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Abstract 

 

The electricity usage in the world is constantly increasing and it is therefore of high 

importance to improve the utilization of renewable energy sources. The electricity in Cuba is 

mainly generated from imported fossil fuels which have a negative environmental effect by a 

large contribution of carbon dioxide emissions. In the cogeneration unit of sugar factories 

electricity is generated in turbines from the steam produced in boilers by burning bagasse, a 

residual from the sugar production. This biomass is a renewable energy source and has a high 

energy content. 

 

In 2009 several parts were upgraded in a sugar factory in Cuba named Carlos Baliño with the 

aim to improve the efficiency of several production processes. The upgrades resulted in an 

increased amount of steam that can be used to generate electricity for export to the national 

grid and an increased amount of excess bagasse. Despite of the upgrades the factory is not 

able to increase the generation of electricity due to the technical restrictions of the current 

power turbines. 

 

The aim of this study is to further improve the efficiency of the cogeneration unit and 

maximize the electricity generation in order to increase the revenues for the factory owner by 

exporting excess electricity to the national grid. This will be performed by investigating an 

implementation of an extraction condensing turbine and drying the bagasse to the lowest 

possible moisture content.   

 

The  modelling  consists  of  four  scenarios  where  different  combinations  of  factors  that  

influence the electricity generation are implemented. The first scenario which is an evaluation 

of the current situation is used as a reference base for the others. The second scenario 

determines if it is possible to burn all of the bagasse and continue using the current back-

pressure turbines. For the third and fourth scenario a change into a condensing extracting 

turbine is evaluated. Additionally, drying of bagasse to different moisture contents in the 

fourth scenario is investigated.  

 

The results show that the implementation of an extraction condensing turbine and drying of 

bagasse generated the most electricity. The amount of generated excess electricity that can be 

sold to the grid was established to 2,8- 3,9MW.  The implementations would result in a 

payback time of 1,4-1,7 years and a yearly profit of 2,6-3,7 million USD. This indicates that 

implementing an extracting condensing turbine and a dryer is a good investment for Carlos 

Baliño.  

 

The impact of the assumptions and simplifications on the result in this study should be further 

investigated in order to justify the investment. Future work recommendations to increase the 

electricity generation include investigation of utilizing SCAR in addition to bagasse and an 

implementation of a boiler that generated steam with higher temperature and pressure.  



-4- 
 

Sammanfattning 

 

Användningen av elektricitet ökar konstant i världen och därför är det viktigt att förbättra 

användningen av förnyelsebara energikällor. Elektriciteten på Cuba är främst genererad från 

importerade fossila bränslen som påverkar miljön negativt genom stora bidrag till 

koldioxidutsläpp. I kraftvärmeverk i sockerfabriker genereras elektricitet av turbiner från 

ångan som skapas i ångpannor genom eldning av blast från sockerrör, en rest från 

sockerproduktionsprocessen. Denna biomassa är en förnyelsebar energikälla med högt 

energiinnehåll.  

År 2009 uppgraderades flera delar av en sockerfabrik på Cuba med namnet Carlos Baliño 

med mål att förbättra effektiviteten av flera produktionsprocesser. Uppgraderingarna 

resulterade i en ökad mängd av ånga som kan användas för att generera elektricitet som 

exporteras till elnätet samt en ökad mängd av överskottsblast. Trots uppgraderingarna är det 

dock inte möjligt att öka elgenerationen på grund av de nuvarande turbinernas tekniska 

restriktion. 

Målet med studien är att vidare förbättra effektiviteten av kraftvärmeverket och maximera 

elgenerationen och därmed öka vinningara för ägaren av sockerfabriken genom export. Detta 

kommer att göras genom en undersökning av en implementering av en kondenserande 

extraktionsturbin och torkning av blasten till lägsta möjliga fuktinnehåll. 

Modellen är uppbyggd av fyra scenarier där olika kombinationer av faktorer som påverkar 

elgenerationen är använda. Det första scenariot är en utvärdering av den nuvarande 

situationen och används som referensram inför de andra. Det andra scenariot undersöker om 

det är möjligt att bränna all överskottsblast utöver det nuvarande och fortsätta använda de 

nuvarande baktrycksturbinerna. En implementering av en kondenserande extraktionsturbin är 

undersökt i scenario 3-4. I scenario 4 undersöks också torkning av blasten till olika 

fuktinnehåll. 

Studiens resultat visar att implementering av en kondenserande extraktionsturbin och torkning 

av blast leder till maximal möjlig elgeneration. Mängden genererad överskottselektricitet är 

mellan 2,8-3,9 MW. Dessa implementeringar skulle resultera i en återbetalningstid på 1,4-1,7 

år samt en årlig inkomst av 2,6-3,7 miljoner USD. Detta påvisar att en implementering av en 

kondenserande extraktionsturbin och torkare är en bra investering för Carlos Baliño. 

Förenklingarnas och antagandenas påverkan på resultatet borde vidare undersökas för att 

rättfärdiga investeringen. Framtida rekommendationer för att öka elgenereringen innefattar 

undersökning av förbränning av SCAR utöver blast samt en implementering av en ångpanna 

som kan generera ånga med högre tryck och temperatur. 
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Nomenclature 

 

Symbol Denomination    Unit 

C Cost     USD 

cp,1 Specific heat value    kcal/kg˚C 

cp,2 Specific heat value    kJ/kgK 

d Time     day 

fr  Flow rate     m
3
/kg 

h  Enthalpy     kJ/kg 

H  The hydrogen content of bagasse on wet basis  % 

HHV  Higher heating value    kJ/kg 

i  Loss of heat due to flue gas   % 

ii  Loss of heat due to evaporation of water formed by H2 in fuel  % 

iii  Loss of heat due to evaporation of moisture in fuel   % 

INV Investment     USD 

iv  Loss of heat due to moisture present in combustion air  % 

k Constant boiler losses    % 

LHV  Lower heating value    kJ/kg 

m  Mass flow     kg/s 

MC  Moisture content    % 

p  Pressure     bar 

P  Power     W 

Pbt Payback time     year 

price Price     ¢/kWh 

Prof Profit     USD 

Q  Effect     W 

r  Average value of heat of vaporization   kJ/kg 

REV Revenue     USD 

SGI  Steam generation index    tst/tb 

T  Temperature     ˚C 

t Time     h 

v  Loss of heat due to unburnt fuel in fly ash  % 



-11- 
 

vi  Loss of heat due to unburnt fuel in bottom ash  % 

vii  Loss of heat due to radiation and other unaccounted losses % 

z Percentage of dryer investment cost   % 

  Efficiency      % 

  Density     kg/m
3 

 

Symbol Subscript      

ac After change of turbine 

at After turbine 

am Ambient 

atm Atmosphere 

ave Average 

b Bagasse 

B Boiler 

bc Before change of turbine 

bt Before turbine 

c Condenser 

el Electricity  

ex Excess 

f Fuel 

fg Flue gas 

fw Feed water 

g Generator  

inst Installation  

is Isentropic 

m Mechanical  

main Maintenance 

max Maximum value allowed 

net Net 

op Operational 

pr Process 

sc1 Scenario 1 
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sc2 Scenario 2 

sc3 Scenario 3 

sc4 Scenario 4 

st Steam 

tot Total 

turb Turbine 
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1 Introduction 

 

As the world’s economy grows people from developing countries start having access to the 

same possibilities as people in developed countries. Increased income levels give the ability to 

purchase vehicles and other energy-usage devices leading to an increased global energy 

usage. A forecast made by the U.S. Energy Information Administration indicates that the 

energy usage worldwide will increase by 56% between 2010 and 2040 (EIA, 2013). It is 

predicted that 80% of the energy demand will be supplied by fossil fuels through this time, 

which will increase the carbon dioxide emissions to the environment by 46% (EIA, 2013).  

 

A country’s energy usage has a natural link to its per capita income, a connection in which 

Cuba does not follow the usual relation and rather exceeds in energy usage. Since the 

beginning of the Cuban revolution the power sector in the country has been developed 

without considering the economic and environmental aspects. 85% of Cuba’s energy 

generation comes from liquid fuels of which 60% is imported from Venezuela (Belt, 2010). 

That results in high carbon dioxide emissions and high import costs for Cuba.  

 

The sugar industry is one of the few industries in the world that can generate electricity that 

can be exported to the national grid. Sugar factories in Cuba often produce excess biomass 

from the sugarcane that can be used as fuel to generate electricity. Many of the factories have 

the potential to fully use this source of energy but lack proper technology to do so. The 

electricity is generated by power turbines in a cogeneration unit of the factory. The most 

common turbine in sugar factories uses a back-pressure technology, which is less effective in 

generating electricity than extraction condensing turbines. An implementation of extraction 

condensing turbines in Cuban sugar factories would make it possible to increase the electricity 

generation by using local biomass as fuel and therefore decrease the dependence of imported 

liquid fuels. That would lead to lower carbon dioxide emissions, lower import costs and the 

possibility for extra income for Cuban sugar factory owners.  
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2 Objectives 

In this chapter the problem formulation, the aim and the determined goals of this study will be 

presented. 

2.1 Problem formulation 

The electricity usage is constantly increasing worldwide and it is therefore of high importance 

to improve the utilization of renewable energy sources. In the cogeneration unit of a sugar 

factory electricity is generated in turbines from the steam produced in boilers by burning 

bagasse, a residual from the sugar production. The electricity in Cuba is mainly generated 

from fossil fuels that contribute to high carbon dioxide emissions. Biomass e.g. bagasse has 

the potential to be used for electricity generation in a greater scale than today. 

 

In a sugar factory named Carlos Baliño in Villa Clara in Cuba, several parts were upgraded in 

2009 with the aim to improve the efficiency of several production processes. One upgrade 

was a change of one of the boilers in the cogeneration unit. This change resulted in the ability 

to generate more steam with a higher pressure and temperature, which would lead to an 

increased generation of electricity that could be exported to the national grid. Despite of the 

upgrade, the factory is not able to increase the generation of electricity due to the technical 

restrictions of the current power turbines.  

 

Carlos Baliño produces large amounts of excess bagasse. The excess bagasse could be used in 

the cogeneration unit to increase the amount of steam and thereby increase the generation of 

electricity if the power turbines were technically sufficient.  

2.2 Aim of study 

The focus of the study is to improve the cogeneration unit of Carlos Baliño with the aim to 

maximize the electricity generation and thereby the revenues by exporting it to the national 

grid. A change of the current back-pressure turbines into a new extraction condensing turbine 

will be investigated for this study. The model of a suitable condensing extraction turbine and 

the amount of potential excess electricity that could be generated from it will be established. 

An investigation of the financial feasibility of changing the turbine and exporting excess 

electricity will be made. The possibility to further increase revenues by combusting bagasse 

with lower moisture content than 50% in the boiler will be examined. 

The study will determine: 
 

 The suitability of an implementation of an extraction condensing turbine for the 

different scenarios in this study.  

 

 The excess electricity generated as a result of the implementation.   

 

 The excess electricity generated as a result of drying bagasse to different moisture 

contents. 

 

 The optimal obtainable conditions for maximization of electricity generation after 

implementation of an extraction condensing turbine and a dryer. 
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 The financial feasibility of the implementation of a condensing extraction turbine and 

drying bagasse to different moisture contents: 

o Investment costs 

o Payback time 
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3  Literature study 

 

The literature study provides background information and the technical knowledge needed to 

understand the objectives of the thesis. The information in this chapter is collected from 

relevant sources e.g. scientific articles, websites and professional contacts to cover the scope 

of the study.     

3.1 Global energy usage 

The economic growth in the world is leading to a constantly rising usage of energy. The 

energy usage in OECD and non-OECD countries between 2007 and 2035 will increase by 14 

and 84 percent, respectively (Wolfram, 2012). The electricity usage worldwide since 1980 is 

presented in Figure 1.  
 

 

Figure 1- Electricity usage worldwide (Index Mundi, 2015) 

 

Renewable energy sources and nuclear power are growing 2,5% per year, but fossil fuel based 

energy generation continues to dominate strongly throughout the nearest decades (EIA, 2013). 

There is potential for a much greater electricity generation from renewable energy sources, 

one of them is the bagasse-based cogeneration. When utilized to its full potential it could meet 

around 25% of the energy demand in the main cane producing countries of the world 

(WADE, 2004). Most of these countries are non-OECD countries that heavily rely on fossil 

fuels.      
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3.2 Cuba - Historical background and situation today 

 

The history behind Cuba’s energy situation and sugar production situation is presented in this 

chapter. An overview of the electricity generation in Cuba since 1970’s is displayed and 

discussed. 

3.2.1 Electricity generation in Cuba 

 

The electricity generation in Cuba from different fuel sources is presented in Figure 2. It 

clearly indicates that the generation from biofuels is not even close to 25% of the total 

generation, which as mentioned before would be possible if bagasse-based cogeneration was 

operating with full capacity in the country. Therefore it can be concluded that Cuba’s 

dependency on fossil fuels has the potential to decrease if energy efficiency improvements in 

the Cuban sugar industry were made. 

 

Figure 2 - Electricity generation in Cuba by fuel sources (ISO, 2015) 

 

3.2.2 The Soviet Union fall - energy demand in Cuba 

 

In the beginning of the 60’s, Cuba started to import oil from the Soviet Union at highly 

subsidized prices. As the Soviet Union fell in 1991, Cuba’s economy was very negatively 

affected since Cuba was forced to buy oil on the world market. During this crisis several 

actions were made to increase Cuba’s energy independency. Reduction of foreign energy 

source usage together with maximizing the usage of national energy sources were made to 

lower the demand for foreign oil. Several national energy saving programs during the years 

1997-2001 decreased the maximum energy demand with more than 150 MW and contributed 

to an economic growth twice as big as the energy usage (Carpio, 2010).  
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Until 2005, in spite of these improvements, Cuba suffered from severe power outages, 

frequent shut-downs in power plants so that 18% of the energy demand that was not met. 

Amongst other energy related problems this led to the energy revolution that started in 2005. 

The energy revolution focused on energy efficient ways of generating, distributing and using 

electricity. The revolution led to improvements in both the residential and state sectors and 

increased the focus on renewable energy sources e.g. biomass (Carpio, 2010).   

 

3.2.3 The Soviet Union fall - Cuban sugar industry 

 

For more than 400 years Cuba has been one of the biggest producers of sugar in the world 

(Alonso-Pippo, 2008). During the first half of the 20th century the country was a world 

leading exporter, something that rapidly started to change after the Soviet Union fall. From 

then until 2005 the production decreased with 29% and has continued decreasing since in 

spite of several governmental attempts to boost this agro-industry (Alonso-Pippo, 2008). The 

sugarcane production decrease in Cuba is illustrated in Figure 3. Brazil is the world leader 

now with a production of sugar cane that is 45 times larger than Cuba’s (FAOSTAT, 2015). 

 

 

Figure 3 - Production of sugar cane (FAOSTAT, 2015) 

Naturally the decrease in production has led to a decrease in sugar cultivation acreage, not 

less than with 60% between 2002-2008. A part of this land is now used for food cultivation 

and reforestation, but the rest is not being used at all. This fact opens for the opportunity to 

restore the sugar industry towards its historical levels of production (Soligo, 2010).  
 

3.3 The sugar industry 

 

The sugar production requires vast amounts of steam, water and electricity and in return 

usually generates excess electricity and wastewater. A further presentation of the industry is 

given in this chapter. 
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3.3.1 The sugar cane 

 

The sugar cane is growing in a tropical climate and is a gramineous plant with the capacity to 

convert sunlight to biomass of between 1.5-3% (Pippo, 2013). Sugar cane consists of water, 

soluble solids and fiber. The main content of the soluble solids is sucrose while the rest 

consists of glucose, fructose, salts and other organic composites. The main product from the 

sugar cane, sugar, is made from sucrose (Feychting and Vitez, 2014). The percentage of 

sucrose in the sugar juice is referred to as pol, while the percentage of soluble solids in the 

sugar juice is referred to as brix (Rodrigues Jr, 2013). The approximate content of the sugar 

cane is clarified in Fel! Hittar inte referenskälla.. 

 

Table 1 - Sugar cane content (Abdulhadi and Larsson, 2014) 

 
 

Around 60% of the sugar cane plant is millable cane (Erlich, 2009). During different stages of 

the production of sugar these three main components are obtained: sugarcane juice, fiber 

residues (bagasse) and sugarcane agricultural residues (SCAR). A ton of cleaned sugarcane 

contains around 6600 MJ divided equally between the three main components (Pippo, 2008). 

The sugarcane juice which consists of mainly sucrose and molasses is used to produce sugar 

and ethanol, while the bagasse is used to generate the energy needed for the production. 

SCAR is mainly the top leaves of the sugar cane and is about 40% of the whole sugar plant. It 

is usually not used in the sugar industry since it is common to burn sugar cane fields before 

harvesting in order to facilitate the harvesting (Pippo, 2008; Schleser 1994). The fields are 

burned when the harvesting is done manually in order to eliminate the harmful animals such 

as snakes and rats. The SCAR is burned off from the canes due to this. 

 

3.3.2 Wastewater in the sugar industry 

 

The sugar industry is one the most water demanding industries in the world which results in a 

large production of wastewater. The wastewater contains high amounts of organic material 

due to the sugars and organic material in the cane. For each ton of crushed sugar cane the 

industry uses 1500-2000 L of water and generates 1000 L of wastewater (Asaithambi, 2011). 

Amongst other sources most of the wastewater originates from leakage, condensation, floor 

washing and spillage of sugarcane from valves and pipelines (Sahu, 2015). The sugar industry 

could be a serious contributor to organic pollution if the factories do not apply environmental 

friendly operations. To assess the environmental problems of today, the sugar industry needs 

to adopt cleaner production methods (Ramjeawon, 2000). Both water quantity and quality are 

important to look into to implement improvements that reduce the pollution. The desired 
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outcome of several new techniques that have been tested during the last years is to reduce, 

reuse and regenerate water in the sugar industry (Ingaramo, 2009).  

3.3.3 Sugar production 

 

A sugar factory consists of two main parts, the sugar and ethanol processing unit and the 

cogeneration unit. In these parts a series of physical and chemical processes are taking place 

to obtain the main product sugar, as well as ethanol and electricity. The factories that do not 

produce ethanol only apply sugar production processes in the first unit. 

 

Sugar and ethanol processing unit 

 

Figure 4 illustrates a simplification of the process sequence in the sugar and ethanol 

processing unit. In this chapter the processes are described more thoroughly. 

Sugar cane 

crusher

Tandem mills

Bagasse

Sugar Juice

Clarifier

Solids

Cleaned Sugar Juice

JuiceJuice

Syrup

Waste

steam

Steam from 

turbines

Condensate 

to steam 

power plant

Waste

steam

Waste

steam

Crystallizer

Molasses

Sugar 

crystals
Dryer

Brown

Sugar

Ethanol 

process

Evapor-

ator

Evapor-

ator

Evapor-

ator

Ethanol

 

Figure 4 - The sugar production (Erlich, 2009) 

Milling 
 

Before entering the milling process it is of high importance to prepare the cane to obtain good 

sugar extraction. Usually the cane is processed within 24 hours from harvesting (SKIL, 2015). 

First the cane is being crushed by rotating knives and shredders, and then it continues to the 

mills. In the mills freshwater, called imbibition water, is added to make the extraction of 

sucrose more efficient by dissolving the brix from the cane (Morandin, 2010). The extracted 
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amount of sucrose is proportional to the added amount of imbibition water. The pressure in 

the mills has an effect on the amount sucrose extracted as well. By increasing the pressure the 

efficiency of the extraction increases. Each mill should operate with higher pressure than the 

one before to obtain the same compression of bagasse and extract the sucrose that was not 

extracted in the previous mill (Hugot, 1986).  

 

The two main products obtained from the milling process, bagasse and sugar juice, continue 

to different stages in the process. The bagasse is continuing to the boilers in the cogeneration 

unit while the sugar juice is separated into two streams. One stream is aimed to be used in the 

ethanol production and the other in the sugar production. In factories that do not produce 

ethanol, all sugar juice is used for sugar production (Morandin, 2010).  

 

Clarification and filtration 
 

After the crushing, the sugar juice contains undesired organic compounds and needs to be 

purified. The sugar juice is heated up to 100˚C before the lime juice is added in the clarifier. 

The purpose of the lime juice is to raise the pH of the juice and form insoluble lime salts 

(Laksameethanasan, 2012). After liming, the juice is left in the clarifier to settle in order to 

separate the clear juice from the mud that settles in the bottom. The clear juice continues to 

the evaporators and the mud that still contains sugar is filtered to extract the extra sucrose 

(SKIL, 2015). The solid mass after the filtration process is called filter cake and is removed 

from the process (Hugot, 1986).  

 

Evaporation 
 

The entering liquid into the evaporators is the clear juice from the clarification and filtration 

process. The purpose of the evaporation is to remove the water content in the juice so that the 

liquid becomes sugar syrup (Hugot, 1986). The low pressure steam from the turbines in the 

cogeneration unit is used in the pre-evaporators. After that, several evaporators with 

continuously lower pressure are used to obtain a multiple evaporation effect (Abdulhadi and 

Larsson, 2014). The stage of saturation is the wanted outcome of this process and with 

lowering the pressure the steam saturation temperature lowers correspondly. That makes it 

possible to use the steam from the previous evaporator for heating the mixture in the next 

evaporator (Hugot, 1986). The condensed water from the pre-evaporators is considered pure 

enough to be reused in the process as feed water for the steam boilers in the cogeneration unit 

(Morandin, 2010). The condensate from the following evaporators is not considered pure 

enough to enter back into the process and is therefore often wasted in pools outside of the 

factory. Some factories that have applied a waste water treatment system use this water for 

irrigation (Feychting and Vitez, 2014).  

 

Crystallization 

 

After the evaporation process the concentrated juice is in a part-solid, part-liquid state where 

crystals begin to appear. The concentrate is now placed in vacuum pans, called crystallizers, 

where single evaporation is used. The pressure in the pans is lower than in the last evaporator 

which makes it possible to use the steam from the evaporation for this process. The 

crystallization process is facilitated by using some crystals as seeds, and continues until the 

wanted crystal size is achieved (SKIL, 2015; Morandin, 2010).  
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During the crystallization process not all sucrose become crystals. It is the amount of 

impurities in the mixture that affects the efficiency of the process. More impurities lead to 

more uncrystallized sucrose since it directly affects the solubility of sucrose in water. The 

outcome from the crystallizing process is sugar crystals, water and molasses, a byproduct 

from the process containing brix and water (Hugot, 1986).  

 

Centrifugation 
 

The outcome from the crystallization process is centrifuged to separate the crystallized sugar 

from the molasses. During the centrifugation up to 85% of the white sugar is obtained, and the 

remaining molasses that still contain sucrose is sent back to the crystallization process 

(Morandin, 2010). With each re-entering of the molasses into the crystallizers fewer crystals 

are obtained until it is not possible to extract more crystals. Those molasses are at this stage 

removed from the process although they still contain sucrose, leading to a loss of sugar 

(Hugot, 1986).  

 

Drying 
 

The last step of the production is important to ensure a good enough quality of the sugar for 

selling or storing. The quality is determined by the moisture content in the sugar which should 

not exceed 1%. The sugar from the centrifuges has a moisture content of 0.5-2% which is why 

the sugar is dried after the centrifugation (Hugot, 1986). 

3.4 Cogeneration unit 

 

Cogeneration units are commonly used all over the world in sugar cane factories. The term 

cogeneration refers to the ability to generate both electrical and thermal energy from a single 

fuel source. Towards the end of the 20th century in countries such as Brazil and Cuba the 

electricity generated by the turbines in the cogeneration unit was not only enough for the 

plants to be self-sustaining but also enough to provide electricity to the national grid (Barreda 

de Campo, 1998). This makes the sugar industry one of the few that can generate surplus 

electrical power and sell it to the power grid making it an extra source of revenue for the 

sugar plant. This type of electricity is called intermittent electricity, meaning that it is not 

continuously available due to outside factors (Deepchand, 2001). 

 

3.4.1 Different cogeneration schemes 

 

The most common technology in cogeneration units in sugar factories is the steam Rankine 

cycle fueled by bagasse (EEA, 2006). There are other cogeneration schemes that use several 

types of fuel to generate surplus power year-round. In this case the boiler needs to be designed 

accordingly to enable multi-fuel combustion. A new technology that is under development 

now is called the biomass integrated gasifier cogeneration system (BIG-GT) where 

gasification of bagasse and SCAR is used. BIG-GT is predicted to be a highly cost-

competitive scheme in the future, but it is not yet adaptable in the commercial market 

(Kamate, 2009). There are numbers of different gas turbine technologies that work according 

to the Brayton cycle. The biomass gasifier combined with steam injected gas turbine (BIG-

STIG) cogeneration technology uses the steam that is not used in the process and injects it 
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back to the combustor. Because of this the electrical efficiency and power output increase, 

which leads to a greater generation of electricity (Williams, 1996). The modern steam turbine 

cogeneration units operating with high efficiency today can generate 115-120 kWh/ton of 

cane, while BIG-GT and BIG-STIG have the potential to generate 270-275 kWh/ton of cane 

(Kamate, 2009). Another cogeneration scheme alternative is a combined gas turbine/steam 

turbine cycle (GTCC) where the steam is expanded in the steam turbine to increase the power 

output (Zafar, 2015). 

 

3.4.2 Fuel 

 

Bagasse consisting of fiber, unextracted brix and water is the biomass that is used as fuel in 

the cogeneration unit in a sugar factory. The bagasse normally contains between 45-50% of 

water depending on the efficiency of the milling (Ingaramo, 2008). The biomass only contains 

a small amount of ash and is practically free from environmental contaminants such as sulfur. 

It is also easily transported, stored and has a sufficient heating value and is therefore suitable 

for use as fuel (Erlich et al., 2005; Hugot, 1986; Payne J.H., 1991). 

 

3.4.3 Bagasse drying 

 

The effectiveness of the combustion of bagasse in the boiler in the cogeneration unit is 

dependent on the moisture of the bagasse. Bagasse that contains 50% moisture has a net 

heating value of around 8800 kJ/kg, while fully dry bagasse reaches a gross value of 17630 

kJ/kg (Geethanjali, 2010). This indicates that drying bagasse increases the heating value 

which improves the energetic use of this biomass (Fernandes de Oliveira, 2011). The specific 

heat of water vapor is nearly twice as high as for other gases, so burning drier bagasse reduces 

water vapor in the combustion gases and results in a higher combustion temperature. This 

directly increases the boiler efficiency (Geethanjali, 2010). 

 

Since the 1980’s the most common techniques of drying biomass has been by utilizing flue 

gas as heat source (Holmberg, 2007). Flue gases are either taken directly from the boiler or 

separate flue gas burner. There are several types of dryers on the market. The most common 

type is rotary dryers, but others like fluidized bed-dryers, belt dryers and flash dryers are also 

widely used. Rotary dryers have low maintenance costs and can handle lots of different 

materials (Li et al., 2011).   

3.4.4 The processes in a steam turbine cogeneration system 

 

The milling process normally yields 250-280kg of bagasse per ton sugar cane which is then 

transferred directly to the cogeneration unit (ISO, 2009). Figure 5 depicts a simplification of 

the cogeneration unit.  Once the bagasse enters the cogeneration unit its first stop is the 

boilers. The typical cogeneration process consists of one or several boilers where the bagasse 

is burned at high temperatures to convert water into high-pressure steam. From 250-280 kg of 

bagasse 500-600 kg of high-pressure steam can be generated that runs from the boilers to the 

crusher and mill turbines and to the electrical power turbines where the kinetic energy is 

transformed into electrical energy (ISO, 2009). Once the steam has passed through the 

turbines it is low pressurized and is used for running the heaters, evaporators and pans (Hugot, 

1986). 
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Figure 5 - Cogeneration unit in a sugar factory (Erlich, 2009) 

 

The amount of electric power that is generated varies depending on pressure and temperature 

in the boilers as is presented in Table 2. A traditional cogeneration unit operates at a 

temperature of 300-400˚C and with a pressure of 20-30 bar while modern units run at over 

450˚C and with a pressure of 45-80 bar (Deshmukh R, 2013). In Fel! Hittar inte 

referenskälla. it is assumed that the  amount of steam used in the cane processing is 500 

kg/tc, that processing of 1 ton of cane produces 280 kg bagasse with 50% moisture content 

and that the process steam pressure is 2,5 bar. By reducing the usage from 500kg/tc to 350 

kg/tc, the amount of generated electricity would increase by 24 % (ISO, 2009). Thus, 

increasing the effectiveness of steam utilization is an important factor for success in larger 

generation of electricity.  

 

Table 2- Electric power and bagasse surplus in the cogeneration unit (ISO, 2009) 

 

 

3.4.5 Steam turbines 

 

There are a lot of different designs and complexities of steam turbines on the market to cater 

for the different needs of existing cogeneration systems. Steam turbines can vary in size from 

100 kW to 250 MW and are therefore applicable for smaller utility applications as well as 

large industries (Darrow et al., 2015). A large variety of fuels can be used in the boilers that 



-25- 
 

are connected to the turbine including both biomass and fossil fuels (Darrow et al., 2015). The 

fuel flexibility makes steam turbines suited for many different cogeneration systems. 

Steam turbine cogeneration systems use two different types of power turbines: back-pressure 

turbine and the extraction condensing turbine (Aksu, 2015). The steam is expanded in the 

turbine to provide power that runs a generator or a mechanical process. Back-pressure 

turbines exhaust all of the steam into the industrial process (as illustrated in Figure 6) and are 

used when the aim is to meet the process steam needs. Using this type of turbine the excess 

bagasse is saved. Surplus power is generated only during the crushing season and is 

considered to be a by-product from the process (Kamate, 2009). The most typical steam 

pressure values of back-pressure turbines are 50, 150 and 250 psig: the lower pressures are 

often used by district heating systems and the higher are used by industrial processes (Aksu, 

2015). Typical mechanical and electrical generator efficiencies for steam turbines are 95-96% 

(Åström, 2010). 

 

Figure 6 - Back-pressure turbine 

 

The power generation capability of a turbine increases a lot if the steam is being expanded to 

vacuum in a condenser, which is why extraction condensing turbines are more applicable 

when the aim is to generate surplus electricity (Kamate, 2009). As illustrated in Figure 7, an 

extraction condensing turbine first provides the process with steam at the wanted pressure and 

temperature and expands the rest of the steam below atmospheric pressure to a condenser. 
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Figure 7 - Extraction condensing turbine 

In the condenser the steam condenses to water and the latent heat from the vaporization is 

extracted. A condenser can either use water or air for cooling the steam. The pressure in the 

condenser is close to vacuum conditions, which makes the pressure drop through the turbine 

very large. Because of this it is possible to extract maximum amount of energy from the steam 

(Electropaedia, 2005). Factories that have this type of turbine installed usually burn all of the 

bagasse obtained from the production process and are connected to the power grid. Year-

round generation of electricity is possible to obtain with an extraction condensing turbine 

(Kamate, 2009). 

 

3.4.6 Possible performance issues of the cogeneration unit  

 

This section provides information about current possible performance issues that may occur in 

the boilers and turbine of the cogeneration unit. 

 

Boiler 

 

Excess air is directly affects the efficiency of the boilers. Air that is superfluous tends to 

makes the combustion of the fuel easier but the excess air also ends up in the stack gas 

resulting in loss of heat. However if the amount of air is insufficient this also results in 

decreasing efficiency in the boilers. It is therefore very important controlling the quantity of 

the excess air to keep the levels at its minimum to receive further efficiency (Albert-Thenet, 

1991). 

 

The moisture content of the bagasse is of high importance for the boiler efficiency. A way to 

increase the efficiency is to reduce the moisture content of the bagasse before the boiling 

phase begins. This will lower the energy consumption needed in order to produce the high-

pressurized steam. By reducing the water content in the bagasse with one percent the 

efficiency of a boiler, in good condition, will increase with one percent (Hugot, 1986; Erlich, 

2009). 

 

Installing an economizer is one of the cheapest ways to improve the boiler’s efficiency. It is a 

mechanical device that utilizes the enthalpy, heat losses, in the flue gas. For every degree that 

the feed water increases 0.1% of improvement in efficiency can be obtained (Albert-Thenet, 

1991). There is always a variation of load of process steam and it is of high importance that 

this is managed to achieve maximum electricity generation. It is therefore important to have 

close control of the boilers and turbo generators. The efficiency of a boiler, depending on its 

previous state, could increase many percentage points by installing an effective boiler control 

system (Lawler, 1991). 

 

It is also of high interest to make sure that there are no scales or deposits in the boilers. If a 

boiler for example has a one millimeter layer of scale the efficiency will reduce with 

approximately 3%. The best way of ensuring this does not happen is by adopting an effective 
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boiler water treatment and also a program that will recover condensate for feed water (Albert-

Thenet, 1991). 

 

Regardless of how high efficiency that is obtained, unforeseen interruptions in the boilers are 

a great problem for the factory and can result in major energy losses. These breaks may be 

due to mechanical failure, electrical failure or temperature sensors failure but could be 

remedied by different types of methods known as effect diagram: Failure Mode, Effect 

Analysis and Taguchi method (Senthilvelan, 2012). 

 

Steam turbine 

 

Steam turbines are very reliable and operate for long periods of time when maintained 

properly. There are several factors that influence the performance of a steam turbine that need 

to be monitored to ensure the best possible conditions. Erosion, wear and mechanical fouling 

are the most common negative influences on turbine performance. The largest losses that 

correspond to around 10% of the total energy input into the turbine are friction losses 

(Chaplin, 2009). This occurs due to the friction between the incoming high pressure steam 

and the turbine blades.  

There is a risk for air leaking into condensing turbines, as well as steam leaking out of both of 

the types. The air needs to be removed and this is done by a steam air ejector or a special fan 

in the condenser that removes non-condensable gases. Some heat loss is obtained because of 

the steam leakage but it may also occur due to convection and radiation to the atmosphere 

through the cylinders in the turbine (Darrow et al., 2015).  

It can take over 10 hours to warm up larger steam turbines. There is a high thermal inertia in 

the turbines due to the high pressure steam and the thickness of the blades. It is therefore 

important to warm up and cool down the turbine slowly so that the inside parts of the turbine 

do not expand and change shape (Darrow et al., 2015). 

There are several causes linked to the inflowing steam that degrade the performance of a 

steam turbine. Erosion is one of them. In the high-pressure section erosion usually is caused 

by solid particles that exist in the steam. These particles need to be removed with steam blows 

when the system is started to avoid this type of erosion. In the other parts of the turbine 

erosion occurs due to the water in the steam that condenses. If the condensate contains carbon 

dioxide the erosion increases even further (GE, 2015).  Condensed moisture drops that slow 

down the rotating turbine blades are negatively influencing the turbine efficiency as well. In a 

turbine it is common that these drops first collect on the fixed blades and form a film. Then 

the film is swept away by the incoming steam and hit the rotating blades (Chaplin, 2009). 

Corrosion is unavoidable in all steam turbines. The incoming steam does not have a high 

enough level of corrodents to do any harm, but as the steam expands in the turbine the 

solubility of these corrodents decreases. As they condense onto surfaces corrosion occurs 

(GE, 2015). 
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3.5 Carlos Baliño 
 

Carlos Baliño was founded in the early 1900s and currently has a production of 15000 tons of 

sugar per year. In the year of 2001 the factory started a project with the objective to produce 

organic sugar. From 2005 it has been the only factory in Cuba that produces internationally 

recognized certified organic sugar. Today, 30% of their sugar production is organic. 

It is of high importance to technically maintain the operating machines in the factory to ensure 

a properly functional process. In 2009 several parts of the factory were upgraded with the aim 

to improve the efficiency of several production processes. One of the boilers was replaced 

with a more efficient one, the former steam-driven cane cutters and tandem mills are now 

driven by electrically powered motors. The dryer was replaced with a newer one and the 

clarifier was improved.   

The change of the boiler and the electrification of the milling and cutting process has resulted 

in higher temperature, pressure and mass flow of the steam. All these parameters increase the 

ability to generate more electricity. However, the current back-pressure turbines are from 

1984 and do not have the capacity to generate more electricity. It could therefore be favorable 

to invest in a new extraction condensing turbine that could make use of the new parameters. 

 

3.6 Previous work in the area of study 

 

It is of high interest in many sugar producing countries to optimize the cogeneration units to 

increase the power generation and additional revenue streams by exporting excess power and 

gaining carbon credits. According to the report “Cogeneration – opportunities in the world 

sugar industries” (ISO, 2009) the combination of high-pressure boilers and extraction 

condensing turbines remarkably increases the electricity generation, which has been a focus 

for many sugar producing countries. The cogeneration upgrades and the gains they have led to 

in countries e.g. India, Brazil and Mauritius are presented. Improvements of the use of 

bagasse e.g. raising the heating value are of high importance in the industry as well. The study 

“Energy Management Study in Sugar Industries by Various Bagasse Drying Methods” 

(Geethanjali, 2010) assesses how different bagasse drying techniques increase the heating 

value of the bagasse and presents how the amount of steam generated in the boiler and the 

efficiency of the boiler increases with the heating value. 
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4 Model 

The model for this thesis is presented in this chapter. The modelling consists of four scenarios 

where different combinations of factors that influence the electricity generation are 

implemented. Financial modelling and sensitivity analysis will also be presented in this 

chapter. 

4.1 The scenarios 

The scenarios are introduced in Table 3 and will be presented in order in the model. Since the 

focus of this study is on implementing an extraction condensing turbine and utilizing all of the 

excess bagasse at Carlos Baliño, an economic analysis only for the scenarios 3-4 will be made 

to determine the most profitable one for the factory. Scenarios 1-2 are used as a reference base 

in order to determine the actual potential gaining from the implementations in this thesis.  

 

Table 3 - The different scenarios 

 

 

4.1.1 Methodology for the scenarios 

Each scenario includes a set of steps that need to be taken to determine the excess electricity 

generation. In the first scenario which is presented in Figure 8 the current electricity 

generation without using the excess bagasse is determined. Calculations of the electricity 

generation are based on the mass flow of the high pressure steam from the boiler and 

differences in the enthalpy of the steam at the inlet and outlet of the turbine. The numeric 

values from Carlos Baliño that are needed for this scenario are presented in Appendix A. 

 



-30- 
 

 

Figure 8 - Scenario 1 

The second scenario evaluates if the current back-pressure turbines can make use of all the 

bagasse without exceeding their limit of electricity generation. The methodology for this 

scenario is presented in Figure 9.   

 

Figure 9 - Scenario 2 

 

In the third scenario that is presented in Figure 10, a change to an extraction condensing 

turbine is made in order to maximize the electricity generation from burning all of the bagasse 

at Carlos Baliño.  The needed steam parameters to the condenser are determined in order to 

calculate the electricity generation in this scenario. 
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Figure 10 - Scenario 3 

 

In the last scenario it is investigated how drying the bagasse to different moisture contents 

affects the electricity generation. The bagasse is dried down to 30% moisture content and the 

pressure and temperature of the generated steam are varied for different moisture contents. 

These parameters are assumed and varied since it is beyond the scope of this study to 

calculate them. The boiler efficiency depending on the moisture content is calculated. The 

mass flow of the bagasse into the boiler and consequently the mass flows of the steam through 

the turbine for every moisture content are determined. A simplified methodology for this 

scenario is presented in Figure 11. 

 

Figure 11 - Scenario 4 for each MC 

 

4.1.2  System boundaries  

The system considered in this model is the cogeneration unit and is illustrated in Figure 12. 

The red arrows represent the considered mass flows of steam and water in scenario 1-2, the 

green arrows represent the considered mass flows of steam and water in scenario 3-4. The 

black arrow that represents mass flow of bagasse is applied for all scenarios.  

The sugar processing unit is only considered by mass flow of bagasse from the milling 

process and mass flow of steam to the process. Mass flows outside of the system are not 

considered.  
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Figure 12 – Components and mass flows in the system 

 

4.1.3  Assumptions 

 The crushing season is during 140 days per year. 

 The factory functions 24 hours per day. 

 The factory is connected to the national grid and therefore it is possible to export 

excess electricity. 

 The only considered losses in the system are from the boiler, the rest are neglected.  

 Some of the losses in the boiler are considered constant. 

 All steam flows are considered constant every second. 

 The bagasse flow to boiler and dryer is considered constant every second. 

 The ambient temperature is constant during crushing season with the value of 25˚C 

(Weatherbase, 2015). 

 The feed water flow to the boiler is considered constant every second. 

 The generator efficiency and mechanical efficiency of the turbine are 96% (Åström, 

2010). 

 The process steam need and factory electricity need are constant every second.  

 The boilers can provide steam with a maximum temperature of 370˚C and maximum 

pressure of 30 bar. 

 

4.2 Numerical calculations for the scenarios 

In this section the numerical calculations for the different scenarios are presented. All 

calculations are made in Matlab. All enthalpies in the following equations are obtained from 
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h-s diagrams from the temperatures and pressures considered in each case (Havtun, 2013). All 

input parameters needed for these calculations are presented in Appendix B. 

Scenario 1  

The mass flow of the steam from the boiler is determined in equation 1 by using the current 

mass flow of bagasse and steam generation index for Carlos Baliño, see Appendix A. The 

boiler efficiency is based on lower heating value of the bagasse and is determined by using 

the mass flow of steam and bagasse, the difference between the enthalpy of the steam before 

the turbine and of the feed water and the lower heating value of the bagasse. This is presented 

in equation 2. The efficiency of the boiler does not change for scenarios 1-3. The total power 

generation from the current back-pressure turbines is determined by the mass flow of the 

steam and the differences in enthalpy of the steam before and after the turbines, see equation 

3. The net power generation is affected by the mechanical and generator efficiencies of the 

turbine, as seen in equation 4. Finally the excess power generation is determined in equation 5 

and is directly affected by the existing electrical power need of the Carlos Baliño sugar 

factory. 
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Scenario 2 

Firstly the maximum mass flow of bagasse is determined due to the addition of all excess 

bagasse at Carlos Baliño. This is done by adding the current mass flow of bagasse with the 

additional mass flow of the excess bagasse, as seen in equation 6 

.  

,max,50 ,ex , 1b b b scm m m    [6] 

 

The maximum mass flow of the steam generated from the boiler is calculated by using the 

maximum mass flow of bagasse, boiler efficiency, lower heating value of the bagasse and the 

difference between the enthalpy of the steam before the turbine and of the feed water, see 

equation 7. The total maximum power generated using all bagasse is then determined by 

equation 8 and is affected by the maximum mass flow of steam and the difference in enthalpy 

of the steam before and after the turbine. The net power generation using all bagasse is 

affected by the mechanical and generator efficiencies of the turbine, as seen in equation 9. 

The excess power generation is determined by equation 10 and is directly affected by the 

existing electrical power need of the Carlos Baliño sugar factory. 
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Scenario 3 

In this scenario the mass flows of bagasse and steam from the boiler are the same as in 

scenario 2. The difference is that the steam that is not going into the process is expanded to a 

very low pressure in the outlet of the turbine. This affects the mass flow and enthalpy of the 

steam going to the condenser, which need to be determined in order to calculate the excess 

electricity generation. The mass flow of steam going to the condenser is calculated using 

equation 11 where the process steam flow need (
prm ) is the same as the process steam flow 

need (
, 1st scm ) in scenario 1. The total power generated from the extraction condensing turbine 

is determined by equation 12 and is affected by the mass flows and enthalpies of the steam 

entering and leaving the turbine. The net power generation is affected by the mechanical and 

generator efficiencies of the turbine, as seen in equation 13. The excess power generation is 

determined by equation 14 and is directly affected by the electrical process need. 

 

,sc2c st prm m m    [11] 

,sc3 ,sc2tot st st pr pr c cP h m h m h m        [12] 

, 3 ,sc3net sc tot m gP P       [13] 

, 3 net,sc3ex sc prP P P    [14] 

 

Scenario 4 

This scenario is divided into two parts: in the first part the final flue gas temperature that 

determines to which moisture content the bagasse can be dried is calculated, in the second 

part the calculations needed to identify the excess electricity generation are presented.  

Part 1 

The drying technique chosen in this scenario is rotary flue gas drying. The final flue gas 

temperature ( endT ) after drying the bagasse can not be lower than water boiling temperature 

and should preferably be around 120˚C (Geethanjali, 2010). Therefore endT  sets the limit of 

the possible moisture content in the bagasse. To determine endT  first the mass flow of bagasse 

depending on moisture content is calculated, see equation 15. 
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In order to determine endT  the average value for the flue gas temperature (
fgT ), flow rate (

fgfr ) 

and density (
,fg ave ) are obtained from the literature study, see Appendix B. The final flue gas 

temperature is based on the heat balance of the dryer and is presented in equation 16 (Birru, 

2007). 
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Part 2 

The calculations in this scenario are based on the higher heating value of dry bagasse (EEA, 

2006). The boiler efficiency and the heating value of the bagasse are affected by the moisture 

content of the bagasse. The boiler efficiency is directly dependent on losses and is presented 

in equation 17 (EEA, 2006). The losses that are assumed to be constant in the boiler are 

represented by equation 18 (EEA, 2006).  

  

  ,HHV, 100 ( )B MC i ii iii iv v vi vii          [17] 

k i iv v vi vii        [18] 

 

To be able to determine the rest of the losses the higher heating value of the bagasse 

depending on moisture content needs to be calculated. Firstly, the higher heating value of dry 

bagasse that is dependent on the lower heating value, the hydrogen content in dry bagasse and 

the average value of heat of vaporization is presented by equation 19 (ECN, 2012). This value 

then allows the calculation of the higher heating value depending on moisture content, see 

equation 20 (ECN, 2012).     
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Now the rest of the losses are determined by equations 21-22 (EEA, 2006). Loss of heat due to 

evaporation of water formed by H2 in fuel is determined by the hydrogen content, moisture 

content, specific heat value, flue gas and ambient temperature and higher heating value 

depending on moisture content, see equation 21. Loss of heat due to evaporation of moisture 

in fuel is determined by the moisture content, specific heat value, flue gas and ambient 

temperature and higher heating value depending on moisture content in equation 22.   
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Now that the boiler efficiency for every moisture content is known, the new mass flows of 

bagasse and steam for every moisture content need to be determined in order to calculate the 

excess electricity generation. The variation of pressure and temperature of the steam leaving 

the boiler will affect the mass flow of the steam. This is presented in equation 23 where the 

mass flow of steam depending on moisture content, pressure and temperature is calculated. 

The mass flow of steam for the varied parameters going to the condenser is calculated 

according to equation 24. 
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c, , , , , ,MC p T st MC p T prm m m     [24] 

 

Now it is possible to determine the total power generated from the extraction condensing 

turbine by drying bagasse and varying pressure and temperature, see equation 25. The net 

power generation is affected by the mechanical and generator efficiencies of the turbine, see 

equation 26. The excess power generation is determined by equation 27 and is directly 

affected by the electrical process need.  

 

, , , , , , , , , , c, , ,Ttot MC p T st p T st MC p T pr pr c p T MC pP h m h m h m       [25] 

, , , , , ,net MC p T tot MC p T m gP P       [26] 

, 4 , , ,ex sc net MC p T prP P P     [27] 

    

4.3 Financial calculations for scenario 4 

In this chapter the investment costs of implementing an extraction condensing turbine and a 

bagasse dryer are evaluated and the payback time period for the investment is determined. All 

input parameters needed for these calculations are presented in Appendix C.  

In order to determine the total investment cost the investment costs for the dryer and turbine 

need to be calculated. The investment cost for the dryer is fixed and is presented in equation 

28 (EPSRC, 2010). The investment cost for the turbine is depending on the fixed installation 

cost of the turbine ($/kWh) and the excess electricity, as seen in equation 29. The total 

investment cost is presented in equation 30. 
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Operating hours per year is determined by equation 31. The maintenance cost for the dryer 

includes labor costs and is assumed to be a fix percentage (z) of the investment cost (EPSRC, 

2010), see equation 32. Since flue gas from the boiler is as fuel in the dryer the fuel costs are 

zero. The maintenance cost for the turbine includes labor cost, is calculated in equation 33 and 

is dependent on a price q (¢/kWh), excess electricity and the amount of operating hours per 

year (UoI, 2004). The yearly revenue by exporting excess bagasse is based on the assumed 

electricity price and is calculated in equation 34. Now the yearly profit can be determined by 

using the yearly revenue and the maintenance costs for the new equipment, see equation 35. 

The payback time is presented in equation 36 and depends on the total investment and the 

yearly profit. 

 

24yeart d      [31] 

,
100

dryer

main dryer

z INV
C


    [32] 

, , 10main turb op turb exC C P t       [33] 

1000year el exREV price P t      [34] 

, ,Prof year year main dryer main turbREV C C     [35] 

Prof

tot

year

INV
Pbt     [36] 

 

4.4 Sensitivity analysis 

 

The sensitivity analysis evaluates the reliability of the model by investigating how the 

variation of the input data affects the results. Sensitivity analysis is done for all of the 

scenarios and the financial calculations. The investigated ranges are chosen from revision of 

relevant sources and assumptions. The sensitivity analysis is divided into four parts and the 

best and worst cases for all parts are presented in Chapter 5.3.  

Part 1 
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Firstly it is investigated how the parameters h, m , g , bm affect the generated amount of 

excess electricity in scenarios 1-3. The variation of the parameters is presented in Fel! Hittar 

inte referenskälla.. The sensitivity analysis for every parameter’s impact on the excess 

electricity generation is presented in Appendix D. In Chapter 5.4 the best and worst possible 

effect on the excess electricity generation by combinations these parameters is shown. 

 

 

 

Part 2 

In this part it is investigated how fgT  affects the boiler efficiency (HHV basis) and the limit to 

which the bagasse can be dried. The range of fgT  is set to 200-260˚C (Birru, 2007). Full 

sensitivity analysis for this part is presented in Appendix F. In Chapter 5.4 the results of to 

which limit the bagasse can be dried due to  fgT  are presented. 

 

Part 3 

In this part it is investigated how the parameters MC, T, p, h, m , g , bm affect the generated 

amount of excess electricity in scenario 4. The variation of T and p is made by starting at the 

current values for Carlos Baliño (T=310˚C, p=18 bar) and increasing the values with a 

reasonable amount. The variation of all parameters is presented in Table 5. The sensitivity 

analysis for every parameter’s impact on the excess electricity generation is presented in 

Appendix E. In Chapter 5.4 the best and worst possible effect on the excess electricity 

generation by combinations of these parameters is shown. 

 

Table 4 - Varied parameters: sensitivity analysis part 1 
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Table 5 - Varied parameters: sensitivity analysis part 3 

 

Part 4 

Sensitivity analysis of the financial calculations is presented in this part. The analysis is based 

on the best and worst outcomes from Part 3 to assess the financial feasibility of the 

implementation of this project. The variation of the financial parameters is presented in Table 

6. How these parameters together with parameters in Part 3 affect yearly profit and payback 

time is investigated. The range for 
,op turbC  and 

,inst turbC  is within fixed values (UoI, 2004), the 

rest of the parameters are varied by 10%. In Chapter 5.4 the best and worst possible effect on 

yearly profit and payback time by combinations of all parameters is shown.  

 

Table 6 - Varied parameters: sensitivity analysis part 4 
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5 Results and discussion 

In this part the numerical results for all scenarios and financial calculations are presented. The 

variation of the results assessed by the sensitivity analysis is also stated. The results obtained 

from calculations and the sensitivity analysis are discussed further in the chapter. 

5.1 Results for all scenarios 

 

The generation of excess electricity at Carlos Baliño in the current state is presented in Table 

7 in order to give an understanding of the current situation. 

 

Table 7 – Results for scenario 1 

 

 

If the factory also would burn all of the excess bagasse in the boiler, the generated net 

electricity would be as presented in Table 8. The obtained value is too large for the current 

back-pressure turbines and therefore Carlos Baliño can not combust all of the excess bagasse 

from the milling process despite the upgrade of the boiler. Therefore scenario 2 is not possible 

to obtain. This reinforces the problem formulation where it is stated that the factory cannot 

fully make use of the latest upgrades due to the technical limitations of the old turbines. For 

current electricity generation limitations, see Appendix A.    

 

Table 8 – Results for scenario 2 

 

 

An implementation of an extraction condensing turbine would lead to a generation of 

electricity as presented in Table 9. In this scenario the mass flow of bagasse and steam to the 

turbine is the same as in the previous case.  

    

Table 9 – Results for scenario 3 

 

 

In Table 10 the results for the lowest possible moisture content to which bagasse can be dried, 

when flue gas temperature of 230˚C is set, are shown. If the bagasse would be dried to 30% 

moisture content the final flue gas temperature would need to be lower than 100˚C, which is 
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below the water boiling temperature. That is why the lowest possible moisture content of 

bagasse for this factory is 35%. 

 

Table 10 – Lowest possible moisture content in bagasse due to final flue gas temperature 

 

 

Steam measurement would need to be done in order to determine the exact temperature and 

pressure of the steam leaving the boiler, therefore it is outside of the scope for this study. 

Since these parameters together with moisture content affect the electricity generation, the 

possible combinations and the resulting electricity generation are presented in Table 11. In 

this table the results of how HHV and B are affected by moisture content in bagasse are also 

shown. From the table it is possible to state that the optimal obtainable conditions, due to 

implementation of extraction condensing turbine and drying bagasse, are MC=35%, T=370˚C, 

p=30 bar which results in Pex.=3,9MW.  

 

Table 11 – Results for scenario 4 
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A graph of how the enthalpy of the steam entering the turbine affects the excess electricity 

generation for different moisture contents is shown in Figure 13, in order to facilitate the 

understanding of the results. Higher enthalpy and lower moisture content result in a higher 

generation of excess electricity.    

 

 

Figure 13 - Excess electricity generation for different T and p 

 

5.2 Results for financial calculations 

 

The results for the financial calculations are based on the lowest possible MC since this is the 

optimal obtainable condition to maximize the viability of this project. These are shown in 

Table 12 for different possible enthalpies. The range of the yearly profit and payback 

indicates is due to the variation of the pressure and temperature of the steam entering the 

turbine.  

 

Table 12 – Yearly profit and payback time 

 

 

5.3 Sensitivity analysis results 

 

The results for Part 1 of the sensitivity analysis are shown in Table 13. Worst case for the 

scenarios 1-3 implies minimization of the enthalpy of the steam before turbine, the mass flow 
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of bagasse, the generator efficiency and the mechanical efficiency of the turbine within the set 

range. Additionally for scenario 3, the enthalpy of the steam going to the condenser is 

maximized. The best case for the scenarios 1-3 implies maximization of the enthalpy of the 

steam before turbine, the mass flow of bagasse, the generator efficiency and the mechanical 

efficiency of the turbine within the set range. Additionally for scenario 3, the enthalpy of the 

steam going to the condenser is minimized.  

 

Table 13 - Sensitivity analysis results, part 1 

 

 

The flue gas temperature for Carlos Baliño is not known and therefore an average value of 

230˚C was chosen (EEA, 2006). Since this value affects the lowest possible moisture limit 

which has a large effect on the electricity generation, it was of high importance to consider it 

in the sensitivity analysis. The results from Part 2 of the sensitivity analysis are presented in 

Table 14.   

 

Table 14 – Sensitivity analysis results, part 2 

 

 

The results for Part 3 of the sensitivity analysis are shown in Table 15. The worst case for 

scenario 4 implies minimization of the enthalpy of the steam before turbine, the mass flow of 

bagasse, the generator efficiency, the mechanical efficiency of the turbine, temperature and 

pressure of the steam entering the turbine within the set range. It also implies maximization of 

the enthalpy of the steam going to the condenser and the moisture content of the bagasse. The 

best case for scenario 4 implies maximization of the enthalpy of the steam before turbine, the 
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mass flow of bagasse, the generator efficiency, the mechanical efficiency of the turbine, 

temperature and pressure of the steam entering the turbine within the set range. Additionally it 

implies minimization of the enthalpy of the steam going to the condenser and the moisture 

content of the bagasse. 

 

Table 15 - Sensitivity analysis results, part 3 

 

 

The best and worst cases in the results of Part 4 are based on the best and worst cases in Part 

3. In addition to the cases from Part 3, the best and worst financial cases are added to fully 

assess the financial feasibility of the implementations. See the results from Part 4 in Table 16. 

The worst financial case implies minimization of the electricity price and maximization of the 

installations costs, operational costs and fixed percentage of the dryer investment cost. The 

best financial case in Part 4 implies maximization of the electricity price and minimization of 

the installations costs, operational costs and fixed percentage of the dryer investment cost.  

 

Table 16 - Sensitivity analysis results, part 4 

 

 

In Figure 14-Figure 15 it is presented how the payback time and yearly profit are affected by 

the variation of different parameters that lead to a maximization/minimization of generated 

excess electricity and financial conditions. 
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Figure 14 - Payback time depending on generated excess electricity 

 

 

Figure 15 - Yearly profit depending on generated excess electricity 

 

5.4 Discussion 

 

The aim of this study was to maximize the electricity generation by investigating an 

implementation of an extraction condensing turbine and drying bagasse to the lowest possible 

moisture content. The results show that an increased electricity generation in fact was 

achieved by these implementations. The change to an extraction condensing turbine has led to 
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the possibility to use all the excess bagasse in Carlos Baliño in order to maximize the excess 

electricity generation up to 3.9MW. It is clear in the results from scenario 2-3 that an 

extraction condensing turbine is more suitable for electricity generation than a back-pressure 

turbine. Furthermore, an extraction condensing turbine is not only limited to function when 

the production process is on-going, which increases the flexibility of generating electricity 

even off-season. Due to this flexibility there is a possibility to make use of excess bagasse 

year-round which ensures an even lower risk of wasting useful bagasse. 

 

The results from the economic analysis showed a payback time for the required investments 

within two years and a yearly profit of 2,6-3,7 million USD. The relatively short payback time 

indicates that the implementation of an extraction condensing turbine and a dryer is a good 

investment with the aim to maximize electricity generation. This was not unexpected since the 

literature study and previous work showed similar results. Even by assuming the worst case 

scenario in the sensitivity analysis the payback time would be 3,5 years and the yearly profit 

is 1,1 million USD. The payback time is still relatively short since the revenues from the 

electricity generation are additional to the sugar export revenues. It is clearly visible in Figure 

14Figure 15 that the generation of excess electricity may decrease a relatively large amount 

without it being a bad investment. The issue here is whether such an investment would be 

possible to do for a sugar factory owner in Cuba. For this investment to happen the factory 

most likely would need to find an investor. One possibility could be to first only implement 

an extraction condensing turbine since the results from the financial analysis show that this 

also is a good investment. Currency rates and the electricity price are also important factors of 

the feasibility of this investment. If higher prices than 10% would apply and the electricity 

price would lower by more than 10% the investment could possible lead to a financial loss.      

 

The maximization of the electricity export from Carlos Baliño leads to financial and 

environmental gains not only for the investor, but for Cuba as well. By increasing the 

domestic generation of electricity the dependence on fossil fuels that are imported lowers. 

Since the implementations in this thesis lead to a higher generation of electricity, the fossil 

fuel import costs for Cuba and the carbon dioxide emissions would decrease. Since these 

decreases are important for Cuba’s economy and the environment it may be of governmental 

interest to invest in upgrading sugar factories in order to increase electricity generation. These 

types of investments have been widely made in countries such as Brazil and Mauritius (ISO, 

2009).   

 

The generated excess electricity depends on many different parameters. In this study 

assumptions and simplifications were needed to be made, causing the result to differ from 

reality. Since Carlos Baliño both produce regular and organic sugar, the parts of the sugar 

processing unit need to be cleaned every time the production switches from regular to organic, 

which shortens the operational time per day to 20 hours (Feychting and Vitez, 2014). The 

supply of sugar cane for organic sugar production is not as even as the supply for 

conventional sugar production, which increases production stops and does not allow the mass 

flow of bagasse to be constant. One reason for this is the bad logistics for bringing the cane to 
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the factory. Production stops due to these reasons jeopardize the electricity generation since 

the mass flow of bagasse needs to be continuous.   

 

The heating value and the efficiency of the boiler increased with lower moisture content of the 

bagasse in this thesis, as stated in the literature study. In the study a rotary flue gas drier is 

chosen since it is the most common type. No further investigations of whether it is the most 

appropriate choice for Carlos Baliño have been made. Since the choice of the drier includes 

looking into the optimum sizing and operational variables, the choice of a rotary flue gas 

dryer may not be the most suitable.  

 

The moisture content to which bagasse can be dried to has a severe impact on the electricity 

generation. It is therefore of high importance to know the actual value of the flue gas 

temperature in order to correctly identify the electricity generation. Since the flue gas 

temperature is assumed from literary values, the real flue gas temperature at Carlos Baliño 

may give other results and affect the feasibility of the implementations. 

 

Higher temperature and pressure of the steam led to a larger generation of electricity by the 

extraction condensing turbine, a relationship which also was expected. In our case it is 

assumed that the boiler can generate steam with a higher pressure and temperature than in the 

current situation, which can not be ensured without further investigation. Due to this 

assumption, the maximum excess electricity generation may be lower in reality. Losses in all 

of the components of the cogeneration unit apart from the boiler were neglected which in 

reality would affect the electricity generation. The impact of the assumptions and 

simplifications has not been assessed outside the sensitivity analysis in this study and further 

investigations must be done in order to obtain a more accurate evaluation of the 

implementation. 
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6 Conclusions and recommended future work 

In this chapter the conclusions and recommended future work are presented. 

6.1 Conclusions 

 An extraction condensing turbine generates more electricity than a back-pressure 

turbine for the same steam inlet parameters and is therefore a more suitable choice 

when the aim is to maximize the electricity generation.  

 Drying bagasse increases the heating value of bagasse, the boiler efficiency and the 

generated electricity and is therefore suitable in order to increase the electricity 

generation. 

 If the sugar factory Carlos Baliño would do the suggested implementations the 

payback time would be between 1,4-1,7 years and the yearly profit would be 2,6-3,7 

million USD.   

 The optimal obtainable conditions for maximization of electricity generation after 

implementation of an extraction condensing turbine and a dryer are MC=35%, 

T=370˚C and p=30 bar. The excess electricity generated in these conditions is 3,9 

MW. 

 

6.2 Recommended future work 

 

Since the energetic potential of SCAR is as large as of bagasse, further investigations of how 

SCAR could be used in order to maximize the electricity generation should be done. A waste 

of this biomass creates an unused energy source that could make Cuba more self-sustaining in 

electricity generation. It could be interesting to look into the amount of SCAR that is wasted 

and could be burned in the boilers, and whether the current boilers have the capacity for it. If 

not, a future change of the current boilers can be of interest in order to make use of this 

wasted energy source. 

 

The ways the sugar processing unit affects the electricity generation apart from the mass flow 

of bagasse was not looked into in this study. It would also be interesting to further investigate 

how steam usage optimizations in the sugar processing unit could maximize the steam used 

for electricity generation in the cogeneration unit. The possible financial earnings by 

generating electricity during off-season could be further investigated in this study in order to 

add additional revenues for the sugar factory owner.  
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Appendix A – Carlos Baliño factory 
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Appendix B – input parameters for scenario 1-4 
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Appendix C – input parameters for the economic analysis 
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Appendix D – sensitivity analysis for scenario 1-3 
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Appendix E – sensitivity analysis for scenario 4 
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Appendix F – sensitivity analysis for boiler efficiency and 

final flue gas temperature  

 


