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Abstract 

Energy systems have significant importance for social development, not least in developing 

countries. A well-developed energy system can contribute to economic, ecological as well as 

social sustainability. At the same time, the ambitions to globally reduce dependence on fossil-

based fuels and the climate impacting emissions that accompany them increase. To achieve 

this, energy efficiency improvements and an increased share of renewable energy sources are 

required. Today, there are both great challenges and opportunities in developing energy 

systems in developing countries and at the same time reducing the global climate impact.  

Thanks to the sugar industry in Cuba, there are great opportunities for the country to develop 

its electricity production from biofuels in the form of bagasse, a residual product which is 

provided during the process of the production of sugar. This report examines the possibility 

of developing the energy system in the sugar factory Carlos Baliño, located in Villa Clara in 

Cuba. The purpose is to enable the factory to minimize its use of bagasse and to maximize 

electricity production. This is to provide the opportunity for the factory to become more 

economical and ecologically sustainable. 

The current energy system in the sugar industry was examined and a model of the energy 

flows was created in excel. Based on the current energy system, four different scenarios were 

then examined with potential improvements. These four scenarios were as follows; (1) 

Preheating, (2) Bagasse drying, (3) Increase inlet boiler pressure and (4) New generator. For 

the various scenarios, the energy flow schemes were defined and technical components were 

selected. An economic and ecological analysis based on the best possible parameters of the 

scenarios was then performed. 

The result showed that the marginal electricity demand for the current system was 19 kWh 

per tonne of sugar cane and that the fixed electricity demand was 890 kW. The model defined 

the value of the bagasse as 8.2 USD per tonne, based on the current system. The current cut 

of costs by replacing oil were defined as 31 MUSD and the total amount of saved carbon 

dioxide was 96,000 tonnes, both for a period of 6 years. Out of the four scenarios that were 

investigated and compared with current systems, drying of bagasse was the option that could 

best be justified. This scenario resulted in a bagasse value of 5.0 USD per tonne, a cut of 

costs of 51 MUSD by replacing oil over a 6-year period and 150,000 tonnes of reduced 

carbon dioxide emissions over the same period. 

Preheating resulted in an increase in bagasse consumption, but also a higher electricity 

production. The result also showed that increasing the pressure in the boiler is not relevant, as 

the current pressure is almost the maximum for the current system. Due to a simplified 

model, Scenario 4, which included the investment of a new generator, could not be tested. 

 

  



 
 

Sammanfattning 

Energisystem är av stor betydelse för samhällsutveckling, inte minst i utvecklingsländer. Ett 

väl utvecklat energisystem kan bidra till ekonomisk, ekologisk så väl som social hållbarhet. 

Samtidigt ökar ambitionerna om att globalt minska beroendet av fossilbaserade bränslen samt 

de klimatpåverkande utsläppen som följer med dessa. För att uppnå detta krävs 

energieffektiviseringar och en ökad andel förnyelsebara energikällor. Idag finns både stora 

utmaningar och möjligheter i att utveckla energisystem i utvecklingsländer och samtidigt 

minska klimatpåverkan globalt.  

 

Tack vare sockerindustrin på Kuba finns stora möjligheter för landet att utveckla dess 

elproduktion från biobränsle i form av bagass, en restprodukt som tillhandahålls i 

framställningen av socker. I denna rapport undersöks möjligheten att utveckla energisystemet 

i sockerbruket Carlos Baliño, beläget i Villa Clara på Kuba. Syftet är att möjliggöra för 

verksamheten att minimera dess användning av bagass samt maximera elproduktionen. Detta 

för att ge möjlighet för sockerbruket att bli mer ekonomiskt och ekologiskt hållbart.  

 

Det nuvarande energisystemet i sockerbruket undersöktes och en modell av energiflödena 

skapades i Excel. Utifrån det nuvarande energisystemet undersöktes därefter fyra olika 

scenarier med potentiella förbättringar. Dessa fyra scenarier var följande; (1) Förvärmning, 

(2) Bagasstorkning, (3) Höjning av tryck i pannan samt (4) Investering av ny generator. För 

de olika scenarierna framtogs dess energiflödesscheman samt tekniska komponenter. En 

ekonomisk samt ekologisk analys utifrån scenariernas bästa möjliga parametrar utfördes 

sedan.  

 

Resultatet visade att det marginella elbehovet för det nuvarande systemet är 19 kWh per ton 

sockerrör samt att det fasta elbehovet är 890 kW. Med modellen definierades värdet på 

bagassen som 8,2 USD per ton, utifrån det nuvarande systemet. Den nuvarande besparingen 

av kostnader genom att ersätta olja definierades till 31 MUSD och den totala mängden 

besparade koldioxidutsläpp som 96 ton, båda under en period på 6 år. Av de fyra scenarier 

som utreddes och jämfördes med nuvarande system var torkning av bagass det alternativ som 

bäst kunde motiveras. Detta scenario resulterade i ett värde på bagassen av 5,0 USD per ton, 

en minskning av kostnader om 51 MUSD genom att ersätta olja under en 6 års period samt 

150 000 ton besparade koldioxidutsläpp under samma period.  

 

Förvärmning resulterade i en ökning av bagassförbrukning, men även en högre elproduktion. 

Resultatet visade även att en höjning av trycket i pannan ej är relevant, då det nuvarande 

trycket är näst intill maximalt för det nuvarande systemet. På grund av en förenklad modell 

kunde Scenario 4, vilken innefattade investering av en ny generator, ej testas.   
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1. Introduction 

During the last hundred years, climate impacts have increased significantly in the world as 

with intensified energy use. To counteract this development, increased energy efficiency and 

an increased share of renewable energy sources on a global level are required. The United 

Nations has developed 17 global goals for an ambitious agenda for working towards social, 

economical and ecological sustainability. One of the global goals the United Nations has 

developed is Affordable and Clean Energy. This goal includes the sub-goals  

 

- Expand and improve the infrastructure for energy in developing countries,  

- Increase the share of renewable energy in the world, 

- Make research and technology available and invest in clean energy (UNDP, 2015). 

 

Infrastructure plays a central role in the well-being of a country and largely consists of power 

systems. Power systems are socio-technical systems that include both technical and social 

components and are necessary to satisfy activities in society. Today, there are major 

challenges in developing energy systems in developing countries and at the same time 

reducing global climate impact.  

 

The power system of Cuba has distribution which covers the whole country, but there are 

many shortcomings in the system. The power grid is unstable, has major distribution losses 

and the power production is almost exclusively driven of fossil fuels such as oil (Cereijo, 

2010). 

 

The sugar industry in Cuba has a strong cultural and historical attachment in the country and 

sugar is Cuba’s largest exported product (OEC, 2016). In this industry, there are many 

possible improvements regarding the power production. For example, in the production of 

sugar, the residual called bagasse is obtained, which can be used as biofuel to generate 

electricity. By increasing the energy efficiency in sugar mills and maximize the generated 

electricity, the shared amount of electricity based on biofuels can be increased in the country 

(Herrera Moya, 2019). This may potentially contribute to lower operating costs, higher 

electrical efficiency and reduced emissions. In the longer term, this may increase the social 

living standard in the country, reduce dependence of oil and increase the proportion of 

renewable energy sources.  

1.1. Problem formulation 

The Cuban energy sector is dependent on imported fossil fuels to supply its demand for 

power generation. This makes the energy system of Cuba vulnerable in the case of political 

crisis or fluctuations on the international energy market. However, the country has 

possibilities to extend the use of biofuel, not the least in the sugar industry. As of today, the 

value of the biproduct bagasse from sugar canes has been considered zero, even though it can 
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be used as a biofuel. Cuban sugar mills use the fuel to supply in-house demands for heat and 

power, but the fuel is used inefficiently.  

1.2. Purpose 

The purpose of the study is to obtain material for decision-making for developing the energy 

system at the sugar mill Carlos Baliño to be more economical and ecological sustainable. 

Moreover, the study will be presented in such a manner that it can be understood by people 

with basic knowledge of thermodynamics.  

1.3. Aim 

The aim of the study is to define the energy scheme of the sugar mill under current 

circumstances. Moreover, different scenarios will be investigated to propose new schemes 

which minimizes the use of bagasse while achieving maximum power generation efficiency. 

The suggestions of improvement will be compared from an economic and ecological point of 

view. 

 

The objectives of the study are to:  

- Investigate current energy scheme 

- Investigate possible scenarios of advancement 

- Carry out cost-benefit-analysis for scenarios and current scheme 

2. Background 

2.1. Energy demand in Cuba 

2.1.1. A brief energy history of Cuba 

A historical dependence on subsidized, imported oil, has long since made Cuba’s energy 

sector unstable and vulnerable for outside political circumstances and changes. After the 

revolution took place in 1959 Cuba, and its new government, started to import subsidized oil 

from the Soviet Union. The relationship between these two countries was a dominant force in 

Cuba’s energy sector and the agreement on subsidized oil continued until the collapse of the 

Soviet Union in early 1990s (Panfil et al., 2016, p 10). During this period of time, almost 90 

% of Cuba’s fuel needs where covered by oil provided by the Soviet Union and total installed 

power generating capacity grew from 400 MW in 1958 to 4,000 MW in 1990. During the 

same period, total electricity generation grew from 2,200 GWh to 15,000 GWh. Due to these 

fuel imports, Cuba provided the Soviet Union with sugar and other commodity exports in 

exchange (Käkönen et al., 2014, p 9). Broadly speaking, one can say that for every ton of 

sugar exported to the Soviet Union, Cuba received 4 tons of oil (Birru, 2016, p 33). 
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In 1990 Cuba’s electricity mix consisted of 87,6 % fossil fuels, substantially oil (The World 

Bank, 2016). At this time 6.3 million tonnes of oil were imported, and domestic oil extraction 

was 0.67 million tonnes. Biofuels, which constituted a relatively small part of the electricity 

production, where mainly used in sugar industry. In 1990, more than 7 million tonnes of 

sugar and 23 million tonnes of bagasse were produced. At the time the Soviet Union 

collapsed, Cuba lost an important trading partner and was forced to reduce its production of 

exports, not least sugar. Due to this reduction in sugar production the bioenergy made out of 

sugarcane residues heavily decreased (Käkönen et al., 2014, p 9). 

 

The following years after the fall of the Soviet Union were a special time in the history of 

Cuba. Without a stable trading partner the Cubans now had to learn how to produce more of 

their energy and food within the country. In 1993 a program called National Energy Sources 

Development Program was established by the government. The aim of this program was to 

focus on the following:  

 

1) Energy efficiency and renewable energy,  

2) The increase of national crude oil production, and  

3) Sugar industry, to achieve higher efficiency in the use of sugarcane residues; bagasse.  

 

The program led to that two wind mills at 225 kW each and 220 MW natural gas combined 

cycle entered into operation, but it also led to an increase of domestically produced oil 

(Käkönen et al., 2014, p 10). The problem was that the domestic oil was of low quality with a 

high content of sulphur and the combustion often led to defects in power plants as well as 

local pollutants which in turn have consequences on human health (Panfil et al, 2016). Due to 

these problems with low quality domestic oil, the government of Cuba signed an agreement 

with Venezuela at the beginning of the 21st century. For Cuba, the agreement meant the 

opportunity to import heavily subsidized oil in exchange of sending well educated medical 

doctors to Venezuela (Käkönen et al., 2014, p 11).  Since the agreement was signed, Cuba 

has once again increased its import of oil and made its energy system dependent on prices 

and range of global market fluctuations and political relations. On the other hand, Venezuela 

has played an important role in the economic recovery of Cuba. 

 

Hence, the Energy Revolution Program, launched in 2006, was a further working project 

towards economic recovery, independence and a sustainable energy sector. The program was 

focusing on the following aspects:  

 

1) Energy efficiency and conservation,  

2) Increasing the availability and reliability of the national grid,  

3) The generalization of distributed generation with smaller electric power plants,  

4) Incorporation of more renewable energy technologies into its energy portfolio,  

5) Increasing the exploration and production of local oil and gas,  

6) International co-operation (Käkönen et al., 2014, p 13).   
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2.1.2. Current energy situation and the electricity price 

Long periods of dependency of other countries and economic crisis has forced Cuba to 

develop renewable energy and energy-conservation strategies in order to be more resistant to 

outside political circumstances (Avila, 2009). The Cuban government has set a goal to reach 

24 % of renewable energy in the year of 2030 (Panfil, et al, 2016). 

 

As of 2012, Cuba’s electrification rate has been 100 % (The World Bank, 2016) which means 

its national grid and off-grid solutions are well distributed all over the country. This is one of 

the highest electrification rates in the region (Käkönen et al., 2014) but, there are many 

deficiencies in the energy system of Cuba. The power lines are unstable with major 

transmission and distribution losses. In 2014 the losses were estimated to 15.29 %. 

Furthermore, as mentioned in the previous paragraph, power generation is powered almost 

exclusively by fossil fuels and Cuba is still working under the agreement of subsidized oil 

from Venezuela. In the year of 2014 85.5 % of the total energy consumption was generated 

from fossil fuels such as coal, gas and oil. The same year, electricity production from oil 

sources reached 45.9 % of total electricity production (The World Bank, 2016) and renewable 

energy sources made up around 5% of total (Käkönen et al., 2014, p20). Furthermore, this is 

an increase of renewable energy sources compared to 4 % in 2010. On the other hand, it can 

be considered as a modest number seen to Cuba’s potential and goals.  

 

In 2013, Cuba set a goal to decrease the electricity price, which was 21,1 USD cents/kWh at 

the time, to 17,9 USD cents/kWh in 2020 and 17,7 USD cents/kWh in 2030. In comparison to 

the European price, 2.2 USD cents/kWh (Eurostat, 2019), the Cuban electricity production is 

expensive. The plan was to succeed with this by developing renewable power generation in 

the country However, the renewable energy development for the last couple of years has 

mainly been an expansion of photovoltaics, at a relatively high price, resulting in a greater 

electricity price then was planned for 2019 (Herrera Moya, 2019) 

2.1.3. Renewable energy in Cuba 

Some experts have highlighted the importance of renewable energy development in Cuba to 

free themselves from the dependence they currently are in toward other countries and to 

secure the energy supply for the inhabitants. The sugar industry and its sugarcane residues 

has long since been pointed out as an important source of renewable energy with a high 

potential of development and efficiency improvements (Grogg, 2019). History has proven 

that the sugar industry in Cuba is not just important for the share of renewable energy, but 

also for the economy and welfare of Cuba. 

 

Cuba’s current renewable energy program means an increase of renewable energy to at least 

24 % in 2030. To succeed in this, it is intended to increase the share of power based on wind, 

hydro and photovoltaic systems, but not at least to increase the use of bagasse as biomass for 

combined heat and power production.  
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Wind energy is planned to account for 6 %, hydro power 2 %, photovoltaic power 4 % and 

combined heat and power production from bagasse 14 % in 2030. This may be possible to 

reach thanks to the planned construction of 14 wind parks with a total installed capacity of 

650 MW, 191 medium sized photovoltaic parks with a total installed capacity of 700 MW, 75 

mini hydro power units connected to the power grid with an installed capacity of 56 MW and 

25 bagasse and sugarcane residues power plants for combined heat and power production 

with an installed capacity of 870 MW (Malmquist, 2018). 

 

To increase the electricity generation and make the industry more efficient, investments may 

be made in technology changes such as the quality, and not just the quantity, of the sugar 

mills (Grogg, 2019).  

2.2. Sugar industry in Cuba 

Sugar industry has a long history in Cuba. The plant was brought to the island as early as the 

beginning of the 16th century when Spain colonized the Caribbean islands. The plant is 

originally from the Canary Islands, which was Christopher Columbus last stop before 

crossing the Atlantic Ocean. It was soon determined that the plant bloomed better in the new 

colony. Ever since, sugar has been the most important crops together with tobacco 

(Gustafsson, 2005).  

 

Throughout the history the land, which we today call Cuba, has had sugar booms as well as 

recession. That is partly because the industry has been largely affected by international 

politics. From the 1960’s Cuba was given access to the sugar market of Eastern Europe and 

the Soviet Union while USA had established trade blockades against the country. After the 

fall of the Soviet Union the Cuban sugar industry decreased extensively. Not only were the 

stable export connections disrupted but necessary imports to sustain sugar production was 

taken away. As a result, sugar export values decreased by 84 % in the years 1990-1995. With 

an extensive use of reforms in 1993, the sugar production was withheld at an annual average 

of 3.9 million tonnes, compared to the yield in 1991-92 which was over seven million tonnes. 

The reasons for the low yields was the absence of fertilizers that had been imported from 

Soviet Union, insufficient irrigation and ineffective methods (Pollitt, 2004). 

 

After the collapse of the Soviet Union, the Cuban government took action to try to sustain the 

sugar production, which retrospective proved to be economically inefficient. The end of 

USSR had a catastrophic effect on the Cuban economy. The country needed incomes, 

therefore they opened up for tourists. Tourism quickly became the biggest income for the 

country, replacing the sugar industry (Vicrobeck, n.d.).  

 

In summary, sugar has played a huge role in the history of the country. Since it has been a 

part of the society for a long time, the industry has established a strong cultural connection to 

the nation. At its prime the industry brought pride to the Cubans as one of the world’s biggest 

sugar exporter which might be why the Cuban government took great measures in the 1990’s 

to sustain the industry.  
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Since 2011, when the Cuban sugar ministry was eliminated, the sugar industry has been 

administered by the company Azcuba, which is a state company that has monopoly of the 

sugar production in the country. After the founding of Azcuba the goal of the sugar industry 

was to have an annual harvest of 2.5 million tonnes by 2018. At the time it was about 1.1 

million tonnes and has increased the following years. However, the harvest in 2018 is the 

lowest in over 100 years according to Reuters. The low yields are a result from hurricane 

Irma which disturbed during the harvest season (Frank, 2018).  

2.3. Sugar production 

Sugar that is produced in Cuba is made from sugarcane. Sugar cane is related to tropical grass 

and need strong sunlight to grow. Sugarcanes grow for about 12 months before harvest with 

yields of about 100 tonnes per hectare. The crop has a stem which remind you of bamboo 

cane but with a height of up to five meters and leaves coming out of the whole stem. It is  

this stem which withhold the sucrose that is made to produce raw sugar (SKIL, 2014). 

Sucrose is a high-calorie substance giving the crop the highest amount of energy per area. 

Moreover, the crop can be harvested sustainably and has a beneficial structure for making 

product (Cordovés Herrera, 1999).  

 

The stem, which has a moisture content of 70-75 %, make up 60 % of the crop weight. This 

part of the plant is what is being milled to produce sugar. The milling makes up the first 

technique in the production process if you ignore the agricultural part. In the milling process, 

sugarcane combined with water end up as mixed sugar juice and the by-product bagasse. The 

mixed juice is then clarified into a clear juice and fed into a primary evaporation process, 

which reduces the water content, turning the juice into a syrup called molasses. 
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Consequently, the molasses is crystallized, centrifuged and dried, which finally results in raw 

sugar, see Figure 1 (Birru, 2016, p 16).  

2.4. Bagasse as biomass to generate electricity 

Bagasse is a fibrous material which remains after the crushing of sugarcanes. Above ground 

sugarcane biomass consists of different parts such as stem, leaves and the top. In the 

production of sugar, the above ground biomass can be divided into three parts; 69 % of the 

biomass is millable cane, 21 % consists of cane tops and leaves and 10 % is considered as 

trash. Hence, the millable part is divided into sugar, molasses, scum, water & impurities and 

bagasse at around 50 % moisture. Cane tops, leaves and trash can also be used as bagasse, 

after an adjustment of moisture to 50 %.  

 

Out of 1,000 kg above ground sugarcane biomass, around 207 kg consists of bagasse from 

the millable part and in total 486 kg bagasse at 50 % moisture when cane tops, leaves and 

trash are included (Beeharry, 1996, p 444). Important to keep in mind is that this data is taken 

from a scientific article with measures done in Mauritius. Agronomic factors such as climatic 

conditions etcetera are likely to impact the construction of the crops. Other reports states that 

a traditional sugar mill can produce 250-280 kg or as high as 320 kg bagasse per ton 

sugarcane (Birru, 2016).  

Figure 1. Flow-sheet of the cane sugar production process, modified from Erlich (2009, p. 18) 
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The chemical composition of sugarcane bagasse varies dependent on different factors such as 

geographic location, mode of growth, agricultural techniques amongst others. In table 1, an 

example of the bagasse composition is presented.  

 
Table 1. Chemical composition, in percentage of dry bagasse (Chandel et al., 2011, p 4) 

Cellulose 35-45 % 
Hemicellulose  26-36 % 
Lignin 11-25 % 
Ash 1.5-3 % 
Water content 46-52 % 

 

The amount of water content is usually between 46-52 % on total basis. It is an appropriate 

source of energy due to its suitable calorific value, low amount of ash, simplicity of storage 

and the fact that it does not contain any environmental pollutants such as sulphur. In spite of 

the good qualities, bagasse has historically been seen as a waste product instead of a biomass 

resource. However, the view has changed and in the production of sugar and alcohol it is 

nowadays common to burn bagasse in a boiler to generate electricity and heat (Howard, 1991, 

chapter 6). Traditionally, the use of bagasse as biomass in sugar mills has solely been to meet 

the energy demand during production (Alonso-Pippo, 2008, p 11), but higher efficiency and 

maximization of electricity, on the other hand, could make it possible for sugar mills to 

contribute to an increase of electricity demand in the national grid. 

 

In the production of electricity from biomass, there are two major parameters which must be 

taken in account. The first parameter is the Steam Generation Index (SGI). This is a measure 

of exchange of steam per weight unit of bagasse. There are a number of factors that affect this 

parameter. To begin with, moisture and fibre content of bagasse plays a role. In addition, 

excess air ratio, temperature of flue gas, boiler pressure and furnace temperature are 

important factors. Hence, the next important parameter is the marginal steam consumption, 

which is defined as the weight of steam required per weight of sugarcane. It is a measure of 

efficiency of steam use for sugar production and is dependent on which technical equipment 

is used and the degree of steam and condensate recycling (Beeharry, 1996, p 448). To 

maximize the electricity production, it is advantageous to have a high SGI and low marginal 

steam consumption.  

 

In the burning of dry bagasse, the heat of 17,632 kJ/kg is produced, which means this is the 

lower heating value (LHV) for dry bagasse and is defined as the amount of heat released by 

the combustion of the quantity of 1 kg bagasse. Bagasse of 50 % moisture, on the other hand, 

has the LHV of 8,816 kJ/kg (Yarnal and Puranik, 2010). 

 

As mentioned above, a lower amount of moisture in the bagasse means a higher LHV. As 

bagasse drying will increase the amount of heat released by combustion, it can be used as a 

method to increase the efficiency of the boiler and furthermore increase the excess bagasse 



9 
 

(Birru and Erlich, 2015, p 231). How the moisture quality affects the thermal efficiency will 

be explained more thoroughly in 2.5.3. Boiler in cogeneration plants.  

2.5. The co-generation process in sugar mills 

Polygeneration is when multiple different forms of energy are provided from one energy 

system. Cogeneration is one type of polygeneration, specifically when two forms of energy 

are supplied from one energy system. There are numerous advantages of polygeneration and 

cogeneration processes compared to generation processes, where just one energy form is 

provided. With a cogeneration process you can increase efficiency, cut costs and achieve a 

higher level of sustainability in the system. The core of polygeneration is to utilize equipment 

in a better way, get a balance between the energy forms, use waste energy, maximize power 

generation for users and minimize internal consumption. With a polygeneration you also get 

multiple purposes for the system. As a result, you can minimize buffers and use the system 

extensively (Malmquist, 2018). Figure 2 and 3 show the difference between separate 

generation and cogeneration.  

 
Figure 2. Separate generation   Figure 3. Cogeneration 

The cogeneration process in sugar factories use the by-product, and biofuel, bagasse as input 

to produce steam which then is used to produce power and heat as outputs. That is a common 

type of cogeneration process as heat constitutes the energy loss in thermal power generation 

and all types of steam turbines. Typically, the power generation in a biomass driven stream 

power plant has an efficiency of 20-25 %. For heat-led combined heat and power (CHP), 

biomass energy is approximately 75-80 % efficient (BERC, 2009) and for fuel oil 89 % 

(EnergieAgentur, N.D.).  

 

The overall thermodynamic efficiency for a heat and power generation process is calculated 

by taking power and heat output divided by the energy supplied to the system:  

 

𝜂0 =
𝑃+�̇�𝑜𝑢𝑡

�̇�𝑖𝑛
                                 (1)  

 

In the case of Carlos Baliño, we want to obtain a system where we have a maximum power 

generation during operation while at the same time get enough thermal energy to provide the 

heat demand in the production.  
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The heat is used in the sugar production to evaporate water in the evaporation and 

crystallization section. The power is used for driving mechanical components and preferably 

to export surplus to the grid (Birru, 2016).  

2.5.1. The combination of ideal steam cycles 

There are two kinds of cogeneration systems; bottoming and topping cycle systems. 

Bottoming cycle systems need high temperatures for process heat, thus process heat is 

supplied primarily in the cycle and power is generated from waste heat. Topping cycle 

systems need low temperatures for process heat. Therefore, turbines are supplied heat before 

process heat. All sugar mills use topping cycles for cogeneration (Kamate and Gangavati, 

2009).  

 

The Rankine cycle, which is shown in figure 4, represents the ideal cycle for steam power 

generation. It involves a boiler which heat water to create steam. The steam is led to a steam 

turbine, which is the component that creates power. The steam is then led through a 

condenser where low quality heat is rejected (Çengel and Boles, 2015).  

 

The figure 5 shows a simple model of a process heat plant. In the ideal cycle, all the heat 

from the boiler is used as process heat with no energy losses. Even though this cycle is 100 % 

energy efficient, it is not ideal in an exergy point of view. The steam supplied from the boiler 

typically has a temperature of several hundred degrees, therefore it has energy of high 

quality. That is, there is a work potential. Electric power has energy of higher quality (electric 

motors can run with high efficiency) making it a better option of production for work 

potential (Çengel and Boles, 2015).  

 

 

  

Figure 4. Ideal steam power generation cycle 
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As mentioned, manufacturing of sugar needs both process heat and power supply for driving 

electrical equipment. By combining a steam power plant and a process heat plant we can get 

more out of the system. The figure 6 shows what a combination of the two cycles can look 

like. Ideally, the expansion valve is closed, and no steam is directed through the condenser. In 

the case of lack of supplied process heat, the valve can be opened. And in the case of surplus 

of supplied process heat, heat can be led through the condenser. Thus, the load from the 

boiler is adjustable (Çengel and Boles, 2015). In the case of Carlos Baliño, there is no 

condensator since the turbines are back pressure steam turbines. Moreover, the cycle is not 

closed, since water must be added to compensate for losses. This will be explained more 

thoroughly in the following section.  

 

Depending on circumstances, limits and what is being requested from the system, the cycle 

and its technical components vary. Moreover, technical components may run with higher 

efficiency when scheme is modified (Çengel and Boles, 2015).  

Figure 5. Simple model of a process heat plant. 

Figure 6. A cogeneration plant with adjustable loads 
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2.5.2. Turbine/-s in cogeneration plants 

As mentioned, you may select the technical components depending on what is requested in 

the system and what should be prioritized. In co-generation processes of sugar mills, it is 

common to use either a back-pressure turbine, an extraction condensing steam turbine or a 

combination of both as the electrical power turbine. This turbine, regardless of the type 

selected, is used to convert the kinetic energy of the steam to mechanical energy which is 

then transformed into electrical power. The factors that determine the power generation from 

the turbine is the efficiency of the turbine as well as the pressure drop across the turbine 

(Kamate and Gangavati, 2009).  

 

In order to increase pressure drop across a turbine, inlet steam parameters could be increased, 

condensing temperature could be lowered or both inlet and outlet could be changed (Çengel 

and Boles, 2015). However, process heat for sugar mill has a fixed steam demand, thus 

condensing temperature cannot be lowered. In the case of sugar mills, the only way to 

increase pressure drop is to increase inlet parameters. 

 

In an extraction condensing steam turbine cogeneration plant (CEST), all bagasse is burnt, 

and excessive steam will be led through a condenser. This configuration will give a large 

power output while process heat is supplied (Kamate and Gangavati, 2009). However, it is 

not a system which save bagasse and is therefore not appropriate for the case of this study.  

 

In a back pressure steam turbine cogeneration plant (BPST), the cogeneration configuration is 

adjusted to match the process heat and save excessive bagasse. That is, the power generation 

is a by-product. The plant doesn’t include a condensator, because no excessive steam is 

produced. Typically, the process heat demands steam at a pressure of 2,5 bar and 120 ℃. 

This value is not the same for the process heat at Carlos Baliño. In order to match the process 

heat, exhaust steam from the turbine is withdrawn superheated 10 ℃ to counter heat losses in 

pipes (Kamate and Gangavati, 2009). Since the goal of the study is to find a solution which 

saves bagasse, this type of plant is an obvious choice. Back pressure steam turbines are also 

what is installed in the current system at Carlos Baliño (Herrera Moya, 2019).  

 

In a cogeneration system designed with a back pressure turbine, the heat to power ratio is 

generally between 4 and 14,3. Hence, the electrical efficiency is about 14-28 % and total 

energy efficiency 84-92 % (Kamate and Gangavati, 2009, p. 19). However, the total energy 

efficiency is dependent on the percentage of load, see figure 7. 
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Figure 7. Correlation between the load and efficiency in a back pressure turbine (Herrera Moya, 2016) 

2.5.3. Boiler in cogeneration plants 

A typical cogeneration process in a sugar mill is designed with one or several boilers where 

the bagasse at 50 % moisture is directly burnt. The SGI for a boiler is the ratio between mass 

flow of steam and supplied fuel. The thermal efficiency of the boiler is also dependent on the 

LHV of the fuel as well as the load of the boiler. As shown in figure 8, the efficiency is 

slightly affected by the load, with less than 2 percentage units (Herrera Moya, 2016). As 

explained earlier, the moisture content in the bagasse affects its LHV, and thus the thermal 

efficiency of the boiler. This correlation has been investigated in Investigation of the potential 

of cane sugar industry in Ethiopia – A case study (Birru, 2007) and is shown in figure 9.  

 

 
Figure 8. Correlation between efficiency and load of boiler (Herrera Moya, 2016) 
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Figure 9. Correlation between thermal efficiency and moisture content of bagasse (Mörk and Jonsson, 2016) 

In a traditional cogeneration system of a sugar mill, designed not to produce excess power, 

the live steam parameters of the boilers usually are 20-30 bar and 300-400 ℃. This kind of 

cogeneration system produce about 10-20 kWh electrical power/tc and consumes 450-550 kg 

steam/tc. In comparison, a modern cogeneration system has the corresponding numbers of 

45-80 bar and over 450 ℃ as live steam parameters of the boilers and generates between 115-

120 kWh/tc (Birru, 2016).  

2.5.3.1. Different types of boilers 

In cogeneration energy systems for sugar mills, there are three common types of boilers; 

damping grate boiler, pinhole boiler and fluidized bed boiler (Hallersbo and Onozko, 2015). 

The efficiency is the most significant difference between the boilers. However, which boiler 

that is the most suitable for a specific case depends on how it is operated and, of course, 

financial limits.  

 

The damping grate boiler combust the biomass on moving grates, resulting in an efficiency of 

65-75 %. The motion of the grates remove ash from the burner and the boiler can therefore 

run continuously. The pinhole boiler is a more advanced type of damping grate boiler, which 

has pinholes for increasing air flow, resulting in a greater efficiency at around 80 %.  

 

The most efficient of the three types of boilers, is the fluidized bed boiler which has an 

efficiency of about 90 %. Fluidized bed combustion has a high combustion efficiency and 

low environmental impact. Another benefit of the boiler is its flexibility, as it can run on a 

wide range of fuels. However, this type of boiler requires highly efficient gas-solid separation 

systems (Khan et al., 2008).   

2.5.4. Scheme modifications for increasing efficiency 

The technical components in the energy system run with an efficiency ratio. This ratio is not 

a fixed figure, but vary depending on certain parameters, which are often dependent on the 
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characteristics of the input medium. Thus, modifications of energy scheme may be preferred 

to increase efficiency of certain components.  

 

Boilers may run with a higher efficiency if the condensate has a greater temperature. 

Therefore, preheating the condensate could be an efficient way to improve system 

parameters. However, the condensate should not be heated above saturated temperature, 

because it can damage the boiler (Herrera Moya, 2019).  

 

Moist fuel gives larger efficiency losses in the boiler. That is because of the losses of energy 

content when the water is vaporized. A study made by Erlich (2009) which investigates a 

sugar mill in Ethiopia shows that if the heat in the flue gases leaving the system could be used 

to dry the bagasse before combustion, the humidity content of the bagasse could decrease 

from 50 % to 30 %. This would lead to a higher LHV of the bagasse and furthermore a higher 

efficiency in the boiler. In the case of the Ethiopian sugar mill, the efficiency was increased 

from 62 % to 70 %.  The first types of bagasse dryers were rotary dryers. However, 

pneumatic dryers are the most common types, because of their low price and that they don’t 

require a large space (Sosa-Arnao, Corrêa, mfl., 2013). They are easy to install and maintain, 

due to few moving components, and the price of a pneumatic dryer is about 50 % less than 

the price of a rotary drum dryer. Moreover, by using a bagasse dryer, the flue gas can 

possibly become cleaner (Arrascaeta and Friedman, 1984; Tawfik, Abdel-Rahman and 

Bayoumi, 2003). 

 

One way to increase the average temperature during the heating process, that is the boiler 

process, is to increase the working pressure. With heat transfer at a higher temperature 

thermal efficiency will be increased (Çengel and Boles, 2015). With a greater efficiency, less 

bagasse will be needed per mass of steam. Hence, it is a modification which could make the 

system more efficient.  

2.6. Export of electricity from cane sugar industry 

Distributed generation has the advantage of improving the reliability of the power network as 

failure in the network will have less impact when power plants have a wider geographical 

spread. Moreover, it encourages use of local resources which can motivate environmental 

concerns (Malmquist, 2018).  

 

The sugar production is seasonal and as mentioned in a previous paragraph, bagasse has not 

always been seen as the resource biomass as it does today, but rather as waste. Therefore, one 

has traditionally burnt bagasse at low steam parameters to create a balance between the 

produced heat which is necessary for the process and the combusted bagasse. In this way, the 

problems with removal of the residual products have been solved and at the same time, the 

energy demand in the sugar mill has been met. Hence, many co-generating processes in sugar 

mills have not been developed to generate excess electricity. Furthermore, most sugar mills in 

Cuba is not even connected to the national power grid due to their geographical locations and 

therefore do not have the opportunity to distribute excess electricity (Erlich, 2009). 
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2.7. Carlos Baliño 

The sugar mill Carlos Baliño was built in 1903 and located south of Santa Clara in the 

province of Villa Clara. In the year of 2001, it started producing organic sugar, which today 

accounts for 30 per cent of the total sugar production. It is now the only sugar mill in Cuba 

which produces organic sugar. The cane crushing capacity of Carlos Baliño is 2,300 tonnes of 

cane per day with a crushing season which normally stretches from middle of December to 

May. Furthermore, the total amount of produced sugar is approximately 15,000 tonnes per 

year, including both non-organic and organic sugar (Birru, 2016). The season of 2018-2019 

was a little different. The crushing season started earlier, 27th of November, and stopped 24th 

of March due to investment planning (Carlos Baliño, 2019). The harvest gave 137,000 tonnes 

of cane and furthermore 11,000 tonnes of sugar and therefore did not reach the goal of 15,000 

tonnes for the season (Rosa Vila, 2019).  

 

The technical systems of sugar mills can in general be divided into two major categories; 

conventional and modern systems. In conventional systems it is common to use low pressure 

and low temperature boilers, back pressure turbines and steam driven mechanical equipment. 

Usually, no surplus power is generated in conventional mills. In modern systems, on the other 

hand, production of surplus power is common and high pressure and temperature boilers, 

condensing turbines and electrical driven equipment is normally used. As will be described 

further in this section, the technical system at Carlos Baliño can be seen as a hybrid between 

a conventional and a modern sugar mill. This is due to the usage of a low pressure boiler, 

back pressure turbine and electrical driven equipment. Carlos Baliño also has a small surplus 

power generation each season.  

 

Due to stoppages of about 4 hours per day, the sugar mill needs to import electricity during 

certain periods. Despite the need of imported power, the net trading balance over one season 

is positive. This is due to some technical improvements made during the last ten years and the 

excess power is today exported to the national grid (Carlos Baliño, 2019). 

 

The boiler used at Carlos Baliño is a pin-hole boiler, which means it is provided with fine 

holes to make the airflow through the boiler higher and further increase the efficiency. The 

boiler has a maximum capacity of generating 60 tonnes of steam per hour with the steam 

parameters 18 bar and 360 ℃. When the boiler was installed in 2009, it had a capacity of 45 

tonnes of steam per hour. The increase of the capacity was made possible due to installation 

of an economizer for feedwater heating and damping grates for disposal of ash. The 

generated steam is led from the boiler to the turbines. Mörk and Jonsson wrote in 2016 that 

due to some losses during transport of steam between the boiler and the turbines, the steam 

parameters reduce and result in 15.6 bar and 308 ℃ at the inlet of the turbines. 

 

At Carlos Baliño there are two electrical driven back pressure turbines installed with a 

capacity of 3 MW respectively 1,5 MW and an average efficiency rate of 81.74 %. However, 

both turbines are today operating at a capacity of 1.5 MW since respectively generator has a 

limiting capacity of 1,5 MW (Carlos Baliño, 2019). In order to increase power generation 
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capacity one of the generators could be changed to new generator with a capacity of 3 MW 

(Mörk and Jonsson, 2016).  

 

Due to the low maximum capacity of the turbines and generators, all the steam demanded in 

the process heating does not pass the turbines. Some of the steam is led directly from the 

boiler to the process heating, through an expansion valve. The valve is needed to lower the 

parameters of the steam and is thus a reason of energy losses in the system (Carlos Baliño, 

2019). 

 

The economizer was installed to heat the feedwater and the air supplied to the boiler. By 

using the flue gases, the feedwater is heated from about 76 ℃ to 150 ℃ and the air supplied 

to the boiler is heated to approximately 170 ℃ (Carlos Baliño, 2019). 

 

The process heat in Carlos Baliño has a pressure of 2,05 bar with a temperature of 127 ℃ 

(Birru, 2016). 

 

For each tonne of sugar produced, Carlos Baliño spend approximately 195 USD. It is 

considered that 87% of the total cost of the factory is the cost of sugar cane production. 

Hence, the residual amount of cost stands for the operation and maintenance. 

The commercialized price of the bagasse is currently around 12.60 USD per tonne and the 

price of the sugar in the market is 264.55 USD per tonne. The average sell price of electricity 

can be assumed to be 0.13 USD per kWh and the index of electricity generation is about 32.5 

kWh per tonne of milled cane. 

3. Method 

As shown in figure 10, the study will be carried out in three blocks as following: 

- Evaluation of current energy scheme 

- Creation of proposals 

- Comparison of proposals and current scheme 

 

 
Figure 10. Overview of the working process.  

To evaluate the current energy scheme, a model will be made in excel. This model will then 

be used for the creation of the proposals, with some adjustments depending on the different 

scenarios and its parameters. The evaluation of the current system will reveal segments for 

development. Consequently, possible scenarios of advancement will be presented. For the 

different scenarios, the scheme and its technical components will be selected before analysis. 

The analysis will be made for best possible parameters which the technical components are 
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able to run with in order to find the best result from the system. The key performance 

indicators from the different scenarios will be compared financially as well as 

environmentally.  

 

The method is mainly quantitative, making it easier to compare results for the different 

scenarios. Moreover, by not using a qualitative method, the analysis can be custom-made for 

Carlos Baliño.  

3.1. Key performance indicators 

The key performance indicators are presented in table 2. The result will include other 

indicators as well, however those indicators will be based on the key performance indicators.  

 
Table 2. Key performance indicators 

Net expenses 𝐶𝑛𝑒𝑡 = 𝐶𝑂𝑀 − 𝐶𝑒𝑙 𝑒𝑥𝑝 (2) 

Power production per mass of 
cane 

𝑃𝑐

�̇�𝑐
= ∑

𝑃𝑖

�̇�𝑐,𝑖

𝑛

𝑖=1

 
(3) 

Total saved mass of bagasse 
per season 

𝑚𝑠𝑏,𝑠𝑒𝑎𝑠𝑜𝑛 = 𝑚𝑡𝑏,𝑠𝑒𝑎𝑠𝑜𝑛 − 𝑚𝑢𝑏,𝑠𝑒𝑎𝑠𝑜𝑛  (4) 

 

Net expenses are calculated by taking the difference between the operation and maintenance 

costs and cost for exported electricity. Hence, the power production per mass of cane is the 

sum of power production for each day divided by mass flow of cane for each day. 

Furthermore, total saved mass of bagasse per season is calculated as the difference between 

the mass of total amount of bagasse per season and the mass of used bagasse the same season. 

3.2.1. General assumptions 

The following list conclude the assumptions which has been made throughout the study. 

- The bioelectric sugar mill George Washington, which will run all year around, will have 

a greater power efficiency than Carlos Baliño. Saving bagasse in Carlos Baliño to be 

transported to George Washington will therefore be more energy efficient, despite need 

for transportation.  

- There is no limit for needed bagasse to be exported to George Washington. Not even all 

the bagasse at Carlos Baliño could replace the fossil fuels in the country.  

- Bagasse fuel delivered to George Washington will replace the use of oil. 

- The process heat will be concerned as one assumed fixed value and specific heat demand 

from different parts of the production process will not be investigated separately.   

- Needed power for driving electrical pumps will be neglected.  

- The crushing season is between 27th of December and 20th of May, which is 175 days in 

total, based on historical data.  

- The factory operates every day during crushing season. 

- Surplus power produced at Carlos Baliño will be exported to the national grid. 

- Marginal in-house power demand will be constant.  
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3.2. Evaluation of current energy scheme 

The first step of evaluating the current energy scheme, is to obtain data for current energy 

scheme and model the energy system. Furthermore, the optimal conditions will be 

determined, results analysed, and possible areas of improvement determined. See figure 11.  

3.3.1. Model of current energy system 

To make the model simple, average values for mass flows and demands will be used and 

fluctuations in the system, such as stoppages and variations, will be neglected. To determine 

average mass flow of crushed cane and electricity demand, data from Carlos Baliño must be 

analysed.  

 

From the field study, the daily values for the parameters in table 3 will be given for the whole 

season, where n represents the day of the season. 

 
Table 3. Obtained parameters of data from field study 

Daily power generation 𝑊𝑔𝑒𝑛,𝑛 

Daily electricity consumption from grid 𝑊𝑖𝑚𝑝,𝑛 

Daily electricity export to the grid 𝑊𝑒𝑥𝑝,𝑛 

Daily mass of crushed cane 𝑚𝑐,𝑛 

 

These values can be used to determine the in-house electricity consumption. The electricity 

consumption for day n can be calculated as following: 

 

𝑊𝑐𝑜𝑛,𝑛 = 𝑊𝑔𝑒𝑛,𝑛−(𝑊𝑒𝑥𝑝,𝑛 − 𝑊𝑖𝑚𝑝,𝑛)                              (5) 

 

By plotting the daily mass of crushed cane and the daily electricity consumption, the 

correlation between power demand and mass flow of cane can be defined. After that, the 

average mass flow of cane divided by the number of days of the season times seconds per 

day, can be used to determine the average in-house power demand:  

 

�̇�𝑐 =
∑ 𝑚𝑐,𝑛

𝑁
𝑛=1

𝑁∙𝜏
                                           (6) 

 

Figure 11. Evaluation process of current scheme. 



20 
 

This is based on information gathered at the field study at Carlos Baliño. The same mass flow 

of crushed cane per hour will be used in all scenarios.  

 

Figure 12 show the simplified energy system which the model is based on. The boiler 

vaporize water which is then led through the turbines. The model accounts for a pressure and 

temperature loss before the turbine, which has the same ratio as given in the report from 

Mörk and Jonsson (2016). After the turbines, the steam is used for process heating. After 

process heating, the water is fed into an open tank and water is added to the system to make 

up for water losses in the process heating. From the open tank, water is pumped back to the 

boiler.  

 

 

 
Figure 12. Model of current energy system 

The mass flow of steam in the cycle is defined as the mass flow of bagasse in the boiler times 

steam generation index: 

 

�̇�𝑠𝑡 = �̇�𝑏,𝐵 ∙ 𝑆𝐺𝐼                                                         (7) 

�̇�𝑠𝑡 = �̇�1 = �̇�2 = �̇�3 + �̇�4 = �̇�5 = �̇�7                           (8) 

�̇�6 = �̇�5 ∙ 0,9                                                               (9)  

�̇�7 = �̇�6 + �̇�𝑤                                                          (10) 

 

The index numbers are based on figure 12. As given in equation 9, there is a 10 % loss of 

water in the process heating. This loss is compensated by adding water to the cycle as shown 

in equation 10. All other water losses are neglected. The thermodynamic processes for the 

cycle are given in table 4. The pressure and temperature loss into the turbine are assumed to 

have the same percentage as in Mörk and Jonsson (2016). That is, 12 % in temperature loss 



21 
 

and 5,45 % in pressure loss. This is used to calculate the turbine inlet temperature and 

pressure in order to define the enthalpy for the turbine inlet, which is used to calculate power 

output. Temperature losses from the process heater and pipes to the condensate tank are 

assumed as 25 % (Herrera Moya, 2019).  

 
Table 4. Equations for calculating the thermodynamic processes 

Heat added from the boiler �̇�𝐵 = �̇�𝑠𝑡 ∙ (ℎ2 − ℎ1) (11) 

Net electrical output turbine 1 𝑃𝑇,1 = �̇�3 ∙ (ℎ𝑇,𝑖𝑛 − ℎ3) ∙ 𝜂𝑇,1 (12) 

Net electrical output turbine 2 𝑃𝑇,2 = �̇�4 ∙ (ℎ𝑇,𝑖𝑛 − ℎ4) ∙ 𝜂𝑇,2 (13) 

Process heat delivered 
�̇�𝑝𝑟 =

�̇�5 + �̇�6

2
∙ (ℎ5 − ℎ6) 

(14) 

Required pump work 
|𝜀𝑝| = ℎ𝑎𝑝 − ℎ𝑏𝑝 =

𝑣𝑏𝑝 ∙ (𝑝𝑎𝑝 − 𝑝𝑏𝑝)

2
 

(15) 

 

The enthalpy ℎ𝑇,𝑖𝑛 is given by pressure and temperature in the turbines. Heat added from the 

boiler is the mass flow of steam times the difference in enthalpy. The net electrical output in 

each turbine is calculated by the mass flow times the difference in enthalpy times the 

efficiency of the turbine. Furthermore, the process heat delivered is calculated by the average 

mass flow times the difference in enthalpy.  

 

The SGI of the boiler can be defined as the mass flow of steam divided by the mass flow of 

bagasse in the boiler or the lower heating value times the efficiency of the boiler divided by 

the difference in enthalpy:  

 

𝑆𝐺𝐼 =
�̇�𝑠𝑡

�̇�𝑏,𝐵
=

𝐿𝐻𝑉 ∙ 𝜂𝐵

(ℎ2 − ℎ1)
                                          (16) 

 

As shown in figure 8 in section 2.5.3 Boiler in cogeneration plants, the load of the boiler has 

little influence on the thermal efficiency, and therefore will be neglected. However, the 

moisture quality of the bagasse affects the thermal efficiency. Hence, we can assume that the 

thermal efficiency will be constant for all scenarios except for scenario 2, where moisture 

quality is decreased by drying the bagasse. The only variables affecting the SGI will be the 

enthalpies.  

 

In this study the focus is to minimize the use of bagasse in the boiler, which could be derived 

from equation 16 to:  

�̇�𝑏,𝐵 = �̇�𝑠𝑡 ∙
(ℎ2 − ℎ1)

𝐿𝐻𝑉 ∙ 𝜂𝐵
                                        (17) 

 

In order to minimize the value, one can increase the enthalpy of the inlet to the boiler or 

decrease the enthalpy after the boiler, since the LHV, steam flow and thermal efficiency will 

be considered fixed. However, the process pressure demand of 2 bar must be accomplished.  
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3.3. Create a proposal 

Try different scenarios to create proposals which minimize use of bagasse and maximize 

power efficiency. In figure 13 the process is explained.  

 

The four different scenarios are selected based on background study of possible energy 

system modifications. The scenarios are named after the most significant change of the 

system. However, other less significant changes, which will be explained, may be included 

for the scenarios.  

3.4.1. Scenario 1 - Preheating 

As presented in the background, boiler efficiency may be increased if there is an increase in 

inlet temperature. The first scenario therefore proposes a system modification of this kind. 

Figure 14 show the possible model of the energy system at Carlos Baliño when preheating is 

installed. 

Figure 13. Process of creating proposals. 
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A portion of the steam from the turbine outlet will be led to the pressure tank to increase 

condensate temperature. In the modelling of the energy scheme for this scenario, the mass 

flow of steam in the cycle is defined as:  

 

�̇�𝑠𝑡 = �̇�𝑏,𝐵 ∙ 𝑆𝐺𝐼                                              (18) 

�̇�𝑠𝑡 = �̇�1 = �̇�2 = �̇�3 + �̇�4 = �̇�9                            (19) 

�̇�𝑠𝑡 − �̇�𝑝𝑟𝑒 = �̇�5 = �̇�7 = �̇�8                                    (20) 

�̇�6 = �̇�5 ∙ 0,9                                                    (21) 

�̇�7 = �̇�6 + �̇�𝑤                                                  (22) 

 

The index numbers are based on figure 14. The mass flow of steam from the boiler is not the 

same as the mass flow to the process heater. In order to supply steam flow demand for the 

process, the steam flow from the boiler must be increased to compensate for preheating flow. 

With a greater mass flow of steam through the turbines, the power generation will increase. 

The equations for the thermodynamic processes will be the same as in the current scheme, 

however, the parameters will be affected by the scheme modifications.  

 

The model selects the condensate temperature to the boiler inlet as just below the saturated 

temperature. From that, the needed mass flow for reheating can be calculated. The pump after 

the open tank increase to the pressure to match the pressure of the preheating condensate.  

3.4.1.1. Assumptions for scenario 1 

- The investment cost of a preheater is assumed to be zero. 

Figure 14. Model of energy system with preheating 
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3.4.2. Scenario 2 – Bagasse drying 

This scenario proposes the addition of a bagasse dryer to the scheme. The dryer reduces the 

moisture content of the bagasse from 50 % to 35 % before the fuel is fed into the boiler. The 

goal is to increase thermal efficiency and SGI by increasing LHV for the fuel. The decrease 

in bagasse moisture content in scenario 2 will be assumed to increase thermal efficiency with 

the same ratio as shown in figure 8 in section 2.5.3 Boiler in cogeneration plants. As 

described in the background, the heat demand from the dryer will be satisfied by using flue 

gases and will therefore not increase the process heat demand.  

 

To estimate the price of the dryer, the price index for technical components on matche.com is 

used. The dryer will be a pneumatic dryer with a cost that is 50 % less than the cost for a 

rotary drum dryer, specifically a Roto-Lover drum made of carbon steel, with a surface area 

of 14 m2. That gives a price of 70,850 USD that is free on board in the Gulf Coast USA. The 

cost for shipping the dryer to Havana is estimated as 2,772 USD, by using the freight rate 

calculator on freightos.com. Import fees and tolls is assumed to be 10 % of product cost. 

Shipping costs from Havana is neglected. Additional annual costs for the dryer are neglected, 

since it has low need for maintenance.  

3.4.2.1. Assumptions for scenario 2  

- The price of the dryer is 50 % less than the price of a rotary drum dryer with a surface 

area of 14 m2.  

- The dryer can be delivered in a 40’ container.  

- Tolls and fees for freight of the dryer to Carlos Baliño is 10 % of the product cost.  

- Shipping costs from Havana is neglected. 

- The total estimated price for the dryer is 80,707 USD. 

3.4.3. Scenario 3 – Increase inlet boiler pressure 

By increasing inlet boiler pressure, thermal efficiency may be increased in the boiler. Based 

on the background study, 18 bar is the maximum possible inlet pressure for the boiler used at 

Carlos Baliño. Furthermore, this is the increased inlet boiler pressure used for this scenario.  

3.4.3.1. Assumptions for scenario 3 

- 18 bar is the maximal working pressure for the boiler (Herrera Moya, 2019). 

3.4.4. Scenario 4 – New generator 

As mentioned in the background, Carlos Baliño currently has two turbines operating at a 

capacity of 1.5 MW each even tough one of them has the total capacity of 3 MW. This is due 

to the limiting capacity of 1.5 MW of the corresponding generator. Hence, this scenario 

proposes the investment of a new generator with the capacity of 3 MW in order to increase 

the power generation. 
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To estimate the price of the investment, the prices of suitable generators available on the 

market are investigated and used for calculation of a value. The prices are found on 

Alibaba.com. The generator will be an Oilwell G450VRT-600 with an estimated cost of 

237,500 USD. The price is free on board in Shandong, China. The cost for shipping the 

generator to Havana is estimated as 4,100 USD, by using the freight rate calculator on 

freightos.com. Import fees and tolls is assumed to be 10 % of product cost. Shipping costs 

from Havana is neglected. The extra annual cost for the generator is neglected.  

3.4.4.1. Assumptions for scenario 4 

- The new generator will have the same efficiency as the current. 

- The generator can be delivered in a 20’ container.  

- Tolls and fees for freight of the generator to Carlos Baliño is 10 % of the product cost.  

- Shipping costs from Havana is neglected. 

- The total estimated price for the new generator is 265,342 USD.  

3.4. Comparison of scenarios and current scheme 

The comparison of scenarios and current scheme will be carried out with a financial and an 

environmental analysis as shown in figure 15. 

 

3.5.1. Sensitivity analysis  

With a sensitivity analysis, it is investigated how a change in input parameters affect the 

result of the study. The sensitivity analysis in this study will be made for a few different 

cases. The different cases are presented in table 5 and will be executed for all scenarios.   

 
Table 5. Cases for sensitivity analysis 

Parameter  Variation Case 

Mass flow of cane +10 % 1 

Mass flow of cane −10 % 2 

Oil price +10 % 3 

 

Figure 15. Process for comparison of the scenarios and current scheme 
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Hypothetically, if there is a season with great yields, there can be a 10 % increase in mass 

flow of cane and if there is a season with small yields, the mass flow can have a 10 % 

decrease. As described in the background, Cuba is heavily dependent on imported oil from 

Venezuela. Political crisis or fluctuations in the oil market could therefore have a big impact 

on the oil price for Cuba. Therefore, a 10 % increase in the oil price will be investigated in 

the sensitivity analysis.  

 

Modernization of the sugar mill could possibly involve replacement of technical components 

running on mechanical power from steam to new electrical components. That would result in 

a greater electrical power demand due to increased production. Carlos Baliño recently 

modified the factory in this way and therefore, it is not likely that there will be an increase in 

power demand in the near future. Thus, an increase in steam demand will be investigated.  

3.5.2. Financial comparison 

In the financial analysis, investment costs will be estimated based on the background study. 

Operation and maintenance costs will be based on information from field study. Moreover, 

profit from exported electricity from Carlos Baliño will be calculated with export of power 

for every scenario and an electricity price of 13,0 USD cents/kWh, based on the background 

study. All costs and profits will be put together to calculate the net present value (NPV) for 

each scenario for a payback time of 6 years. The payback time is the length of time until the 

investments in the different scenarios reaches a break-even point. In this case, the payback 

time is determined as 6 years as a suitable period based on the background study.  

 

In the calculation to obtain the net present value, today’s value of invested cash will be 

subtracted from today’s value of all the expected cash flows over 6 years. The reason 

payback time, instead of life time of investment, is used in the calculations of the net present 

value is to be able to use the values in further calculations. However, the economic and 

technical life time of the invested technology will probably be much longer.  

 

To obtain a monetary value per kg of bagasse, 𝐶𝑘𝑏 , the net present value will be divided by 

the amount of saved bagasse, 𝑚𝑏,𝑥, over the payback time of 6 years, for each scenario. 

Hence, the price per kWh electricity generated from the saved bagasse, 𝑐𝑏, will be estimated 

based on the internal energy per unit mass of bagasse, 𝑈𝑏 , and furthermore compared to the 

price of other fuels.  

 

The cut of costs, 𝐶𝑛𝑒𝑡, for the country by replacing alternative fuel will be calculated with the 

estimated value of bagasse, price of alternative fuel 𝑐𝑎𝑙𝑡, as well as amount of energy for 

saved bagasse, 𝐸𝑏,𝑠𝑎𝑣𝑒𝑑 .  
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Table 6. Equations for financial analysis 

Net present value 
𝑁𝑃𝑉 =

𝑅

(1 + 𝑟)𝑡
+ ∑

𝑎𝑖

(1 + 𝑟)𝑖
− 𝐺

𝑡

𝑖=1

 
(23) 

Monetary value per kg of 
bagasse 

𝐶𝑘𝑏 =
𝑁𝑃𝑉

 𝑚𝑏,𝑥
 

(24) 

Monetary value per kWh 
generated from bagasse 

𝑐𝑏 =
𝐶𝑘𝑏

 𝑈𝑏
 

(25) 

Cut of costs 𝐶𝑛𝑒𝑡 = ( 𝑐𝑎𝑙𝑡 − 𝑐𝑏) ∙ 𝐸𝑏,𝑠𝑎𝑣𝑒𝑑 (26) 

 

The net present value is the sum of payments (incomes minus expenses) for every day during 

the selected time period. Monetary value per kg of bagasse is calculated by the net present 

value divided by the mass of bagasse for the selected season. Hence, the monetary value per 

kWh generated from bagasse is the cost per kilogram of bagasse divided by and the cut of 

costs is calculated as the difference of the costs of alternative fuel and bagasse times the 

energy of the saved bagasse.  

3.5.2.1. Assumptions 

- The rest value, R, of the current equipment used at Carlos Baliño is assumed to be 

zero.  

- No regards are taken to the expenses and income as a result of the sale of sugar. Only 

costs regarding the energy system will be taken in account when the financial 

calculations are carried out.  

- The discount rate is considered to be 15 % in Cuba (Birru and Erlich, 2016, p 11).  

- Electricity price is assumed to be 30 USD cents/kwh (Birru and Erlich, 2016, p 11).  

- Maintenance and operation costs are assumed to be the same for all scenarios.  

- The payback period is assumed to be 6 years, based on previous work (Birru, et.al., 

2016). 

3.5.3. Environmental analysis 

The environmental analysis will estimate how much of the carbon emissions from the energy 

sector in Cuba can be reduced. The reduction of environmental impact due to a lower amount 

of carbon emission of each scenario will be estimated and compared. 

 

Assumptions will be taken, based on the background study, that net electricity export from 

the sugar mill will replace electricity generated from oil. Furthermore, the excess bagasse will 

be assumed to replace oil as fuel to generate electricity when sold to George Washington.  

 

The reduction of environmental impact will partly be calculated as the difference in  carbon 

emission when the net electricity export for  one season from Carlos Baliño replace the same 

amount of electricity generated from oil in the national power grid. The exported amount of 

electricity for each scenario, measured in kWh, will be multiplied with the carbon emission 

from the generation of one kWh from oil. In a report carried out by Larson, Williams and 

Leal (2001, p 69) it is stated that if the net reduction of carbon emissions of using bagasse as 

fuel instead of oil correspond to those avoided by not burning oil to generate electricity, the 
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saved carbon emissions would be 0.22 kg carbon dioxide per kWh generated electricity.  

 

Hence, to estimate the reduction of carbon emissions due to saved and exported bagasse, the 

difference in amount of carbon emission between electricity generated from bagasse and 

electricity generated from oil will be multiplied by the total amount of electricity produced 

from the bagasse saved over one season. In the calculations, the efficiency of a bioelectric 

power plant, 𝜂𝐵𝐸  , as well as the efficiency of an oil power plant, 𝜂𝑂𝑃 , will be needed. The 

efficiency of a fuel oil driven CHP plant and the biofuel driven CHP plant will be assumed as 

89 % respectively 75 %, based on the background study. The carbon emission from fuel oil is 

0.28 kg CO2/kWh, without power plant efficiency taken into account. 

 
Table 7. Equations for environmental analysis 

Net electricity export 𝑊𝑒𝑥𝑝,𝑛𝑒𝑡 = 𝑊𝑒𝑥𝑝 − 𝑊𝑖𝑚𝑝 = 𝑊𝑔𝑒𝑛 − 𝑊𝑐𝑜𝑛 (27) 

Replaced energy from oil 𝑊𝑜𝑖𝑙,𝑠𝑎𝑣𝑒𝑑 = 𝑊𝑏,𝑠𝑎𝑣𝑒𝑑 ∙
𝜂𝐵𝐸

𝜂𝑂𝑃
 

 

(28) 

Saved carbon emissions due to exported 

electricity 

𝑚𝐶𝑂2,1 = 𝑊𝑒𝑥𝑝,𝑛𝑒𝑡 ∙  0.22 (29) 

Saved carbon emissions due to exported 

bagasse 

𝑚𝐶𝑂2,2 = 𝑊𝑜𝑖𝑙,𝑠𝑎𝑣𝑒𝑑 ∙  0.28 (30) 

Total amount of saved carbon emissions 𝑚𝐶𝑂2
= 𝑚𝐶𝑂2,1 + 𝑚𝐶𝑂2,2 (31) 

 

The net electricity export can be calculated as the difference between electricity export and 

import or as the difference between electricity generation and consumption consumption (see 

eq. 27). The total amount of saved carbon emissions is the sum of the saved carbon emissions 

due to exported electricity and exported bagasse.  

3.5.3.1. Assumptions 

- The carbon emissions from using bagasse as biofuel is assumed to be zero, since the 

carbon emitted from the process would be completely reabsorbed in the following re-

growth of sugarcanes.  

- Electricity exported from the sugar mill will replace electricity generated from oil.  

- The excess bagasse will be assumed to replace oil as fuel to generate electricity when 

sold to George Washington. 

4. Results 

Due to the simplicity of the model, scenario four could not be tested.  

For the results, the current system, scenario 1 and 2 which all were tested in the model are 

presented as well as a comparison of the three. Moreover, interesting founds for scenario 3 

and 4 are presented.  
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4.1. Current energy scheme 

From the field study and through calculations, the values for the current system parameters 

presented in table 8 were obtained. Figure 16 show the correlation between mass flow of cane 

and electricity consumption. By using data from the field study, the average power demand 

was determined through linearization. The marginal power demand was determined as 19 

kWh/tc, and the electricity demand was determined to 890 kW with a square error of 0.84. 

 

 
Figure 16. Correlation between mass flow of tonne cane per hour and electricity consumption. 

Table 8. Average values for parameters 

Average cane crushing 61 t/h 

Average power demand 2,100 kW 

Average steam demand to process 28 t/h 

 

By running the model with the given parameters, the result presented in table 8 was achieved.  

 
Table 9. Results for current scenario during the payback period of 6 years 

Monetary value of bagasse (mass) 8.2 USD/tonne 

Monetary value of bagasse (energy) 0.0033 USD/kWh 

Cut of costs by replacing oil 31 MUSD 

Saved carbon emissions due to exported electricity 1,100 tonnes 

Saved carbon emissions from saved bagasse 95,000 tonnes 

Total saved carbon emissions 96,100 tonnes 

 

We can see that the monetary value of bagasse is 8.2 USD/tonne. Moreover, the use of 

bagasse as biofuel can replace oil expenditures of 31 MUSD during the payback period of six 

years. Exported electricity and power generation from saved biofuel can reduce carbon 

emissions by 96,000 tonnes during the payback period. As seen in table 9, the exported 

electricity only makes up a small portion of the reduction in carbon emissions (1.1 %).  
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4.2. Scenario 1 – Preheating  

To preheat the boiler inlet temperature to saturation temperature, there must be an additional 

mass flow of 1,7 t/h in the system. We can see that the monetary value of bagasse of 6.0 

USD/tonne, that was given by the model, is lower than the commercialized prize of 12.6 

USD/tonne which Azcuba use now. Moreover, the use of bagasse as biofuel can replace oil 

expenditures of 31 MUSD during the payback period of six years. Exported electricity and 

power generation from saved biofuel can reduce carbon emissions by 95,000 tonnes during 

the payback period. As seen in table 10, the exported electricity only makes up a small 

portion of the reduction in carbon emissions (1.9 %).  
 

Table 10. Results for scenario 1 during the payback period of 6 years 

Monetary value of bagasse (mass) 6.0 USD/tonne 

Monetary value of bagasse (energy) 0.0025 USD/kWh 

Cut of costs by replacing oil 31 MUSD 

Saved carbon emissions due to exported electricity 1,800 tonnes 

Saved carbon emissions from saved bagasse 93,000 tonnes 

Total saved carbon emissions 94,800 tonnes 

 

Figure 17 shows the amount of bagasse that would be saved for with the preheating system 

for different mass flows. Zero mass flow and an unchanged temperature from the condensate 

tank, that is no preheating, would save the most amount of bagasse.  

 

 
Figure 17. Saved bagasse per season for preheating to different degrees. 



31 
 

4.3. Scenario 2 – Bagasse drying 

By assuming that the flue gases from the boiler can decrease bagasse moisture to 35 %, the 

new result represented in table 11 was obtained. With an assumed linearity between 

completely dry bagasse and bagasse with 50 % moisture content, the LHV for bagasse with 

35 % moisture content was 11 MJ/kg, resulting in a SGI of approximately 3.2.  

 

We can see that the monetary value of bagasse of 5.0 USD/tonne, that was given by the 

model, is lower than the commercialized prize of 12.6 USD/tonne which Azcuba use now. 

Moreover, the use of bagasse as biofuel can replace oil expenditures of 51 MUSD during the 

payback period of six years. Exported electricity and power generation from saved biofuel 

can reduce carbon emissions by 160,000 tonnes during the payback period. As seen in table 

11, the exported electricity only makes up a small portion of the reduction in carbon 

emissions (0.68 %).  

 
Table 11. Results for scenario 2 during the payback period of 6 years 

Monetary value of bagasse (mass) 5.0 USD/tonne 

Monetary value of bagasse (energy) 0.0020 USD/kWh 

Cut of costs by replacing oil 51 MUSD 

Saved carbon emissions due to exported electricity 1,100 tonnes 

Saved carbon emissions from saved bagasse 150,000 tonnes 

Total saved carbon emissions 151,100 tonnes 

 

4.4. Scenario 3 – Increase inlet boiler pressure  

From the field study, the current inlet boiler pressure was given as 17,9 bar. Since the 

maximum working pressure for the boiler is 18 bar, the inlet boiler pressure could only be 

increased a little, making the modification unnecessary. The change in pressure would have a 

low effect on the results and therefore, the scenario was not tested with the model. To allow a 

greater working pressure, a new boiler would have had to be purchased.  

4.5. Scenario 4 – New generator  

Due to the simplicity of the model, scenario four could not be tested. Therefore, no numerical 

data was obtained for the scenario, except for a net present value of 2.2 MUSD which is 

roughly 270,000 USD more than for the current system.  

 

4.6. Comparison of scenarios 

Figure 18 shows the amount of saved bagasse that can be obtained for a season for different 

scenarios given by the model. With bagasse drying, more bagasse can be saved than for the 

other scenarios.  
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Figure 18. Saved bagasse for different scenarios from the model. 

From the sensitivity analysis (see appendix 1) we can see that a 10 % increase in steam 

demand gives a lower bagasse price, lower cost reduction and lower carbon emission 

reduction. A 10 % decrease in steam demand generates a greater bagasse price, greater cost 

reduction and greater reduction of carbon emission. A 10 % increase in oil price only affects 

the cut of cost for replacing oil, making it greater. This is valid for all scenarios.  

 

Out of the two scenarios and the current system that were tested in the model, scenario 2 had 

the lowest bagasse price, greatest cut of costs and greatest reduction of carbon emission. Case 

2 in the sensitivity analysis generated a negative value for the saved carbon emission due to 

export of electricity for current scenario and scenario 2.  

 

Figure 19 shows the seasonal net electricity export for the current system, scenario 1 and 2 

which were generated with the model.  

 

 
Figure 19. Seasonal net electricity export given by model. 
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5. Discussion 

We can see that all generated bagasse prices that was given by the model, are lower than the 

commercialized prize of 12.6 USD/tonne which Azcuba use now.  

 

For all scenarios that were carried out in the model, a decrease in steam demand generated a 

negative value for saved carbon emission from electricity export. The reason for that is that 

with a lower steam demand, the mass flow through the turbines will decrease. That will lead 

to a lower power generation which cannot cover the in-house power demand. Hence, Carlos 

Baliño will not be self-sufficient, but will have a net import of electricity from the grid. 

Therefore, Carlos Baliño will generate carbon emission from imported electricity. However, 

the model does not give the correct value for this emission since the value that is being used 

to make the conversion to emission is a value for electricity generated by bagasse instead of 

oil.  

 

The reason that electricity export only makes up a small fraction of the reduction in carbon 

emission is because of two reasons; mainly because the saved bagasse makes up much more 

energy than the exported electricity but also because power generation from oil generates 

greater emissions than from bagasse cogeneration per energy. The electricity export plays a 

small role in the energy that you can get from the bagasse. However, the export has a big 

impact when it comes to define the bagasse price.  

 

All scenarios are modifications of the energy system and Carlos Baliño and do not intend to 

affect the sugarcane agriculture. Moreover, the changes will not change the sugar production. 

The big difference that an extensive use of bagasse can create is that it can make the power 

supply more reliable. Greater exports of bagasse from Carlos Baliño can possibly affect the 

local population with more trucks passing by. After our time in Cuba we can conclude that 

there is a great problem with air pollution. There are fewer vehicles than in western countries, 

but the ones that exist are in general old and cause great pollution. More trucks from Carlos 

Baliño would have a negative health impact on the local population, however it maybe 

wouldn’t make a big difference on the current situation.  

 

Some of the sugarcane transported to Carlos Baliño, is delivered by train with a track that is 

running all the way to the factory. One possibility is therefore to export bagasse by train to 

George Washington, which would be more environmentally friendly and would have less 

impact on the air quality in the surrounding areas. However, in both cases the capacity of the 

road system and train track would have to be investigated to see if there are any bottlenecks. 

The capacity of the power grid at Carlos Baliño and George Washington should also be 

investigated.  

 

All in all, by using by-product to generate more electricity would contribute to social 

sustainability in Cuba, as the power supply would be safer. It would also save more oil for the 

transportation sector, making it more reliable as well.  
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5.1. Current energy scheme  

The plot of the daily power consumption and mass flow of cane gives a good view of how the 

average mass flow affect the average consumption for the day with its low error. However, 

during one day the variation of parameters are much greater, hence there is stoppages when 

there is no mass flow of cane.  

 

From the results we can see that the current system can already contribute to great cuts of 

costs for replacing oil.  

5.2 Scenario 1 – Preheating  

The reason for this small additional mass flow is that the condensate after the process heat 

still has a relatively high temperature, just a few degrees below saturation temperature.  

 

To preheat the condensate, the total mass flow must increase. With a greater mass flow 

through the turbines, the power generation will increase but also the power consumption 

since the pumps will need more power.  

 

This scenario results in a lower value of bagasse due to the higher production of electricity. 

With a higher amount of exported electricity, the income for the factory increases which in 

turn leads to a lower price of bagasse to reach the break-even point during the payback time 

in this model. Furthermore, a lower value of bagasse is equal to lower cut of costs by 

replacing oil.  

 

This scenario also results in less saved bagasse compared to the current system. This is due to 

the fact that more steam is required in the system when preheating is installed and 

furthermore, more bagasse will be used. This is also the reason for the increase of electricity 

production, since the steam will pass the turbines and electricity will be produced. Because of 

the decrease of saved bagasse, the total amount of saved carbon emissions will be lower 

since, as mentioned, the saved bagasse stands for the biggest part of the total saved carbon 

emissions.  

 

The investment cost for the scenario was neglected in the model, which of course is not 

realistic. However, we could still conclude that the modification would give worse result than 

the current system. Therefore, there is no need to make additional calculations with an 

estimated cost of investment.  

5.3 Scenario 2 – Bagasse drying 

According to our calculations, bagasse drying would be a good option of development for 

Carlos Baliño. With an investment cost of 81,000 USD, the bagasse value still is lower than 

for scenario 1 and the current system.  
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Since we didn’t have LHV for bagasse with 35 % moisture content, we assumed a linear 

relation between the completely dry bagasse and the bagasse with 50 % moisture content, 

which may have been wrongful assumption.  

5.4 Scenario 3 – Increase inlet boiler pressure 

As stated in the result, the current boiler does not allow a higher working pressure. If Azcuba 

invest in a new boiler, the working pressure could be increased. However, the current scheme 

can already supply the heat demand for the sugar process so the only need for a new boiler 

would be to generate more electricity. But in order to generate more electricity new turbine/-s 

would be needed to generate more electricity. Most likely this would be very expensive and 

therefore it’s probably more cost efficient to save as much bagasse to be exported instead.  

5.5 Scenario 4 – New generator 

Since the model couldn’t be used for this scenario, no performance data was obtained. 

However, we can see for the other scenarios that the exported electricity only makes up a 

small fraction of exported energy from Carlos Baliño. Hence, the focus should be to save as 

much bagasse as possible and not to produce electricity at Carlos Baliño. Nonetheless, a 

combination of these two approaches can be beneficial.  

5.6 Delimitations 

The system delimitations that were used in the calculations did not include sugar production 

and the incomes from sugar export. The calculations were delimited to the energy system but 

the operation and maintenance costs which were used are made to sustain the sugar 

production. That is, operation and maintenance expenses are not exclusively to sustain the 

energy system for power generation and bagasse export. You could do a cost allocation to get 

the operation and maintenance cost for just the energy system. Nonetheless, the energy 

system is to provide the sugar production. You could divide this cost in relation to income 

from sugar sales and energy sales, but you would need a well-defined bagasse price for that. 

 

Many assumptions were made in the study, which obviously has great impact on the result. 

The price of the dryer for example, which was calculated from the price of another type of 

dryer which equivalent length was an estimation. The price of rotary drum dryers can variate 

a lot, hence the price of the pneumatic dryer could be estimated as something very different 

even though the same method is used.  

5.7 Sensitivity analysis 

The cases in the sensitivity analysis were for a variation in one parameter and for the best and 

worst combinations of these cases. However, the reason for a parameter variation often have 

impact on other parameters as well. For example, drought can result in low yields which 

decrease the mass flow of sugarcane but might also decrease bagasse moisture.  
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In the sensitivity analysis, the impact of boiler load on thermal efficiency was neglected. The 

load has an impact of less than 2 % which can sound like a minor difference, but with great 

mass flows, that exist in factories, it can make a great difference. By running the model with 

a -2 % difference in boiler thermal efficiency for the current scenario, we can get a picture of 

how much it can affect the result. As we can see in table 12, a minus 2 % difference in 

thermal efficiency results in about 5 % difference of price of bagasse, cut of cost and carbon 

emission. This is because there is a greater demand of bagasse with a 2 % lower efficiency.  

 
Table 12. Effect of change in thermal efficiency for result 

Result Unchanged -2 % Change [%] 

Monetary value of bagasse [USD/tonne] 8.2 8.6 105 

Monetary value of bagasse [USD/kWh] 0.0033 0.0035 105 

Cut of costs by replacing oil [MUSD] 31 29 94 

Saved carbon emissions due to exported 

electricity [tonnes] 

1,100 1,100 

100 

Saved carbon emissions from saved 

bagasse [tonne] 

95,000 90,000 

95 

Total saved carbon emissions [tonne] 96,000 91,000 95 

 

As given in the background, turbine efficiency is also dependent on turbine load, especially 

for lower loads. Neither this is considered in the sensitivity analysis or for scenario 1, which 

has a greater mass flow through the turbines.  

5.8 Result parameters 

The validity of the result parameters could be questioned. Since the cuts of cost for replacing 

oil were calculated with the bagasse value for the specific scenario, the result can be 

misleading. In the case of two scenarios with the same amount of saved bagasse but with 

different expenses, the cut of costs for replacing oil would be different even though the same 

amount of oil would be replaced. Moreover, you could question the meaning of the bagasse 

value. Since all industries are owned by the state, export of bagasse from one factory to 

another would just be relocation of resources and wouldn’t be a profit for the state.  

 

One thing that should be mentioned also is that saved bagasse can have a bigger importance 

for sustaining the electric grid than the export of electricity. Not just because it can give more 

energy, but also because it can be used when there are peak demands on the grid during the 

season as well as off-season. That is because bagasse can be stored. Export of electricity from 

Carlos Baliño on the other hand, can only happen during the season for sugar production.  

 

One could ask if power generation from bagasse really would replace power generation from 

oil or if the overall power generation would increase. With a greater electricity production in 

the country, more factories could be created, the consumption in the population could 

increase and fossil alternatives could possibly be replaced. Therefore, saying that bagasse 
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replace oil could be misleading as the power generation from bagasse could work as an 

addition to the power sector and not as a substitute.  

Conclusions 

• Preheating to saturated temperature will use more bagasse than the current scenario 

but will have a greater power generation.  

• The increase of biofuel to generate electricity due to installation of a bagasse dryer at 

Carlos Baliño can reduce carbon emissions by 150,000 tonnes during a payback 

period of 6 years. That would reduce oil expenditures by 51, MUSD for the same 

period.  

• Increased inlet boiler pressure is not a suitable option at Carlos Baliño since the 

current pressure almost already is at maximum. 

• The exported electricity only makes up a small portion of the reduction in carbon 

emissions. The biggest contribution to the total carbon emission reduction is the saved 

and exported bagasse. Therefore, saving bagasse should be prioritized.  

• Scenario 1 and 2 gave lower values of bagasse compared to the current system.  

Recommended future works 

Like the discussion reveals, the assumptions that have been made throughout the study have 

great impact on the result and does not give a fair view of real scenarios. Therefore, future 

work could be to develop a new model which accounts for stoppages and other irregularities 

in the system while not doing calculations based solemnly on average values.  

 

To investigate the flows even more thoroughly, a control system analysis could be made to 

see the working speed for different components or machinery. By increasing the operation 

speed of some processes, the overall production rate of the factory could increase. This could 

possibly decrease power demand, because of fewer stoppages, and the boiler could be used 

more efficiently, decreasing bagasse consumption.  
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Appendix 1. Sensitivity analysis 

 

Current system         

Case number 0 1 2 3 

Monetary value of bagasse 8,17154 5,57538 9,96088 8,17154 

Monetary value of bagasse 0,00334 0,00228 0,00407 0,00334 

Cut of costs by replacing oil 30757631 25446114 36069148 33967269 

Saved carbon emission due to export of electricity 1053 2298 -192 1053 

Saved carbon emission from saved bagasse 94666 77250 112082 94666 

Total saved carbon emission 94842 77633 112050 94842 

Scenario 1         

Case number 0 1 2 3 

Monetary value of bagasse 5,99375 2,57298 8,33115 5,99375 

Monetary value of bagasse 0,00245 0,00105 0,00340 0,00245 

Cut of costs by replacing oil 30663991 25343109 35984872 33827165 

Saved carbon emission due to export of electricity 1831 3154 509 1831 

Saved carbon emission from saved bagasse 93296 75743 110849 93296 

Total saved carbon emission 93601 76268 110934 93601 

Scenario 2         

Case number 0 1 2 3 

Monetary value of bagasse 4,99782 3,00397 6,71802 4,99782 

Monetary value of bagasse 0,00204 0,00123 0,00274 0,00204 

Cut of costs by replacing oil 51139446 47866110 54412782 56387266 

Saved carbon emission due to export of electricity 1053 2298 -192 1053 

Saved carbon emission from saved bagasse 154781 143377 166186 154781 

Total saved carbon emission 154957 143760 166154 154957 

 

  



42 
 

Appendix 2. Data from field study 

 

 
                               ZAFRA Orgánica                                               

 

   8 de Marzo de 2019.   

“Año 61 de la Revolución” 

Total de quedadas 152.46t  para un 17.03%  

EFICIENCIA DEL CENTRO  

 Centro 
% materia extraña % eficiencia 

% cogollo 
Entrada Basculador Plan Real 

3 De Octubre 30.78 10.41 48.00 66.99 6.46 
 

Orgánica                       Día de Zafra Orgánica   55 

INDICADORES 
Día Hasta Fecha 

Plan Real % Plan Real % Dif 

1 Caña Molida Total Org. 2358.00 895.48 37.98 70540.00 62066.43 87.99 -8473.57 

2 Caña para Azúcar 755.62 755.62 100.00 36647.10 122705.88   86058.78 

3 Caña para Miel-B 139.86 139.86 100.00 7702.00 5376.47 69.81 -2325.53 

4 Azúcar física 150.94 73.3 48.56 6300.00 5066.56 80.42 -1233.44 

5 Miel "B" física 45.75 45.75 100.00 3318.00 2531.34 76.29 -786.66 

Caña atrasada  total: 0.0t % de caña atrasada total 0.0 %. Con más de 8 horas sobre carro,  

de un 2.08 % planificado se atrasa un 1.08, las horas sobre carros. Con un  peso promedio 

de los carros en el día  de 24.87. 

INDICADORES  ZAFRA TOTAL          Día de zafra: 98 

Norma Potencial Plan Real % Plan 

Acum. 

Real 

Acum. 

% Diferencia 

t de caña Molida 2358.00 895.48 37.98 36647.1 128082.35 56.97 -91435.25 

t. caña t. directo   0.00     13633.25     

% Tiro Directo  0.00   10.64    
 

 

 

 

 

RESULTADOS ENERGETICOS 

 

Portador UM Plan Real Hoy Real H. Fecha 

Generación Bruta Total Kwh 3787170.01 95040.0 10002922.56 

Entrega Total Kwh 477766.0628 4885.0 568196.00 

Consumo Total Kwh 314626.4316 7396.00 338488.00 

Índice Generación  Kwht 32.5 36.85 85.84 

Índice Entrega SEN Kwht 4.3 5.46 4.88 

Índice Consumo SEN Kwht 2.2 8.26 2.90 

Autoabastecimiento % 105.00 98 107 

Bagazo Vendido t   0.00 2498.13 



TRITA TRITA-ABE-MBT-19564

www.kth.se


