration II 
Surplus Electricity  Production 

(kWh/t cane)
 Case 1 Case 2 

L 1 58.1 70.0 
L 2 63.3 75.2 
L 3 67.4 79.4 

For factories with steam demand like Case 1 
the Configuration II showed to be not 
advantageous, once the power produced by the last 
stage of the steam turbine, responsible for steam 
expansion from 2.1 bar to condensation pressure, 
produces only around 4% of the total power 
requiring for that, the operation of new equipments 
as condenser and water cooling systems. Only for 
large units this condensing turbine can represent an 
important amount of power generation.  

In Case 2, the last stage of the steam turbine 
produces 25% of total power and provides higher 
flexibility in the cogeneration system operation, 
especially if it is an objective the production of 
electricity out of crushing season and during the 
whole year.   

4.3. Configuration III 

In this configuration the total quantity of low 
pressure steam that can be produced by the system 
with available bagasse was 314 kg steam/t cane 
and therefore it can not attend any one of the Cases 
of process steam demand. In Case 1 and 2, around 
50% and 7% more bagasse would be needed to 
attend the process steam demand respectively.  

As there was no high level steam for power 
production at the steam turbine, the total energy of 
the cycle is produced only by the gas turbine.   

This Configuration is not feasible for surplus 
electricity production in sugar cane factories due 
the LHV of the syngas and the energy demand of 
the gasification adopted. The gasification process, 
with these parameters, considerably decreases the 
efficiency of the cogeneration system producing 
less energy surplus than the previously analyzed 
configurations that operate with steam cycle. 
Improvements in gasification technology are the 
necessary to change this scenario.   

4.4. Configuration IV 

For Configuration IV, that uses a HRSG at two 
levels of pressure, the possible steam production 
that could be obtained using available bagasse is 
presented at Table 9. 

Table 9. Possible steam production with available 
bagasse for Configuration IV 
Steam  Production (kg steam/t cane) 

L 1 255
L 2 253
L 3 251

As it can be seen in Table 9, the possible steam 
production is less than 255 kg steam/t cane for the 
high pressure levels at the HRSG, being 
insufficient to attend the sugar production process 
for Cases 1 and 2. To reach this reduced process 
steam demand other technological alternatives are 
required at sugar production e.g. membranes for 
juice treatment and concentration and steam 
thermal and mechanical re-compression 
[9,10,13,14].  

For the operation of Configuration IV with 
process steam demand of Cases 1 and 2, a 
complementary fuel is necessary.  Tables 10 and 
11 present the possible surplus of electricity 
generation and the complementary fuel energy that 
must be available to attend these two steam 
demands. 

Table 10. Surplus Electricity for Configuration IV 
with additional bagasse 
Surplus Electricity  Production 

(kWh/t cane) 
 Case 1 Case 2 

L 1 180.7 120.2 
L 2 185.5 123.6 
L 3 188.7 125.9 
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Table 11. Complementary Fuel Energy Input for 
Configuration IV 

Complementary Fuel Energy Input 
(MW)

 Case 1 Case 2 
L 1 406.7 151.0 
L 2 415.6 157.3 
L 3 421.5 161.5 

As occurred with the Configuration III, low 
efficiency of gasification process makes difficult 
the feasibility of this configuration presenting 
efficiencies (see Table 12) lower than the 
Configurations I and II that operates with steam 
cycle.  

If improvements are achieved at the 
gasification process, this Configuration could 
increase its efficiency considerably. producing 
more electricity surplus in the sugar factories. 
Besides that, the use of complementary fuel to 
increase the energy availability can contribute for 
the feasibility of operation of this system during 
the whole year. 

Cane trash seems to be one of the most 
interesting complementary fuels for the sugar cane 
factories. This residue usually left at the harvest 
field for agricultural purposes could be recovered 
representing a quantity of 125 kg trash/t cane [4]. 
The cane trash can be converted in syngas mixed 
with the bagasse increasing energy availability.  

The natural gas is another option too, since it 
could be used for co-firing at the gas turbine 
together with the syngas [15] or in an afterburner 
supplying additional energy directly to the HRSG.  

Table 12: Configurations efficiencies 
Configuration

I
Configuration

II
Configuration

III
Configuration

IV
 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

L1 84.3 84.3 78.9 64.1 57.2 57.2 56.9 56.9 
L2 84.2 84.2 80.0 65.2 57.2 57.2 56.9 56.9 Energy Efficiency1

(LHV - %) 
L3 84.2 84.2 80.9 66.1 57.2 57.2 56.9 56.9 

1 Energy  Efficiency = (Electricity generation + Process Heat)/Fuel Energy Input 

5. CONCLUSIONS 

The analysis of the different configurations of 
cogeneration systems presented in this paper has 
shown the importance of the process steam 
demand when selecting the best option for a 
sugar factory, considering the bagasse as the 
sources of energy. The analysis has been focused 
in the evaluation of the process steam demand 
reduction and its relation with the possible 
surplus of electricity that could be produced with 
the utilization of cane bagasse, an energy 
resource generated at the process. 

For the Case 1, that presents a higher steam 
demand with back pressure steam turbine 
(Configuration I) showed to be the best option, 
being the increase of live steam pressure and 
temperature the most important parameters to 
produce more surplus of electricity. 

When the process modifications to achieve 
the steam demand of Case 2 are implemented, 
other option seem to be more interesting. The 
adoption of a condensation system (Configuration 
II) makes possible the use of all the bagasse for 

electricity production and offers the possibility of 
operation of the system during the whole year 
using a complementary fuel like cane trash.  

Syngas composition and gasification energy 
demand used for the simulation of Configurations 
III and IV provided low efficiencies of the 
gasification process making these configurations 
not feasible when compared with the traditional 
steam cycles. Improvements into the gasification 
process are necessary to increase the efficiencies 
of these configurations, making it possible to 
attend the process steam demand and generate 
more surplus of electricity.   

As a final comment from the obtained results 
it can be concluded there is a potential for 
increasing significantly the electricity production 
using sugar cane bagasse and trash as fuels 
mainly with steam cycles with condensation 
turbines and process steam demand reduction. 
This fact is very important in the present context 
where the reduction of CO2 emissions in order to 
prevent global warming is becoming a priority in 
the international agenda. Further, it could 
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represent in the next future a new interesting 
source of income for the sugar can factories that 
could take benefits from the mechanisms 
considered in Kyoto protocol. e.g. Clean 
Development Mechanisms, international CO2
emissions trade and so on. 
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