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Abstract  
With a worldwide increasing demand for energy it is of high importance that countries ensure 
their supply to be sustainable both from economic and environmental aspects. Cuba is today 
highly dependent on oil for their electricity production. This makes their economy dependent 
on fluctuating oil prices and political agreements, as well as causing emissions of carbon 
dioxide and other polluting chemicals. Further the production cost per kWh electricity is very 
high, more than twice as high as in Europe. This makes up great incentives for Cuba to seek 
alternative energy sources for their production of electricity.  
 
Cuba has historically been one of the world’s most important producers of raw sugar. The 
production generates a by-product called bagasse, which consists of fibres from the sugar 
cane. The bagasse is traditionally burned in a co-generation process, which then provides the 
sugar mill with electricity and process heat. With improved efficiencies, the co-generation 
units in sugar mills could produce more electricity than their factories need, and export the 
surplus to the national grid.  
 
Hence Cuba could address their need to broaden their energy mix by using the national 
resource the country has in its unexploited capacity of electricity generation in sugar mills. 
Earlier studies show that modernizations could increase the installed capacity for electricity 
generation in sugar mills from the current capacity of approximately 600 MW to 1400-1600 
MW. This project investigates how the sugar mill Carlos Baliño, located in rural Cuba 
outside of the town Santa Clara, can maximize the generation of electricity by optimizing the 
energy scheme in the co-generation process. First the best possible performance under current 
energy scheme is evaluated. After that a new energy scheme with improved cycle parameters 
is proposed. Last the two schemes are compared considering energy efficiency as well as 
financial and environmental aspects.  
 
The study found that the back pressure turbines currently in use at Carlos Baliño are the main 
limiting factor when it comes to electricity production. If the sugar mill invested in a 
condensing extraction turbine and increased the parameters of the steam at the turbine inlet 
they could increase the electricity generating capacity to 8.1 MW and the maximal export 
capacity would be 5.7 MW. This can be compared with today’s best performance of 
generating 3 MW and exporting 0.9 MW. With the proposed new energy scheme the seasonal 
electricity export could reach 17 GWh. The financial outcome of the proposed investment is 
positive. The net present value is determined to be 15.3 M$ and the payback time 2.5 years. 
The increased electricity export capacity at Carlos Baliño can reduce Cuba’s oil expenditures 
by 2.2 M$ per year. This corresponds to reduced carbon dioxide emissions by 3000 tonnes 
per year.  
 
The factor that is determined to be of highest importance to the financial outcome of the 
proposed new scheme is the amount of electricity exported. It is therefore suggested that 
future work investigate how the sugar production is best managed in terms of mass flow of 
cane and unplanned stoppages to maximize the exported power. 



 

Sammanfattning  

Med en globalt ökande efterfrågan på energi är det viktigt att länder ser till att deras 
energisystem är hållbara utifrån både ekonomiska- och miljömässiga aspekter. Kuba är i 
dagsläget mycket beroende av olja för sin produktion av elektricitet. Det gör nationens 
ekonomi beroende av fluktuerande oljepriser och politiska överenskommelser, samt medför 
utsläpp av koldioxid och andra miljöfarliga ämnen. Dessutom är produktionskostnaderna per 
kWh mycket höga i landet, mer än dubbelt så höga som i Europa. Dessa nämnda faktorer 
utgör starka argument för Kuba att hitta alternativa energikällor för sin produktion av 
elektricitet.  
 
Kuba har historiskt sett varit en av världens viktigaste sockerproducenter. Produktionen 
genererar restprodukten bagass, som består av fibrer från sockerrören. Bagassen bränns 
traditionellt i en kraftvärmeprocess som sedan bidrar med elektricitet och värme till 
sockerfabriken. Med förbättrade verkningsgrader skulle kraftvärmeverk i sockerfabriker 
kunna generera mer elektricitet än de behöver och exportera överskottet till det nationella 
elnätet.  
 
I och med detta skulle Kuba kunna adressera behovet att bredda sin energimix genom att 
utnyttja den nationella resursen som finns i den outnyttjade kapaciteten för elproduktion i 
sockerfabriker. Tidigare studier har visat att en modernisering skulle kunna öka den 
installerade kapaciteten för elektricitetsgenerering i befintliga sockerfabriker från ca 600 MW 
till 1400-1600 MW. Det här projektet undersöker hur sockerfabriken Carlos Baliño, 
lokaliserad utanför staden Santa Clara på Kuba, kan maximera sin elektricitetsgenerering 
genom att optimera sin kraftvärmeprocess. Först utvärderas bästa möjliga prestation med 
rådande cykel. Efter det föreslås en ny cykel med förbättrade parametrar. Slutligen jämförs de 
två energicyklerna utifrån energieffektivitet, finansiell lönsamhet och miljöpåverkan.  
 
Studien fann att mottrycksturbinerna som används i dagsläget på Carlos Baliño är den största 
begränsningen när det kommer till generering av elektricitet. Om sockerfabriken investerade i 
en kondensturbin med avtappning, samt ökade tryck och temperatur för ångan före turbinen 
skulle de öka sin kapacitet för generering av elektricitet till 8.1 MW och den maximala 
exportkapaciteten till 5.7 MW. Detta kan jämföras med dagens kapacitet på generering av 3 
MW och export av 0.9 MW. Med den föreslagna energicykeln skulle elektricitetsexporten 
över en säsong kunna uppgå till 17 GWh. Det ekonomiska resultatet av den föreslagna 
investeringen beräknas vara positivt. Nuvärdet bestäms till 15.3 M$ och återbetalningstiden 
till 2.5 år. Den ökade kapaciteten för elektricitetsexport hos Carlos Baliño kan reducera 
Kubas oljeutgifter med 2.2 M$ om året. Det motsvarar reducerade koldioxidutsläpp med 
3000 ton per år.  
 
Faktorn som visade sig påverka det finansiella resultatet för den föreslagna investeringen 
mest är mängden exporterad el. Det föreslås därför att framtida arbete undersöker hur 
sockerproduktionen ska styras i termer av massflöde av sockerrör och oplanerade driftstopp 
för att maximera den exporterade elektriciteten. 
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Nomenclature 
Symbol  Denomination      Unit 
ε   Work per unit mass     Nm/kg 
E   Work, electrical energy    Wh  
h   Specific Enthalpy     J/kg 
ℎ",$∗     Specific enthalpy of saturated liquid water  

at pressure i      J/kg 
ℎ",$∗∗     Specific enthalpy of saturated water vapor 

at pressure i       J/kg 
𝐼𝑅𝑅   Internal rate of return     % 
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𝐿𝐻𝑉+,"   Lower heating value of bagasse, moisture   J/kg 
   content i 
m   Mass       kg 
𝑚   Mass flow       kg/s 
N   Number of days assessed    days 
𝑁𝑃𝑉    Net present value     $ 
P   Power output      W 
p   Pressure      Pa 
q   Heat per unit mass     J/kg 
Q   Heat       J 
𝑆𝐺𝐼   Steam generation index    tonnes vapor 

/tonne bagasse 
t   Temperature on the Celsius scale   °C 
tc   Tonnes cane      tonne (t) 
𝑥+/3   Bagasse/cane-ratio     kg/kg 
𝑥45/3   Marginal steam demand to process   tonnes steam 

/tonne cane 
𝑥67/3   Marginal electricity demand to process  MWh/tonne cane  
𝜖   Co-generation efficiency  
 
 
Symbol  Subscript 
at   After turbine 
$   American dollar  
b   Bagasse 
B   Boiler 
bt   Before turbine 
BT   Back pressure turbine 
c   Canes  
C   Condenser   
cs   Current scenario 



 

CT   Condensing turbine 
CEST   Condensing extraction turbine 
el   Electricity  
ex   Export 
fw   Feedwater 
HP   High pressure 
is   Isentropic 
LP   Low pressure 
m   Mechanical 
max   Maximal 
pr   Process 
sc1   Scenario 1 
sc2   Scenario 2 
sc3    Scenario 3 
sc4   Scenario 4 
season   Whole season  
st   Steam 
 
 
Definition 
1 tonne = 1000 kg 
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1. Introduction  
The usage of energy and electricity is increasing worldwide and so is the awareness of the 
ongoing climate change. This combined with limitations of fossil energy sources create a 
great incentive for countries to use more renewable energy sources. The majority of the 
energy currently used in Cuba derives from oil and other fossil fuels, which make the 
production non-sustainable both from an economic and an environmental point of view. 
Hence different economically sustainable solutions which curb greenhouse gas emissions and 
still meet the demand for energy are highly needed. By adding more renewable energy 
sources to their energy mix, Cuba could not only lower production costs and the 
environmental impact, but also become more energy self-sufficient. Thereby the country 
would lessen their dependence on other countries and the uncertainty in the availability and 
prices of oil.  
 
Sugar has historically been an important crop for Cuba, and the country has been one of the 
world’s leading exporters of sugar since the 1600’s. (BBC News, 2016) Political events and 
mismanagement from the Cuban government have however reduced the production and 
export of raw sugar during the last decades. Nonetheless, sugar remains an important part of 
the Cuban trade and industry. A diversification of the usage of the sugar cane can further 
increase the income and benefits from the sugar factories. The sugar production in Cuba is 
based on sugarcanes, a crop that, besides production of consumer’s goods, also can be used to 
produce energy in multiple forms. By burning the leftover sugarcane biomass, the bagasse, 
both electricity and heat can be generated in a co-generation process. The co-generation 
process has historically been designed with poor efficiency so that the excess bagasse would 
not cause a disposal problem. (Erlich, 2009) By increasing the efficiency in the thermal cycle 
the sugar mills can generate more than enough electricity to cover their own needs and 
possibly export the surplus to the national grid.  
 
The aim of this project is to investigate how the particular mill Carlos Baliño, located in rural 
Cuba nearby the town Santa Clara, can maximize the generation of electricity by optimizing 
the energy scheme in their co-generation process, utilizing the Rankine cycle. 

1.1 Problem formulation 
The sugar mill Carlos Baliño is, in average over a season, energy self-sufficient thanks to its 
ability to generate electricity and heat by using the bagasse as a fuel in a co-generation 
process. The mill has recently been modernized - several parts in the production chain were 
upgraded in 2009 with the aim to improve the overall efficiency. The mechanical cutting and 
mill turbines were changed to electrical drives and the bagasse boiler was replaced by a new 
one with improved parameters and capacity. These improvements in the equipment have 
made the co-generation process more efficient and decreased the in-house electricity demand, 
resulting in that excess bagasse is being produced. One of the possibilities to use this excess 
bagasse is to increase the generation of electricity and thus making it possible to export the 
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surplus power to the national grid. The current energy scheme is however still not optimized 
to generate maximum electricity. By undertaking further improvements for their co-
generation energy scheme Carlos Baliño can start exporting electricity to the national grid. 
Thereby the sugar mill would diversify their use of the sugarcane, reduce the national need 
for imported fossil fuels and increase their revenues. 

1.2 Aim  
The aim of this study is to evaluate what changes can be done to the energy scheme of the 
particular sugar mill Carlos Baliño to maximize the electricity generation, and hence the 
export, from its co-generation process. With the current situation at the particular sugar mill 
in mind, the study will investigate relevant scenarios for improvement to finally propose a 
new energy scheme. Further the aim extends to analyze the consequences of the proposed 
changes considering energy efficiency as well as both environmental and financial aspects.  
 
The study will deliver:  

•   An evaluation of the potential best energy performance under the current energy 
scheme, when maximizing electricity generation.  

•   A proposal of new energy scheme with steam cycle parameters improved to maximize 
electricity generation.  

•   A comparative study between the current and proposed energy scheme regarding 
energy efficiency, environmental parameters and economic outcome.  
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2. Background 

2.1 Energy demand in Cuba 
As of 2012, 100 % of the population in Cuba had access to electricity. Worldwide, the 
population with access to electricity is only 84.6 %, showing that Cuba has a national grid 
and local off-grid solutions extended to cover the whole country. (Data.worldbank.org, 2016) 
The grid is however fragile and blackouts frequently occur. (Gonzalez, 2012) The electricity 
generation by different fuels in Cuba is presented in Figure 1 below. According to IEA and 
depicted in the figure, more than 85% of the electricity in Cuba is generated from oil. The 
second largest fuel source is natural gas, which stands for 10% of the total supply. Biofuels 
and waste, such as waste biomass from the sugar industry, is only used to generate 3.5% of 
the total electricity, making Cuba highly dependent on fossil fuels to meet the current 
demand. (Iea.org, 2014) The usage of renewables has declined since 1979 when 18 % of the 
generated electric power came from renewable sources. (Gonzalez, 2012) This shows that the 
increased demand for electricity has been covered mainly with the usage of fossil fuels. Cuba 
has some domestic oil reserves but the import of crude oil stands for almost 63% of the total 
supply. The country imports their oil mainly from Venezuela to a rate below the average 
market price due to subsidies from the Venezuelan government. (Eia.gov, 2016)  
 

 
Figure 1 - Electricity generation by fuel in Cuba (Iea.org, 2014) 

Having oil as the main source for electricity generation has both a negative impact on the 
environment by emitting large amounts of carbon dioxide and makes Cuba dependent on one 
single source of energy. A broader energy mix would be better for the environment and 
would spread the risk on more energy sources, making the country less dependent on 
fluctuating oil prices. As mentioned above, Cuba is currently buying oil from a subsidized 
rate from Venezuela, but political agreements can be dissolved and an increase in the oil price 
can have devastating effects on Cuba’s economy and energy supply. The average cost of 
producing one kWh electricity is already very high in Cuba, 21.1 USD cents/kWh compared 
to 9.2 USD cents/kWh in Europe. (Herrera Moya, 2016) The cost of producing one kW of 
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electricity from burning biomass is four times lower than producing the same amount of 
electricity from burning fossil fuels. (Grogg, 2007) The current high costs for producing 
electricity and the need to have an energy mix that is both sustainable and reliable creates 
incentives for Cuba to find alternative energy sources.  
 
In an attempt to diversify their energy portfolio and thereby reduce their dependency on oil, 
Cuba has set a goal to produce 24 % of their electricity from renewable sources in 2030.  
The total electricity consumption in Cuba was 15.2 TWh in 2013. (Iea.org, 2014) The total 
supply of electricity has generally increased since the 1970’s and therefore it is logical to 
predict that the electricity consumption will continue to increase to 2030. Figure 2 below 
shows a graph over the installed generation capacity in Cuba. Besides from a drop in the 
early 2000’s, the installed generation capacity has constantly been increasing. Before the 
1990’s this was due to subsidizes and support from the Soviet Union, who helped developing 
the power infrastructure in Cuba. In 2006, after a series of frequent blackouts, the Cuban 
government released a program called Revolución Energética, to expand the capacity to 
generate power and decrease the demand for energy. The program included, among other 
measures, the distribution of a couple of thousands small generators across the island, adding 
1.5 GW of additional power output. Furthermore, 20 MW of wind power was added in a 
small wind farm. (Belt, n.d) To meet the increasing demand, and also increase their share of 
renewable energy sources from the current 3.5 % to the goal of 24 % in 2030, a part of 
Cuba’s plan is to add 755 MW of biomass power. (Eia.gov, 2016)  

 
Figure 2 - Installed generation capacity in Cuba (Belt, n.d) 

2.2 Sugar industry in Cuba 
Sugar has throughout times been an important export for Cuba and the country has ever since 
the 1600’s been one of the leading producers of sugar in the world. (Alonso-Pippo et al., 
2008) Various political events have however had a profound effect on the production and 
export of sugar from Cuba. Among these the fall of the Soviet Union and the U.S. trade 
blockade have had the greatest negative impact. The production has declined sharply since 
the fall of the Soviet Union, one of Cuba’s most important trading partners. The production 
of raw sugar decreased from 8 Mtonnes in 1990 to 1.6 Mtonnes in 2013, which is a reduction 

M
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of almost 80 %. (Faostat.org, 2015) This can be seen in the Figure 3 below. During the era of 
the Soviet Union, Cuba had favorable commercial agreements with the Eastern bloc, giving 
them the opportunity to trade sugar for oil and thereby evade the price pressure on raw 
materials on the open market. The fall of the Soviet Union did not only affect the sugar 
industries, but had a profound negative effect on the economy as a whole with total imports 
dropping 50 % and crude oil imports by 20 %. (Newman, 2009) The U.S. trading embargo 
against Cuba beginning in the 1960’s has had, and still has, a great negative impact on the 
Cuban economy and sugar industries. This is firstly because of the loss of a big and important 
trading partner. Secondly, it is because of the fact that the U.S. have blocked Cuban attempts 
to get credit from international organizations such as the IMF, making it more difficult for 
Cuba to finance their investments. (Alonso-Pippo et al., 2008) 
 

 
Figure 3 - Cuban production of raw sugar in million tonnes 1961-2013 (Faostat.org, 2015) 

Attempts have been carried out to bring back the industry to the historic levels, but the 
production of sugar is still way below the past numbers and a major restructuring in 2002 
involved the closure of almost half of the 156 active sugar mills in Cuba. (Grogg, 2007) This 
depends to some extent on the political factors mentioned earlier, but one important 
parameter is also mismanagement and underinvestment in the industry by the Cuban 
government. The poor management and the government’s neglect have led to high production 
costs and an international uncompetitive industry. The production costs are for example twice 
as high in Cuba as in Brazil, the world’s now biggest producer of sugar. (Alonso-Pippo et al., 
2007) (Råvarumarknaden.se, 2011)  

2.3 Sugar production 
Figure 4 shows a simplification of the flow chart of the sugar process. It starts with the 
sugarcanes entering the process and ends with the resulting sugar and ethanol. To produce 1 
kg of sugar, between 8-10 kg of sugarcane is needed. (Erlich, 2009) Ethanol is not produced 
at Carlos Baliño, the mill of interest for the study, meaning that all sugar juice there can be 
used to produce sugar. The sugarcanes are first crushed and then the sugar rich juice is 
pressed out. The juice consists of mostly sucrose and water. The sugarcane has now been 
separated into two products – the bagasse and the sugar juice. The bagasse is used as fuel in 
the boiler in the co-generation unit, to generate the electricity and process heat that is needed 
for the production. The sugar juice is used for the production of sugar. The juice is heated up 
and led trough a clarifier to remove impurities and then it continues to the evaporators. Using 
the heat exiting from the turbines in the co-generation process, the water in the sugar juice is 
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evaporated, resulting in concentrated syrup. (Moradin et al., 2011) The crystallizer is next, 
turning the syrup into crystallized sugar by using vacuum pans. The output from the 
crystallizer is centrifuged to separate the crystallized sugar from the molasses, which is a 
liquid leftover. (Birru, 2007) The molasses still contains crystallizable sugar and is repeatedly 
led back to the vacuum pans in order to minimize the losses of sugar in the process. It is 
however not possible to fully extract all of the crystallizable sugar in the molasses and 
therefore there will always be some losses in the production process. (Hugot, 1986) The 
crystallized sugar is at last dried to lower the moisture content and the process is complete. 

 
Figure 4 - Overview of the sugar milling process (Erlich, 2007) 

2.4 Bagasse as a biomass to generate electricity 
Bagasse is the by-product that is left after the juice has been pressed out from the sugarcanes. 
It is a fibrous material that has a high energy content, one tonne of sugarcane bagasse with a 
50% moisture content is equal to 1.6 barrels of fuel oil. (Alonso-Pippo et al., 2008) The 
production of 1 kg of sugar results in 2.5 kg of bagasse, and historically bagasse has been 
seen as a waste product, a cause to disposal problems, not a resource. (Erlich, 2009) The 
bagasse that is used in the co-generation process in average contains about 50% of water and 
the lower heating value is then 8800 kJ/kg. Completely dry bagasse has a lower heating value 
of 17600 kJ/kg. (Yarnal and Puranik, 2010) It takes less bagasse to produce the high-pressure 
steam that is necessary for the process when the bagasse contains less water. The composition 
of bagasse varies with climate, soil, type of cane sugar, harvesting method and milling 
techniques. General properties with constitution of water, fiber and some soluble solid 
materials are shown in Table 1. (Birru, 2007) The heating value varies with type of bagasse, 
which can be seen by comparing the value in the table with the value mentioned above.  
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Table 1 - Properties of bagasse (Birru, 2016) 

Property	   Amount	  
Water	  content	  [%	  on	  total	  basis]	   46-‐52	  
Fibre	  content	  [%	  on	  total	  basis]	   43-‐52	  
Soluble	  solids	  [%	  on	  total	  basis]	   2-‐6	  
Average	  density	  (dry	  basis)	  [kg/m3]	   150	  
Lower	  heating	  value	  (wet	  basis)	  [MJ/kg]	   7.45	  
Lower	  heating	  value	  (dry	  basis)	  [MJ/kg]	   17	  
 
The bagasse in sugar mills is burned in a co-generation system that produces electricity and 
heat. The bagasse-fired boilers have historically been designed with low efficiency rates due 
to the need to burn all of the bagasse not to create a disposal problem. (Ogden et al., 1990) 
The aim of using bagasse as a fuel in the boilers has therefore only been to meet the in-house 
demand for heat and electricity. In Cuba, almost all (95%) of the electricity that is produced 
in the sugar factories is used during the production process, leaving almost no electricity to 
export to the national grid. (Alonso-Pippo et al., 2008)  
 
These factors make up for few incentives for the factories to improve the efficiency of the 
sugar processing or the co-generation. However, as mentioned earlier, the Cuban government 
has much to gain in increasing the electrical energy production from renewable sources. As 
the export of sugar is much lower now compared to during the Soviet-era there is also a great 
economic gain in diversifying the use of cane sugar. Cuba could massively increase their 
electricity production from renewable energy sources if the energy systems of the biggest 
sugar mills were modernized. The current installed electricity generation capacity from the 
co-generation is estimated to 600 MW altogether in the 45 sugar mills with the highest 
milling capacity. If the energy scheme in these sugar mills were to be improved the electricity 
generation could increase to 1400-1600 MW. (Alonso-Pippo et al., 2008) This would make a 
big difference in the possibility to reach the goal of having 24% of the total electricity 
production from renewable sources by 2030. (Eia.gov, 2016) 

2.5 The co-generation process in sugar mills  
 “In general, co-generation is the production of two useful forms of energy from the same 
energy source”. (Çengel and Boles, 2002) In others words co-generation is the simultaneous 
generation of both thermal energy and electrical energy from a common fuel source. Figure 5 
shows a simplified process flow of a traditional co-generation plant used in sugar mills. The 
bagasse derived from the sugar production is burned in the boilers. There can be one or 
several boilers in the co-generation process and the efficiency of the combustion of the 
bagasse depends highly on the bagasse moisture content and the efficiency of the boiler.  
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Figure 5 - Simplified process flow of a traditional co-generation plant (Erlich, 2009) 

The heat from the bagasse burning is used to convert water into high-pressure steam, which is 
led to the crusher and mill turbines and to the electrical power turbine. At Carlos Baliño, they 
use electrical motors for the crusher and mills instead of driving them with mechanical steam 
turbines. Therefore, the process flow shown in the Figure 5 above is not completely valid for 
Carlos Baliño. In the electrical power turbine, the kinetic energy of the steam is transformed 
into mechanical energy, which then is transformed to electrical energy in a generator. The 
electrical energy can then be used to cover the in-house demand and, if possible, export to the 
national grid. The amount of electricity that is generated depends on the energy contained in 
the steam and will increase with higher pressure drop over the power generating turbine. 
After the turbines, the steam is at a low pressure and is used in the sugar production process 
to evaporate moisture from the sugar juice. A study carried out by Erlich shows that a Cuban 
sugar mill could have a co-generation efficiency at about 54%. (Erlich, 2009) This is a rather 
low efficiency compared to other biomass fueled co-generation plants, such as the ones used 
for district heating in Sweden, which have a total efficiency between 85-90%. (Iea.org, 2007) 
 
According to Birru (2016), the co-generation units of traditional sugar mills, such as the one 
depicted above, have live steam parameters in the range of 20-30 bar and 300-400°C. This 
can be compared to modernized mills whose co-generation plants generally operate with live 
steam parameters in the ranges 45-80 bar and over 450°C. This indicates that the modernized 
mills have capacity to generate more electricity as the higher steam parameters means that 
more energy can be released when the steam expands over the turbines. Common 
modernizations for co-generation plants are described further ahead.  
 
The steam generated in the co-generation process has two main uses in the production. It 
provides mechanical power to drive machinery and it supplies heat to evaporate water from 
the sugar juice in the evaporators and crystallizers, as can be seen in Figure 4. In general, 
traditional sugar mills consume about 480-550 kg steam/tonne cane (tc). (Birru, 2016)  
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The electricity that is generated from the co-generation process is generally used to run the 
mills, centrifuges, conveyor belts and other auxiliary equipment in the factory. (Erlich, 2009) 
Generally, traditional sugar mills with no electricity export generate about 10-12 kWh/tc. But 
if the co-generation unit is modernized the electricity generation can increase as much as to 
115-120 kWh/tc. (Birru, 2016)  
 
Depending on which technique the factory uses some equipment can be driven by either 
mechanical steam turbines or electric drives. Which technique is used impacts the need for 
energy input from the co-generation process, as it is more energy efficient to use electric 
power than steam to drive machinery. Therefore, replacement of the mechanical steam 
turbines with electrical drives can increase the generation of electricity, as less steam is 
needed for mechanical power. (Birru, 2016) 

2.6 Energy efficiency improvement and increased electricity generation  
There are ways of different character to maximize the output of electricity from the co-
generation process. This study will consider means to do this when the cycle is modeled as a 
Rankine cycle. Figure 6 a) and 6 b) illustrate, by showing their similarities, that the 
thermodynamic cycle of a co-generation plant can be modeled with a Rankine cycle.  
 

 
Figure 6 a) – Ideal steam-power co-generation plant 

The significant difference from the Rankine cycle is the change from a condenser to a process 
heater. Thus no heat is rejected as waste heat, but instead used in the plant. In the ideal case 
all heat supplied to the boiler is either transformed to electricity or used as process heat. The 
co-generation efficiency is then defined as: 
 

𝜖 = :65	  67635<"3"5=	  >?5@?5AB<>3644	  C6D5	  E67"F6<E
G>5D7	  C6D5	  "H@?5

= BIJKALMN
	  	  	  LOI

	  	  	  	  	  	        (1) 

 
The overall way to increase the thermal efficiency of the Rankine cycle is to increase the 
average temperature at which heat is supplied to the working fluid in the boiler and decrease 
the average temperature at which heat is rejected from the working fluid in the condenser. 
(Çengel and Boles, 2002) 
 

Figure 6 b) - Rankine cycle 
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The study considers different scenarios with modifications related to the power cycle of the 
co-generation process, and therefore possible features of the Rankine cycle are the subject of 
this section. That leaves factors related to the sugar milling process, such as modifying its 
demand for electricity and process heat, outside the scope and the report will not consider 
this.  
 
Birru (2016) concludes that commonly implemented modifications to improve the energy 
efficiency in the cogeneration unit are; the installing of high pressure boilers, the use of 
electrical drives instead of mechanically driven, the installing of condensing extraction 
turbines and the reduction of the moisture content of the bagasse by using different drying 
techniques. (Birru, 2016) Taking in consideration the improvements that have already been 
carried out at Carlos Baliño and the delimitations of the study that have been discussed 
above, this section describes relevant ways to improve the co-generation process. This 
includes mainly turbine and boiler configurations and operations.  

2.6.1 Turbines 

The turbines in the co-generation process either convert mechanical energy to electrical 
energy, using a generator, or are used to mechanically drive equipment directly. This section 
focuses on power generating turbines. Which kind of turbine that is being used, together with 
its size, affect the efficiency of the co-generation process. First, the thermodynamics of 
possible efficiency improvements in turbines is presented, followed by a comparison of 
different turbine configurations. Lastly, re-heating as a way to increase the cycle efficiency 
will be presented.  
 
When improving the power output from the turbine the main idea is to increase the enthalpy 
drop over it. This can be done by either increasing the pressure and temperature before the 
turbine, parameters that mainly have to do with the boiler and therefore discussed in section 
2.6.2, by lowering the pressure after the turbine or by doing both at the same time. The 
shaded area in Figure 7 below shows the effects on the cycle when the pressure drop over the 
turbine is increased by lowering the pressure at the turbine outlet from 𝑃P to 𝑃P’. The area 
enclosed by 1, 4, 1’, 4’ represents the increase in net work output and the area under the 
curve by 2, 2’ depicts the increased need for heat addition to the boiler. The additional heat 
needed is obviously relatively small compared to the increase in net work output, which 
verifies that the method enhances the thermal efficiency of the cycle. There are side effects to 
consider though. One is that lower pressure in a condenser creates a higher risk of air leaking 
into it. More important is the fact that a lower pressure after the turbine will increase the 
moisture content of the steam at the final stages of the turbine. This is highly undesirable as a 
high moisture content decreases the turbine efficiency and might cause erosion on the turbine 
blades. (Çengel and Boles, 2002) According to Havtun, erosion on the turbine blades will 
occur if the vapor quality is lower than 90%. (Havtun, 2014) Low temperature and pressure 
of the waste steam makes it also difficult to use in most industrial processes. (Kamate and 
Gangavati, 2008) 
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Figure 7 - Lowering condenser pressure (Çengel and Boles, 2002) 

2.6.1.1 Different types of turbines 

The co-generation plant in sugar mills are often designed to meet the in-house demand for 
process steam and the generated electricity is seen as a by-product. (Kamate and Gangavati, 
2009) Consequently, the basic requirement of bagasse-fueled systems has traditionally been 
to deliver the by the factory required process steam and to generate electrical power only 
from that steam. There are two different kinds of turbines that can be used in steam turbine 
systems such as the co-generation in sugar mills; condensing turbine and back pressure 
turbine. 
 
Back pressure turbines 
Back pressure turbines are typically used when, as described above, the aim is to meet the 
demand for process steam. This is therefore a common co-generation plant configuration in 
sugar mills, including Carlos Baliño. (Kamate and Gangavati, 2009) In back pressure steam 
turbines, the steam does not fully expand inside the turbine and consequently more of the 
energy that is contained in the steam can later be used for process heating, not for generation 
of electricity or mechanical power. With this type of turbine, the factories only produce as 
much steam as is needed in the process and power generated is a by-product. The bagasse 
that is not used for this purpose is stored or sold. Surplus power that can be exported to the 
national grid is only generated during the crushing season as electrical power only is 
generated when the sugar milling is operating. (Kamate and Gangavati, 2009) 
 

 
Figure 8 - Back pressure turbine configuration 

Condensing turbines 
Pure condensing turbines expand all the steam to low pressure, often below atmospheric, 
making it hard to use the steam in any technical process. If this kind of turbine is to be used 
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in the co-generation process of a sugar mill it therefore needs to be complemented by a back 
pressure turbine. (Desmukh et al., 2013) 
 
Extraction condensing turbines 
Extraction condensing turbines are a type of condensing turbine that is mainly used when the 
aim is to maximize the electricity generation from the process and there still is a demand for 
heat. The installation of extraction condensing turbines is the most established modern co-
generation plant configuration as it increases the potential to export surplus electricity 
independent of the steam demand to the process. (Kamate and Gangavati, 2008) (Desmukh et 
al., 2013) When using this turbine configuration, all of the bagasse is burned to produce 
steam. The needed amount of steam for the process can be extracted from the turbine at the 
required pressure and the rest of the steam is then allowed to expand over a large pressure 
drop, often below the atmospheric pressure. (Kamate and Gangavati, 2008) Extraction 
condensing turbine configuration requires a condenser system with a cooling tower if there is 
no nearby stream that can provide cooling water into the system. (Desmukh et al., 2013) 
 

 
Figure 9 - Extraction condensing turbine configuration 

When using any kind of condensing turbines there is an interrelationship between how much 
steam is needed for the sugar milling and how much is available for electricity generation. By 
undertaking steam saving techniques in the sugar process more power can be generated. 
Studies have shown that by reducing the steam consumption from 500 to 350 kg/tc the 
surplus power can increase by 24%. (Birru, 2016)  
 
Table 2 - Heat to power ratio and efficiencies of two different turbines (Birru, 2016) 

Co-‐generation	  system	   Heat	  to	  
Power	  ratio	  

Electrical	  efficiency	  
[%]	  

Total	  energy	  efficiency	  
	  [%]	  

Back	  pressure	  steam	  turbine	   4-‐14.3	   14-‐28	   84-‐92	  
Extraction	  condensing	  steam	  turbine	   2-‐10	   22-‐40	   60-‐80	  
 
Back pressure turbines are preferable over extraction condensing turbines when it comes to 
total efficiency of the power plant, as seen in Table 2 above.  The electrical efficiency is 
however lower for back pressure turbines than for extraction condensing turbines, and the 
generation of electricity is limited to the crushing season when back pressure turbines are 
used. (Birru, 2007) 
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To conclude, back pressure turbines is the most effective configuration from an integrating 
process point of view, where both the demands for heat and electricity are met. Extraction 
condensing turbines are nevertheless the best configuration from a surplus power generation 
point of view, where electricity can be generated also during off-season, by operating the 
turbine in full condensing mode. This type of configuration also ensures a stable power 
supply during the crushing season, as the electricity generation not is dependent on the 
milling process, nor affected by production stops. (Kamate and Gangavati, 2009) 

2.6.1.2 Reheating 

Reheating the vapor after a first expansion and then let it expand fully is mainly a method 
used to avoid high moisture contents at the turbine outlet, but it might also improve the 
thermal efficiency of the cycle. To perform reheating, two or a series of expansions, are 
needed and the vapor will be reheated in between the expansion in them. This improves the 
thermal efficiency as more of the heat flow into the cycle occurs at higher temperature. It 
must be taken in consideration though that the theoretical impact on the thermal efficiency of 
introducing a second reheating is only half of the impact of the one before. The theoretically 
optimal reheating pressure is about one-fourth of the maximal pressure. (Çengel and Boles, 
2002) When the steam is reheated, its moisture content will decrease in the last turbine step, 
and process data can be chosen in such a way that the vapor quality at the turbine outlet is 
high enough. (Havtun, 2014) 
 
In a study by Guerra et al. (2014) the obtained results show that when single time reheating 
was introduced in a conventional Rankine cycle used in a sugar mill, operating at 67 bar and 
480 °C, the thermal efficiency increased from 68% to 69% and the net electricity output 
increased from 122 kWh/tc to 128 kWh/tc. When also the live steam parameters were 
upgraded to 100 bar and 520 °C, the electricity generation increased even further to 137 
kWh/tc.  

2.6.2 The boiler 

Once the bagasse enters the co-generation unit its first stop is the boiler. A co-generation 
plant has one or several boilers whose assignment is to convert liquid water to steam. The 
size and efficiency of the boiler affects energy efficiency and power generation of the co-
generation process as it determines how much energy that can be extracted per mass unit of 
bagasse, and also what temperature and pressure the live steam will have. Live steam with 
high temperature and pressure means that more energy can be released when the steam 
expands over the turbines. The efficiency of the boiler depends on its technical features, how 
it is operated and the moisture content of the bagasse. (Birru, 2016) First the thermodynamics 
behind improved parameters in the boiler is presented and after that examples of types of 
boilers and boiler improvements are given. 
 
By superheating the steam in the boiler the average temperature at which heat is supplied to 
the fluid is increased and thus also the thermal efficiency of the cycle, see Figure 10. The 
total area below the points 3 and 3’ represents the increase in supplied heat and the shaded 
area shows the increase in net work output. Superheating the steam also has the desirable 
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effect that the moisture content of the vapor at the turbine exit decreases, addressing the 
problem of turbine blade erosion discussed in the previous part. The phenomenon can be seen 
in the diagram below; state 4’ is farther to the right than state 4, showing that the vapor has 
lower moisture content in 4’ than in 4. The upper limit of the steam temperature is though 
limited because of metallurgical conditions and therefore depending on the material of the 
specific equipment used. (Çengel and Boles, 2002) 
 

 

 
 
 
 
 
 

 
 
 

When the pressure in the boiler is increased, the temperature at which boiling occurs 
increases and thus also the average temperature at which heat is added to the working fluid. 
However, as illustrated in the picture above, if the inlet temperature of the turbine is fixed, 
the whole cycle is shifted to the left. This causes the moisture content of the steam at the 
turbine exit to increase, which is an undesirable side effect for reasons discussed in the 
previous section. To avoid this, one can use the presented technology to reheat the steam 
during the expansion phase. (Çengel and Boles, 2002) 

2.6.2.1 Different types of boilers 

There are many different types of boilers and this thesis will describe the most commonly 
used in the sugar industry. The three most common boilers are the damping grate boiler, the 
pinhole grate boiler and the fluidized bed boiler. The efficiency of these differ, the fluidized 
bed boiler’s efficiency ranges usually between as high values as 80-82% compared to the 
efficiency range of the pinhole grate boiler of 75-78% and the damping grate boiler of 65-
75%. The best choice of boiler is though also dependent on production variety, production 
stops and investment costs. (Hallersbo and Onozko, 2015)  
 
Damping grate boiler 
This is the most traditional method for burning biofuels. The fuel is combusted in the center 
of the burner on grates that are movable. Thanks to the movability, ash can be removed 
continuously and the boiler can operate relatively constant. The fuel is spread onto the grates 
by an air flow and combusted with the relatively low efficiency of 65-75%. (UNEP, 2007) 
 
 
 
 

Figure 10 a) - Superheat steam 
(Çengel and Boles, 2002) 

Figure 10 b) - Increased boiler pressure 
(Çengel and Boles, 2002) 
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Pinhole grate boiler 
The pin hole grate boiler has a similar structure as the damping grate boiler, but it also has 
pinholes which make the airflow through the boiler much higher and thereby increase its 
efficiency. The efficiency of the pin hole boiler can reach values around 80%. (UNEP, 2007) 
 
Fluidized bed boiler 
This type of steam generator uses a firing technique to burn the fuel in a bed or suspension of 
hot, non-combustible solid particles. The technique uses a special hydrodynamic condition 
called the fluidized state. The boiler consists of a typically 0.5 to 1.5 m deep bed in which the 
fuel is burnt in the non-combustible solids, which have a temperature of about 800-900 °C. 
These solids are usually ash, sand or limestone. Air is blown trough the bottom grate to create 
the bed of solids. When this is done, chemical energy from the fuel is transformed into heat 
energy in the steam. The fluidized bed boiler is by far the most efficient boiler type and can 
in good cases reach efficiencies of over 90%. (Basu, Kefa and Jestin, 2000) 

2.6.2.2 Operation of the boiler 

How the boiler is operated in relation to load of steam also affects its efficiency. Variations of 
process steam load should be managed by controlling the operation of the boiler. By 
installing a well-functioning boiler control system both boiler efficiency and electricity 
output can increase largely. (Lawler, 1991) 
 
The boiler efficiency is also increased if the water is preheated before entering the boiler. By 
using feedwater at a higher temperature, heat will be supplied to the steam generator, and 
thus to the system, at a higher temperature. This results in an increased thermal efficiency for 
the co-generation plant. (Havtun, 2014) Higher feedwater temperatures can be obtained by 
using an economizer or by extracting water from the factory process, which already has a 
high temperature, to use as feedwater. Both condensate from the evaporators in the sugar 
process and from turbo generator condensers in the co-generation unit can be used as 
feedwater for the boiler. The latter is the conventionally used. The evaporation of water from 
the sugar juice produces large amounts of condensate in the temperature ranges of about 48-
115°C. The purest of this, coming from the first evaporator is basically distilled water and 
therefore suitable to use for feedwater. Condensate from evaporators after the first one might 
be contaminated by sugar and is therefore less suitable. (Albert-Thenet, 1991)  
 
Guerra et al. investigated the impact of introducing feedwater heating by extracting three 
different mass flows of steam from the turbine and letting these heat up the feedwater before 
it enters the boiler. For a cycle with live steam parameters of 67 bar and 480°C the effects 
were an increase in thermal efficiency from 68% to 70% and an increased electricity 
generation from 122 to 132 kWh/tc. If also the live steam parameters were changed to 100 
bar and 520°C, the electricity generation increased further to 143 kWh/tc. (Guerra et al., 
2014) 
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2.6.2.3 Moisture content of bagasse 

By reducing the moisture content of the bagasse its heating value is enhanced, and thereby 
will also the combustion temperature and boiler efficiency increase. For instance, heat energy 
from flue gas from the boiler can be used to dry the bagasse before the combustion. Birru 
(2007) calculated the correlation between bagasse moisture content and boiler efficiency, 
which are concluded in Table 3. The calculations are based on information from the 
American boiler manufacturer Zurn. The heating value is the amount of heat produced when 
a unit quantity of a fuel is combusted. The higher heating value (HHV) is the amount of heat 
produced by complete combustion of the fuel and is obtained “when all products of the 
combustion are cooled to down to the initial temperature and the water vapor formed during 
the combustion is condensed”. Lower heating value (LHV) is obtained by subtracting the 
“latent heat of vaporization of the water that needs to be vaporized during the combustion 
from the higher heating value” (Engineeringtoolbox.com, n.d)   
 
Table 3 - Boiler efficiencies for different moisture content of bagasse (Birru, 2007) 

Moisture	  content	  
[%]	  

Based	  on	  HHV	  
ηB	  [%]	  

Based	  on	  LHV	  
ηB	  [%]	  

20	   74	   73	  
25	   73	   71	  
30	   72	   70	  
35	   70	   68	  
40	   69	   66	  
45	   67	   63.5	  
50	   66	   62	  

 

2.7 Carlos Baliño 
The sugar mill Carlos Baliño is located in rural Cuba in the province Villa Clara. The factory 
was founded in 1903 and started to produce organic sugar in 2001. It is now the only sugar 
mill in Cuba that produces certified organic sugar, which means that the cane cultivation does 
not involve the use of water irrigation, additional nutrients or pesticides. (Birru et al., 2015) 
The production of organic sugar is seasonal, and it makes up approximately 30% of all 
production at Carlos Baliño. (Birru, 2016) Carlos Baliño currently has a production of 15000 
tonnes of sugar per year and the harvesting and milling season normally stretches from 
December to April. The maximum cane milling capacity is 98.25 tc/hour and the average 
amount of cane milled per hour the current season is 65.7 tc/hour.  Figure 11 a) and 11 b) 
below shows a part of the sugar milling process and the bagasse storage at Carlos Baliño.  
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The mill is self-sufficient electricity wise over a whole season, meaning that they both import 
and export electricity to meet the instant demand, but the net trading balance is positive. In 
other words, Carlos Baliño is currently generating some excess electricity that is being 
exported to the national grid. The season of 2015-2016 started the 25th of December and as of 
the 12th of April, the accumulated electricity export to the grid was 259,3 MWh. (Carlos 
Baliño, 2016) The electricity exported and imported per day during this time period can be 
seen in Figure 12 below. 
 

 
Figure 11 - Electricity export and consumption at Carlos Baliño 25/12-12/4 - 2016 

The mill has recently been modernized - several parts in the production chain were upgraded 
in 2009, with the aim to improve the overall efficiency. The mechanical cutting and milling 
turbines were changed to electrical drives. To use electricity instead of mechanical vapor 
power to drive the cane cutter and the tandem mills reduces the demand for steam and 
increases the total efficiency. The bagasse boiler was also replaced by a new one with 
improved parameters and capacity. These improvements in the equipment have made the co-
generation process more efficient, resulting in excess bagasse that can not be utilized since 
there has been no improvement done in the power turbine set. (Carlos Baliño, 2016) 

Figure 11 a) - Milling of canes Carlos Baliño Figure 11 b) - Bagasse and boiler Carlos Baliño 
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The co-generation scheme at Carlos Baliño is shown in Figure 13 below. Carlos Baliño 
currently uses two back pressure turbines with a combined maximum mechanical capacity of 
4.5 MW. The electricity generation is however limited by the current generators, which have 
a combined capacity of only 3 MW. The efficiencies of the turbines are dependent on the 
load, but the average efficiency rate is 81.74%. The boiler that is used at Carlos Baliño is a 
pin-hole boiler with a maximum capacity of generating 60 tonnes steam per hour. The 
efficiency of the boiler is also dependent on the load with an average of 82.5%. (Morfa, 
2016) The boiler was brought to the factory in 2009 and had at the time a capacity of 
generating 45 tonnes steam per hour. By installing an economizer for feedwater heating and 
damping grates for disposal of the ash, the capacity increased to the current level of 60 tonnes 
steam per hour. The maximum capacity of the boiler regarding steam parameters is 18 bar 
and 360 °C. However, the back pressure turbines currently in use can not handle steam which 
such high pressure and temperature. Losses during the transport of steam from the boiler to 
the turbine is resulting in steam parameters before the turbine at 15.6 bar and 308 °C, which 
is the practical maximum for the turbines. (Carlos Baliño, 2016) 
 
The economizer uses the flue gases from the combustion to heat the feedwater and the air 
supplied to the boiler. The feedwater is heated from about 98°C to 179°C and the air that is 
supplied to the boiler is heated to approximately 213°C. (Carlos Baliño, 2016) As can be seen 
in the picture, some of the steam that is demanded in the process derives directly from the 
boiler due to the low maximum capacity of the turbines and generators. This steam is instead 
led through a reduction valve to lower its parameters, which implies energy losses. 
 

 
Figure 12 – A simplification of the co-generation scheme used at Carlos Baliño 

Birru (2016) has identified two different categories of sugar mills; conventional and modern 
sugar mills. Conventional sugar mills are characterized by low pressure boilers, back pressure 
turbines, no surplus power generation and steam driven mechanical equipment. Modern sugar 
mills have high pressure and temperature boiler installations, condensing turbines, a 
production of surplus electrical power and electrical drives instead of mechanical. Carlos 
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Baliño would be classified as a hybrid between a modern and a conventional mill as they 
have back pressure turbines, a boiler with relatively low pressure and only a small surplus 
generation of electricity but are using electrical drives instead of mechanical vapor turbines.  

2.8 Export of electricity from cane sugar industry 
As mentioned in previous sections, sugar mills have not traditionally been generating surplus 
electricity and exporting it to the national grid. An explanation to this can be the remote 
location of the sugar mills and that they are not connected to the national grid, making any 
export impossible. This is however not an explanation for Cuba, where there is a national grid 
extended to cover nearly the whole country. The lack of economic incentives for the sugar 
mills and a stable access to cheap fossil fuel are factors that are more likely to have limited 
the development of sugar factories to generate excess electricity. Further, with the 
conventional co-generation unit design, the generation of electricity is seasonal and sugar 
mills can therefore not guarantee a stable year round excess power production. However, the 
generation of electricity from sugar cane bagasse has a great potential to replace fossil fuels, 
as bagasse both is an economic and environmentally friendly fuel. In India, the world’s 
second largest producer of sugar, the potential of power from bagasse co-generation is 
estimated to between 1500-5000 MW. (Kamate and Gangavati, 2009) As of 2012, more than 
half of the electricity generated in Australian sugar mills was exported to the national grid. 
(Birru, 2016)  
 
The amount of electricity that can be generated and exported to the grid depends, as 
explained in previous sections, on the parameters inside the co-generation process, the 
demand for in-house electricity and process heat and the features of the bagasse available. 
Further in this section some examples are given describing the effects on electricity export by 
selected changes in the co-generation process.  
 
A study carried out by Deshmukh et al. (2013) shows a system which uses condensing 
turbines with 30 bar, 340 °C and mechanical drives. The system can generate 46 kWh/tc of 
electrical energy and can export 26 kWh/tc to the grid. If the same system changes from 
mechanical to electrical drives, the generation of electricity can increase to 82 kWh/tc, 
leaving 45 kWh/tc to be exported to the grid. If the pressure and temperature of the live steam 
is further increased, even more electricity can be generated. (Desmukh et al., 2013) In 
general, an increase in the steam pressure from 40 bar to 60-80 bar is resulting in an increase 
in electricity export with 7-10%. (Gollakota, 2002) 
 
A country that has come far in the development of exporting electricity from sugar mills to 
the national grid is Mauritius, where almost all sugar mills have been modernized to generate 
surplus power. With steam parameters at about 82 bar and 525 °C the sugar mills can 
generate surplus electrical energy of 75-140 kWh/tc, where the average surplus power 
generation is 60 kWh/tc. Most of the mills are equipped with back pressure steam turbines. 
(Seebaluck et al., 2008)  
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Carlos Baliño has changed its mechanical drives to electrical ones but still uses back pressure 
turbines. The current live stream parameters at Carlos Baliño are between 16-17 bar and 340-
360 °C, and the parameters before the turbines are approximately 15.6 bar and 308°C. (Carlos 
Baliño, 2016) Comparing this to the case in Mauritius were the steam parameters are much 
higher, it can be concluded that Carlos Baliño will not be able to generate as much as 60 
kWh/tc with the current settings. The steam parameters used in the study of Deshmukh et al. 
(2013) are more like the ones currently being used at Carlos Baliño. The use of different 
turbines nevertheless makes a comparison hard to carry out under the current situation. 
During the season that started the 25th of December 2015, the average generation of 
electricity was 31.9 kWh/tc and 4.2 kWh/tc was exported to the grid from Carlos Baliño. 
These numbers are seasonal averages and the calculations include unplanned production 
stoppages. (Carlos Baliño, 2016) If the scheme were to be improved with the aim of 
maximizing the electricity generation, the generation and export of electricity could be much 
higher.   
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3. Method  

3.1 Method overview 
Figure 14 shows a work breakdown structure of the study. As the project aim consists of 
three parts, the method is also divided into three separate sections. The next chapters present 
the system boundary, clarify the delimitations of the study, show how the co-generation 
system input parameters are calculated and present the method for reaching each part of the 
aim. 
  

 
Figure 13 - Method overview 

3.2 System boundary, delimitations and key performance indicators 
Figure 15 shows the model of Carlos Baliño’s co-generation system that is used in the study. 
The system boundary is drawn in such a way that the sugar milling process is seen as a black 
box. From sugar milling bagasse is an output and steam and electricity are inputs, which are 
needed in specified amounts. Hence the maximal amount of bagasse available as input for the 
co-generation is seen as a parameter determined in beforehand by the specific process of the 
mill Carlos Baliño. Also the in-house steam and electricity demand per tonne cane crushed is 
determined by the needs of the sugar process and therefore seen as set parameters for our 
calculations. This leaves possible electricity generation maximizing modifications not 
directly associated with the actual co-generation power cycle outside the scope. 
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Figure 14 - System boundary 

The performance of every sub-part inside the co-generation system and their way to work 
together affect the amount of electricity available for export, which is the main aim of this 
study to maximize. The study is limited to investigate cases when the co-generation cycle can 
be modeled as a Rankine cycle, and other possible modifications lie outside the scope. The 
key thermodynamic indicators that are analyzed are the co-generation efficiency, the 
electrical efficiency, the net power output and the net power exported to the grid. The co-
generation efficiency is, as previously stated, defined as the ratio between useful energy 
output (i.e. the total electricity generated and thermal energy delivered) and bagasse energy 
input in the boiler. The electrical efficiency is the ratio between electric power output and 
bagasse heat input. The net power exported to the grid is the difference between net power 
output and power consumed by the sugar milling process.  
 
Key	  performance	  indicators	  
𝑃H65	    

𝜖 = :65	  67635<"3"5=	  >?5@?5AB<>3644	  C6D5	  E67"F6<6E
G>5D7	  C6D5	  "H@?5

= BIJKALMN
	  	  	  LOI

	  	  	  	  	  	         (1)	  

𝜖67 =
BIJK
	  	  	  LOI

          (2)	  

𝑃6Q = 𝑃H65 − 𝑃@<         (3)	  
𝑃6Q,46D4>H = 𝑃6Q ⋅ 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔	  ℎ𝑜𝑢𝑟𝑠	  𝑝𝑒𝑟	  𝑑𝑎𝑦 ⋅ 𝑠𝑒𝑎𝑠𝑜𝑛    (4)	  
 
To be able to compare the different scenarios the indicators will be calculated for three mass 
flows of canes for every scenario. The indicators will be calculated for:  

1.   Maximal mass flow of cane  
2.   Seasonal average mass flow of cane  
3.   The mass flow rate of cane that gives the best energy performance 

 
As the sugar milling process has a demand for steam and electricity that is assumed to be 
linearly dependent on the mass flow of cane, the higher the flow rate the more steam and 
electricity is needed. There can never be a lack of steam to the process, and the boiler in use 
is dimensioned to be able to cover the need even at the maximal mass flow of cane, as long as 
there is bagasse available. Therefore, in the study, the calculations always adjust the assumed 
steam production to exactly meet the specific factory need at the specific cane flow rate. 
Electricity production is then maximized according to the circumstances for each scenario.  
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Regarding electricity, import and export can be made without limiting the sugar milling. The 
production of electricity is limited by the capacity of the turbines and boiler as well as the 
amount of bagasse available. If all bagasse is used as fuel, there will be a certain mass flow of 
cane when either the turbine or the boiler is utilized to its maximal capacity and thereby 
limiting the electricity production. Hence there is a lowest mass flow rate of cane at which 
electricity generation can reach is technical maximum. This is also the mass flow at which the 
electricity export is maximized and hence the mass flow rate which gives the best energy 
performance. At higher flow rates the process will demand more electricity and steam, but the 
electricity generation is already maximized according to either the turbine or the boiler, and 
hence the possible export decreases. The definition of mass flow number 3 above is the 
therefore the mass flow of cane at which the maximal electricity export is possible.  
 
In the practical operations, when the sugar mill is running, it usually operates at maximal 
mass flow of cane, 98.25 tc/h. But as unplanned stoppages are a large problem at Carlos 
Baliño the seasonal average cane flow is far from this value. As this study does not 
investigate the stoppages any further, and is focused in theoretical best possible 
performances, it is assumed that the sugar mill can adjust its cane flow load to a chosen 
value. The financial calculations do not consider how the assumptions to run the factory 
continuously for maximized electricity export will affect the sugar production in terms of 
changes in incomes and expenses related to the sugar business. It is also assumed that there is 
enough sugar cane to operate continuously during the whole season and possible electricity 
export is only considered during the crushing season 
 
For every calculation step, the assumption is made that the sugar production is operating at a 
constant rate, and therefore the demand for process heat and electricity as well as the 
availability of bagasse will also be seen as constants for each calculation. The data needed 
from Carlos Baliño includes both values of input parameters for the co-generation system and 
technical data from components inside. Microsoft Excel is used to perform all of the 
calculations and Applied thermodynamics: collection of formulas (Havtun, 2014) is used to 
determine element properties when needed. 

3.3 Co-generation system input parameters  
 
Referring to Figure 15, the input parameters that need to be determined are the available 
amount of bagasse, the electricity demand to the process and the steam demand to the 
process. These depend on the bagasse fraction of cane, the indices for steam and electricity 
demand per mass unit of cane milled and the mass flow of cane through the process.  
 
System	  input	  parameters	  
Steam	  demand	  to	  process	   	   	   	  𝑚45,@< = 𝑚3 ⋅ 𝑥45/3 	   	   	   	   (5)	  
Electrical	  power	  demand	  to	  process	   	   𝑃@< = 𝑚3 ⋅ 𝑥67/3 	   	   	   	   (6)	  
Mass	  flow	  of	  bagasse	  from	  sugar	  milling	   𝑚+ = 𝑚3 ⋅ 𝑥3/+	   	   	   	   (7)	  
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Where, 
Marginal	  steam	  demand	    𝑥45/3 = 0.45 tonne/tc	  (Hallersbo	  and	  Onozko,	  2015)	  
Bagasse	  fraction	  in	  cane	   	   𝑥3/+ = 0.302	  	  	  	   (Birru,	  2016)	  
	  
The marginal electricity demand to the process is determined by evaluating historical 
operating data, assessing the amount of canes milled and the electricity consumed each day. 
By this investigation also the average operations in terms of mass flow of cane will be 
determined. The average flow is calculated from the days when the factory is operating, 
ignoring the days when it has no cane milling. Operational reports from all days of the 
current season is obtained from the factory and an example of these is available in Appendix 
1. The information provided in these reports that is used in the calculations are the net 
produced electricity, the net export and import as well as the amount of canes milled each 
day. 
 
Average	  mass	  flow	  of	  cane	  and	  electricity	  demand	  

Seasonal	  amount	  of	  canes	  milled 𝑚3,46D4>H = 𝑚3,ED=
:
ED=gh     (8) 

Average	  mass	  flow	  of	  cane  𝑚3,DF6<Di6 =
jk,lJmlnI
:⋅oP⋅pqrr

    (9)	  

Electricity	  consumption	  day	  i	   	   𝐸@<," = 𝐸H65," + 𝐸"j," − 𝐸6Q," 	   	   	   	   (10) 
Electrical	  power	  demand	  as	  a	  	  
function	  of	  mass	  flow	  of	  cane	  	   𝑃@<," = 𝑚3," ⋅ 𝑥67/3 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   (11)	  
 
When the data is analyzed, the average marginal electricity demand is determined by deriving 
the linear relationship between the mass flow of cane and the electricity consumption. By 
doing so, also the fixed electricity demand, which is not dependent on the cane milling, can 
be determined. The curve fitting is done with Microsoft Excel. 

3.4 Evaluate best energy performance under current energy scheme  
This part of the study is an evaluation of the energy performance under current energy 
scheme when maximizing the electricity production. The best possible energy performance is 
defined as the maximal electricity export and the best possible co-generation- and electrical 
efficiencies that can occur at the same time, when the electricity production is maximized. 
For the current energy scheme to operate efficiently, the amount of steam produced in the 
boiler is determined by the demand for process heat. Therefore, the amount of steam supplied 
to the power producing turbines, and hence the generation of electricity, is also determined by 
the in-house demand for process heat. This is due to the usage of back pressure turbines. 
Hence the electricity output is limited by two factors; the demand for process steam and the 
turbine capacity. Burning the amount of bagasse needed to meet the in-house demand for 
steam and letting all of this steam, as far as turbine capacity allows, pass through the turbines 
maximizes the electricity production. To map capacity limitations in parts of the system, 
technical details of the components are needed.  
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The method is depicted in Figure 16 and the data needed is specified in Table 4 and is tied to 
each part of the method by a number. The data is collected from the field study at Carlos 
Baliño and from previous work on similar subjects, especially those made at the particular 
mill.  
 

 
 

Figure 15 - Method: Current energy scheme 

Table 4 - Data collection: Current scheme 

	   Data	   Collection	  method	  and/or	  source	  
1	   Amount	  of	  bagasse	  available	   Field	  study,	  historical	  operating	  data	  
	   In-‐house	  steam	  demand	   Field	  study,	  historical	  operating	  data	  
	   In-‐house	  electricity	  demand	   Field	  study,	  historical	  operating	  data	  
2	   Steam	  parameters	   Field	  study,	  historical	  operating	  data	  
	   Boiler	  features	   Field	  study,	  historical	  operating	  data	  
	   Turbine	  features	   Field	  study,	  historical	  operating	  data	  
3	   Practical	  operation	  conditions	   Literature	  study,	  field	  study,	  historical	  operating	  data	  
 
The key performance indicators shown in Equation 1-4 is calculated for the cane flow rates 
stated in section 3.2. First the system input parameters are calculated according to Equation 
5-7 for each mass flow of cane. Figure 17 shows a model of the current scheme, and the 
equations needed to calculate the input for Equation 1-4 is presented below. The technical 
data used is specified in Appendix 3. 
 

 
Figure 16 - Co-generation scheme current scenario 
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Equations	  current	  energy	  scheme	  

Mass	  flow	  of	  bagasse	  to	  boiler	   𝑚+,v =
jlK
wxy

       (12) 

Enthalpy	  before	  turbine  ℎ+5 = 𝑓(𝑡+5, 𝑝+5)      (13) 
Enthalpy	  after	  turbine   ℎD5 = ℎ+5 − (ℎ+5 − ℎD5,"4) ⋅ 𝜂j,vG    (14) 
Net	  electrical	  power	  output  𝑃H65 = 𝑚45 ⋅ (ℎ+5 − ℎD5) ⋅ 𝜂i    (15) 
Process	  heat	  delivered  𝑄@< = 𝑚45 ⋅ (ℎh.rhp	  +D<∗∗ − ℎh.rhp	  +D<∗ )   (16) 
Bagasse	  energy	  input   𝑄"H = 𝑚+,v ⋅ 𝐿𝐻𝑉+,�r      (17) 
 
Where,	  

𝑆𝐺𝐼 = jlK
j�,�	  

= ����,��⋅��
hrr⋅(C�K�C��)

= 2.34	    (Carlos	  Baliño,	  2016)	       (18) 

𝐿𝐻𝑉+,�r	   = 8816	  𝑘𝐽/𝑘𝑔	  	   	   (Yarnal	  and	  Puranik,	  2010)     
	  
It is the in-house steam demand that determines the amount of bagasse that needs to be 
supplied to the boiler. The upper limit of bagasse input to the boiler is the output from the 
sugar milling process and the maximal steam generation is the maximal capacity of the 
boiler. The enthalpy of the steam before the turbine is calculated from the temperature and 
pressure, which are known from average real operating conditions. As the turbine efficiency 
also is known from the field study, the enthalpy after the turbine can be calculated. Using the 
generator efficiency and the mass flow of steam, the net power output is calculated from the 
enthalpy drop over the turbines. If the result of this calculation is higher than 3 MW, the 
turbines and generators are utilized to their maximum and the power generation is 3 MW. 
This implies that steam is led past the turbines, and energy is wasted. The heat transition to 
the process happens at atmospheric pressure by condensing saturated steam and therefore 
occurs at 100°C. (Herrera Moya 2016) The heat flow to the process is hence calculated using 
the difference in enthalpy of saturated water vapor and liquid water at atmospheric pressure 
multiplied with the mass flow of steam. The bagasse energy input must also be calculated to 
derive the energy efficiencies. 

3.4.2 Assumptions  

•   The crushing season is 124.75 days each year, based on historical data  
(Hallersbo and Onozko, 2015) 

•   The factory runs 24 hours per day  
•   The factory operates every day of the crushing season  
•   The generation of electricity will be maximized during the crushing season, not off-

season  
•   Losses and pump work in the co-generation process are not taken in consideration  
•   The excess electricity that is generated by the co-generation unit is exported to the 

national grid  
•   The marginal in-house demand for steam and electricity per tonne crushed cane is 

constant  
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•   There will be no consideration of change in the process from production of organic sugar 
to conventional  

•   The moisture content of the bagasse is 50% (Carlos Baliño, 2016) 
•   The efficiency of the generator is assumed to be the common general value of 95% 

(Herrera Moya, 2016) 
•   The turbine and boiler efficiencies are constant, as the conditions of the calculations 

imply loads in a span where the changes of the load have small effects on the efficiency 
(Appendix 5) 

3.5 Propose a new energy scheme to maximize electricity generation 
This chapter includes identification and evaluation of possibilities to change either the cycle 
parameters or the technical characteristics of the cycle, which will improve the energy 
performance of the co-generation process. The data needed for the calculations in this section 
can be divided in four clusters, which are shown in Figure 18. Data collected for the previous 
section regarding the system input parameters and actual operating conditions will be used 
here as well. Regarding technical data concerning capacities for the system components the 
data collection from the previous part needs to be complemented with a more extensive 
mapping of capacities. The data is specified in Table 5 and referred to a cluster of data by 
numbers.  
 

 
Figure 17 – Method: Propose a new energy scheme 

Table 5 - Data collection: New energy scheme 

	   Data	   Collection	  method	  and/or	  source	  

1 Amount	  of	  bagasse	  available	   Field	  study,	  historical	  operating	  data	  
 In-‐house	  steam	  demand	   Field	  study,	  historical	  operating	  data	  
 In-‐house	  electricity	  demand	   Field	  study,	  historical	  operating	  data	  
2 Highest	  temperature	  and	  pressure	  of	  live	  

steam	  
Field	  study,	  historical	  operating	  data	  

 Boiler	  features	   Field	  study,	  historical	  operating	  data	  
 Turbine	  features	   Field	  study,	  historical	  operating	  data	  
 Economizer	  features	   Field	  study,	  historical	  operating	  data	  
 Possible	  steam	  mass	  flow	  rates	   Field	  study,	  historical	  operating	  data	  
3 Possibilities	  to	  increase	  the	  electricity	  

generation	  
Literature	  study,	  field	  study	  

 Data	  about	  new	  equipment	   Literature	  study	  
4 Specific	  conditions,	  possibilities	  and	  

problems	  at	  Carlos	  Baliño	  
Field	  study	  
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Possibilities for improvements are derived from the literature study and from input from the 
field study. Four scenarios are chosen on the ground that they both are considered relevant for 
the particular mill and lies within the technical scope of the study. The possibilities identified 
are evaluated from an energy efficiency point of view and assed from the perspective of 
maximizing electricity production. The scenarios’ best possible energy performance is 
calculated and compared. The best possible energy performance is defined as the maximal 
electricity export and the best possible efficiencies for the process that can occur at the same 
time, when the electricity production is maximized. When the, from electricity production 
point of view, best alternative has been found a new scheme is proposed. The four different 
scenarios are presented in Table 6 below. 
 
Table 6 - The four different scenarios 

Case	  scenario	   Turbines	   Steam	  parameters	  bt	   Vapor	  power	  cycle	  
Current	  scenario	   BT	  (3	  MW)	   T	  =	  308	  °C	  P	  =15.6	  bar	   Conventional	  

1	   BT	  (4.5	  MW)	   T	  =	  308	  °C	  P	  =15.6	  bar	   Conventional	  
2	   CEST	   T	  =	  308	  °C	  P	  =15.6	  bar	   Conventional	  
3	   CEST	   T	  =	  325	  °C	  P	  =18	  bar	   Conventional	  
4	   CEST	   T	  =	  325	  °C	  P	  =18	  bar	   Reheating	  

 
The field study identified that the boiler currently in use was a large investment made in 
recent years, and that the efficiency of its operation has been widely improved by technical 
modifications and the use of an economizer. This causes reasons to let the study focus on 
other parts of the co-generation process, which have both greater potentials for improvements 
and where investments are more likely to be made. The scenarios are one by one presented 
below. For each scenario the system input parameters are calculated according to Equation 5-
7 and the key performance indicators are calculated according to Equation 1-4. This is done 
for the three mass flows of cane stated in section 3.2. The technical data used is specified in 
Appendix 3. 

3.5.1 Scenario 1 – New generator 

Carlos Baliño currently has two turbines with the capacities of 1.5 and 3 MW respectively. 
The corresponding generators however only have the capacity of 1.5 MW each, making one 
of them a limiting factor for the electricity generation. If the generator belonging to the 3 
MW turbine was upgraded, the total power generating capacity of the co-generation process 
would increase to 4.5 MW. This scenario investigates the impact on electricity production of 
investing in a new generator with a capacity of 3 MW, keeping all other parameters the same 
as for the current energy scheme. 
 
The equations are the same as when calculating the performance of the current scheme, with 
the only modification that the maximum electricity generating capacity now is 4.5 MW. 
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3.5.2 Scenario 2 – Change to an extraction condensing turbine 

This scenario proposes a change from the current back pressure turbines to a condensing 
extraction turbine. The same conventional cycle, with the same steam parameters, is used to 
isolate the effect of the changed turbines. A model of the cycle is shown in Figure 19. 
 

 
Figure 18 - Co-generation scheme scenario 2 

 
Theoretically, with an extraction condensing turbine, all bagasse could be used to produce 
steam for electricity generation as long as the turbines are large enough. In the Carlos Baliño 
case though, the steam generation is limited by the capacity of the boiler and hence this is 
what determines the maximal amount of bagasse that can be burned in this scenario. In the 
calculations it is assumed that all bagasse is used as fuel as long as the mass flow lies within 
the capacity of the boiler. It is also assumed that the steam generation index (SGI) is not 
affected by changed boiler load.  
 
Equations	  extraction	  condensing	  turbine	  
Mass	  flow	  of	  bagasse	  to	  boiler	   𝑚+,v = 𝑚+	   	   	   	   	   	   (19)	  
Mass	  flow	  of	  steam	   	   	   𝑚45 = 𝑚+,v ⋅ 𝑆𝐺𝐼	       	   (20) 
Mass	  flow	  for	  condensing	   	   𝑚� = 𝑚45 − 𝑚@<      (21) 
Enthalpy	  before	  turbine  ℎ+5 = 𝑓(𝑡+5, 𝑝+5)      (22) 
Enthalpy	  process	  steam	   	   ℎ@< = ℎ+5 − (ℎ+5 − ℎ@<,"4) ⋅ 𝜂j,�G    (23) 
Enthalpy	  condensed	  steam	   	   ℎ� = ℎ+5 − (ℎ+5 − ℎ�,"4) ⋅ 𝜂j,�G    (24) 

Net	  electrical	  power	  output	   	   	  𝑃H65 =
ℎ+5 ⋅ 𝑚45 − ℎ@< ⋅ 𝑚@< −

ℎ� ⋅ 𝑚�
⋅ 𝜂i   (25) 

Process	  heat	  delivered  𝑄@< = 𝑚45 ⋅ (ℎh.rhp	  +D<∗∗ − ℎh.rhp	  +D<∗ )   (26) 
Bagasse	  energy	  input   𝑄"H = 𝑚+,v ⋅ 𝐿𝐻𝑉�r      (27) 
 
The in-house steam demand will be extracted from the turbine at an earlier state. Hence the 
mass flow of steam that is available for condensing is calculated as the difference between 
the total mass flow of steam and the in-house steam demand. The enthalpies for the two mass 
flows after the turbine are calculated using the mechanical efficiency of the turbine. 
Thereafter the net power output can be calculated according to Equation 25. 
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3.5.3 Scenario 3 - Extraction condensing turbine and increased steam parameters before 
turbine  

In the third scenario, an extraction condensing turbine with the same assumed efficiency as in 
scenario 2 is be used, and the effect of improving the steam parameters before the turbine is 
investigated. This will result in a larger pressure drop over the turbine, increasing the 
electricity generation. The enthalpy before the turbine is changed in this scenario, compared 
to scenario 2, and needs to be determined. Apart from this, the same equations as in scenario 
2 can be used. It is assumed that the losses between the boiler outlet and the turbine inlet are 
eliminated, making it possible to maintain the live steam parameters of 18 bar and 360°C all 
the way. As this assumption is made the SGI of the boiler can be assumed to be the same, and 
therefore also the required amount of bagasse. It must be taken under consideration that the 
steam intended for use in the process, when exiting the turbine, must meet the requirements 
of the process. The requirement is saturated state at 2 bar, which means a temperature of 120 
°C. (Havtun, 2014) When increasing the pressure before the turbine there is a risk for too 
high moisture content at the outlet, see Figure 10 b). And if the temperature before the 
turbine is increased there is a risk that the steam is still superheated at the turbine outlet and 
impossible to use in the process. Hence, both the pressure and temperature must be increased 
in a balanced manner for the steam after the turbine to have the right characters. 

3.5.4 Scenario 4 - Extraction condensing turbine and reheating  

In the fourth scenario, reheating of the steam is used to increase the thermal efficiency and to 
avoid too high moisture content at the turbine outlet, when increasing the steam pressure 
before the turbine. The expansion in the turbine is performed in two stages with reheating in 
between. Electricity will be generated in both stages and the mechanical turbine efficiency is 
supposed to be the same for both expansions (Guerra et al., 2014). Solely single step 
reheating is considered as, discussed in chapter 2.8.1.2, the theoretical improvement of the 
thermal efficiency from a second reheating is only about half of the first one. The scheme 
model is shown in Figure 20. The total power generated from the extraction condensing 
turbine is calculated using the different enthalpies and mass flows of the steam entering and 
exiting the turbine in both stages. The enthalpy of the mass flow that enters the turbine for the 
second time is different from the enthalpy of the steam that exits the boiler as the steam has 
expanded through the turbine once and then been reheated. It is assumed that the steam 
before the first turbine expansion can have pressure and temperature in the same range as in 
scenario 3, and the calculations will find the most suitable values from electricity generation 
point of view.  
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Figure 19 - Co-generation scheme scenario 4 

 
Equations	  extraction	  condensing	  turbine	  with	  reheating	  
Relation,	  mass	  flows	  of	  bagasse	  	   𝑚+ = 𝑚+,v + 𝑚+,<6C6D5"Hi	   	   	   	   (28)	  
Heat	  flow	  required	  for	  reheating	   𝑄<6C6D5 = 𝑚45 ⋅ ℎ45�� − ℎ45� 	  	   	   	   	   (29)	  
Heat	  flow	  required	  for	  reheating	   𝑄<6C6D5 = 𝑚+,<6C6D5"Hi ⋅ 𝐿𝐻𝑉�r ⋅ 𝜂v	  	   	   	   (30)	  
Mass	  flow	  of	  steam	   	   	   𝑚45 = 𝑚+,v ⋅ 𝑆𝐺𝐼	   	   	   	   	   (31)	  

Combining	  eq.	  29-‐32	   	   	   𝑚+,v =
j�

wxy⋅	  
�lK
����lK

�

�����⋅��
	  Ah

	  	   	   	   	   (32)	  

Mass	  flow	  of	  bagasse	  for	  reheating	   𝑚+,<6C6D5"Hi = 𝑚+ −𝑚+,v	   	   	   	   (33)	  
Mass	  flow	  for	  condensing	   	   𝑚� = 𝑚45 − 𝑚@<      (34) 
Enthalpy	  before	  turbine  ℎ+5 = 𝑓(𝑡+5, 𝑝+5)      (35)	  
Enthalpy	  after	  first	  expansion  ℎ45� = 	  ℎ+5 − (ℎ45 − ℎ45,"4� ) ⋅ 𝜂j,�G    (36) 
Enthalpy	  after	  reheating	   	   ℎ45�� = 𝑓(𝑡45�� , 𝑝45�� )	   	   	   	   	   (37)	  
Enthalpy	  process	  steam	   	   ℎ@< = ℎ45�� − (ℎ45�� − ℎ@<,"4) ⋅ 𝜂j,�G    (38)	  
Enthalpy	  condensed	  steam	   	   ℎ� = ℎ45�� − (ℎ45�� − ℎ�,"4) ⋅ 𝜂j,�G    (39)	  
Net	  electrical	  power	  output	   	   𝑃H65 = ( ℎ+5 ⋅ 𝑚45 − ℎ45� ⋅ 𝑚45 + ( ℎ45�� ⋅ 𝑚45 	  
	   	   	   	   	   − ℎ@< ⋅ 𝑚@< − (ℎ� ⋅ 𝑚�))) ⋅ 𝜂i	   	   	   (40)	  
Process	  heat	  delivered  𝑄@< = 𝑚45 ⋅ (ℎh.rhp	  +D<∗∗ − ℎh.rhp	  +D<∗ )   (41)	  
Bagasse	  energy	  input   𝑄"H = (𝑚+,v + 𝑚+,<6C6D5) ⋅ 𝐿𝐻𝑉�r    (42)	  
 
The theoretically optimal reheating pressure is one-fourth of the maximum pressure, and this 
is hence the reheating pressure adopted in this scenario. (Çengel and Boles, 2002) The 
enthalpy of the steam before the reheating is calculated using the pressure to which the steam 
has expanded to and the turbine efficiency. The steam is then assumed to be isobarically 
heated to a temperature as close as possible to the one it had before entering the turbine, 
without causing problems of superheated steam at the turbine outlet. The enthalpy before the 
second expansion can then be derived from the pressure and temperature. The enthalpies for 
the steam to the process and the condensed steam is calculated in the same manner as in 
previous sections, from the required pressures and the turbine efficiency. The total amount of 
electricity generated can then be calculated. 
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The process now requires energy input also for reheating, as the reheating process will 
consume energy. The relation between the bagasse that is needed for reheating and the 
amount that is used for the initial steam generation is therefore determined. In Equation 28  
𝑚+ is the available bagasse from the sugar milling that is divided in the amount used for 
initial steam generation, 𝑚+,v, and the amount needed for reheating, 𝑚+,<6C6D5"Hi. Equation 
32 shows how much bagasse can be used for steam generation if there shall be a sufficient 
amount left to reheat the steam. Both the energy used for steam generation and reheating 
must be included when the co-generation efficiency is calculated. The efficiency of the 
reheating process is assumed to be the same as the efficiency of the boiler, which is 82.5% 
(Morfa, 2016). It is assumed that the bagasse burning for reheating has to be done within the 
capacity of the existing boiler of burning 25.6 tonnes of bagasse per hour (Carlos Baliño, 
2016). 

3.5.5 Assumptions  

•   The crushing season is 124.75 days each year, based on historical data  
(Hallersbo and Onozko, 2015) 

•   The factory runs 24 hours per day  
•   The factory operates every day of the crushing season  
•   The generation of electricity will be maximized during the crushing season, not off-

season  
•   Losses and pump work in the co-generation process are not taken under consideration  
•   The excess electricity that is generated by the co-generation unit is exported to the 

national grid  
•   The marginal in-house demand for steam and electricity per tonne cane milled is constant  
•   Consideration is not taken to changes in the process from production of organic sugar to 

conventional  
•   The moisture content of the bagasse is 50% (Carlos Baliño, 2016) 
•   The efficiency of the generator is assumed to be the common general value of 95% 

(Herrera Moya, 2016)  
•   When extraction condensing turbine it is assumed to have an efficiency of 82% and the 

condensing pressure is assumed to be 0.096 bar which are industry average values 
(Herrera Moya, 2016) 

•   The turbine and boiler efficiencies are constant, as the conditions of the calculations 
imply loads in a span where the changes of the load have small effects on the efficiency 
(Appendix 5) 

3.6 Comparative analysis  
A broader perspective on the current and proposed scheme is used to perform a comparative 
analysis between the two. The perspective is widened from just concerning energy efficiency 
and electricity production to also include financial and environmental aspects. Conclusions 
are drawn regarding what will be the differences in outcome of the current and the proposed 
scheme. The data needed for the comparative analysis comes from calculations made in 
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previous sections, from the literature study and from interviews during the field study. During 
all the comparisons the theoretical best possible energy performance will be assumed for both 
the current and the proposed scheme.  
 

 
Figure 20 - Method: Comparative analysis 

 
Table 7 - Data collection: Comparative analysis 

	   Category	   Data	  source	  
1	   Energy	  efficiency	   Calculations	  from	  study	  
	   Economy	   Literature	  study,	  field	  study,	  interviews	  	  
	   Environment	   Calculations	  from	  study,	  field	  study	  

3.6.1 Energy efficiency   

Calculations regarding energy efficiency have been carried out in the previous section. The 
results are presented once more in this part to highlight the differences between the current 
and proposed scheme. The main focuses for this comparison are the four key performance 
indicators presented earlier; the co-generation efficiency, the electrical efficiency, the net 
produced electricity and the power exported to the national grid. These indicators are 
calculated using Equations 1-4, as stated in chapter 3.2. The best scheme from an energy 
efficiency point of view is the one with the highest co-generation efficiency and highest ratio 
between electricity output and bagasse input.   

3.6.2 Environmental aspects   

The proposed scheme is also evaluated and compared with the current scenario from an 
environmental point of view. As the majority of the electricity in Cuba is generated from 
fossil fuels, it is assumed that the surplus electricity exported from the sugar mill to the grid is 
to replace the same amount of electricity generated from fossil fuels. All the sugar mills in 
Cuba are owned by the Cuban state, including Carlos Baliño. (Birru, 2016) The 
environmental aspects of the different schemes is therefore analyzed not only from the 
perspective of the single sugar mill, but also from the country as a whole. An increased 
export of electricity generated from bagasse to the grid will lessen Cuba’s dependency on oil 
and thereby reduce the emissions associated with the usage of fossil fuels.  
 
The environmental impact is measured in tonnes of saved carbon dioxide emissions, the 
amount of oil that can be replaced and the saved oil expenditures. The combustion of 
bagasse, as well as any other material, produces carbon dioxide. There is however a great 
difference between the combustion of fossil fuels and of biomass such as bagasse, as the 
carbon that is captured in sugarcanes returns to the atmosphere only after a short period of 
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time. The carbon dioxide emitted from the co-generation process would be completely 
reabsorbed in the following re-growth of sugarcanes, and the net emissions from using 
agricultural machinery driven on fossil fuels would be the only net carbon dioxide emissions 
from the process. (Larson, Williams and Leal, 2001) The combustion of fossil fuels however 
expels carbon that has been accumulated during numerous millions of years. This makes the 
combustion of biomass such as bagasse innocuous compared to the combustion of oil and 
other fossil fuels.  
 
The environmental impact of the proposed scheme will therefore be calculated as the 
difference in exported electricity measured in kWh between the proposed scheme and the 
current situation multiplied with the carbon dioxide emissions from generating one kWh from 
fossil fuels. A study by Larson, Williams and Leal shows that if the net carbon dioxide 
emission reductions correspond to those evaded by not using fossil fuels to generate 
electricity, the saved carbon dioxide would be 0.22 kgCO2/kWh for Cuba. (Larson, Williams 
and Leal, 2001). The amount of oil replaced will be calculated as the product of the 
difference in exported electricity and the amount of oil it takes to generate one kWh of 
electricity. The amount of oil needed is calculated using the lower heating value of crude oil 
and the efficiency of a Cuban power plant. The lower heating value is 42.686 MJ/kg and the 
efficiency of a Cuban power plant is assumed to be 20 %. (Anon, 2011) (Erlich, 2016) To 
calculate the savings in terms of oil expenditures that Cuba can obtain by using biofuels 
instead of fossil fuels, the amount of oil replaced will be multiplied with the current market 
price of oil at 50 $/barrel (Oil-price.net, 2016)  
 
Environmental	  calculations	  	  	  
   
Saved	  carbon	  emissions	  	   	  Δ𝑃6Q	   ⋅ 𝐶𝑂o,𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠�>44"7	  �?674	  	  	  	  	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  (43)	  

Kilograms	  of	  oil	  replaced	  	   Δ𝑃6Q ⋅
pqrr

r.o⋅���kN��J	  n� 	  
	   	   	   	   	   	   (44)	  	  

Saved	  oil	  expenditures	  	   𝐴𝑚𝑜𝑢𝑛𝑡	  𝑜𝑓	  𝑜𝑖𝑙	  𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 ⋅ 𝑝𝑟𝑖𝑐𝑒	  𝑜𝑓	  𝑜𝑖𝑙	   	   	   (45)	  
	  
Where,	  
1	  𝑙𝑖𝑡𝑒𝑟	  𝑐𝑟𝑢𝑑𝑒	  𝑜𝑖𝑙	  𝑤𝑒𝑖𝑔ℎ𝑠	  0.88	  𝑘𝑔	  	   	   	   (genesisny.net,	  n.d)	  
1	  𝑏𝑎𝑟𝑟𝑒𝑙	  𝑐𝑟𝑢𝑑𝑒	  𝑜𝑖𝑙	  	  𝑒𝑞𝑢𝑎𝑙𝑠	  158.987	  𝑙𝑖𝑡𝑒𝑟	  	   	   (genesisny.net,	  n.d)	  

3.6.3 Financial aspects   

To broaden the comparison between the current scheme and the proposed one, financial 
parameters are considered. To evaluate the proposed investment the payback time, the net 
present value and the internal rate of return for the investment are calculated.   
 
When assessing the financial aspects of the investment, only the direct expenses and direct 
revenues from the co-generation is taken under consideration. The seasonal income from the 
proposed investment will hence be the increased electricity export multiplied with the selling 
price for electricity. The yearly increased income acquired from the increased electricity 
export is then set in relation to the costs. It is assumed that the factory maximizes the 
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electricity generation during harvesting season, burning all bagasse possible and that the 
factory operates 24 hours per day at the cane milling rate that maximizes the electricity 
export. Off-season electricity generation is not considered. The price received for exporting 
electricity is assumed to be 0.15 $/kWh. (Herrera Moya, 2016) The Cuban government has 
set a cost of capital on their investments to 8 % and uses 20 years as the lifetime of their 
projects. Their internal rate of return is set at a minimum of 11 %. This will be used 
throughout the financial calculations in this thesis. (Herrera Moya, 2016)   
 
To evaluate all the costs that will be linked to implementing the new proposed energy scheme 
both initial costs and recurring and operational costs need to be included. The initial costs 
will be the cost to buy the equipment and the cost of installing it. These costs are dependent 
on the kind of equipment the capacity needed. The maintenance and operational costs are 
dependent on how much the equipment is being used and it will thus be multiplied with the 
net generated electricity over the whole season. To calculate the net revenues derived from 
the investment for each season the seasonal costs will be subtracted from the seasonal 
increase in revenues from electricity export. This study only investigates the financial aspects 
of the proposed scheme, not all four scenarios, and therefore the specific costs of the 
investment needed to implement the proposed scheme will be presented further ahead in this 
report, when a proposition has been established. 
  
The payback time of the investment is calculated by dividing the initial investment cost with 
the net revenues from each season. The net present value of the investment is calculated as 
the discounted sum of all the future cash flows minus the initial cost of the investment. If the 
net present value is positive, the investment will be considered profitable from a financial 
perspective. The internal rate of return is the discount rate at which the net present value is 
zero. The internal rate of return will be calculated numerically with Microsoft Excel. As the 
Cuban government has set 11% as their minimum internal rate of return, the calculated value 
for this investment needs to be higher or equal to that to indicate a profitable investment.   
 
Financial	  calculations	  
Initial	  investment	  cost	  	   𝐶"HF645 = 𝐶"HF645	   ⋅ 𝑃jDQ     (46) 
Yearly	  maintenance	  cost	   𝐶jD"H56HDH36 =	  𝐶jD<i"HD7	  jD"H56HDH36 ⋅ 𝑃H65,46D4>H	   	   (47) 
Revenues	  harvesting	  season	   𝑅𝑒𝑣46D4>H = 𝑆𝑒𝑙𝑙𝑖𝑛𝑔	  𝑃𝑟𝑖𝑐𝑒67 ⋅ 𝑃6Q ⋅ 24 ⋅ 𝑠𝑒𝑎𝑠𝑜𝑛   (48) 
Net	  revenues	   	   	   𝑁𝑒𝑡	  𝑅𝑒𝑣46D4>H = 𝑅𝑒𝑣46D4>H − 𝐶jD"H56HDH36	  	   	   (49) 
Payback	  time   𝑃𝐵𝑇 = 	   ��I«JlK

:65	  ¬6FlJmlnI
      (50) 

Net	  present	  value  𝑁𝑃𝑉 = 	   :65	  ¬6FlJmlnI,K	  
(hA<)K

− 𝐶"HF645G
5gh     (51) 

Internal	  rate	  of	  return  0 = :65	  ¬6FlJmlnI,K	  
(hA<)K

− 𝐶"HF645G
5gh   solve	  for	  r    (52)	  

Where,	  
Life	  time	  of	  investment	  	   𝑇 = 20	  𝑦𝑒𝑎𝑟𝑠	  	   (Herrera	  Moya,	  2016) 
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3.6.4 Assumptions  

•   The crushing season is 124,75 days each year, based on historical data (Hallersbo and 
Onozko, 2015)  

•   The factory runs 24 hours per day  
•   The factory operates every day of the crushing season  
•   The generation of electricity will be maximized during the crushing season, not off-

season 
•   The excess electricity that is generated by the co-generation unit is exported to the 

national grid  
•   The production cost of electricity is assumed to be the same in all of the schemes due 

to the low market price of selling excess bagasse at 8 CUP/tonne. (Hallersbo and 
Onozko, 2015) 

•   The electricity produced in the co-generation process is to replace electricity 
generated from fossil fuels 

•   The oil used to generate electricity is bought at the current market price. No regards 
will be taken to the current bilateral oil agreement with Venezuela   

•   The export of electricity and price of electricity is assumed to remain constant over 
the lifetime of the investment 

•   The financial calculations will only use the direct expenses and direct income of the 
investment  

•   The financial calculations do not consider how the assumptions to run the factory 
continuously for maximized electricity export will affect the sugar production in 
terms of incomes and expenses. It is also assumed that there is enough sugar cane 
available for the assumed milling rates 

3.7 Sensitivity analysis 
The sensitivity analysis evaluates how changes in the input parameters affect the outcome 
and the result of the study, and is made to get a realistic picture of the range in which the 
results can vary. First, one analysis regarding how the technical circumstances affect the 
electricity export will be made, which will result in a best and worst case scenario for the 
electricity export. This is interesting as the electricity export is the result with economic and 
environmental importance. Second, a financial sensitivity analysis will be made using the 
result from the technical part as one input parameter. The financial results of interest are the 
payback time and the net present value. 

3.7.1 Technical sensitivity analysis 

The in-house steam demand is a parameter that is affected by technical changes in the sugar 
milling process. If modernizations are made it may be lowered, and if losses increase due to 
ageing equipment it might rise. Therefore, this is a parameter of interest and the results of 
varying it 10% from the present value will be investigated.  
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The electricity demand per tonne cane milled is, in analogy with the steam demand, affected 
by the technical features of the sugar milling process. But in contrary to the steam demand it 
will increase when modernizations are made, as more equipment will be driven by electricity 
instead of by mechanical vapor. The electricity demand per mass unit of cane milled is 
directly affecting the export as the demand for electricity in the factory must be satisfied first. 
Since Carlos Baliño recently has modernized its processes in ways that affected the electricity 
usage in the factory (see chapter 2.7), it is not very likely that the demand for electricity per 
tonne cane milled will change greatly in the near future. Based on operating data from the 
current season it can however be seen that the standard deviation from the mean value used in 
the calculations is 5 kWh/tc.  The mean demand for electricity per tonne cane milled is 23.2 
kWh/tc and the sensitivity analysis will hence consider values between 18.2 kWh/tc and 28.2 
kWh/tc.    
 
Table 8 - Technical sensitivity analysis 

Result	   Parameter	   Present	  value	   Range	  
Export	  of	  electricity	   In-‐house	  steam	  demand	   0.45	  tvapor/tcane	   ±10	  %	  
Export	  of	  electricity	   Electricity	  demand	  cane	  milling	   23.2	  kWh/tc	   18.2-‐28.2	  kWh/tc	  
Export	  of	  electricity	   Operation	  hours/day	   24	  h	   20-‐24	  h	  
Export	  of	  electricity	   Burning	  rate	  of	  bagasse	   100	  %	   80-‐100%	  
Export	  of	  electricity	   Best	  case	  all	  parameters	   -‐	   -‐	  
Export	  of	  electricity	   Worst	  case	  all	  parameters	   -‐	   -‐	  
 
In the calculations it has been assumed that the factory runs continuously 24h/day and burns 
all bagasse possible. In practice the milling process has stoppages several hours per day, 
which of course affects the export of electricity. The sensitivity analysis will consider 
stoppages up to 4 hours per day. When stoppages are considered, a study made by Alves et al. 
suggests that about 10 % of the bagasse produced is a sufficient amount to store for usage to 
keep the boiler warm when the sugar milling is not running and for emergency start ups. 
(Alves et al., 2015) In these calculations it is therefore assumed that only 90% of the 
available bagasse is burned during the operating hours. The calculations also assume that 
electricity only is produced to cover the in-house needs during stoppages. If more heat than 
the in-house demand is produced, it is assumed to be wasted.  
 
The theoretical result calculated for the electricity export assume that 100% of the available 
bagasse is burned, which means that the boiler capacity is used exactly to its maximum 
capacity continuously. The last factor to be considered in the technical sensitivity analysis is 
therefore if not all bagasse is used as fuel, but some is stored or sold. Stoppages are not 
considered and the factory is assumed to run continuously 24 h/day. 
 
Finally, all the parameters will be used in calculations to get a worst- and a best-case 
scenario. The worst-case scenario will use the values that minimizes the export of electricity 
and the best case scenario will use all the values that maximizes the electricity export. These 
results will then be used in the financial sensitivity analysis.  
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3.7.2 Financial sensitivity analysis  

The key output in the financial sensitivity analysis is the financial return on the investment. 
This will be measured using two different investment indicators: the payback time and the net 
present value. To investigate in which range these investment indicators can vary and what 
affects them, the input parameters shown in Table 9 below will be varied one by one. The 
investment and maintenance cost for the equipment will vary within the range that the 
manufacturers provide. The range for the exported electricity will be taken from the technical 
sensitivity analysis, where a worst and a best-case scenario is calculated. The price for the 
electricity exported to the grid is currently 0.15 $/kWh. (Herrera Moya, 2016) Earlier projects 
have however used the value 0.3 $/kWh as the price for electricity. (Feychting and Vitez, 
2014) The range that will be used in this sensitivity analysis will therefore be 0.10-0.30 
$/kWh, as it is possible that the price paid for electricity by the Cuban government both can 
decrease and increase. The net present value is highly dependent on the cost of capital, given 
the nature of the net present value formula. The value for the cost of capital currently used by 
the Cuban government is 8% on investments in the energy sector. (Herrera Moya, 2016) For 
developing countries with higher investment risk the discount rate can however be as high as 
20%. (Hallersbo and Onozko, 2015) The cost of capital will therefore be varied between 8%-
20%.  
 
Table 9 - Financial sensitivity analysis 

Result	   Parameter	   Present	  value	   Range	  
Payback	  time,	  NPV	   Installation	  cost	   -‐	   -‐	  
Payback	  time,	  NPV	   Operation	  and	  maintenance	  cost	   -‐	   -‐	  
Payback	  time,	  NPV	   Exported	  electricity	   -‐	   Worst	  case-‐best	  case	  
Payback	  time,	  NPV	   Price	  of	  electricity	   0.15	  $/kWh	   0.10-‐0.30	  $/kWh	  
NPV	   Cost	  of	  capital	   8	  %	   8-‐20	  %	  
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4. Results and discussion  

4.1 Co-generation system input parameters 
The average mass flow of canes through the milling section at Carlos Baliño is determined to 
be 65.7 tc/h. This is the seasonal average for the on-going season of 2015-2016 and is not 
representative for instantaneous operations. When the factory does not have any problems it 
usually operates at the maximal cane flow rate of 98.25 tc/h. The great deviation of the 
seasonal average from the maximal flow rate indicates that unplanned stoppages are a large 
problem for Carlos Baliño. The in-house electricity demand as a function of the mass flow of 
cane is shown in the diagram below. From the equation of the trend line it is determined that 
the marginal electricity demand is 23.2 kWh/tonne cane milled, and that the electricity 
demand not related to the cane milling is about 400 kWh/h. Consequently, Carlos Baliño 
always has a demand for electricity even when there is no production.   
 

 
Figure 21 - Electricity demand as a function of mass flow of cane at Carlos Baliño 

 

4.2 Evaluate best energy performance under current energy scheme  

4.2.1 Results – current energy scheme 

Table 10 shows the results for the energy performance of the co-generation process with the 
current energy scheme when the factory is working at maximum capacity, at a seasonal 
average mass flow of canes and at the mass flow of canes that gives the best energy 
performance. 
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Table 10 - Results current scenario 

	  
	  
Parameter	  

	  
	  

Unit	  

Maximal	  
98.25	  
[tc/h]	  

Average	  
65.71	  
[tc/h]	  

Max	  electricity	  export	  
72.65	  
[tc/h]	  

Bagasse	  output	  from	  process	   t/h	   30	   20	   22	  
Steam	  demand	  to	  process	   t/h	   44	   30	   33	  
Electricity	  demand	  to	  process	   MW	   3	   2	   2	  
Bagasse	  to	  boiler	   t/h	   19	   13	   14	  
Bagasse	  to	  storage/for	  selling	   t/h	   11	   7	   8	  
Bagasse	  to	  storage/for	  selling	   t/season	   32300	   19200	   23900	  
Electricity	  generated	   MW	   3.0	   2.7	   3.0	  
Electricity	  export	   MW	   0.3	   0.8	   0.9	  
Electricity	  export	   MWh/season	   900	   2300	   2700	  
Co-‐generation	  efficiency	   -‐	   0.66	   0.69	   0.69	  
Electrical	  efficiency	   -‐	   0.06	   0.09	   0.09	  
 
When the sugar milling process is supposed to run continuously at its maximum capacity of 
98.25 tc/h, the demand for process heat is larger than what can pass though the power 
generating turbines. Hence some steam has to be taken directly from the boiler to use in the 
process, leading to efficiency losses. The electricity generation will be at the maximum 
capacity of 3 MW.  
 
At the seasonal average cane milling rate of 65.71 tc/h the demand for process heat is lower, 
and all the steam can pass through the turbines. Thus all steam can be used to generate 
electricity. The steam flow gives an electricity generation of 2.7 MW, which is sufficient to 
cover the in-house demand of 1.94 MW and export 0.8 MW to the national grid. The cane 
milling rate should be 72.65 tc/h to maximize the electricity export capacity and hence give 
the best energy performance according to the chosen indicators. All steam to cover the in-
house demand can then pass through the turbines, which are operating at exactly maximum 
capacity. With this cane milling rate, 0.9 MW of electricity can be exported to the national 
grid. The maximal seasonal export would then be approximately 2700 MWh.    
 
The results show that at mass flows of cane higher than 72.65 tc/h there is a negative 
correlation between increased mass flow and export electricity. The co-generation efficiency 
as well as the electrical efficiency are also affected negatively when the mass flow of cane is 
increased from the ideal value. At milling rates lower than 72.65 tc/h however, the correlation 
between export electricity and factory load is positive and the efficiencies are unaffected.  

4.2.2 Discussion – Current energy scheme 

The results in this section show that the turbines and generators that currently are being used, 
from an electricity generating point of view, are the main limiting factors. First and foremost, 
when the factory runs at maximum cane milling capacity it requires so much heat that the 
needed steam flow cannot all pass the turbines. To compensate, steam must be taken directly 
from the boiler, without passing the electricity generating turbines. Instead the vapor is led 
through a reduction valve, which lower the parameters of the steam to satisfy factory 
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requirements. This is highly inefficient as the excess energy content is spilled instead of 
being used for electricity production. Secondly, the demand for electricity in the sugar 
milling process is sometimes higher than the demanded steam can generate. This happens due 
to unplanned irregularities in the sugar milling process. During these irregularities, the 
process is usually not completely stopped. Instead, different parts of the process are often 
running while others are standing still. If more steam demanding stages are not operating 
there will not be enough steam produced in the boiler to cover the electricity needs. This is a 
consequence of the use of back pressure turbines and dimensioning the steam production 
after process heat demand, seeing electricity more as a by-product. This makes it impossible 
for the factory to be completely self-sufficient on electricity on an instantaneous basis. A 
third problem with the back pressure turbines is that it becomes, from net electricity trading 
point of view, negative to modernize the sugar milling process so that it requires less steam. 
This is because the electricity generating, as discussed before, is tied to the steam demand 
when back pressure turbines are used. The conclusion can be drawn that there are great 
incentives for upgrading the turbines to extraction condensing turbines.  
 
The boiler has enough capacity to burn 25.6 tonnes bagasse per hour. This should be 
compared to the maximal bagasse output from the sugar milling which is 29.67 tonnes per 
hour. This shows that the boiler has capacity to burn all available bagasse up to when the 
factory runs at about 86% of maximal capacity. This can be compared to the average 
historical operation characteristics, which gives a mean value for the utilization of the sugar 
milling capacity of 67%. This shows that there is unexploited capacity of burning the excess 
bagasse. By installing a new turbine, this capacity could be used to increase the electricity 
generation.  

4.3 Propose a new energy scheme to maximize electricity generation 

4.3.1 Results scenario 1 – New generator 

The result of changing the 1.5 MW generator which today is installed with the 3 MW turbine, 
into a 3 MW generator is shown in Table 11. The difference from the current energy scheme 
is that the turbines would get enough capacity to generate electricity from all the steam 
demanded by the process even when the sugar milling is operating at maximum capacity. 
This leads to a highest possible net export of electricity of 4100 MWh per season, which can 
be compared to 2700 MWh per season for current scheme. Hence, by installing a new 
generator with higher capacity the electricity export capacity would increase with 
approximately 1400 MWh per season. As neither the turbines nor the boiler will be utilized at 
maximum capacity at any factory load, the correlation between mass flow of canes through 
the process and export of electricity is always positive. 
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Table 11 - Results scenario 1 

	  
	  
Parameter	  

	  
	  

Unit	  

Maximal	  
98.25	  
[tc/h]	  

Average	  
65.71	  
[tc/h]	  

Max	  electricity	  export	  
98.25	  
[tc/h]	  

Bagasse	  output	  from	  process	   t/h	   30	   20	   30	  
Steam	  demand	  to	  process	   t/h	   44	   30	   44	  
Electricity	  demand	  to	  process	   MW	   3	   2	   3	  
Bagasse	  to	  boiler	   t/h	   19	   13	   19	  
Bagasse	  to	  storage/for	  selling	   t/h	   11	   7	   11	  
Bagasse	  to	  storage/for	  selling	   t/season	   32300	   19200	   32300	  
Electricity	  generated	   MW	   4.1	   2.7	   4.1	  
Electricity	  export	   MW	   1.4	   0.8	   1.4	  
Electricity	  export	   MWh/season	   4100	   2300	   4100	  
Co-‐generation	  efficiency	   -‐	   0.70	   0.69	   0.70	  
Electrical	  efficiency	   -‐	   0.09	   0.09	   0.09	  
 

4.3.2 Results scenario 2 – Extraction condensing turbine 

A change to an extraction condensing turbine implies a huge change in the characteristics of 
the electricity generation. The electricity generation is no longer tied to the steam demand of 
the process nor limited by the capacity of the turbines. Instead, it is mainly the amount of 
bagasse available and the capacity of the boiler that determine the characteristics of the 
electricity export as a function of the cane milling rate. The maximal electricity export and 
hence the best energy performance, is obtained when the cane milling gives exactly enough 
bagasse output to use the whole boiler capacity. This leads to a maximal seasonal export of 
15600 MWh, which compared to the current 2700 MWh, is an increase with almost 13000 
MWh per season.  
 
Table 12 - Results scenario 2 

	  
	  
Parameter	  

	  
	  

Unit	  

Maximal	  
98.25	  
[tc/h]	  

Average	  
65.71	  
[tc/h]	  

Max	  electricity	  export	  
84.90	  
[tc/h]	  

Bagasse	  output	  from	  process	   t/h	   30	   20	   26	  
Steam	  demand	  to	  process	   t/h	   44	   30	   38	  
Electricity	  demand	  to	  process	   MW	   3	   2	   2	  
Bagasse	  to	  boiler	   t/h	   26	   20	   26	  
Bagasse	  to	  storage/for	  selling	   t/h	   4	   0	   0	  
Bagasse	  to	  storage/for	  selling	   t/season	   12000	   0	   0	  
Steam	  for	  condensing	   t/h	   16	   17	   22	  
Electricity	  generated	   MW	   7.0	   5.9	   7.6	  
Electricity	  export	   MW	   4.3	   3.9	   5.2	  
Electricity	  export	   MWh/season	   13000	   11800	   15600	  
Co-‐generation	  efficiency	   -‐	   0.55	   0.50	   0.50	  
Electrical	  efficiency	   -‐	   0.11	   0.12	   0.12	  
 
Important to notice is the lowering of the co-generation efficiency that the change to an 
extraction condensing turbine from the current back pressure turbine causes. When the 
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current scheme gives co-generation efficiencies around 70%, the extraction condensing 
turbine causes these to decrease to about 50-55%. As mentioned in the literature study, this is 
expected when using an extraction condensing turbine. The average ratio between electricity 
power output and bagasse energy input however increases from about 7% to 12%, showing 
that more electricity can be generated with the same amount of bagasse. This efficiency is of 
more interest for the aim of this study. 

4.3.3 Results scenario 3 - Extraction condensing turbine and increased steam parameters 
before turbine 

The impact of increasing the steam parameters before the turbine is easiest evaluated by 
comparing the results of this scenario with the results of scenario 2. By increasing the steam 
parameters before the turbine from 15.6 bar and 308°C to the maximum pressure capacity of 
the boiler at 18 bar and to the temperature of 325°C, the maximal export increases from 5.2 
MW to 5.7 MW. This represents a seasonal increase in export capacity of approximately 
1400 MWh. The temperature of 325°C is decided so that the steam after the turbine shall be 
at a saturated state with the pressure of 2 bar, which is the requirements of the process. As the 
improved steam parameters is assumed to be obtained by the reduction of losses in the pipes, 
also the efficiency of the cycle is improved. Both the co-generation efficiency and electrical 
efficiency increase by about 2%. Compared to the current scheme, this is resulting in an 
increased seasonal export capacity of more than 14000 MWh.  
 
Table 13 - Results scenario 3 

	  
	  
Parameter	  

	  
	  

Unit	  

Maximal	  
98.25	  
[tc/h]	  

Average	  
65.71	  
[tc/h]	  

Max	  electricity	  export	  
84.90	  
[tc/h]	  

Bagasse	  output	  from	  process	   t/h	   30	   20	   26	  
Steam	  demand	  to	  process	   t/h	   44	   30	   38	  
Electricity	  demand	  to	  process	   MW	   3	   2	   2	  
Bagasse	  to	  boiler	   t/h	   26	   20	   26	  
Bagasse	  to	  storage/for	  selling	   t/h	   4	   0	   0	  
Bagasse	  to	  storage/for	  selling	   t/season	   12000	   0	   0	  
Steam	  for	  condensing	   t/h	   16	   17	   22	  
Electricity	  generated	   MW	   7.5	   6.2	   8.1	  
Electricity	  export	   MW	   4.8	   4.3	   5.7	  
Electricity	  export	   MWh/season	   14300	   12900	   17000	  
Co-‐generation	  efficiency	   -‐	   0.56	   0.51	   0.51	  
Electrical	  efficency	   -‐	   0.12	   0.13	   0.13	  

 
4.3.4 Results scenario 4 - Extraction condensing turbine and reheating 

When the calculations for this scenario were carried out it soon became clear that the 
maximal pressure that the boiler can produce before the turbine is not high enough to make 
reheating a beneficial solution for Carlos Baliño. The steam parameters before the turbine is 
assumed to be 18 bar and 325°C, and the reheating pressure 4.5 bar. With the same reheating 
temperature as at the turbine inlet, the exhaust steam is overheated by almost 120°C, causing 
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the average temperature for heat rejection to increase and thus the thermal efficiency to 
decrease. It is determined that the reheating temperature only can be 190°C if the steam to the 
process shall be saturated at 2 bar. The superheated steam could be cooled down by using it 
to heat the feedwater. This would improve the boiler efficiency. However, the impact on 
electricity generation of such an improvement for the boiler would be marginal, as the factory 
already operates with an economizer. To receive any significant positive results with 
reheating technology the boiler pressure, and hence the live steam pressure, would need to be 
increased, which would require investments not considered in this study.  
 
With a reheating pressure of 4.5 bar and a reheating temperature of 190°C, the maximal 
export capacity reaches 4.5 MW. This is a decrease from the conventional cycle with the 
same steam parameters before the turbine, indicating a decrease in thermal efficiency. The 
results show that the circumstances at Carlos Baliño are not suited for implementing a 
reheating technology. However, if future investments make the boiler pressure highly 
increase, and problems with high moisture content steam at the turbine outlet arises, reheating 
technology could be considered as a solution.  
 
Table 14 - Results scenario 4 

	  
	  
Parameter	  

	  
	  

Unit	  

Maximal	  
98.25	  
[tc/h]	  

Average	  
65.71	  
[tc/h]	  

Max	  electricity	  export	  
84.90	  
[tc/h]	  

Bagasse	  output	  from	  process	   t/h	   30	   20	   26	  
Steam	  demand	  to	  process	   t/h	   44	   30	   38	  
Electricity	  demand	  to	  process	   MW	   3	   2	   2	  
Bagasse	  for	  steam	  generation	   t/h	   25.56	   19.78	   25.56	  
Bagasse	  for	  reheating	   t/h	   0.08	   0.06	   0.08	  
Bagasse	  to	  storage/for	  selling	   t/h	   4	   0	   0	  
Bagasse	  to	  storage/for	  selling	   t/season	   12000	   0	   0	  
Steam	  for	  condensing	   t/h	   16	   17	   22	  
Electricity	  generated	   MW	   6.7	   5.4	   6.9	  
Electricity	  export	   MW	   4.0	   3.4	   4.5	  
Electricity	  export	   MWh/season	   11900	   10200	   13500	  
Co-‐generation	  efficiency	   -‐	   0.55	   0.49	   0.49	  
Electrical	  efficiency	   -‐	   0.11	   0.11	   0.11	  

4.3.5 Discussion and proposal of new energy scheme  

As can be seen from Table 15, scenario 3 - a change to an extraction condensing turbine and 
increased steam parameters before the turbine is the proposed scheme that would be most 
beneficial from an electricity generating and exporting point of view. This will therefore be 
the energy scheme proposed to Carlos Baliño. As previously mentioned, the change of 
turbine configuration will result in lower co-generation efficiency but higher electrical 
efficiency. As the aim is to maximize the electricity generation and the electrical efficiency, 
this ratio is of greater importance than the overall co-generation efficiency. By implementing 
scenario 3, the best possible electricity to bagasse ratio will increase from 9% under the 
current scheme to 13%, but the best possible co-generation efficiency will decrease from 69% 
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to 55%. The results indicate that with the change to an extraction condensing turbine there is 
a trade-off between energy efficiency and electricity export capacity.  
 
One could argue that just an upgrade of the limiting generator, scenario 1, would be a 
reasonable investment that still would increase the electricity generating capacity. However, 
this would keep Carlos Baliño with old technology. Referring to Birru (2016) an important 
modernization of the sugar plants to increase their electricity generating capacity is to change 
from backpressure turbines to some kind of condensing turbine technology. The upgrade in 
technology is inevitable and only upgrading the backpressure turbines would just be a costly 
detour.  
 
Table 15 - Comparison of the different scenarios 

Parameter	   Unit	   CS	   SC1	   SC2	   SC3	   SC4	  
Maximal	  export	   MW	   0.9	   1.4	   5.2	   5.7	   4.4	  
Export	  at	  maximal	  mass	  flow	  of	  cane	   MW	   0.3	   1.4	   4.3	   4.8	   3.8	  
Best	  co-‐generation	  efficiency	   -‐	   0.69	   0.69	   0.55	   0.56	   0.55	  
Best	  electrical	  efficiency	   -‐	   0.09	   0.09	   0.12	   0.13	   0.11	  
 
The implementation of the proposed scheme, scenario 3, will require an investment which 
cost depends on the capacity of the new equipment. A turbine with the capacity of generating 
8.5 MW is proposed, as this will cover the generation capacity needed for Carlos Baliño. 

4.4 Comparative analysis  
In the following sections the outcome of implementing the proposed energy scheme will be 
compared to the current scheme. Ideal operation conditions and the best possible energy 
performances are assumed for both energy schemes when comparing them.  

4.4.1 Energy efficiency 

The maximal export of electricity when implementing the proposed scheme will be 5.7 MW, 
compared to the export with the current scheme of 0.9 MW. This is a great increase for 
Carlos Baliño, with an improved seasonal export capacity to the national grid by 
approximately 14000 MWh. The electricity generated per tonne cane milled can increase 
from 41.3 kWh/tc to 94.8 kWh/tc, leaving a maximal amount of 67.1 kWh/tc to be exported 
to the grid. This result can be compared to the study carried out by Desmunkh et al. (2013) 
which showed that a system that used condensing turbines with parameters before the turbine 
of 30 bar and 340 °C, and electrical drives could generate 82 kWh/tc. The higher calculated 
value of generating 94.8 kWh/tc at Carlos Baliño can be explained by the fact that it is 
derived using some assumptions and simplifications. Ideal conditions are assumed and no 
consideration has been taken to stoppages in the production. With no consideration to 
stoppages, all of the available bagasse can theoretically be burned to generate electricity. The 
impact of stoppages is analyzed in the technical sensitivity analysis. 
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With the proposed energy scheme, the co-generation efficiency factor will decrease from the 
current 69% to 55%. Co-generation systems that uses a back pressure turbine configuration 
generally have higher co-generation efficiencies than systems with extraction condensing 
turbines as well as higher heat to power ratios. As the heat to power ratio decreases, the 
electrical efficiency increases. This is why extraction condensing turbine configurations can 
have higher electricity to bagasse ratios. This can be seen in the best electricity to bagasse 
ratio that increases from 9% to 13% with the proposed scheme. 
 
Table 16 - Comparative analysis energy efficiency  

Parameter	   Unit	   Current	  scheme	   Proposed	  scheme	  
Maximal	  power	  export	   MW	   0.9	   5.7	  
Power	  export	  at	  maximal	  mass	  flow	  of	  cane	   MW	   0.3	   4.8	  
Best	  co-‐generation	  efficiency	   -‐	   69	  %	   55	  %	  
Best	  electrical	  efficiency	   -‐	   9	  %	   13	  %	  
Max	  electricity	  generated	  per	  tonne	  cane	   kWh/tc	   41.3	   94.8	  

4.4.2 Environmental aspects  

The amount of oil that can be replaced, the saved oil expenditures and the carbon dioxide that 
will be saved when implementing the proposed scheme are presented in Table 17 below. It is 
throughout assumed that the electricity from the sugar mill will replace electricity generated 
from fossil fuels.  
 
Table 17 - Comparative analysis environmental aspects 

	   Exported	  
electricity	  
[GWh/year]	  

Amount	  of	  oil	  replaced	  
	  
	  	  	  	  	  	  	  	  [tonnes/year]	  

Saved	  oil	  expenditures	  
	  
	  	  	  	  	  [Million	  $/year]	  

CO2	  saved	  
	  
[tCO2/year]	  

Current	  scheme	   2.7	   1140	   0.4	   595	  
Proposed	  scheme	   17	   7158	   2.6	   3734	  
Improvement	   14.3	   6018	   2.2	   3140	  
 
When implementing the new scheme and exporting additionally 14.3 GWh to the national 
grid, the electricity generated from Carlos Baliño will replace 6000 tonnes of crude oil per 
year. The Cuban government will thereby save 2.2 M$ and reduce their carbon emissions by 
3140 tonnes each year. As this result is only for one single sugar mill, great savings from 
both a financial and environmental point of view can be made for Cuba if investments are 
made in several sugar mills.  

4.4.3 Financial aspects 

The installation cost of an extraction condensing turbine is between 500-700 $ per installed 
kW and the operation and maintenance cost is 0.15-0.35 ¢ per generated kWh. (Industrial 
Steam, 2004) For the financial result, the mean value of the found installation cost and the 
operation and maintenance cost is used. The price range and how it affects the financial 
outcomes will be evaluated in the financial sensitivity analysis. As the maximum generation 
of electricity is 8.05 MW with the proposed scheme, the new turbine is suggested to have a 
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capacity of 8.5 MW. With the proposed scheme, Carlos Baliño will be able to generate 
approximately 24.1 GWh over a whole season, which is an improvement of 14.3 GWh from 
the current scheme. The net revenues from electricity export each season can reach 2.08 M$ 
if the new scheme is to be implemented. The data used for the calculations are specified in 
Appendix 5. 
 
Table 18 - Data for financial calculations  

Parameter	   Unit	   Value	  
Installation	  cost	  per	  kW	   $/kW	   600	  
Size	  of	  turbine	   MW	   8.5	  
Total	  installation	  cost	   $	   5100000	  
Operation	  &	  maintenance	  cost	   $/kWh	   0.0025	  
Total	  operation	  &	  maintenance	  cost	   $	   60000	  
Total	  generated	  electricity	  over	  a	  season	   GWh	   24.1	  
Price	  of	  electricity	   $/kWh	   0.15	  
Improved	  electricity	  export	   GWh	   14.3	  
Revenues	  per	  season	   $	   2140900	  
Net	  revenues	  per	  season	   $	   2080900	  
 
The initial investment of 5.1 M$ will be paid back in less than 2.5 years if the revenues from 
the exported electricity as well as the operations and maintenance cost of the turbine are 
constant. With a lifetime of the investment of 20 years and a cost of capital at 8%, the net 
present value of the investment is 15.3 M$. As the net present value is significantly positive, 
the investment is financially profitable. The Cuban government has a set 11% as the lowest 
acceptable internal rate of return. The investment in a extraction condensing turbine is 
calculated to result in an internal rate of return at approximately 40.8% for Carlos Baliño, as 
can be seen in Figure 23 below.  As the calculated internal rate of return is much higher than 
the lowest acceptable rate, the investment is profitable also according to this calculation 
method. The high net present value and internal rate of return as well as the short payback 
time makes this investment highly desirable from a financial point of view.  
 
Table 19 - Financial results 

Investment	  indicator	   Unit	   Value	  
Payback	  time	   Year	   2.45	  
Net	  present	  value	   M$	   15.3	  
Internal	  rate	  of	  return	   %	   ≈	  41	  	  
 



 
 

48 

 
Figure 22 - Internal rate of return of investment 

As the cane flow is optimized to export as much electricity as possible no consideration is 
taken on how the production of sugar is affected. To broaden the financial perspective it 
would be relevant to investigate how the maximization of electricity for export affects the 
sales of sugar. This is however outside the scope of this thesis.  

4.5 Sensitivity analysis  

4.5.1 Technical sensitivity analysis 

The results of the sensitivity analysis show that by varying one parameter at a time and 
keeping the rest at original values, the resulting electricity export capacity varies from 3.3 
MW to 6.0 MW, with the in-house steam demand and the burning rate of bagasse as the two 
parameters with greatest impact. When all parameters are set to the values that give the most 
positive impact on electricity export the export capacity reaches 6.5 MW. Correspondingly 
the worst case scenario would give an export of only 2.5 MW.  
 

Table 20 - Result technical sensitivity analysis 

	   Variation	   Electricity	  exported	  
[MW]	  

Seasonal	  export	  
[MWh]	  

Steam	  demand	   0.405-‐0.495	  [tvapor/tc]	   5.31-‐6.03	   15890-‐18060	  
Electricity	  demand	   18.2-‐28.2	  [kWh/tc]	   5.25-‐6.09	   15700-‐18240	  
Operating	  hours/day	   20-‐24	  [h]	   4.50	   11230-‐13480	  
Burning	  rate	  of	  bagasse	   80-‐100%	   3.34-‐5.67	   9990-‐16980	  
 
Table 21 - Result technical sensitivity analysis - Best and worst case 

	   Unit	   Best	  case	  all	  parameters	   Worst	  case	  all	  parameters	  
Electrical	  power	  exported	   MW	   6.5	   2.5	  
Seasonal	  export	   MWh	   19330	   6360	  
 
The results show the importance of trying to lower the steam demand to the process if export 
of electricity is the goal. The fact that Carlos Baliño has changed its mechanical equipment 
for electrical drives is a step in the right direction. Other steam-saving improvements to the 
process would further increase the export capacity.  
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Considering stoppages, assuming that these both affect the number of operating hours and the 
amount of bagasse that can be burned, they affect both the instant export capacity and the 
seasonal export. The instant power export is affected as less bagasse per tonne cane is sent to 
the boiler when the process is running, and thereby less power is produced per tonne cane 
milled. The sum of exported electricity is affected by the operating hours as the factory is 
assumed to only produce electricity to cover its own demands during stoppages. Hence the 
hours when the mill produces export electricity equals the operating hours. This column in 
the sensitivity analysis is of great interest as unplanned stoppages is a huge problem for 
Carlos Baliño.  
 
When considering operations for full 24 hours per day and isolating the effect of not using all 
bagasse, it becomes even more clear that this has a great impact on the electricity export 
capacity. The more reliable the sugar milling process becomes, less bagasse is needed to keep 
as fuel for unplanned stoppages. Hence the factory can increase its electricity export capacity 
by improving the reliability of the sugar milling process and lessen its dependence on saved 
bagasse. 

4.5.2 Financial sensitivity analysis 

The financial outcome of the investment is affected both by the electricity export and outer 
factors such as the price of electricity, the discount rate and investment and maintenance 
costs. The previous chapter presented how the electricity export depends on technical 
operational factors and what the outcomes are. The results of the financial sensitivity analysis 
show that the net present value of the investment varies from -0.8 M$ to 36.3 M$ and the 
payback time from 1.2 years to 11.7 years when varying one parameter at the time.  
 
Table 22 - Result financial sensitivity analysis 

	   Variation	   Payback	  time	  
[Year]	  

Net	  present	  value	  
[M$]	  

Installation	  cost	  new	  turbine	   500-‐700	  [$/kW]	   2.04-‐2.86	   14.5-‐16.2	  
Operation	   &	   maintenance	   cost	  
new	  turbine	  

0.15-‐0.35	  
[¢/kWh]	  

2.42-‐2.48	   15.1-‐15.6	  

Exported	  electricity	   6360-‐19330	  [MWh]	   2.1-‐10.44	   -‐0.3-‐18.8	  
Price	  of	  electricity	   0.10-‐0.30	  [$/kWh]	   1.21-‐3.73	   8.3-‐36.3	  
Cost	  of	  capital	  	   8-‐20%	   2.45	   5-‐15.3	  
 
The result of this sensitivity analysis show that the net present value of the investment is most 
affected by the amount of electricity exported, the price of electricity and the cost of capital. 
As the price of electricity is set by the Cuban government and at a current value of 0.15 
$/kWh, the high net present value derived when the price of electricity is assumed to be 0.3 
$/kWh may not be representative for a real scenario.  
 
The exported electricity however is more likely to fluctuate as it depends a lot on how the 
factory is run. A bad harvesting period, many unplanned stoppages and a cane flow rate that 
is not optimized to generate electricity will significantly lower the exported electricity and 
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hence lead to a lower net present value and longer payback time. When the worst case 
scenario is applied, the net present value of the investment is negative. By varying the 
exported electricity it is derived that Carlos Baliño has to export at least 6600 MWh per 
season to get a positive net present value. The payback time of the investment will then be 
9.7 years. It should be kept in mind that the range of values considered for the exported 
electricity is based on the best- and worst case scenario from the technical sensitivity 
analysis, and that the probabilities for these extreme values to occur are not very large. It is 
not likely that all of the parameters that affect the electricity generation will be at their worst 
during the whole season. 
 
The cost of capital only affects the net present value and not the payback time of the 
investment. The net present value depends highly on the cost of capital. At the rate of 8% that 
is currently used for investments in the energy sector by the Cuban government, the net 
present value of the investment is 15.3 M$. If the cost of capital is set to 20 % however, the 
net present value decreases to only 5 M$. As Cuba is a developing country with restrained 
relations to many other states and financial institutions, a cost of capital at 8% is rather low. 
A study carried out by the Stern school of business show that the cost of capital for American 
companies in different sectors varies between 4%-10%. (Pages.stern.nyu.edu, 2016) As the 
U.S. is an economic superpower and have much easier access to financial institutions and 
loans, it could be argued that the cost of capital should be higher than 8% for Cuba.   
 
Considering the price range for the installation costs as well as the operation and maintenance 
cost for the new turbine, the payback time and net present value is not significantly affected.  
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5. Conclusions and recommended future work  

5.1 Conclusions 
•   The back pressure turbines and the generators currently in use at Carlos Baliño are the 

main limiting factors when it comes to electricity production. The back pressure 
technology is limiting as the amount of electricity generated is tied to the process 
steam demand. Furthermore the total capacity of the turbines and generators of only 3 
MW combined is too small to make use of all steam produced when the factory is 
operating at full capacity.  

•   If the sugar mill invested in a condensing extraction turbine and increased the 
parameters of the steam at the turbine inlet to 18 bar and 325°C it could increase its 
electricity generating capacity to 8.1 MW and the maximal export capacity would be 
5.7 MW.  This can be compared with today’s best performance of generating 3 MW 
and exporting 0.9 MW.  

•   With the proposed new energy scheme and the factory operating continuously with 
the goal to maximize electricity export during the harvesting season, the seasonal 
electricity export would reach 17 GWh.  

•   The financial outcome of the proposed investment is calculated to be positive. The net 
present value is determined to be 15.3 M$ and the pay back time 2.5 years. The 
internal rate of return is determined to be 41% which is significantly higher than the 
rate at 11% set by the Cuban government. 

•   The increased electricity export capacity can reduce Cuba’s oil expenditures by 1.2 
M$ per year. This corresponds to reduced carbon dioxide emissions by 3700 tonnes 
per year.  

5.2 Recommended future work  
This work shows that there is a great potential in electricity export at Carlos Baliño. The 
results in the sensitivity analyses shows that the mass flow of canes and the amount of 
bagasse that is burned greatly affect the exported power. Future work is therefore suggested 
to investigate how the mass flow of canes can be stabilized, and the amount of the produced 
bagasse that can be used as fuel maximized. For electricity export it is of great value to keep 
a stable mass flow of cane around the value at which the export is maximized.  
 
As the financial calculations only considered factory operation during the crushing season 
future work should expand the analysis to cover off-season operations as well. Results from 
the calculations in this study does not consider the possibility to not maximize electricity 
production during crushing season in order to save bagasse for off-season usage. When, as 
proposed, extraction condensing turbines are installed there is a possibility to produce 
electricity year round. Therefore, it is suggested that further analyzes include the possibility 
to do so.  Such a case makes it possible to invest in a smaller turbine and hence have a lower 
initial investment cost.  
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Unplanned stoppages are a great problem for Carlos Baliño, but this study does not dig deep 
into how these impact the electricity generation and export. For future work it would be 
relevant to investigate the transient change of electricity export capacity during different 
kinds of production stoppages.  
 
As this study only investigates the potential electricity generation capacity of one Cuban 
sugar mill it would be of great interest to see future work with a more generalizing 
perspective. If data is collected from more than one sugar mill, the results could be 
generalized in a more accurate manner. A study with a broader perspective could get results 
that show the electricity generation capacity from the sugar industry for the whole country. 
As sugar canes is a common crop in many developing countries, such a study would be 
important for the supply of renewable energy in these countries.   
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Appendix 1 – Operational report from Carlos Baliño 
  
“Año  56  de  la  Revolución”  

  
29  de  Diciembre  del  2015.          ZAFRA  2015-2016  
MATERIAS  EXTRAÑAS  ENTRADA  A  FÁBRICA  8.38  %  Materias  extrañas  entrada  a  basculador  
proveniente  del  centro  acopio  3  octubre    9.05  %  
EFICIENCIA  DEL  CENTRO    

Centro 
% materia extraña % eficiencia 

% cogollo 
Entrada Basculador Plan Real 

3 De Octubre 10.88 8.40 0 22.80 4.47 

Merma  
MERMAS  

PLAN   REAL   DIF  
0        

Caña  atrasada%  de  caña  atrasada  total  1.55%.    Con  más  de  8  horas  sobre  carro  de  un  12.6  %  
panificado  se  atrasa  un  _1.90  %,  las  horas  sobre  carros.  En  el  día  se  muelen  53  carros    con  un    
peso  promedio  de  los  carros  en  el  día  es  de  24.88  t.    
INDICADORES    ZAFRA  TOTAL                            Días  de  zafra:  5  

Norma  Potencial   Plan   Real   %   Plan   Real   %   Dif.  
t  de  caña  Molida   2358.00   1610.58   68.3   8989.87   7159.85   79.64   1830.02  
t.  caña  t.  directo      291.72             900.11        
%  Tiro  Directo      18.11         12.57        

  
  
  
  

Descripción de la causa del tiempo perdido  en el día Horas 
Interrupciones  Operativas/Hornos  y  calderas/Caída  de  presión  porque  se  está  trabajando  
con  4  alimentadores  de  bagazo  ya  que  el  5  se  encuentra  con  problemas    2  horas  
Disparo  del  rastrillo  NO  2  del  reclamador  de  bagazo  1.99  (De  3:00  am  -  6:59:59  am)  

3.99  

Interrupciones  Operativas/Hornos  y  calderas/Por  acortar  dos  eslabones  al  rastrillo  de  
bagazo  #3  por  estar  demasiado  largo  (De  5:00  pm  -  5:30  pm)  

0.51  

Interrupciones  Operativas/Manipulación  y  preparación  de  caña/Por  atoro  en  la  estera  
alimentadora  y  elevadora  (De  6:00  pm  -  9:30  pm)  

3.54  

Total   8.04  
  
  
TIEMPO  PERDIDO  TOTAL  

Plan   Real  Hoy   Real  HF  
30   0   31.8  

Interrupciones   5.0   0   31.8  
Roturas   5.0   0   0  
Limpieza  y  Mtto   3.0   0   0  
Centro  de  Recepción   1.0   0   0  
Total  Industrial   14   0   31.8  
Tiempo  perdido  por  lluvia   10.0   0   0  
TP  FC  Agrícola   3.0   0   0  
TP  Misceláneas     2.0   0   0  
TP  Transporte   1.0   0   0  

  



 

RESULTADOS  ENERGETICOS    
Portador   UM   Plan   Real  Hoy   Real  H.  Fecha  

Generación  Bruta  Total   Kwh   232695.125   37296.0   199440.00  
Entrega  Total   Kwh 30787.355   2766.0   19581.00  
Consumo  Total   Kwh 14319.7   7872.00   19370.00  
Índice  Generación     Kwht   32.5   23.16   27.86  
Índice  Entrega  SEN   Kwht 4.3   1.72   2.73  
Índice  Consumo  SEN   Kwht 2   4.89   2.71  
Autoabastecimiento   %   107.62   88   100  
Bagazo  Vendido   t        0.00   0.00  
  
Técnico  Económico   Plan   Real   %   Plan   Real   %   Dif.  

Caña  a  moler  Total   2358.00   1610.58   68   8989.87   7159.85   80   -1830.02  
Rendimiento  Guía        8.997             9.505            
RPC   9.178   8.997   98   9.211   8.970   97   -0.24  
Rendimiento   8.26   7.904   96   8.290   8.01   97   -0.28  
Aprov.  del  RPC   90                   87.9     98   90   89   99   -0.70  
Recobrado   81.03               78.32     97   82.30   82.82   101   0.52  
Azúcar  Hecha  B-96   146.06   47.31   32   703.42   232.76   33   -470.66  
Azúcar  Hecha  y  Proc   140.79     127.30   90   681.61   573.81   84   -107.80  
Azúcar  física   170.00     45.84   27.0   23758.93   225.24   0.9   -23533.69  
t  cañat  Azúcar   16.75     12.65     75.5   13.19   12.48   94.6   -0.71  
Pza  Miel  Final   38.00   38.3   101   38.00   39.19   103   1.19  
Pza  Miel  B   0.00   0   0   55.00   0.00   0   -55.00  
Pol  en  Bagazo   1.85   1.98   107   1.85   2.00   108   0.15  
Pol  en  Cachaza   2.50   2.22   89   2.50   2.28   91   -0.22  
Indeterminados   0.80   1.99   249   0.80   1.39   174   0.59  
%  Mat.  Ext.  Ent.    Fab.   5.00   8.47   169   5.00   12.07   241   7.07  
%  caña  atrasada   47   42.89   91   47   42.93   91   -4.07  
Auto  Abast  Energ.   101.69   88   86   101.69   100   98   -1.58  
  

  

  
  
  
  
  
  

     
   Afectación  al    Rendimiento  
   Perdidas   Hoy   H.  Fecha  
   Incump  en  miel     -0.39   0.06  
   Incumplim  en  bagazo   0.02   0.01  
   Incump  en  cachaza   0   0  
       Por  Indeterminados   -0.12   -0.06  

   Día   Acum  
%  Fibra  en  Caña   13.45   13.23  
Brix    Desmenuzadora   15.82   15.75  
Pol  Desmenuzadora   13.04   12.93  
Pza  Desmenuzadora   82.43   82.07  



 

Appendix 2 – Calculations of system input parameters 
 
Examples from data and calculations 
 

 
 
 
Number	  of	  days	  tracked  109 
Number	  of	  days	  with	  cane	  milling 97 
 
Seasonal	  amount	  of	  canes	  milled 𝑚3,46D4>H = 𝑚3,ED=

:
ED=gh = 152963660	  𝑘𝑔	  

	  

Average	  mass	  flow	  of	  cane  𝑚3,DF6<Di6 =
jk,lJmlnI
:∗oP∗pqrr

= h�oqpqqr
®∗oP∗pqrr

= 18.252 ¯i
4
= 65.71 5>H

C
	   

 
Electricity	  consumption	  day	  i	  𝑃@<," = 𝑃H65," + 𝑃"j," − 𝑃6Q," = 27	  𝐷𝑒𝑐 = 55555.2 + 3754 −	   	  
	   	   	   	   4222.3 = 55086.9	  𝑘𝑊ℎ	  
 
  



 

Appendix 3 – Technical data 

 
 
  

 



 

 

  

 



 

 
 
  



 

Appendix 4 – Calculations for each scenario 

 

 
 



 

 

 
 
 
 
  



 

Appendix 5 – Financial calculations 
 
 

 

 

 

  



 

Appendix 6 – Turbine and boiler efficiencies 

 
 
General characteristics for efficiencies as functions of load (Herrera Moya, 2016) 
 
CDT – Condensing turbines  
CPT – Counter pressure/Back pressure turbines 
PH – Pin hole boiler 
FB – Fluidized bed boiler 
  



 

Appendix 7 – Financial data for Cuban investments in the energy sector  
 

 


