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Abstract 
Cuba is a country that is highly dependent on fossil fuel for the domestic electricity supply. Oil-
fired power plants accounts for a major share of the power generation. A mutual issue with these 
power plants is that they suffer from being inefficient, outdated and insufficiently maintained. 
Another critical aspect is the quality of the oil, specifically the high levels of sulfur. The result is 
considerable emissions of SO2 which effects both environment and public health. 

It is of great interest to make the oil-fired power plants on Cuba more efficient. By improving 
plant efficiency it is possible to reduce the fuel consumption, resulting in less emissions of SO2 
per generated kWh. The thesis analyses the Tallapiedra oil-fired steam power plant in Havana and 
investigates how different efficiency improvements affect the emissions of SO2.  

The efficiency of the Tallapiedra vapor cycle can be improved by raising boiler pressure and by 
increasing superheating temperature. Both these efficiency improvements reduce the emissions of 
SO2. However, the impact of reducing the sulfur content of the fuel is superior to the gains in 
terms of reduced emissions that can be accomplished solely from improving vapor cycle 
performance.    
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Nomenclature 
Denomination Abbreviation Unit 

Specific Heat at Constant Pressure Cp J/(kgK) 

Fuel Consumption fc kg/s 

Fuel Consumption FC kg/kWh 

Specific Enthalpy h J/kg 

Enhtalpy Boiler Blowdown hbbd J/kg 

Enthalpy of Saturated Liquid hf J/kg 

Enthalpy of Vaporization hfg J/kg 

High Heating Value HHV kJ/kg 

Isentropic Enthalpy his J/kg 

Lower Heating Value LHV kJ/kg 

Lower Heating Value Fuel LHVfuel kJ/kg 

Mass of System m kg 

Molemass M g/mole 

Flow Rate 𝑚 kg/s 

Boiler Blowdown Mass flow 𝑚bbd kg/s 

Mass flow Extraction Eteam 𝑚bleed kg/s 

Mass flow Feedwater 𝑚feedwater kg/s 

Fuel Preheating Mass flow 

Amount of Substance 

𝑚fp 

n 

kg/s 

mole 

Boiler Efficiency 𝜂 b % 

Cycle Efficiency 𝜂 c % 

Generator Efficiency 𝜂 gen % 

Mechanical Efficiency 𝜂 mec % 

Pump Efficiency 𝜂 p % 

Thermal Efficiency 𝜂 th % 

Transportation Efficiency 𝜂 trans % 

Turbine Efficiency 𝜂 T % 

Cycle Net Rate of Work 𝑤! J/s 

Cycle Work wc Nm 

Net Rate of Work High Pressure 𝑤!"# J/s 
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Turbine 

Internal Power Consumption 𝑤!" Nm 

Net Rate of Low Pressure Turbine 𝑤!"# J/s 

Total Net Rate of Work 𝑤!"#$% J/s 

Pump Work wp Nm 

Turbine Work wT Nm 

Net Rate of Work 𝑤!"# J/s  

Moisture Content in Ssteam xmoisture % 

   

   

   

   

   

   

   

   

   

Denomination Symbol 

United States Dollar  USD 

API Gravity API 

Gross Domestic Product  GDP 

Weighted Acquisition Cost WAAC 

Market Value of Cuban Oil MVCO 

Gross Profit Earnings GPE 

Vapour Refrigerator Vap. Ref 

Closed Feedwater Heater C.FWH 

Open Feedwater Heater O.FWH 

Pump P 

Condensor Cond 

Low Pressure Turbine LPT 

High Pressure Turbine HPT 

Low Pressure Heater LP Heater 
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High Pressure Heater HP Heater 

Gigawatt Hours GWh 

Kilowatt Hours kWh 

Cuban Covertibles CUC 

Cuban Peso CUP 
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1 Introduction 
The International Energy Agency projects in the 2011 issue of World Energy Outlook that non-
OECD countries will increase their share of the global energy usage. In 2035 it is estimated that 
these countries will account for 64% of the total utilization of energy. Furthermore, WEO 
concludes in the report: “The Age of Fossil Fuel is far from over, but their dominance declines”. The world 
is facing a major challenge, which can only be met by decreasing energy intensity, and making 
both existing and new fossil powered energy sources more energy efficient (International Energy 
Agency, 2011).  

Even though Cuba has been trying to switch to cleaner power generation, the country is still 
highly dependent on fossil fuel for the domestic power supply. Until the early 90’s Cuba befitted 
from cheap imports of oil from the Soviet Union, but after the fall of the East block this 
favorable trading agreement came to an end. As a result, the country’s energy supply decreased 
dramatically. In an effort to change the situation, Cuba began producing oil domestically. Initially 
this measure seemed to be a good solution as the country became less dependent on foreign 
imports. Unfortunately the domestic oil turned out to be unsuitable for electricity generation, 
partly due to high levels of sulfur. Eventually, the power plant boilers corroded due to the sulfur, 
which led to hours of downtime and major disturbance in the electricity production. Lack of 
spare parts to replace the old ones led to further deterioration of the situation. Frequent 
electricity blackouts were one of the consequences and in 2005 the country suffered from a total 
of 224 days of electricity shortage (Ekeström, 2012).  

Cuba’s government was now forced to take measures and in 2006 Fidel Castro launched the 
“Revolucion Energetica”, a governmental program aiming to secure the country’s electricity 
supply. The national program addressed the problems by trying to make the domestic power 
generation more reliant as well as to decrease demand during peak hours. This included some 
investments in renewable energy and successive installations of small diesel-powered generators. 
However, old oil-fired power plants are expected to continue operate and still accounts for a 
major share of the electricity production. A mutual issue with these power plants are that they 
suffer from the fact that they are inefficient, ageing and worn out. It is of great interest to make 
these oil-fired power plants more energy efficient, both from an economic and an environmental 
point of view. They are all of age and have been upgraded and maintained sparsely due to 
financial constraints (Benjamin-Alvarado, 2010).  

Technical improvements in the power plants have moderate impact on the country´s thirst for oil 
as a whole. The fact remain that the Cuban energy system is, and will during the forthcoming 
years, be dependent on oil. Presently, domestic production of oil cannot meet the demand and 
Cuba is very reliant on import in general and on the favourable trade agreement with Venezuela 
in particular. Unfortunately, this relationship embarked on an obscure future with the death of 
Cuban-friendly Venezuelan leader Hugo Chavez in March 2013. Due to the poor quality of the 
Cuban oil, investments in refineries are required in order to fully meet the domestic demand and 
secure a supply of needed fuels (Benjamin-Alvarado, 2010).  

The high level of sulfur in the domestic oil is a major concern, not only because of boiler 
corrosion and hours of downtime in the plants. The high sulfur content results in considerable 
emissions of SO2 which have a negative impact on the environment. Acidification due to acid 
rain disturbs ecosystem and causes deterioration of buildings and infrastructure. Furthermore, 
emissions of SO2 are a threat to public health (Carbonell, o.a., 2006). 
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2 Objectives 

2.1 Problem Description 
The Cuban energy system is severely burdened with inefficiencies. Oil-fired electricity production 
amounts to a majority of the total power generation capacity but present power plants are old 
and inefficient. Some improvements, particularly around the turn of the millennium, have been 
made but the power sector is still in need of vast investments. The continuous use of domestic oil 
with high sulfur content has led to considerable emissions of sulfur dioxide. Emissions of sulfur 
dioxide have substantial effects on the environment as well as on public health. This major issue 
is especially important to address when the power plant is located in densely populated areas 
(Cereijo, 2008). 

2.2 Aim of Study 
The report should overview the Cuban energy system and present an in-depth analysis of the oil-
fired power generation. Technical aspects and power plant improvement options should be 
studied and considered. Economic constraints and Cuban conditions shall be taken in 
consideration. The result of the study should bear the future in mind, be characterized by 
sustainability and strive towards decreasing energy inefficiencies and the use of fossil fuels. To 
achieve this, an extensive study of literature is needed in order to be well orientated in the subject 
and to acquire the required technical depth. Local conditions should be studied and taken in 
consideration in order to make the study legitimate and viable. This information requires the 
study of earlier work as well as the gathering of local data while on site in Havana. More 
specifically, the expected results of the study are: 

 

 An assessment of the Cuban energy system. Both historical and present conditions shall 
be taken in consideration with specific focus on oil as a source of energy to the power 
sector.  

 

 A model over the Tallapiedra 64MW thermal electrical power plant in Havana. Current 
power cycle will be analyzed in order to identify possible efficiency improvements. 
Identified efficiency improvements are then incorporated in the model of the cycle.  

 

 A model over the emissions of SO2 generated from the combustion of fuel oil in the 
Tallapiedra power plant. Additionally, the impact of the cycle efficiency improvements on 
the emissions of sulfur dioxide will be assessed and presented. 
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3 Litterature Study 

3.1 The Cuban Energy System – Historical Background 
Cuba´s energy system has been built on a foundation of oil. The time period between the 
revolution and the dissolution of the Soviet Union in 1991 includes Cuba´s largest investments in 
energy infrastructure. When Castro seized power he nationalized the entire energy sector. 
Generation, transmission and distribution were embodied in the state-owned authority named 
Unión Eléctrica. The power generation infrastructure expanded and the overall consumption in 
the country increased. This was possible due to the highly subsidized oil, equipment and product 
imports that originated from the East. Figure 3-1 illustrates the installed power generation 
capacity on Cuba between 1958 and 1990. Installed power generation capacity in 1958 was less 
than 400 MW. Because of the many investments in the energy sector, the installed power 
generation capacity had in 1990 grown to about 4000 MW, showing an annual growth rate of 
approximately 12 % (Benjamin-Alvarado, 2010).   

 
Figure 3-1Installed generation capacity on Cuba between 1958 and 1990 (Benjamin-Alvarado, 2010) 

The classification system for fuel oil ranges from one to six. There are many different 
modifications to the system, but in general the boiling point, viscosity and carbon chain length 
increase with the fuel oil number. The price decreases with increasing fuel oil number making the 
No. 6 fuel oil thick, rich in residuals and valued at a low price. Between the revolution in 1959 
and the dissolution of the Soviet Union in 1991, approximately 94% of the total installed capacity 
came from power plants suited for No. 6 fuel oil. The remaining part of the total installed 
capacity derived from No. 2 fuel oil plants and hydro power plants. However, not only oil could 
be processed in these plants. Worth mentioning is the impact of biofuel and waste that were 
processed and contributed to the total electricity generation. The No. 6 fuel oil, and thus the 
majority of the power supply, was processed by steam turbines while the No. 2 oil was used in 
gas turbines (Cereijo, 2008). 
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Prior to 1959, a majority of the island´s power plants and generators originated from the Western 
world. Most equipment from this period bore stamps from the United States or West Germany 
on them. However, when the political power on Cuba shifted, so did also the origin of the 
imported plant equipment. During the years subsequent to 1959, a majority of the boilers, 
turbines, generators etc. that were imported derived from The Soviet Union and Czechoslovakia 
(Cereijo, 2008). 

3.1.1 Soviet Oil-For-Sugar Barter 

Cuba has a long history of exporting sugar and the industry is important for the Cuban economy. 
During the time of the Soviet Union, Cuba profited from an advantageous sugar-for-oil barter 
arrangement with the Eastern giant. Cuba´s limited domestic oil resources were compensated by 
the island’s agricultural qualities and the beneficial trade agreement. The favourable barter 
agreement did not only supply Cuba with Soviet-produced oil but also contributed with cash 
earnings in form second hand-export. Due to international relations and Soviet interests, an 
annual surplus of oil was shipped to Cuba. More oil than was needed to supply the country was 
exported and with consent from its eastern partner, a Cuban oil account was established. From 
this surplus Cuba was able to reexport some of its oil resources and sell it to market price for 
hard currency earnings (Alonso, o.a., 1999).        

However, the fall of the Berlin Wall in November 1989 and the subsequent collapse of the Soviet 
Union put an end to this barter and forced Cuba to search for alternative ways to meet its energy 
needs. The Soviet Union suffered from severe budgetary complications during the beginning of 
the 90s. In addition, increasing debt and difficulties to obtain foreign credit forced a change of 
the terms of the barter. Cheques, credit and barter deals were no longer of interest. They 
demanded hard cash payment from Cuba in order boost its crippled economy. The new terms 
came to effect on the first of January 1991 when the first shipment based on word market prices 
in dollars left for Cuba. A profitable barter agreement had come to an end (Alonso, o.a., 1999). 

The island nation had some domestic oil production but was at the time highly dependent on 
import to support its energy system. During the years of the Soviet collapse the annual import of 
oil had steadily decreased and bottomed in 1993. The annual domestic oil production had hit a 
minimum a few years earlier but was on the rise due to the new conditions. In 1993, the 
combined amount of domestic oil produced, 1.1 million tons, and the amount of oil imported, 
5.5 million tons, equalled a total of 6.6 million tons. At the time, Cuba had an annual minimum 
oil requirement of 7.5 million tons and suffered thus of a shortage of 0.9 million tons (Alonso, 
o.a., 1999).  

3.1.2 The Special Period 

The time period between 1990 and 1997 is referred to as the special period or periodo especial. The 
fall of the Soviet Union led to a major setback in the Cuban economy and a steep decline in 
GDP. The Soviet assistance is estimated to have been between 5 billion USD to 7 billion USD 
annually and the Cuban economy initially took a hard blow in the absence of this support. As the 
overall economy limped, the national energy use per capita plunged. The electricity consumption 
by key sector between the years of 1958 and 2008 is illustrated in Figure 3-2. Worth noticing is 
the steep decline in electricity consumption during the fall of the Soviet Union at the turn of the 
decade. The setback for the national industries stood for a major factor in the decreasing use of 
energy. Households and other small time consumers however did not decrease their usage of 
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energy noticeably. The special period ended in 1997 when the economy stabilized, partly because 
of extensive investments from Venezuela (Benjamin-Alvarado, 2010). 

 
Figure 3-2 Electricity consumption by key sector in Cuba between 1958 and 2008 (Benjamin-Alvarado, 2010) 

3.1.3 Domestic Oil 

A national development program was initiated after the dissolution of the Soviet Union with the 
ambition to reduce energy imports and further develop domestic energy sources.  The end of the 
so fruitful trade barter forced Cuba to look to new ways to supply the energy system and expand 
the production of domestic oil. Between 1992 and 2003, the domestic oil production grew 
annually with 7 % and the domestically produced oil, in addition to the volumes that still were 
imported, generated electricity of about 15000 GWh per year. This electricity was produced in the 
seven large power stations that were operational at the time (Suárez, o.a., 2012).  

However, the domestic oil showed to be far from optimal in terms of generating power. The high 
levels of sulphur in the domestic oil damaged the power plants due to extensive corrosion. Parts 
needed to be replaced and extensive maintenance was required to keep the power plants 
operational. The problem was that the spare parts came from a nation that no longer existed and 
thus were more difficult to come by. Many power plants had to shut down for periods of time, 
leading to many hours of downtime and low efficiency. The result was that the power shortage 
became even more severe (Benjamin-Alvarado, 2010). 

3.1.4 Blackouts 

Frequent breakdowns in the major power plants led to a very inconsistent and highly unreliable 
energy system. In addition, no substantial investments in the power sector had been made since 
the 90´s and much of the available equipment were coming of age. In March 2005, seven major 
oil-fired power plants had been operating for an average of 25 years and now started to 
malfunction during peak hours of demand (Suárez, o.a., 2012). This caused many severe 
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blackouts throughout the years of 2005 and 2006, sometimes lasting up to eighteen hours per day 
(Benjamin-Alvarado, 2010). During 2005 there were 224 days with blackouts that lasted more 
than one hour, each with a magnitude greater than 100 MW (Ekeström, 2012). In June of 2005, 
the electricity system was in such bad shape that it only operated at 50 % of capacity, with 
blackouts lasting from seven to twelve hours on a daily basis. This led to major civil unrest and 
the government realized that measures had to be taken (Benjamin-Alvarado, 2010). 

3.1.5 La Revolución Energética 

As a response to the many blackouts and public discontent, Fidel Castro declared on the 17th of 
January 2006 that the government had decided upon a new energy initiate. The program was 
called the “Energy revolution”, or “Revolución Energética”. The objective of the venture was to reduce 
energy use and increase power generating capacity. The part emphasizing on public energy 
conservation was fairly successful. By the means of replacing individuals´ old inefficient home 
appliances with newer and more efficient appliances, the daily peak demand decreased. 
Refrigerators, fans, air conditioners and light bulbs were replaced due to different incentives by 
the government. For example, payment plans for up to ten years were introduced with part time 
payments debited directly from the civil salaries (Belt, 2008). Until 2012, around 9,4 million 
energy saving light bulbs, 1,33 million fans, 5,5 million electric pressure cookers, 2,04 million 
domestic refrigerators and 3,4 million rice cookers have been distributed, replacing old and 
inefficient ones (Suárez, o.a., 2012).  

In terms of increasing the capacity to generate power, the results are mixed. In order to create a 
buffer in case of downtime in the large power plants, the government installed several small 
generators on the island. A couple of thousands of these diesel fuel mini-generators, called 
“gensets”, were scattered across the island and distributed to 70 % of the total 169 municipalities 
(Belt, 2008). When placed in a group, the “grupos electrogenos” served as small scale power 
plants. The smaller generators could quickly be put into service to rehabilitate the energy system, 
swiftly soothing the immediate public unrest. By increasing the number of individual sources of 
power, the systematic risk of blackouts could be reduced. However, these diesel fuelled 
generators are not a long-term solution to the problem. Still, they continue to provide an 
additional high-cost, low-efficiency 1.5 GW to the total energy output (Benjamin-Alvarado, 
2010). 

3.2 The Cuban Energy System Today – Overview 
Oil, and oil by-products such as diesel, are the main fuel components of the Cuban electricity 
production with a total weight of around 85% of the total power output in 2009 (Suárez, o.a., 
2012). A conceptual overview of the Cuban energy system is illustrated in Figure 3-3 below. 
Although mainly based on oil, the Cuban energy system includes many different sources of 
energy. As can be seen in Figure 3-3, the Cuban power sector also relies on diesel, gas and 
different kinds of renewable energy for its electricity generation (Benjamin-Alvarado, 2010). 
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Figure 3-3 Conceptual model over the Cuban energy system today (Benjamin-Alvarado, 2010) 

Since “La Revolucion Energetica” commenced back in 2006 there have been major structural 
changes in the energy system on Cuba. Investments in the power sector has increased stability 
and reduced the frequency of electricity power black-outs. However, to meet increasing demands 
as the economic conditions in the country changes, further investments in the power sector are 
required over the years to come (Wright, o.a., 2009). Over the past decade the electricity demand 
has grown in accordance with the country’s GDP growth, which has amounted an average of 
5.5% annually. Growing electricity consumption is a reality that the country will have to face. The 
question is if the already vulnerable Cuban electricity sector can continue to meet this increase in 
demand while maintaining such high reliance on oil for its production (Suárez, o.a., 2012).  

The electricity power sector in Cuba is almost entirely controlled by the state. La Unión Eléctrica 
is the main actor and its domain stretches over the entire industry including electricity generation, 
transmission and distribution. With estimated total revenue of 2.8 billion USD in 2008, Unión 
Eléctrica is one of the largest companies in Cuba. One exception where private sector 
involvement has been tolerated is the combined gas cycle project that is currently operated by 
Energas, a joint venture between the Canadian mining company Sheritt Inc. and Unión Eléctrica 
(Benjamin-Alvarado, 2010).  

To meet the domestic energy demand the country is forced to import a substantial amount of 
fossil fuels. The main supplier is Venezuela. Of the total supply of imported oil, 50 % goes to 
electricity power generation. Furthermore, fuel oil accounts for approximately 60% of the total 
electricity generation cost and the country has the fifth largest dependency in the world on liquid 
fuels as percentage of its total energy usage (Benjamin-Alvarado, 2010). However, recent 
investments have increased domestic supply of fossil fuel such as petroleum and natural gas 
dramatically. Petroleum and gas extraction from domestic sources have risen from 0.7 million 



-18- 
 

tons in 1990 to 3.75 million tons in 2009. Today, domestic production of oil contributes to 47% 
of the total consumption, which is substantially higher than before the dissolution of the Soviet 
Union (Suárez, o.a., 2012). However, the country lacks sufficient domestic energy resources to be 
totally self-sustainable on fossil fuels. Although this may become a subject to be reviewed 
depending on the outcome of the exploitation of possible maritime oil and natural gas wells in 
the Gulf of Mexico (IAEA, 2008).  

Increased plant efficiencies are necessary to bring down the high fuel consumption and 
subsequent costs. The entire Cuban energy sector is in great need of restructuring by switching to 
more cost efficient power sources as the electricity and energy demand is expected to continue to 
grow over the years to come (Benjamin-Alvarado, 2010). 

In terms of electricity accessibility Cuba has a relatively well-developed power grid. In recent 
years substantial improvements have been made in order to extend grid coverage. Today almost 
the entire population in Cuba has access to electricity as the power grid covers approximately 
97% of island. In order to ensure electricity supply in remote areas that are not reached by the 
main power network, local power grids are being operated (Suárez, o.a., 2012). However, a major 
source of inefficiency is the distribution losses in the power grid, mainly due to poor installation 
of conductors when the grid was built during the 1970s and the 1980s. Moreover, the major 
thermoelectric plants were poorly located when constructed which further extended the problem 
with distribution losses. Since 2006 measures have been taken to try to improve the situation 
(Cereijo, 2008). 

The Cuban power sector is subject to many uncertainties that need to be addressed. This includes 
future growth in energy demand as well as economic aspects such as changing conditions on the 
international fuel market and possible market liberalization which would affect further 
investment opportunities and resource exploration. Other important factors when discussing the 
development of Cuba’s power sector is how operational costs can be lowered and of course 
environmental aspects (Wright, o.a., 2009). 

3.2.1 Renewable Energy 

Renewable energy has historically been a minor but nonetheless present element in Cuban energy 
sector. Although there are possibilities to further extend the utilization of renewable energy 
sources in electricity generation in Cuba, the potential is not great (Belt, 2008). There are several 
constraints that prevent the renewable energy sector from reaching its full potential.  Factors 
such as lack of investment funding, inadequate data and insufficient resources to manufacture 
spare parts are the main reasons why the electricity sector in terms of renewable energy is still in 
an infantile stage (Suárez, o.a., 2012).  

Biomass is the major domestic source of renewable energy with over 98% of the total installed 
capacity. The electric generating capacity is about 330 MW with sugar cane bagasse being the 
most consumed fuel type.  There are possibilities for further exploitation of biomass for energy 
generation as the utilization today is only 81% of its actual potential (Suárez, o.a., 2012). 

Solar electric power accounts for an insignificant share of the total electricity production and is 
not considered as an option in larger scales due to high capital costs. However it is of interest for 
smaller scale production (Wright, o.a., 2009). Many villages in rural areas without access to the 
main power grid have been equipped with solar cells to electrify homes and schools. The main 
use of solar power is concentrated to solar water heating. A total of 8000 units supplies different 
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sectors with heated water and saves large amounts of energy, as oppose to if these facilities would 
heat the water in another way (Suárez, o.a., 2012). 

Hydroelectric power plants are mainly concentrated to rural areas. The total installed capacity is 
58 MW divided between 180 hydroelectric plants (Suárez, o.a., 2012).  The Cuban government 
has a special interest of a continuing growth of this sector and the goal is to have 500 MW 
installed capacity by 2020. The potential hydroelectrical installation capacity is estimated to 650 
MW but due to environmental motives the actual amount is somewhat lower (Wright, o.a., 2009). 

Wind power is not a large contributor to the total power output as only three power plants are in 
operation, with a total installed capacity of 7.5 MW. Estimations of total wind capacity vary 
between 400 and 2500 MW. Due to insufficient availability of data this must be considered as a 
rough approximation. Other factors such as transmission costs and wind potential are equally 
important to consider when analyzing future investment opportunities due to the intermittent 
nature of the energy source (Wright, o.a., 2009). 

3.2.2 Thermoelectric Plants 

There are a total of 17 thermoelectric power plants on Cuba with a total installed capacity of 
3267 MW (Cereijo, 2008). Steam turbine generation technology is the dominating plant cycle 
application.  In 2009 these power plants generated a total of 10 717 GWh. It should be 
mentioned that not all them were in operation. The sizes of the plants vary widely and ranges 
between 33MW and 330 MW (Suárez, o.a., 2012).  

A major share of the power plants was constructed before the fall of the Soviet Union. Presently, 
insufficient maintenance and limited access to spare parts have been a constant constraining 
factor for these power plants. Today most of the major power plants have a production capacity 
of 60-65% (Cereijo, 2008) which is a rather modest figure by international standards (Boyce, 
2002). Substantial improvements were made in 2004-2005 to raise efficiency and allow utilization 
of domestic oil in the power plants. Currently the thermoelectric plants are running on different 
mixtures of fuel oil and crude oil as well as natural gas. The efficiency and fuel consumption 
varies depending on size, with the lowest values around 255g of fuel oil per generated kWh 
electricity (Cereijo, 2008).  

Some of the commonly encountered problems in the steam turbine power plants are (Cereijo, 
2008): 

• Low Higher Heating Value (HHV) of domestic fuel,  

• Corrosion on  boilers partly caused by high sulfur levels  

• Unsatisfying heat transfer  characteristics because of high ash contents 

• Corrosion caused by high humidity of combustion gases  

These factors are in combination with inadequate maintenance and the fact that they are old and 
worn out, partly responsible for the low current availability of the plants (Cereijo, 2008).   

Unfortunately, the effects of high sulfur contents in the Cuban heavy oil are not limited to 
corrosion in the power plants. Pollution of SO2 and other dioxides from the burning of heavy oil 
have major environmental and health effects on the Cuban population. By also taking these 
severe consequences in consideration, the importance of utilizing fuels with lower sulfur content 
is highlighted even more (Carbonell, o.a., 2006). 
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3.2.3 Combined Cycle Plants 

In addition to oil, Cuba also has access to large natural gas reserves. Today natural gas is the 
second largest source of energy produced domestically with a total of 1019 million tons extracted 
in 2009. This has created an opportunity for the country to diversify its electricity production 
(Suárez, o.a., 2012).  Electricity production based on natural gas has the advantage of both being 
cleaner and more cost efficient than other fossil fuels (Cereijo, 2008). 

In 2005 the Cuban state owned energy company Union-Electrica and the Canadian corporation 
Sherritt Inc. joined forces by creating the joint-venture Energas. The objective was to introduce 
and increase the electricity generated by gas through the construction of combined cycle power 
plants (Benjamin-Alvarado, 2010).  

Recent studies suggests natural gas combined cycle is maybe the best investment option over the 
coming decade for Cuba both from an economical as well as an environmental aspect (Wright, 
o.a., 2009). With an electrical efficiency level of up to 60%, the fuel utilization is much higher in 
comparison to other thermoelectric plants. Put in perspective, single cycle units with steam 
boilers rarely reach higher electrical efficiency levels than 35% (Cereijo, 2008). 

At the moment there are two combined cycle power plants in operation with a total installed 
capacity of 495 MW. They had a total share of about 13% in the total electricity production in 
2009 (Suárez, o.a., 2012). The largest facility is located nearby the popular tourist resort Varadero 
and the second facility is located near the thermoelectric plant Este de La Habana. The 
agreement with Sherritt Inc. to build gas-fired turbines has proven to have mainly positive 
effects, resulting in both reduction of production cost as well as emissions of CO2 and SO2 
(Benjamin-Alvarado, 2010). 

3.2.4 Grupos Electrogenos 

Since “La Revolucion Energetica” was initiated in 2006 a major expansion in installed electricity 
generation capacity has taken place. This is mainly attributed to the installation of new fuel oil 
and diesel generators referred to as “Groupos Electrogenos” (Benjamin-Alvarado, 2010). Cuba 
has been investing a total of 1200 million USD in these small generators to decrease 
dependability on the main thermoelectric plants during peak hours (Cereijo, 2008). In total, 6000 
small diesel generators, 416 fuel generators and 893 bigger diesel generators have been put in 
operation. Though this is a short term solution it has reduced the frequency of power blackouts 
dramatically (Suárez, o.a., 2012).  

Each generator has an average capacity of about 2MW and operates in small groups referred to as 
“batteries”. These batteries are spread out across the whole island and have a built-in control 
system, which make it possible to regulate power output according to current electricity demand. 
The location of each group has been chosen carefully in order to decrease transmission losses. 
Furthermore, they are often located in addition to major thermoelectric plants in order to 
enhance cogeneration possibilities when power output and electricity demand varies (Cereijo, 
2008).  

There are several advantages to be gained for the Cuban electricity sector in using these generator 
sets in addition to the conventional power generation. Whenever a production stop occurs in one 
of the major plants the effect can be minimized. Earlier the dependency on constant system 
output from a few large oil-fired power plants was the basis of the power sector whereas now the 
combined forces of generators and thermoelectric plants stabilize the electricity supply. 
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Moreover, due to their nature of being small scale, the maintenance and installation of these 
generators are quick and rather simple in comparison to large-scale power plants. Another 
advantage has been the reduction of power shortage effects caused by hurricanes. During the 
past decade the frequency of severe hurricanes hitting the island has increased considerably and 
by spreading the production capacity over the island, the risk has decreased (Benjamin-Alvarado, 
2010). 

However, these generators are expensive to use and keeps Cuba dependent on liquid fuels for 
electricity generation (Benjamin-Alvarado, 2010). The fuel consumption rate is about 250 g/kWh 
(Cereijo, 2008) for fuel oil generators and 234 g/kWh (Suárez, o.a., 2012) for the diesel 
generators. It is therefore important to emphasize that the installation of these generators is not a 
viable solution in the long run and they will only serve as a supplementary power source in 
addition to the major thermoelectric power plants. 

3.3 Oil 
Crude oil, or petroleum, has since the 1950´s been the world´s most important, or at least the 
most indispensable, source of energy. With developing countries on the rise, the thirst for oil is 
not likely to be quenched sometime soon. The International Energy Agency (IEA) predicts that 
the world´s demand for energy will increase by an annual average of 1.5 % through 2030, of 
which non-OECD countries will account for 80 % of the global increase. Due to its high density 
of energy and wide range of applications, the black gold has become the hub which many of the 
world´s economies depend on. A majority of the oil is used to produce fuel oil and petrol, two 
primary sources of energy. However, the hydrocarbons in oil are used and refined into several 
other sources of energy, such as diesel for example. Some is used to produce plastics, 
pharmaceuticals, asphalt, fertilizers, solvents and pesticides (Inkpen, o.a., 2011). 

Crude oil can be classified in many different ways. It is referred to as light or heavy depending on 
its density. Light oil, in comparison to heavy, is more desirable due to its higher yield of petrol, 
net energy and because it is more easily processed. The concentration of sulfur determines 
whether the oil is considered to be sweet or sour. Sweet oil contains relatively small amounts of 
sulfur while sour oil contains substantial amounts of the abundant chemical element. Because of 
environmental effects and regulations to meet sulfur standards imposed on fuels, sour oil is 
considered less desirable and thus sold at a lower price than sweet oil. In addition, sour oil 
requires more refining than sweet oil. Despite the price, oil that is both heavy and sour can be an 
uneconomical investment in comparison to oil of better quality due to the need of extensive 
refining (IEA, 2013).  

3.3.1 The Oil Market Price 

Oil-exporting countries use a market-linked pricing mechanism to value and determine the price 
of crude oil. The pricing markers in international trade are determined by origin of the oil. The 
price of crude oil is very sensitive and there are numerous factors that affect the world market. 
States of economy and trade outlooks for key producers and buyers have great impact. Political 
regulations and agendas can also be of significance. Furthermore, something that history clearly 
shows, conflicts can cause drastic change to the state of the market (Inkpen, o.a., 2011). 
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3.3.2 Peak Oil Theory 

Ever since man started the oil industry, producers and consumers have feared the day when the 
global oil sources will be depleted. The peak oil theory rests upon the idea that the world´s oil 
reserves are finite. According to the Hubbert Peak Theory there is a point, peak oil, where the 
world production of oil will enter a terminal decline. This point is determined by the amount of 
global oil resources available and consequently the cost to produce and world market pricing. The 
topic is widely discussed. Some experts mean that peak oil soon will occur, some that it has 
already done so and some that it is only a myth. In 1950, the US Geological Survey estimated the 
global conventional oil resources that were possible to extract to be about one trillion barrels. In 
2000, their figures had tripled to an estimate of three trillion barrels. To estimate the amount of 
available oil resources is a very complex undertaking. Technical progress enables for drilling in 
locations that earlier were inaccessible. It also provides a more accurate analysis of the supply 
available in already exploited reservoirs. However, although technology paves the way for new 
findings, oil prices have shown more volatility than ever. As the world market prices rise, reserves 
once considered to be noneconomic may become profitable to develop. Political and economic 
agendas influence resource information which in turn affects the price. The factor of the 
unknown still plays a major role in the peak oil debate (Inkpen, o.a., 2011). 

3.3.3 Cuban Conditions 

3.3.3.1 Oil Production 

Cuba produces domestically slightly less than half of what it consumes and the production is 
heavy crude of low quality (Cereijo, 2008). Deposits and production basins are found on 
mainland or in shallow waters near the coastline. A majority of Cuba's present oil production is 
located in the northern province of Matanzas. The oil extracted is heavy, sour crude that requires 
special processing. Historically, the big oil-field near Varadero has been of great importance but 
is after 50 year of extraction now beginning to dry up. After the fall of the Soviet Union, the 
domestic production has greatly increased. However, the dependency of import is still significant. 
In 2009, the total domestic oil production amounted to 2.7 million tons (Suárez, o.a., 2012). 

3.3.3.2 Extraction of Cuban Oil 

In 1993, after the fall of the Soviet Union, Cuba opened up its oil sector for international 
prospectors. Exploration and production is allowed by foreign oil companies under contract of 
production-sharing agreements with the Cuban government. The contract form called 
production-sharing agreement (PSA) is widely used and accepted by major international oil 
companies. It states that a third party contractor is allowed to drill for oil at its own risk. The 
contractor is responsible for capital, equipment, personnel etc. If oil is found and the reservoir is 
considered economically viable then the first amounts of oil extracted are allocated to the 
contractor. This is to cover for exploration expenses and is generally referred to as “cost oil”. 
With a percentage limit on how much that can be considered as cost oil stated in the contract, the 
agreement provide an economic security for the Cuban government. When the amount of cost 
oil has been extracted, the remaining part of the deposit is referred to as “profit oil”. The profit 
oil is divided between the Cuban government and the contractor according to the proportions 
stated in the contract (Benjamin-Alvarado, 2010). 

There are many foreign speculators taking part in the hunt for Cuban natural resources. A 
majority of Cuba´s oil production today is a result of exploration and drilling by the Canadian 
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company Sherritt Inc. In 2008, Sherritt´s financial report stated that gross production of oil in 
Cuban reserves amounted to 60 % of the Cuban total production. However, prospectors from all 
around the world are eager to explore the possibilities that lie buried in the mainland and in the 
waters outside the Cuban coastline. Although exploration continues, production volumes from 
coastal and mainland oil deposits have started to stabilize (Benjamin-Alvarado, 2010). 

How big the deposits of oil found in the Cuban waters of the Mexican Gulf are, remain 
unknown. The Cuban government has estimated that a good 2.7 billion tons are to be found 
deep in the sea. The United States Geological Survey´s estimate of around 630 million tons is a 
bit more modest, but still a significant number (The Economist, 2010). Prospectors are thrilled 
about the possibilities due to the fact that the bordering waters of Mexico and the United States 
have produced both considerable and profitable findings. However, the sad reality for the 
Cubans remains. No major findings that are conventional and economically viable have yet been 
made. Nonetheless, international oil companies have contracted much of the available territories 
with the hope that just they will be lucky. The natural conditions themselves are far from optimal 
when it comes to oil drilling. The waters are very deep which takes its toll on the requirements of 
the drilling equipment. Another constraint is the United States trade embargo. At the moment 
there is only one rig in the world that meets the requirements of deep sea drilling in Cuban 
waters. In order to operate in Cuban territory without risking U.S. sanction, the Scarabeo-9 was 
built in Asia with less than 10 % American-made parts. Spanish oil giant Repsol´s first attempt 
with the Scarabeo-9 turned out to be a failure. Drilling at 4.8 kilometer below sea level and 
investing more than USD 100 million in the site, they turned out empty handed (Haven, 2012). 

3.3.3.3 Quality of Cuban Oil 

Domestically produced crude oil is considered to be extra heavy and of very sour quality (Turtós, 
o.a., 2006). The American Petroleum Institute Gravity, API Gravity, is a measure of how heavy 
petroleum is in comparison to water. Different oils vary in composition, density and are therefore 
associated with different API Gravity degrees. The API gravity of the Cuban crude oil ranges 
between a low 8⁰-‐10⁰ in Varadero to a high of 12⁰-15⁰ in Seboruco, Canasi and Puerto 
Escondido (Cuba Energy 2010-‐2015: Challanges & Opportunities, 2011). The low recovery 
factors are due to the viscous quality and heavy metal content of the oil. Because the oil is so 
heavy and so rich in sulfur and heavy metals, it is valued at a discounted price of U.S. Gulf Coast 
No. 6 industrial fuel oil (Benjamin-Alvarado, 2010).  

3.3.3.4 Oil Refining 

It is the carbon and hydrogen molecular structure of the crude oil that yields the desirable HHV 
of the petroleum. Other components, such as sulfur and nitrogen, are less desirable (Hanni, o.a., 
2003). By refining crude oil, more useful products such as petroleum, gasoline and diesel fuel are 
acquired. Due to the poor quality of Cuba´s domestic crude oil, refining is used to make the oil 
more viable for electricity production. A high amount of sulfur, which is the case with the Cuban 
domestic crude, is highly undesirable in the refining processes. Sulfur compounds tend to 
deactivate same catalysts when processing and upgrading the hydrocarbons in the refining 
process. Oil rich in sulfur also causes extensive corrosion in refineries due to the creation of 
oxyacids of sulfur from the products of combustion. Furthermore, sulfur oxides and oxyacids 
created by the refining process contribute to environmental pollution (Tam, o.a., 1990). 
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Cuba has four major refineries, with a total capacity of 16 thousand tons per day (The Havana 
Consulting Group, 2011). However, the actual capacity utilized is low and was in 2008 only 
around 60 % (Cereijo, 2008). Present oil refineries on the island are of age and rely on mature 
Soviet technologies with little room for improvements in conversion efficiency (IAEA, 2008). 
The outdated technology in the refineries makes them unsuitable to process and refine very 
heavy crude oil (Benjamin-Alvarado, 2010). Nonetheless, some investments and improvements in 
the sector have been made. The refinery in Cienfuegos was in 2008 modernized thanks to 
Venezuelan funding (Cereijo, 2008). The refinery is now able to process Venezuelan crude oil and 
refine it domestically. Thanks to the investment, Cuba has improved the situation that before 
forced them to import expensive high value fuels that had already been refined abroad 
(Benjamin-Alvarado, 2010).   

Plans to expand and to modernize existing refineries further are being made. With financial 
assistance from China and Venezuela, Cuba hopes to triple its oil refining capacity to around 50 
thousand tons per day by 2017 (The Havana Consulting Group, 2011).   

3.3.3.5 Oil Imports 

The domestic production of oil is slightly less than half of what it consumes. Similar to the sugar-
for-oil barter with the Soviet Union, a trade agreement with Venezuela was initiated in 2000. This 
time around, expertise and personnel, mainly in the field of medicine, are being exchanged for the 
precious natural resource (Cereijo, 2008).  The arrangement is based upon supply and demand 
and is beneficial for both parts. It is difficult to get an exact number on how much Venezuela 
subsidizes its oil export to Cuba. A common approximation is that the import cost is discounted 
by 40 % (Benjamin-Alvarado, 2010).  However, the heavily subsidized amount of oil acquired 
through the agreement is vital for the Cuban economy and of great importance to the energy 
sector. Venezuela ships about 12 thousand tons of crude oil and derivatives such as diesel and 
gasoline per day to its northern trading partner (Suárez, o.a., 2012).  

Between 2003 and 2009, it is estimated that Cuba has imported oil from Venezuela to a value of 
14 billion USD. Of this amount, 8 billion USD is being offset by the thousands of Cuban doctors 
and personnel that have been exported. The remaining 6 billion USD is converted into twenty-
five-year long-term debt, loan conditions that Cuba has difficulties in obtaining from others 
(Benjamin-Alvarado, 2010). 

The energy system in general is highly dependent on support and preferential trading agreements 
with Venezuela.  If the support from Venezuela would decrease or cease to exist it would be a 
major setback for Cuban economy. The question is if the Cuban government has sufficient 
economic resources to survive such a scenario. (Suárez, o.a., 2012). History shows that 
dependency on import from a single source can be a costly enterprise. The collapse of the Soviet 
Union and the oil strike in Venezuela 2003 taught Cuba two expensive lessons. Visiting Brazil, 
Russia and Angola in 2009, Raul Castro shows he is well aware of the political and economic 
problems associated with a high dependency on import from a single source (Benjamin-Alvarado, 
2010). When Venezuelan leader Hugo Chavez died in March 2013, the Cuban energy sector once 
again entered a period of uncertainty (New York Times, 2013). 

An economic scenario analysis for the future supply of oil to the Cuban energy sector may be 
found in Appendix.18-23 
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3.4 Sulfur 
Sulfur is a non-metallic chemical element with the atomic number 16. It is identified by the letter 
S. Sulfur is a very common element and encountered in abundance in both nature and various 
products. As mentioned earlier, it is unfortunately also well represented in the Cuban oil where it 
is highly undesirable. 

3.4.1 Corrosion 

Corrosion is by far the most critical factor that affects the actual operational performance of the 
plant. There are two main types of corrosion that occurs in steam power plants: moisture 
corrosion and solid particle corrosion in the boiler. Moisture corrosion occurs when the steam 
expands through the extraction turbine. It is the turbine blades that are the critical components. 
These can be severely affected by the water droplets from the steam and result in stocks and 
corrosion on the blades. The consequence is decreasing efficiency and eventually make them 
inoperable. To avoid this it is essential that the moisture content of the steam does not exceed 
12% (Aksu). 

Boiler corrosion is a frequent problem in boilers burning crude oil and fuel oil with high sulfur 
contents. Common variations of corrosion include fire side corrosion and hot corrosion. Fireside 
corrosion occurs at temperatures exceeding 550 °C whereas hot corrosion appears when molten 
NaSO4 reacts with the protective layers of the metals in the boiler. This causes a quick eruption 
of the metals as the NaSO4 reacts with the protective layers through a fluxing reaction described 
by Equation 3-1 (Andijani, o.a., 2004). 

2𝑁𝑎!𝑆𝑂! → 2𝑁𝑎! + 2𝑆𝑂! + 𝑂! Eqn 3-1 

The reaction is an accelerated form of corrosion where the protective oxide layer of the metal is 
destroyed due to the molten salts that form a film on the surface (Andijani, o.a., 2004). Na2SO4 is 
a substance found in different quantities in fuel oil. Due to materialistic and corrosion factors, 
operating temperature in Cuban power plants are limited. The reported sulfur content of 
domestically produced crude oil on Cuba is between 5-7% which is the petroleum product most 
major power plants are using. A minority of the plants are fired by fuel oil which has significantly 
lower sulfur contents, averaging around 3%. In an international comparison this is still a 
substantial figure (Carbonell, o.a., 2006) 

It was due to the usage of domestic high sulfur content oil that almost made the entire Cuban 
power sector collapse in 2004-2005. The boilers were not built to withstand corrosion to that 
degree. Today, most of the major power plants have been reconstructed to be able to use 
domestic oil in the combustion process (Cereijo, 2008). Other undesirable substances of oil that 
can cause corrosion are high levels of vanadium, sodium and chlorine (Seeley, 1991). 

3.4.2 Emissions 

A majority of the Cuban electricity generation is achieved by combusting different kinds of fuels 
and releasing heat energy. The principal combustible elements are carbon and hydrogen. Sulfur is 
a combustible element as well but the presence of sulfur in fuels is highly undesirable. Fuels 
containing sulfur have a negative impact on the environment. During the combustion oxygen 
reacts with the sulfur and transforms into sulfur dioxide according to the following reaction: 

𝑆 + 𝑂! → 𝑆𝑂!  Eqn 3-2 
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The amounts of SO2 emitted from large combustion units are proportional to the fuel 
consumption and the sulfur content of the fuel (Nazari, o.a., 2011).  

Emissions of SO2 have a grave and negative impact on the environment.  Hydrocarbon radicals 
may give off an oxygen atom, mix with SO2 and form SO3. The sulfur trioxide is in turn 
converted into H2SO4 by the addition of water. The droplets of acid created can remain in the 
atmosphere in days in form of haze. The gaseous emissions and acid droplets can either be 
instantly deposited to the earth´s surface by rain, snow and fog or transported by wind to 
locations far from the actual source of the emissions. The phenomenon is commonly referred to 
as acid rain. Due to altering metrological conditions and the fact that the acid easily can shift 
location the actual source of the acidification can sometimes be difficult to determine. However, 
acidification of the environment due to emissions of SO2 is a grave problem regardless origin of 
emissions. The effects are both chemical and biological. Geological and aquatic conditions 
change when exposed to acidic deposition. This can disturb the balance of ecosystems and result 
in both biological as well as ecological problems (Nazari, o.a., 2011) 

Another aspect is the accelerated deterioration of certain materials. Weathering monuments and 
historical building due to acidification from acid rain is a major problem of cultural importance 
which also bears an economic cost in form of restoration. Deterioration of infrastructure, such as 
bridges, result in apparent concerns of safety and weakened paint and finishes stack up to 
expensive bills. For some materials, such as carbonate, steel and nickel, the effects are apparent 
only after a year. For other the effects can be seen after a longer period of time. Researchers 
suggest that marble, sandstone, galvanized steel and other materials containing calcium carbonate 
are especially vulnerable to acidification (Nazari, o.a., 2011).   

Emissions of SO2 produced through combustion of oil also affect public health. During SO2 
emitting combustion other sulfur oxides are generally formed. These different types of oxides can 
react with compounds in the atmosphere and form small particles. These particles easily 
penetrate sensitive parts of the lungs and can cause respiratory diseases (Nazari, o.a., 2011).  

During the years 1983-2003 a major study on Cuba was conducted investigating the relation 
between the island´s air pollution and the impact it had on public health. In the case of SO2 
available data concerning health issues are considerably lesser than for particles and other forms 
of pollution. However, one thing worth emphasizing is the close relationship between SO2 and 
the particles injurious to health. This relationship and the significant importance of SO2 
emissions to public health sometimes disappear in statistical models when other pollutants are 
controlled. Nonetheless, the Cuban national studies mentioned earlier showed relation between 
increments in SO2 concentration and hospital admissions due to respiratory diseases (Carbonell, 
o.a., 2006). 

Due to reasons stated above and with sustainability in consideration it is of great importance that 
SO2 emissions are to be considered. Lowering emissions is vital for environmental aspects as well 
as for health related issues. Different strategies for reducing emissions of SO2 from oil-fired 
steam power plants include: 

• Switching fuel to an alternative containing less amounts of sulfur 

• Increasing plant efficiency and thereby lowering fuel consumption per unit of generated 
power 

• Reducing the sulfur content of the oil through refining and desulfurization  
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• Installation of Flue Gas Desulfurization (FGD) systems 

Unfortunately these strategies require vast investments and are expensive to implement (Nazari, 
o.a., 2011).   

3.5 Steam Power Generation 
Power plants using the vapor cycle to generate electricity are commonly referred to as steam or 
thermal power plants. They exist in numerous sizes and prototypes, all with different 
characteristics and advantages corresponding to the attributes of the existing operating 
conditions. However, the basic concept of the cycle process is roughly the same regardless the 
type of thermal power plant being considered. In general, all steam power generation cycles are 
based on the Rankine Vapor Cycle. The ideal Rankine Cycle consists of four basic components: 
the steam generator (also referred to as boiler), the turbine, the condenser and the condenser 
pump. Certainly, this is a simplification of the cycle used in practice. However, the dividing factor 
is not the cycle but rather the type of fuel burned in the steam generator (Cengel, o.a., 2011).  

Since the first steam turbine power stations appeared back in the late 1800s much has been 
achieved both in terms of technology and power generation capability. Contemporary thermal 
power stations are highly efficient and technologically complex, with cycle efficiencies sometimes 
exceeding 60% in combined cycle power plants. This study will introduce the fundamental 
concepts of the Rankine Cycle, which is the most basic, generally accepted model applied to 
vapor power cycles. Step by step the model will be extended to roughly represent the most vital 
components of a cycle used in practice. Furthermore, as the cycle complexity is being extended 
possibilities to improve efficiency will be discussed. The focus will be to investigate the 
possibilities to raise efficiency from a pure thermodynamic perspective in order to provide a 
foundation to the efficiency improvement model that will be applied to the Tallapiedra 64 MW 
oil-fired power plant in Havana, Cuba. By raising the efficiency, substantial gains can be 
accomplished in terms of fuel consumption, cost of production and reduced pollution (Cengel, 
o.a., 2011).  

3.5.1 The Simple Vapor Cycle 

Ideally it would be tempting to apply the Carnot Cycle to a vapor power cycle as it represents the 
theoretically highest efficiency that can be achieved. However, in practice a slight modification 
introduced by Professor William John Macquorn Rankine century is applied. Figure 3-4 displays a 
comparison between the two cycles in terms of temperature and saturation level at different cycle 
stages. As illustrated by the figure the efficiency for the same given maximum and minimum 
temperatures is lower for the Rankine cycle compared to the Carnot Cycle. The area limited by 1-
2-3-4 in figure 3-4 represents the cycle work. Thus the area corresponding to the triangle 1-a-b in 
the same figure represents the reduction of cycle output when applying the Rankine Cycle (Li, 
o.a., 1985). 

Evidently the two cycles are similar in many aspects, however the major difference is the 
thermodynamic state of the circulation medium. The Rankine cycle enters in liquid state after 
exiting the condenser instead of remaining in vapor state throughout the cycle. This allows the 
utilization of a condenser pump instead of a compressor to raise the fluid pressure before 
entering the steam generator, which reduces internal power consumption significantly. 
Furthermore, isentropic compression of wet vapor is more complicated to achieve as demanded 
between state 1 and 2 in Figure 3-4 (Rajput, 2007). 
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Figure 3-4 Comparision between Carnot Cycle and Rankine Cycle in Vapour Cycle applications. The y-axis represents the 
temperature and the x-axis represents the entropy (Cengel, o.a., 2011) 

Additionally, the existence of only two temperature levels in a steam power plant would be a 
major constraint in terms of thermal efficiency as it would eliminate the possibility to superheat 
the steam above the saturation temperature. Superheating is commonly applied in modern steam 
power plants and is a necessity to reach higher cycle efficiencies. In Figure 3-5, a Rankine cycle 
with a superheating stage is illustrated. This is represented by the steep temperature increase from 
the saturation curve to the highest cycle temperature (stage 3-4) (Li, o.a., 1985). By superheating 
the steam, the efficiency of the Rankine Cycle can be improved significantly and will approach 
that of the Carnot Cycle (Rajput, 2007).  

 
Figure 3-5 Rankine cycle with superheating stage in boiler (Cengel, o.a., 2011) 

Before moving on and applying the Rankine Cycle on an actual power cycle it is necessary to 
mention some differences between what is achievable in theory versus in practice. To begin with, 
it is not possible to build a reversible Rankine cycle in practice as assumed with an ideal Rankine 
Cycle. In every stage of the cycle pressure and heat losses occur which needs to be accounted for. 
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Furthermore, different heat transferring properties and failure of complete isentropic turbine 
exhaustion due to inefficiencies are both examples of irreversibilities that are not negligible.   
Every cycle component has a certain efficiency that needs to be contemplated for when 
performing calculations. When analyzing more complex cycles, losses for all components need to 
be considered in order to accurately reflect the process. Initially, some of the most commonly 
encountered cycle efficiencies will be introduced (Cengel, o.a., 2011). 

The efficiency of the expansion of the steam in the turbine can be calculated by combining the 
ideal and the actual enthalpy state of the exhausted steam as illustrated in Equation 3-3 (Li, o.a., 
1985). 

     

𝜂! =
!!!!!
!!!!!!"

    Eqn 3-3 

 

In Equation 3-3 h4is is the isentropic enthalpy, which can be read from a steam table by assuming 
constant entropy between stage 3-4 as shown in Figure 3-6. By knowing the exhaustion enthalpy 
ℎ! and the enthalpy state at the turbine inlet the isentropic efficiency of the turbine can be 
calculated.  

Similarly for the condenser pump, the isentropic efficiency can be calculated according to 
Equation 3-4, assuming that the pump work is the reverse process of the turbine exhaustion 
(Cengel, o.a., 2011). 

 

𝜂! =
!!!!!
!!!"!!!

    Eqn 3-4 

Evidently, there are many other sources of efficiencies to consider as well when analyzing the 
cycle efficiency such as boiler heat transfer properties, heating value of the fuel, mechanical 
efficiencies, generator efficiencies, internal power consumption etc. (Li, o.a., 1985). 
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Figure 3-6 Actual Rankine Cycle with irreversible processes in condenser pump and turbine (Cengel, o.a., 2011). 

3.5.2 The Actual Vapor Cycle 

The next step will be to apply the basic concept of the Rankine cycle to a steam power cycle. 
Initially a basic blueprint consisting of only four components will be used to facilitate 
explanations and calculations of the considered power plant. In reality, the process is much more 
complicated. In Figure 3-7 the steam power generation process is divided in to four different 
stages, using the same assumptions about cycle efficiencies as explained above (Cengel, o.a., 
2011). 

 
Figure 3-7 The Rankine Cycle devided in to four stages with a condenser, condenser pump, boiler and turbine (Cengel, o.a., 2011). 
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Compression of saturated water in pump (1-2 ): 

In the first stage of the cycle in Figure 3-7 the cycle circulation medium is in the state of saturated 
water. Through isochoric compression in the condenser pump the liquid pressure increases to the 
same level as the operating pressure of the boiler. In practice the pressure must be raised even 
further in order to account for pressure drops in the boiler and the piping. As illustrated in 
Equation 3-5 the required pump work can be calculated as the enthalpy difference between the 
inlet and the outlet.  

 

𝑤! = ℎ! − ℎ! =
!!!"!!!
!!

  Eqn 3-5 

The boiler operating pressure varies widely between plant sizes and designs. Today it is not 
uncommon that boilers operate at supercritical pressures of up to 300 bar. Obviously the pump is 
a consumer of mechanical power, as additional work is required to increase the pressure of the 
liquid. The general assumptions are that the work needed for the pressure addition in the pump is 
supplied from the turbine, at the cost of lower power output to the grid. However, the pump 
work is commonly neglected in cycle computations as it seldom exceeds more than few percent 
of the turbine work. Instead it is considered as a part of the internal power consumption (Cengel, 
o.a., 2011). 

Heat Addition in Boiler (2-3) 

From the second to the third phase the liquid enters the boiler where heat is added to the 
feedwater in order to vaporize the saturated liquid. The boiling temperature corresponds to the 
boiling temperature indicated by the pressure of the feedwater at the boiler inlet. Generally the 
temperature of the steam reaches between 500 -600°C at the boiler outlet if superheating is 
applied. Heat addition in the boiler is calculated according to Equation 3-6, where the heat 
supplied,    𝑞!", is the enthalpy difference between the inlet, ℎ!, and the outlet, ℎ!,  of the steam 
generator, with respect to the numbers illustrated in Figure 3-7 (Cengel, o.a., 2011): 

  𝑞!" = ℎ! − ℎ!   Eqn 3-6 

 

Steam Exhaustion in turbine (3-4) 

At the turbine inlet the high-pressure steam has reached maximum enthalpy level and is ready to 
be exhausted. In an ideal cycle the saturated steam expands isentropically from high to low 
pressure state through the turbine. However, since there are always sources of inefficiency in 
practical application the isentropic efficiency of the turbine needs to be accounted for, 
represented by 𝜂! in Equation 3-7. The turbine work is the enthalpy difference between the inlet 
and outlet of the turbine. In practice the turbine converts the potential energy in the steam to 
kinetic energy that stimulates a rotation of the turbine wheel. The rotation is mechanically 
transferred to an electrical generator that produces electricity. Equation 3-7 can be applied to 
calculate turbine work for a simple Rankine Cycle (Cengel, o.a., 2011). 

  𝑤! = ℎ! − ℎ! = 𝜂! ℎ! − ℎ!!"   Eqn 3-7 

Constant Pressure Heat Rejection (4-1) 

When the leaving the turbine the cycle’s working medium is still in wet vapor phase. In order to 
condensate the vapor, heat needs to be rejected to an external source. In an ideal process heat is 
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transferred from the vapor to a colder medium under constant pressure. The steam condensates 
and enters a state of saturated liquid. Amount of heat rejected,  𝑞!, in the condenser can be 
calculated according to Equation 3-8. The rejected heat is the enthalpy difference between the 
inlet, ℎ! and the outlet, ℎ! with respect to Figure 3-7 (Cengel, o.a., 2011). 

𝑞!"# = ℎ! − ℎ!    Eqn 3-8 

 

When all aspects of the vapor cycle have been analyzed it is possible to calculate some of the key 
indicators such as the efficiency and the power output (Cengel, o.a., 2011).  

𝜂!! =
!!"#
!!"

= !!!|!!|
!!"

  Eqn 3-9 

Equation 3-9 illustrates the method to calculate the thermal efficiency of the cycle by dividing the 
net generated work in the turbine with the heat supplied in the boiler,𝑞!". The net work is the 
turbine work subtracted by the work required to compress the fluid in the pump. Subsequently 
the power output can also be calculated by multiplying the mass flow of steam with the net 
power output according to Equation 3-10.  

𝑊 = 𝑚 ∗ 𝑤!"#    Eqn 3-10 

In applied calculations other inefficiencies need to be considered such as boiler efficiency and 
temperature and pressure drops through all stages of the cycle. Furthermore, the cycle is more 
complex with additional stages and components not illustrated in this model. However, these are 
important basic principles that need to be acknowledged before moving on to more complicated 
calculations (Li, o.a., 1985).  

3.5.3 Steam Power Plant Components 

Now that the basic concepts and calculations have been introduced it can be interesting to study 
some of commonly encountered components in a steam power plant.    

3.5.3.1  Boiler  

Normally, boilers used in power production facilities are of the so called the water tube type. The 
characteristic features of these are that water circulates through pipes where heat is transferred 
through the pipes by combustion of the fuel in the furnace (Li, o.a., 1985). Heat transfer in the 
boiler generally consists of three separate stages as shown in Figure 3-8. When the fluid enters 
the boiler it is preheated in the economizer. The economizer serves the purpose of both being a 
heater and a cooler. It increases the temperature of the feedwater to just below saturation level 
and simultaneously decreases the flue gas temperature through heat rejection to the feedwater. 
When leaving the economizer the flue gas undergoes an additional temperature drop in the air 
preheater before being released to the air. The feedwater is still in liquid state at this stage in 
Figure 3-8 and remains so until entering the furnace. Heat is then transfered in the furnace and 
absorbed by the feedwater. The temperature of the feedwater increases until it reaches the boiling 
temperature at current pressure. When the feedwater starts to boil and subsequently evaporates it 
occurs under constant temperature until all liquid has been converted to saturated steam (Teir, 
o.a., 2002).  
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Figure 3-8 Blueprint of the different heating stages in the boiler  (Teir, o.a., 2002) 

The process when heat is transferred to steam above the saturation curve it is called superheating. 
This phenomenon occurs under constant pressure and pushes the steam temperature and 
enthalpy upwards and is an important measure to increase cycle efficiency. The superheating 
stage is the final phase that the fluid goes through in the boiler, which often involves several 
procedures to maximize the temperature of the steam. In general, the vapor goes through 
between three and four superheating stages in a boiler (Teir, o.a., 2002). Superheating of the 
steam has several important features and when operating steam power plants it is preferable to 
increase the temperature substantially above saturation temperature. The three major advantages 
with superheating the steam is expressed below: (Cengel, o.a., 2011): 

• Minimal moisture content in the vapor 

• Minimal condensate in the pipes 

• Higher electricity generation capability 

These are highly desirable gains from superheating from both a power output and plant 
operation perspective. When the temperature of the saturated steam is increased the moisture 
content of the steam decreases which reduces risk of corrosion in the turbine. Furthermore, the 
performance of the turbine blades increases with less moisture content, as the kinetic energy is 
more easily absorbed. The benefits of using superheaters have made it a common application in 
today’s thermal power plants. With modern boiler technology and material durability it is possible 
to superheat the steam to temperature of up to 600 °C (Cengel, o.a., 2011). 

3.5.3.1.1 Boiler Blowdown 

When liquid water evaporates at high temperatures it can dissolve small amounts of solids and 
minerals from the boiler. At continuous use the dissolved impurities start to clog the system, 
damaging boiler and piping surfaces and restrains the evaporation process. The highest 
concentration of dissolved minerals is found where the steam is being generated, near heat 
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exchange surfaces. Replacing the mineral-rich water and intentionally draining the boiler can 
avoid precipitation. In common practice this is referred to as boiler blowdown and can be 
described as a form of precautionary cleaning process. Normally the blowdown mass flow is 
about 1-3 % of the mass flow at the boiler inlet (Teir, o.a., 2002). 

3.5.3.1.2 Fuel Preheating 

Fuel preheating is a common application in power plants that combust heavy fuel oil. By 
increasing the temperature of the fuel before the combustion in the burner major improvements 
in terms of efficiency can be accomplished. Decreasing fuel viscosity is most central aspect in 
improving fuel combustion properties (North American Manufacturing Companies, 1998). 

In addition to the combustion of other fuels, oil is required to be in vapor phase when ignited. 
Increasing the surface area in relation to the volume of the fuel can facilitate the vaporization 
process. This is accomplished with an atomizer that creates fuel droplets that are sprayed in to 
the burner.  Fuel oil with low viscosity tends to atomize more easily, hence measures to raise the 
viscosity of the oil before the combustion is commonly applied. By preheating the oil it is 
possible to reduce the viscosity of the fuel and thereby increasing the efficiency of the 
combustion process. This presents opportunities to achieve cost saving and fuel usage reductions 
(North American Manufacturing Companies, 1998).  

Generally the Cuban fuel oil tend to be of heavy distillate type with high viscosity (Turtós, o.a., 
2006) hence the power plants are equipped with fuel preheaters in order to improve the fuel 
combustion properties of the plant. However, in order to increase the temperature of the steam, 
heat needs to be supplied by some external source. Normally hot steam drained from the boiler is 
used to raise the temperature of the fuel, at the cost of lower steam mass flow at the boiler outlet. 
In order to provide accurate estimates of the boiler fuel consumption, the steam bled from the 
boiler used in the fuel preheating process needs to be accounted for (Carlos, 2013) 

3.5.3.1.3 Boiler Efficiency 

The efficiency of the boiler is an important aspect to consider in power plant design. Boiler 
efficiency depends on several factors and is highly dependent on the type of fuel used in the 
burner. There are two main ways of calculating the efficiency; the German Institute for 
Standardisation (DIN standard which uses LHV) and the American Society of Mechanical 
Engineers (ASME which uses HHV) standard. It is essential to be clear which convention that is 
being used and if the efficiency of the boiler is displayed in terms of LHV or HHV. Boiler 
efficiency is correlated to the heat loss that occurs after fuel combustion.    Displayed below are 
the some heat losses that have a major impact on the boiler efficiency (Teir, o.a., 2002): 

• Heat loss due to incomplete combustion of combustible gases such as carbon oxide and 
hydrogen 

• Heat loss due to incomplete combustion of combustible solid fuel 
• Flue gas heat waste  
• Ash heat waste 
• Heat transfer through radiation not received by the fuel 
• Boiler blowdown 

The efficiency of the boiler can then be calculated by using the Direct Method, which is the 
summary of the heat losses,  𝑄!"##, divided by the heat input, 𝑄!" : 
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𝑛! = 1− !!"##
!!"

      Eqn 3-11 

Calculations for the individual heat losses will not be displayed, as they will not be utilized in this 
study (Teir, o.a., 2002). 

3.5.3.1.4 Boiler Fuel Consumption 

There are many types of fuel that can be used to fire a boiler in a steam power plant. In most 
cases it is not possible to use different kinds of fuel in the same boiler. One exception is natural 
gas and oil, which have similar fireside properties that grants them the possibility to be burned 
using the same type of equipment (Teir, 2002). 

In terms of fuel specific properties the heating value or the calorific value is of high interest to 
further examine.  The heating value can be described as amount of energy released by the fuel 
when complete combustion occurs, measured in J/kg. In general two types of heating value are 
discussed, the Lower Heating Value (LHV) and the Higher Heating Value (HHV). The difference 
lies within the phase of the water after combustion has occurred. LHV is obtained when the 
water contained in the fuel is released in vapor state whereas HHV is obtained when the water 
condensates completely after the combustion. Because extra heat is released when the water 
condensates after the combustion, the HHV of the fuel is usually higher. The relation between 
the two can be expressed as follows (Rajput, 2007): 

𝐿𝐻𝑉 = 𝐻𝐻𝑉 −𝑚 ∗ ℎ!"       Eqn 3-12 

𝑚 is the mass of the water that is created after a combustion and ℎ!"the enthalpy of vaporization 
of water. 

It is not possible to calculate an exact value of HHV or LHV of the fuel without laboratory 
equipment. However, it is possible to estimate it by using approximation. For solid fuels 
Dulong’s equation may be used (Rajput, 2007): 

𝐻𝐻𝑉 = !
!""

(33800𝐶 + 144000 𝐻 − !
!
+ 9270𝑆) ,   Eqn 3-13 

C, H, O and S are percentage mass content of coal, hydrogen, oxygen and sulfur respectively. In 
practice the LHV value is more commonly applied due to the fact that the water usually is in 
vapor phase when exiting the combustion (Rajput, 2007). Furthermore, higher quality fuel has 
lower content of unwanted substances such as oxygen and sulfur. In Equation 3-13 it is evident 
that these substances have a less positive impact on the calorific value in comparison to coal and 
hydrogen. Cuba is known for having high sulfur level in the domestically produced oil, around 
3% for fuel oil and up to 5-7 % of sulfur in the crude oil (Carbonell, o.a., 2006).  

To estimate the fuel consumption it is necessary to consider several important factors including 
boiler characteristics, fuel quality (lower heating value) and the boiler efficiency. The following 
calculations can be used to compute the fuel consumption in the boiler (Li, o.a., 1985): 

  𝑊! =
!

!"#∗!!
(𝑚! ℎ! − ℎ! +𝑚!!" ℎ! − ℎ! +𝑚!"(ℎ!" − ℎ!)) Eqn 3-14 

      

The first term of Equation 3-14 is the heat addition needed to vaporize and superheat the steam. 
The second and the third terms are wasted heat due to boiler blowdown and fuel preheating 
respectively, where 𝑚!!" is the mass flow of saturated liquid drained from the boiler and 𝑚!" 
the mass flow used for fuel preheating. Furthermore, it is evident that the lower heating value and 
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the boiler efficiency have considerable effect on the fuel consumption. These are all important 
factors to consider when analyzing the fuel consumption of the plant (Li, o.a., 1985). 

3.5.3.2 Steam Turbine 

Along with the first steam power plants in the 1880s came also the first steam turbine prototypes. 
World famous Swedish inventor Gustav De Laval was an important front figure in pursuing 
technology advancement in the field. Although the steam turbine has been in operation for over 
a 100 years the concept of steam exhaustion has changed little. Generally when the high-pressure 
steam enters the turbine it goes through two steps before being converted to mechanical energy 
in the turbine shaft. First the potential energy in the steam is converted to kinetic energy in the 
stationary blades, also referred to as nozzles. Subsequently a pressure drop occurs, which creates 
a kinetic force that initiates the rotation of the turbine shaft. The turbine shaft is connected to an 
electrical generator, which transforms the mechanical energy in to electrical energy (Aksu, 2011). 

In large industrial power plants several stages of high and low pressure turbines are being 
incorporated in order to allow reheating stages in the cycle process. Normally the turbine consists 
of  two or three exhaustion stages commonly referred to as high pressure turbine, intermediate 
pressure turbine and low pressure turbine. In this process steam is of often extracted from the 
turbines in order to use in feedwater preheaters but can also be reheated in the boiler in order to 
decrease moisture content. It is extremely important the moisture content of the steam does not 
exceed 12% at the final exhaustion stages as it induces corrosion on the turbine The moisture 
content of the steam can be calculated using Equation 3-15 (Rajput, 2007) 

𝑥!"#$%&'( = 1− !!!!!
!!"

    Eqn 3-15 

Where 𝑥!"#$%&'( is the percentage moisture content in the wet steam with ℎ being the exhaustion 
enthalpy, ℎ! the enthalpy of the saturated liquid and ℎ!" the enthalpy of vaporization at 
condenser pressure (Cengel, o.a., 2011). Steam power plants operating at high pressures tend to 
have high moisture content at later stages of the turbine exhaustion. To avoid a scenario with 
severe corrosion on the turbine blades large power generation facilities usually reheats the steam 
in between the high and low pressure exhaustion stages (Rajput, 2007).  

3.5.3.2.1 Reheat Rankine Cycle  

Many large scale steam power plants operate at high pressure levels. As discussed in the previous 
sections, higher pressure increases the moisture content at the later stages of the steam expansion 
process. However, by reheating the steam between the high- and low-pressure stages in the 
turbine, it is possible to eliminate this problem. In Figure 3-9 this process is illustrated as an extra 
stage between the high and low-pressure turbine specified in stage 4-5.  When returned to the 
second turbine the temperature of steam has increased from the additional heat added in the 
boiler. Subsequently the reheating process is followed by a second steam exhaustion stage in the 
low-pressure turbine as shown in figure between the 5th and the 6th stage (Cengel, o.a., 2011). 
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Figure 3-9 Vapor cycle with reheating stage between high -and low-pressure turbine (Cengel, o.a., 2011) 

Figure 3-10 illustrates how the expansion line is shifted to the right in the t-s diagram. This 
procedure increases the turbine exhaust end enthalpy, which decreases the moisture content in 
the steam. Evidently the moisture content has been reduced without lowering the boiler pressure. 

 
Figure 3-10 t-s diagram illustrating the reheat vapor cycle described in Figure 3-9 (Cengel, o.a., 2011) 

Additionally, adding a reheating stage also raises the total cycle efficiency. Figure 3-10 illustrates 
the supplementary turbine output, represented by the area surrounded by 4-5-6-a. The efficiency 
increase is the extra work output in addition to the extra heat supplied by the steam generator.  In 
theory, adding more reheating stages to the process increases the total cycle efficiency. However, 
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more than two stages would neither be economically- nor technically feasible. For every reheating 
stage the efficiency gain is less than 50% of the previous. Moreover, it would eventually result in 
a superheat exhaust. This is unfavorable from a performance perspective as the average heat 
rejection level is reduced. In practice more than one reheating process is only encountered in 
plants that can operate at supercritical pressure levels (>220 bar). To get the most desirable 
effects from the reheat it is necessary to use a reheating pressure amounting to 25% of the 
maximum cycle pressure (Cengel, o.a., 2011). 

3.5.3.2.2 Extraction Steam Turbine 

Steam extraction from the turbine is a common application utilized in power generation facilities 
in order to raise the cycle performance. The hot steam bled from the turbine is used to preheat 
the feedwater in several stages. This is a desirable feature of the vapor cycle as it increases average 
heat transfer temperature to the fluid, which subsequently increases overall cycle efficiency. In 
large steam power plants the steam is often extracted in five or more stages in order to raise the 
feedwater temperature as much as possible before entering the boiler. However, it is important to 
not exceed the boiling temperature of the feedwater before entering the steam generator to avoid 
premature vaporization of the liquid (Rajput, 2007).  

There are two main types of this application: open and closed feedwater heaters. Both have 
advantages and disadvantages that make them preferable in different situations. Several stages of 
open and closed feedwater are often combined in order to maximize utility. The number of 
feedwater heaters in the cycle is not a constraining factor in terms of efficiency although it is not 
economically feasible. Large steam power plants can sometimes have up to 9 feedwater heaters 
(Rajput, 2007).    

Figure 3-11 illustrates a vapor cycle using turbine steam extraction with heat addition in two 
stages between the condenser outlet and the boiler inlet. 

 
Figure 3-11 t-s diagram illustrating a vapor cycle with two steam extractions and two feedwater heaters (Cengel, o.a., 2011) 

3.5.3.2.3 Features of the Open Feedwater Heater 

The open feedwater heater uses the extracted steam from the turbine to raise temperature of the 
feedwater. When the steam reaches the regenerator both the elements are mixed and the 
feedwater temperature increases. However, in order for the mixing to be achievable it is essential 
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to equalize the pressure level of the steam and the feedwater before the inlet through the 
condenser pump. Additionally, the open feedwater heater needs an extra pump to raise the 
pressure of the feedwater to the boiler operating pressure when leaving the heater (Cengel, o.a., 
2011).  

The open feedwater heater is relatively simple from a technical aspect in comparison to the 
surface heater, which makes it relatively inexpensive (Cengel, o.a., 2011). One common type of 
application of the open feedwater heater is commonly referred to as the deareator. This type of 
open feedwater heater has the objective of removing gases that are non-condensable that can 
cause severe corrosion damage on the equipment (Carlos, 2013) 

3.5.3.2.4 Features of the Closed Feedwater Heater 

In the closed feedwater (surface) heater it is not necessary to raise the pressure of the feedwater 
before entering due to the fact that heat transfer occurs without the elements being physically 
exposed to each other.  A major advantage with this type of application is that the heat transfer 
does not require a pump. However, this is not optimal in terms of heat transfer efficiency as the 
optimal heat transfer convention is trough mixing the elements. Additionally, as the closed 
feedwater is more technically it is relatively more expensive to acquire than the open feedwater 
heater (Cengel, o.a., 2011). 

To calculate the amount of steam that needs to be extracted from the turbine for each feedwater 
heater it is necessary to perform heat balance calculations. 

 
Figure 3-12 Heat balance for a closed feedwater heater (Rajput, 2007) 

For the surface heater illustrated in Figure 3-12, Equation 3-16 can be used to perform the heat 
balance calculations. 

𝑚!" ∗ ℎ! +𝑚!"##$ ∗ ℎ! = 𝑚!" ∗ ℎ! +𝑚!"##$ ∗ ℎ!   Eqn 3-16 
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The features of the steam that is extracted is determined by the saturation pressure of the 
feedwater at temperature t2. Furthermore, the drain condition of the extracted steam is saturated 
liquid at turbine extraction pressure, assuming that pressure losses are neglected. Because the 
feedwater is saturated liquid and considered as an incompressible fluid the relation between the 
enthalpy and the temperature can be calculated using the specific heat of water,  (Cp=4.18 kJ/kg).  
Equation 3-17 illustrates this relation, where ℎ is the enthalpy and 𝑡 the temperature of the water 
(Rajput, 2007).  

ℎ = 𝐶! ∗ 𝑡     Eqn 3-17 

Furthermore, if the outlet temperature is known for the specific feedwater heater the extraction 
enthalpy can be obtained from a t-s diagram by drawing an extraction line between the turbine 
inlet and outlet enthalpies. The intersection between the pressure lines and the extraction line is 
the enthalpy at which the steam is being extracted. In Figure 3-13 this procedure of determining 
the extraction enthalpy is illustrated with two extraction stages in the turbine at pressure p1 and 
p2. The pressure levels have been obtained from the saturation pressure for the feedwater at 
outlet of the surface heater (Rajput, 2007). 

 
 Figure 3-13 The extraction line for a turbine with two steam extractions (Rajput, 2007) 

As Figure 3-13 displays the turbine expansion line is not vertical as in an isentropic process with 
constant entropy through the turbine exhaustion. The angle of the expansion line is determined 
by the efficiency of the turbine. Assuming that the inlet and outlet enthalpies are known, the 
extraction line can be drawn (Cengel, o.a., 2011).  

3.5.3.2.5 Turbine Efficiency 

The efficiency of the turbine can be described as the amount of work that can be extracted in 
relation to the ideal isentropic process with no internal losses. Turbine efficiencies can range 
from over 90% in large-scale power generation facilities to 65% in smaller plants. In the end it is 
the efficiency gain versus the cost of the turbine that has to be put in perspective to determine 
what is the best choice of turbine for the power plant considered. If the fuel cost saved by 
increased efficiencies is not covered by the extra cost for investing in a more efficient turbine it is 
not a viable option (Aksu, 2011).  
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Additionally, there are other efficiencies that require consideration in the power generation stage, 
namely the generator efficiency and the efficiency of the mechanical coupling connected to the 
generator. In relation to the isentropic efficiency of the turbine these losses are considerably 
smaller. Generally the mechanical efficiency is around 99-99.5% and the generator efficiency 
slightly lower, normally around 98- 98.5% (Li, o.a., 1985).  

 

3.5.3.2.6 Calculation of Work for Extraction Turbine 

Assuming that all extraction enthalpies and mass flows have been obtained from the heat balance 
equation displayed in Equation 3-18 the power output from the turbine can be calculated 
according to the following formula: 

𝑊!"#$%&' = 𝑚   ∗ ℎ! − ℎ! + 𝑚 −𝑚! ∗ ℎ! − ℎ! + 𝑚 −𝑚!−𝑚! ∗
ℎ! − ℎ!       

      Eqn 3-18 

The work in the turbine,𝑊!"#$%&' , is the sum of all enthalpy drops that occur in the turbine with 
respect to the mass flow related to the specific steam extraction line. The first term is the 
enthalpy difference between the inlet and the first extraction line, multiplied by the mass flow 
entering the turbine. The second and the third terms are the enthalpy drops that occur between 
the first and the second extraction stage and subsequently the enthalpy drop between the final 
extraction and the turbine. 

3.6 Tallapiedra Power Plant 
The part of the study consisting of field studies at a power plant on Cuba was conducted at the 
Tallapiedra-plant in Havanna. “Otto Parellada”, as it is known as in popular parlance, is an oil-
fired power plant utilizing a steam turbine generator with a maximum capacity of 64 MW. The 
economic load is however 60 MW and the 64MW is a nominal capacity, which is seldom reached 
(Rafael, 2013) (Carlos, 2013).  

The plant has an interesting history. It was founded in 1889 and earned 105 years later an official 
recognition as being a part of Havana´s historical heritage. The initial purpose of the plant was to 
supply a nearby park. At the time the plant was located in the outskirts of Havana, but with a 
growing city the plant is now found in the city center in the Havana Bay-area. In 1913 technology 
from the American company Westinghouse was invested in the plant and increased its capacity to 
25 MW. Burning coal was the source of energy and by supplying the plant with American front 
edge technology the operations of power generation in Tallapiedra was considered to be one of 
the world´s foremost. In 1947 fuel type was changed to oil and the maximum capacity was 
increased to 75 MW. By 1958 major units were changed to German technology from AEG and 
the capacity decreased to 60 MW. The German introduction was to discontent and in 1973 the 
structure of the plant was changed to Czechoslovakian manufactured Skoda. The Skoda 
technology meant a capacity increase to 64 MW and is still, with a few added modifications from 
international manufacturers, the structure still present (Rafael, 2013) (Lopez, 2013) (Carlos, 2013). 

Due to the central location of the plant, few intentions in expanding have been made. However, 
many upgrades and improvements have been implemented in order to satisfy local regulations 
and minimize impact on the surrounding city. Recent improvements have reduced the fuel 
consumption from earlier 320 g/kWh to presently around 285 g/kWh. The fuel itself is a blend 



-42- 
 

between heavy fuel oil and light fuel oil. The actual composition varies from time to time but the 
sulfur content of the fuel usually stays below 4 %. At the time of the field study, a fuel 
composition with sulfur content of 1.65 % was being processed. The lower heating value (LHV) 
of the fuel currently used in the Tallapiedra power plant is 41700 kJ/kg (Rafael, 2013). The cost 
of the fuel is 400 Cuban pesos (CUP) per ton but the figure is a bit misleading (Lopez, 2013). 
Cuba rests on a complex economic system with two different currencies. Salaries, domestic 
production, national sales etc. are priced by the national currency Cuban peso (CUP). All 
international commerce and imported goods however are based on the Cuban convertible 
(CUC). The CUC is directly correlated to the US dollar and is exchanged as 1:1. The CUP is 
exchanged to the CUC by 25:1. Hence, 25 CUP amounts to one US dollar and the price of 400 
CUP per ton of fuel would equal 16 USD for the same volume. The dual monetary system 
imposes great difficulties when calculating financial flows in Cuba. The CUP is issued by the 
government and is essentially without value outside of the island. In order to get a more realistic 
view of the economic situation and the actual cost of fuel, this study will use Gulf No.6 fuel oil 
world market price to benchmark and correlate the actual cost (Rafael, 2013) (Carlos, 2013). 

A major problem with all the Cuban power plants is the extensive need of maintenance due to 
the poor quality of the oil. The fact that Tallapiedra only uses fuel oil instead of crude oil 
improves the situation, but hours of downtime due to maintenance are still a problem that greatly 
affects the plant´s efficiency. The nature of the problem, being that it is difficult to foresee when 
parts will malfunction makes it difficult to calculate how often the plant is available for 
production. At the time of the field study the plant was out of production due to a breakdown in 
the turbine. It had been so for a month but had before that operated for 3-4 months without any 
major disturbances. Historically there are usually 20-25 forced stops in the production per year. 
These stops are usually easily fixed and only keep the plant out of operation for up to five days. 
However, major breakdowns lasting up to six months have been known to occur. In addition to 
the forced stops there are also planned stops. Every year there are two shorter planned stops in 
production that last for 10 days each. There is also a longer period of planned maintenance every 
year that stretches for 25 to 40 days. Every fourth year there is a planned stop in production that 
ranges between 90 and 120 days.  This equals an approximated availability of 63%. See Appendix 
21 for calculations (Carlos, 2013). 
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3.6.1 Tallapiedra Vapor Cycle Analysis 

 
Figure 3-14Model of the Tallapiedra power plant steam cycle (Carlos, 2013) 

With respect to the plant data presented in Appendix 1 to 3, Figure 3-14 illustrates the vapor 
cycle for the Tallapiedra power plant. The cycle is slightly modified in comparison to the original 
blueprint but is considered as an accurate estimation of the cycle applied in practice. Presented 
below is a summarized walk-through the cycle, explaining different aspects at all stages. 

Starting at the condenser outlet, (1), where the temperature of the condensate amounts to 41 °C 
with a corresponding saturation pressure of 0.08 bar. This is the lowest temperature and pressure 
in the cycle for the main fluid flow. The saturated liquid, also referred to as the feedwater, is then 
compressed in the condenser pump reaching a pressure equal to that of the mixing chamber. In 
practice the pressure needs to be raised even further in order to allow pressure drops in the 
piping (Rajput, 2007).  

After leaving the condenser pump the feedwater goes through several preheating stages. Between 
stages 2-7 in Figure 3-14 the feedwater circulates through four surface heaters. Additional 
drainwater from the turbine extractions are added to the mass flow as it passes through the 
fourth and the fifth stage. Moreover, a second pump and an expansion chamber are utilized in 
order to adjust the pressure of the drain water to enable mixing of the fluids. 

At the outlet of the fourth surface heater, (7), the temperature has increased to 138 °C through 
the heating stages. As the feedwater enters the mixing chamber (deaerator) additional heat is 
supplied from turbine extraction and drain water creating a saturated mixture of feedwater. Apart 
from increasing the temperature of the feedwater the deaerator removes incondensable gases that 
increase the risk of corrosion. From the extra heat added in the heater, the temperature of the 
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feedwater has been further enhanced and now amounts 154 °C. Furthermore, since drain from 
the extraction turbines is added to the feedwater the mass flow in (10) is now equal to the 
combined cycle mass flow (Cengel, o.a., 2011).  

Since the pressure of the feedwater is still below the boiler operating pressure at the outlet of the 
open feedwater heater additional compression of the fluid is necessary. In order to adjust for 
complementary pressure drops in the piping and particularly in the boiler the pressure needs to 
be raised above the required operating pressure of the boiler. A supplementary pump is therefore 
used to raise the feedwater pressure as illustrated between stage 10 and 11 in Figure 3-14. The 
enthalpy increase as a consequence of raising the pressure of the feedwater is neglected.  

Before entering the boiler extra heat is supplied by two additional surface heaters and the 
temperature increases to 215 °C. To avoid premature boiling the water temperature is kept below 
the evaporation temperature at current pressure. In the boiler the feedwater is first preheated in 
the economizer(s) and later vaporized in the furnace through combustion of the fuel oil. 
Additional heat is then supplied to the steam in the superheaters. The process is similar to the 
steam generator displayed in Figure 3-14. Furthermore, as illustrated in Figure 3-14 some of the 
boiler inlet mass flow is wasted for preheating of the fuel in order to raise combustion efficiency. 
At the boiler outlet the temperature and the pressure of the steam is 540 °C and 94 bar 
respectively (Cengel, o.a., 2011).  

The exhaustion process is initiated at the inlet of the high-pressure turbine. Steam extraction 
occurs at four stages of the expansion process, where the high-temperature steam is supplied to 
the feedwater heaters. Subsequently, the remaining low-pressure steam continues the expansion 
process in the low-pressure turbine, where additional steam is extracted in two stages. In the 
second turbine the steam is exhausted to the condenser pressure. The turbines are mechanically 
connected to the generator that converts the kinetic energy from the rotation in the turbine to 
electricity. 

In the condenser the water vapor enters the final stage of the cycle where heat is rejected to the 
seawater that serves as cooling medium. Drainwater from the first surface heater is also returned 
to the condenser and an additional mass flow contribution is supplied from the reserve tank in 
order to maintain constant cycle mass flow. As heat is rejected from the steam it causes the vapor 
to condensate and at outlet of the condenser the water is in the state of saturated liquid. 

3.7 Increasing Efficiency of the Tallapiedra Plant 
An interesting aspect to investigate after analyzing the steam cycle are the possibilities to raise the 
efficiency of the plant.  There are two major measures to consider when increasing the 
performance of the steam cycle. The first is to raise the average temperature at which heat 
addition occurs and the second is to decrease the temperature at which heat is rejected.  There 
are three major modifications that can be made on the cycle that both satisfies these conditions 
and has the potential to raise the cycle efficiency considerably (Rajput, 2007). 

• Raising Superheating Temperature 
• Increasing Boiler Pressure 
• Reducing Condenser Pressure 

Although adding more feedwater heaters and a reheating process between would also be 
interesting, they will not be investigated since they require substantial modifications to the current 
cycle (Rajput, 2007). 
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3.7.1.1 Lowering Condenser Pressure 

When exhausted steam leaves the turbine the vapor pressure corresponds to the pressure in the 
condenser.  Hence, reducing the operating pressure of the condenser automatically decreases the 
exhaustion temperature of the steam. This satisfies the second condition of raising cycle 
efficiency as it decreases the average temperature at which heat is rejected. Figure 3-15 illustrates 
the effect on cycle performance from decreasing condenser pressure from p2 to p2

’. The pressure 
drop is followed by a temperature drop, which decreases the enthalpy of the exhausted steam at 
the turbine outlet. The net increase in cycle work is the areas surrounded by a-b-c-d-e in Figure 3-
15. 

 
Figure 3-15 The t-s diagram displays the increase in net work as a result of decreasing condenser pressure (Cengel, o.a., 2011). 

However, there are complications that constrain the minimum condenser pressure that can be 
obtained. To achieve efficient heat rejection in the condenser the temperature between cooling 
medium and steam must be above 10°C. Furthermore, when the pressure decreases the steam 
exhaustion will occur at lower enthalpy level, which is followed by increased moisture content in 
the steam. Additionally, low pressure levels increases the risk of air leaking in to the condenser, 
which is highly undesirable. (Cengel, o.a., 2011). 

From the presented plant data in Appendix 1-3 the conditions in the condenser can be obtained. 
Appendix 1-2 shows the condenser pressure and the temperature of the cooling medium. The 
condenser pressure indicates a saturation temperature of 41 °C.  With respect to the condition 
stated in the previous paragraph it is evident that the condenser pressure cannot be decreased 
much further.  Because of these constraints it will not be a viable option to further decrease the 
operating pressure of the condenser.  

 

3.7.1.2 Increasing Superheating Temperature 

Superheating is a commonly used application to increase the efficiency of vapor cycles. Increased 
superheating temperature automatically raises the enthalpy of the steam. Higher steam enthalpy at 
the turbine inlet increases the potential work that can be extracted of the steam.  However, in 
order to maximize the steam temperature, supplementary heat needs to be added in the boiler.  
Nonetheless, the overall efficiency increases since the additional work generated in the turbine is 
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superior to the extra heat addition in the turbine. Another positive effect from superheating is 
that the steam moisture levels decreases substantially, which enhances turbine efficiency 
additionally (Cengel, o.a., 2011).  

Figure 3-16 can be considered as simplified model for the vapor cycle illustrated in Figure 3-14. 
Displayed in the figure is a temperature-saturation diagram where the superheating temperature is 
increased from point a to point b. The net additional work, wnet, generated in the turbine is 
represented by the area limited by a-b-c-d.  

 
Figure 3-16 The t-s diagram illustrates the increase in net work as a result of increasing the superheating temperature (Cengel, o.a., 
2011) 

As it appears in Figure 3-16 it would be optimal to superheat the steam as much as possible to 
increase efficiency. Unfortunately, limitations of the material’s heat tolerance properties constrain 
the maximum steam temperature to around 600°C with today’s technology. From the plant 
operational data it is evident that the current superheating temperature is 540 °C, which is 
substantially lower than today´s material properties allows. Evidently, it would be beneficial from 
an efficiency perspective to further increase the superheating temperature for the Tallapiedra 
plant (Cengel, o.a., 2011). 

 

3.7.1.3 Increasing Boiler Pressure 

Another way to satisfy the first condition of raising cycle performance is through increasing the 
boiler pressure. Higher feedwater pressure automatically increases temperature at which boiling 
takes place, hence the average heat addition temperature increases. As mentioned before, higher 
average heat transfer level is closely related to increasing cycle efficiency (Cengel, o.a., 2011).   

Many power plants today operate at supercritical pressures (>220 bar). However, this is not 
achievable without substantial modifications to the power plant since it would require more 
durable materials to sustain the tougher operating conditions. The outlet pressure from the steam 
generator in the Tallapiedra plant amounts to 94 bar. This is considerably lower than supercritical 
pressure levels and presents opportunities to perform minor adjustments to the boiler pressure 
with potential to increase the overall efficiency of the cycle. In order to raise the pressure the 
pump will consume more power, which affects the output negatively. However, as the pump 
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work is insignificant in comparison to the additional work generated in the turbine it is negligible 
in this context (Cengel, o.a., 2011). 

 
Figure 3-17 The t-s diagram shows the net increase and decrease in power output as a result of increasing the boiler pressure (Cengel, 
o.a., 2011). 

Figure 3-17 shows the increased cycle performance from increasing boiler pressure. It is evident 
from the figure that the net increase in cycle work is greater than the reduced cycle work due to 
lower steam enthalpy at the turbine inlet.  Apparently it occurs at the cost of lower entropy after 
superheating (from point b to a in Figure 3-17). Thus the moisture content in the steam is 
necessary to consider when modifying the boiler pressure. (Cengel, o.a., 2011).  
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4 Model 
It is vital from both health and environmental considerations to reduce emissions of SO2. Due to 
the fact that Cuba is predicted to continue its dependency of sulfur rich oil for power generation, 
means of improving the current situation is of interest. Improving power plants and making them 
more efficient can gain much in terms of reducing the environmental footprint.  

The objective of this model is to investigate possibilities to reduce emission of SO2 by increasing 
efficiency of the Tallapiedra power plant. Efficiency improvement areas that will be evaluated are 
increasing boiler operating pressure and raising superheating temperature. Increased plant 
efficiency means that less fuel is needed to generate the same amount of power as before. 
Consequently, reduced fuel consumption reduces emissions of SO2 per generated kWh.  

The model consists of six separate calculation stages. The first three stages focus on calculating 
key figures such as power output and plant efficiency. In the fourth stage a moisture content 
evaluation is performed in order to determine whether the improvement is technically viable. 
Fuel consumption is then calculated in stage five using the data calculated in the first three stages. 
Finally, emissions of SO2 are determined in the last stage of the model. The different calculation 
stages and how they are combined is illustrated in the model overview presented below. 

 

 
Figure 4-1 Model overview 

 

Both efficiency improvement scenarios will be calculated using the same procedures but with 
different figures according to the characteristics of the corresponding efficiency improvement.  
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The data used in the model has been collected from field studies at the plant. Data comprises of 
available operating figures along with complementary data obtained through numerical 
calculations, due to unavailability. All data used in computing the results can be viewed in 
Appendix 1-13.  

4.1 System Boundaries 
The efficiency improvement model for the Tallapiedra power plant has some limitations that are 
necessary to acknowledge. Since this is a simplification of the actual operating conditions the 
model strives to provide an accurate approximation of the actual power cycle in the Tallapiedra 
plant. The motive to this approach of analyzing the power cycle has two causes. Firstly, in order 
for the efficiency improvements to be comparable to the current power cycle it is necessary to 
provide similar operating conditions. Secondly, insufficient access to exact data has required 
some of the data to be calculated. These calculations has been assumed somewhat ideal 
conditions in order to allow a good approximation of the power cycle.  The system boundaries of 
the model are displayed below: 

• The process of heat rejection from the surface heaters to the feedwater is considered as 
an isobaric process. 

• Pump work is neglected assuming constant enthalpy for the feedwater since the enthalpy 
rise induced by the pump is insignificant in relation to other cycle processes.  

• Cycle mass flow is assumed to be constant with no leakages in the piping, turbine or 
other cycle component apart from the steam drained for fuel preheating.   

• No pressure drop is assumed in the boiler. The extra pump work needed to compensate 
for this is neglected and assumed to be comprised by the total internal power 
consumption. 

• The heat rejection from the extraction steam to the feedwater is considered as an isobaric 
process. However, since the pressure of the extraction mass flows are available 
information but not in correspondence with the saturation pressure indicated by the 
temperature of the feedwater a pressure drop is assumed in the transportation pipelines. 
The pressure drop equals the given data subtracted by the pressure level indicated by the 
saturated liquid, exiting the surface heater. 

• Some of the extraction piping from the turbines are used in different processes not 
accounted for in this model and some of the processes have been merged and removed. 
This has forced a recalculation of the extraction of mass flows which were partly supplied 
in the initial plant data. The consequence of this is the plausibility that this model slightly 
overestimates the plant power output. 

• Pressure and temperature drop at the turbine outlet is neglected, hence the enthalpy at 
the turbine inlet is equal to the enthalpy at the boiler outlet. 

• A minor pressure drop is accounted for between the low-pressure turbine outlet and of 
the condenser to accurately reflect the turbine exhaustion enthalpy. 

• Cycle modifications only affect turbine inlet and boiler outlet. Other parameters are 
considered to be constant.  

Furthermore, for the sulfur model to be applicable some further system boundaries needs to be 
established. 

• Complete combustion of the sulfur content in the fuel is assumed.  
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• In reality the sulfur content of the fuel affects the lower heating value of the fuel. Since 
this would be too specific to investigate and require additional laboratory experiments, it 
will not be accounted for in the model. 

. 

4.2 Calculation Methodology 

4.2.1 Calculation of Boiler Heat Addition 

 

Initially the boiler heat addition will be calculated using the following equation: 

 

𝑄! =
(!!!!!")∗!!!(!!"!!!")∗!!"

!!
    Eqn 4-1 

 

The heat addition includes two different types of work. The first term in the numerator is the 
enthalpy difference between the feedwater at the inlet and the superheated steam at the outlet. 
The second term represents the loss due to steam extraction used for fuel preheating.  

 

The inlet enthalpy, h0 can easily be obtained by multiplying the inlet temperature by the specific 
heat, (Cp=4.18kj/kg), of water at constant pressure. This is achievable due to the fact that liquid 
water can be considered as an incompressible fluid.  

 

ℎ! = 𝐶! ∗ 𝑡!"     Eqn 4-2 

 

Subsequently the exit enthalpy can be obtained from a steam table using the temperature and 
pressure at the boiler outlet. 

 

4.2.2 Calculation Turbine Work 

 

The turbine output is the sum of all separate steam exhaustion stages in the low and high 
pressure turbine. To do that it is necessary to obtain the extraction line for both the turbines.  
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Figure 4-2 Extraction lines for the high and low pressure turbines 

By drawing the extraction line between the inlet and the outlet enthalpy on a steam table all the 
extraction enthalpies can be read of t-s or s-h diagrams by finding the intersection between the 
extraction pressure and the expansion line. Appendix 5-11 displays the values obtained from the 
extraction line. 

 

However, the extraction mass flow from the turbines are still unknown. These can be obtained 
by performing heat balance calculations on the feedwater heaters for all the 6 extraction lines. 
Since the drain conditions of the extracted steam depend on the bleeding pressure, these 
enthalpies are assumed to be equal to those obtained from the plant data. The mass flows are 
calculated doing heat balance calculations on all the feedwater heaters including the open 
feedwater heater.   

Before starting, it can be valuable to mention that all enthalpies are known variables, hence the 
only equations needed to be solved are those for the extraction mass flows. Furthermore, the 
digits used to name different variables for the different stages in the heat balance calculations 
corresponds to the phase number displayed in figure, hence ℎ!" is the enthalpy at stage 15 in the 
cycle blueprint, to demonstrate the applied procedure. 

Since several unknown variables will have to be dealt with for the heat balance calculations it will 
be necessary to set up a sequence of equations. To begin with all heat balance equations will be 
presented. Subsequently a system of equations will be displayed in a matrix in order to derive the 
extraction mass flows using MATLAB. Furthermore, the equations system applied to the power 
plant does not have to be extended in order to correspond to the different efficiency 
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improvements performed, hence this model can be used to perform and try different 
thermodynamic properties of the plant.  

As for all models applied in practice there are some flaws and losses that make the actual process 
imperfect. In an ideal cycle the extraction pressure in the turbine is determined by the saturation 
pressure for the temperature of which the feedwater exits the corresponding feedwater heater. 
However, because of imperfections such as heat and pressure losses this is not the case in reality. 
For example, the temperature at which the feedwater leaves the last surface heater implies that 
the pressure at which the steam should be extracted should approximately be 21 bar.  This figure 
is slightly lower than that indicated by the plant data displayed in Appendix 1. This implies that a 
pressure drop of about 3 bar occurs in the pipes and the surface heaters. Similarly for the other 
surface heaters the pressure drop is between 13 – 19% of the extraction pressure. This has to be 
taken in the account when determining the drain water enthalpies for the turbine extractions.  

Heat balance Feedwater Heater 6 

The condition to be satisfied in the heat balance equation is that the relative enthalpy state for the 
feedwater and the extraction steam must be balanced before and after the heat transfer. 
Furthermore, the mass flow from the first extraction can be calculated directly since the 
enthalpies and the mass flow 𝑚!"are known variables.  

 

𝑚!" ∗ ℎ!" +𝑚!" ∗ ℎ!" = 𝑚!" ∗ ℎ!" +𝑚!" ∗ ℎ!"´   Eqn 4-3 

 

 

Rearranging the formula according to Equation 4-3 illustrates how to derive the extraction mass 
flow for the sixth surface heater. The figures in table displays the values used in the calculations. 

 

 

𝑚!" =
!!"∗(!!"!!!")

!!"!!!"´
     Eqn 4-4 

 

Heat Balance Feedwater Heater 5 

Feedwater heater 5 uses the same extraction line as the open feedwater. However, the extraction 
mass flows for the openfeedwater heater and surface heater 5 can be calculated separately. Hence 
the extraction mass flow can be calculated similar to Equation 4-4 using the following heat 
balance variables. 

 

𝑚!! ∗ ℎ!! +𝑚!" ∗ ℎ!" = 𝑚!" ∗ ℎ!" +𝑚!" ∗ ℎ!"´   Eqn 4-5 

 

Solving the mass flow 𝑚!"from the equation gives the following relation. 
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𝑚!" =
!!"∗(!!"!!!!)

!!"!!!"´
     Eqn 4-6 

Since both 𝑚!"  and 𝑚!" can be calculated immideately they will be treated as known variables in 
the system of equations. 

 

Heat Balance Open Feedwater Heater  

 

The heat balance calculations for the open feedwater heater is a bit more complicated since it 
forces dealing with several unknown variables, 𝑚!", 𝑚!" and 𝑚!"

´´ . However, the same 
conditions as before must be satisfied with the exception that the outlet mass flow of the 
feedwater heater is the sum of all mass flows entering the feedwater heater, 𝑚!".  

𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ ∗ ℎ! +𝑚!" ∗ ℎ!"´ +𝑚!" ∗ ℎ!"´ +𝑚!"

´´ ∗ ℎ!"´ +
ℎ!" ∗𝑚!" = 𝑚!" ∗ ℎ!"    Eqn 4-7 

 

Heat Balance Feedwater Heater 4 

 

The heat balance calculations over surface heater four is similar to that of no.6 and no.5 with the 
exception that the mass flows to the feedwater from the open feedwater heater has not be added, 
hence the mass flows 𝑚!",𝑚!",𝑚!" and 𝑚!"

´´  need to be subtracted from the feedwater mass 
flow, as displayed in the second term of Equation 4-8. 

 

𝑚!" ∗ ℎ!" + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ ) ∗ ℎ! = (𝑚!" −𝑚!" −𝑚!" −

𝑚!" −𝑚!"
´´ ) ∗ ℎ! + (𝑚!"

´ +𝑚!"
´´ ) ∗ ℎ!"´      Eqn 4-8 

 

 

 

Heat Balance Feedwater Heater 3 

The heat balance for the third surface heater has to account for the drain water from surface 
heater four that gets regenerated. Therefore the equation will have an extra component in 
comparison to the heat balance equation for feedwater heater 4. Additionally, since the extraction 
mass flow from feedwater heater 4, 5 and the open feedwater heater has not been added back to 
the feedwater mass flow these needs to be subtracted from mass flow 𝑚!". 

 

𝑚!"
´ ∗ ℎ!"´ + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"

´´ ) ∗ ℎ! + ℎ!" ∗𝑚!" = (𝑚!"
´ +

𝑚!") ∗ ℎ!"´ + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ ) ∗ ℎ!  Eqn 4-9 

 

 

Heat Balance Feedwater heater 2 
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Since drain water is added back to the feedwater mass flow between stage four and five of the 
cycle illustrated in Figure 3-14 it is necessary to subtract this mass flow addition from the 
feedwater mass flow through the second feedwater heater. Additionally, three more unknown 
variables are presented,  𝑚!"

´ ,𝑚!"and 𝑚!!, totalling seven unknown mass flows. 

𝑚!! ∗ ℎ!! + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ −𝑚!"

´ −𝑚!" −𝑚!!) ∗ ℎ! =
𝑚!! ∗ ℎ!!´ + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"

´´ −𝑚!"
´ −𝑚!" −𝑚!!) ∗ ℎ! Eqn 4-10 

 

Heat Balance Feedwater Heater 1 

For the first feedwater heater the heat balance equation is roughly the same as for surface heater 
2 except for the extraction and feedwater enthalpies. This is because the extraction mass flow 
𝑚!" gets regenerated directly to the condenser.  

 

𝑚!" ∗ ℎ!" + (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ −𝑚!"

´ −𝑚!" −𝑚!!) ∗ ℎ! =
𝑚!" ∗ ℎ!"´ +𝑚! ∗ ℎ!      Eqn 4-11 

 

Since all heat balance equations for the feedwater heater have been obtained it is possible derive 
the values for the extraction mass flows. However, first it is necessary to provide one more heat 
balance equation since there are six unknown variables and only five equations.  Equation 
number six can be obtained by stating the heat balance equation when drain water is regenerated 
to the feedwater between the cycle stages five and six in Figure 3-14. 

 

(𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ −𝑚!"

´ −𝑚!" −𝑚!!) ∗ ℎ! + (𝑚!"
´ +𝑚!") ∗

ℎ!"´ +𝑚!! ∗ ℎ!!´ = (𝑚!" −𝑚!" −𝑚!" −𝑚!" −𝑚!"
´´ )  Eqn 4-12 

 

The heat balance equations are used to obtain the extraction mass flows 𝑚!",  𝑚!", 𝑚!", 
𝑚!",𝑚!!  and 𝑚!"  . Due to the complexity and size of the matrix of equations, these 
computations are executed using the MATLAB software. Appendix 14-17 show the algorithm 
and code used to compute the extraction mass flows.   

The data obtained from solving the system of equations can then be used to calculate the turbine 
power output.  

When all extraction mass flows 𝑚!, 𝑚!, …., 𝑚! have been calculated it is possible to determine 
the output from the turbine. The work from the steam exhaustion in the turbine is calculated as 
follows: 

There are four extraction lines in the high-pressure turbine. Each extraction is treated as an 
individual work according to Equation 4-13 – 4-16.  

 

𝑊! = 𝑚! ∗ (ℎ! − ℎ!)    Eqn 4-13 
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𝑊! = (𝑚! −𝑚!) ∗ (ℎ! − ℎ!)    Eqn 4-14 

 

𝑊! = (𝑚! −𝑚! −𝑚!) ∗ (ℎ! − ℎ!)   Eqn 4-15 

 

𝑊! = (𝑚! −𝑚! −𝑚! −𝑚!) ∗ (ℎ! − ℎ!)   Eqn 4-16 

 

The total work in the high-pressure turbine is defined as the sum all separate steam exhaustions 
that occurs in the turbine. 

 

𝑊!"# = 𝑊!!
!      Eqn 4-17 

 

Subsequently the work in the high-pressure turbine can be calculated similarly. 

 

𝑊! = 𝑚! ∗ ℎ! − ℎ!     Eqn 4-18 

 

𝑊! = 𝑚! +𝑚! ∗ (ℎ! − ℎ!)      Eqn 4-19 

 

𝑊! = 𝑚! +𝑚! +𝑚! ∗ (ℎ! − ℎ!)     Eqn 4-20 

 

𝑊!"# = 𝑊!!
!      Eqn 4-21 

 

The total power output is then the sum of the work performed in the high and low-pressure 
turbine. 

 

𝑊!"! =𝑊!"# +𝑊!"#    
      Eqn 4-22 

 

However, first the generator efficiency, 𝜂!"#, efficiency of transportation in the piping, 𝜂!"#$%,   
and the mechanical efficiency 𝜂!"#! must be considred. Furthermore, to obtain the net power 
output the internal power consumption, 𝑊!", is also necessary to include in the calculations. The 
internal power consumption is assumed to be constant for the different performance scenarios 
presented.  

 

𝑊!"# = 𝑊!"# +𝑊!"# ∗ 𝜂!"# ∗ 𝜂!"#$% ∗ 𝜂!"#! −𝑊!"  Eqn 4-23 
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4.2.3 Calculation of Cycle Efficiency 

When the boiler heat addition and the turbine output has been obtained it possible to calculate 
the net cycle efficiency, which is the heat supplied, 𝑄!, devided by the net power output,  𝑊!"#. 

𝜂! =
!!"#
!!

     Eqn 4-24 

 

4.2.4 Calculation Moisture Content 

 
To avoid blade corrosion in the later stages of the turbine steam exhaustion it is important to 
check the moisture content. The limit is set to 12% and is not to be exceeded in order for the 
improvements to be viable.  

 

 

𝑥!"#$%&'( =
!!!!!
!!"

     Eqn 4-25 

 

Where x is the moisture content measured in percent, hf the enthalpy of the steam at condenser 
pressure and ℎ!" the enthalpy of vaporization at condenser pressure.  

4.2.5 Calculation of Fuel Consumption 

 

When the key figures of the cycle have been obtained the fuel consumption can finally be 
calculated. This is done by first dividing the heat supplied in the boiler by the Lower Heating 
Value of the fuel. 

𝑓𝑐 = !!
!"#!"#$

     Eqn 4-26 

 

Then quantity of fuel consumed per generated kWh, FC, is calculated as follows: 

 

𝐹𝐶 = !"
!!"#

∗ 3600      
 Eqn 4-27 

Where FC is the fuel consumption and 𝑊!"# is the net cycle work. The factor 3600 is used to 
convert the usage unit to kilowatt-hours, kWh. 

4.2.6 Calculation of SO2 Emissions 

 
When fuel consumption is determined emissions of SO2 can be calculated.  
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During the combustion, one mole of sulfur reacts with one mole of oxygen. The result is one 
mole of SO2.   

 

1  𝑚𝑜𝑙𝑒  𝑆 + 1  𝑚𝑜𝑙𝑒  𝑂! → 1  𝑚𝑜𝑙𝑒  𝑆𝑂!     Eqn 4-28 

 

The molecular weight of SO2 can therefore be expressed as the sum of the molecular weight of 
the two reactants. 

 

𝑀!"! = 𝑀! +𝑀!!      Eqn 4-29 

 

Because both sulfur and oxygen have the same molecular weight, 32 gram per mole, the 
molecular weight of SO2 can be expressed as twice the molecular weight of sulfur. 

 

𝑀!"! = 2𝑀!       Eqn 4-30 

Mass is determined by the molecular weight, M, and the number of moles, n.  

 

𝑚 = 𝑀 ∗ 𝑛      Eqn 4-31 

 

The number of moles is determined by the quotient of mass and molecular weight. Fuel 
consumption is used instead of mass which results in that the numbers of moles are expressed 
per kWh. The mass concentration of sulfur is multiplied to the expression and the amount of 
sulfur per kWh can be determined.  

 

𝑋! = Mass concentration of sulfur in fuel 

 

!!
!"!

= !"∗!!
!!

     Eqn 4-32 

 

According to Equation 4-28 one mole sulfur reacts with oxygen and the result is one mole SO2 

 

𝑛! = 𝑛!"!       Eqn 4-33 

 

The amount of substance of SO2 produced by the reaction should therefore equal the amount of 
substance of sulfur in the fuel. Therefore the amount of substance of SO2 per kWh can be 
expressed as Equation 4-32  
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𝑛! = 𝑛!! → !!"!
!"!

= !"∗!!
!!

                        Eqn 4-34 

 

The mass of SO2 per kWh can be expressed as the product of the molecular weight and the 
number of moles per kWh. 

 
!!"!
!"!

= 𝑀!"! ∗
!!"!
!"!

     Eqn 4-35 

 

By combining Equation 4-30 and Equation 4-34 the amount of SO2 generated per kWh can be 
calculated. 

 
!!"!
!"!

= 2𝑀! ∗
!"∗!!
!!

= 2 ∗ 𝐹𝐶 ∗ 𝑋!   
 Eqn 4-36 

 

Thus, the mass of SO2 per generated kWh is calculated as the product of fuel consumption and 
the mass concentration of sulfur multiplied by two. 

 

 
!!"!
!"!

= 2 ∗ 𝐹𝐶 ∗ 𝑋!     Eqn 4-37 

 

4.3 Sensitivity Analysis 
In order to accurately reflect the impact of specific factors on the output from the model it is 
vital to perform a sensitivity analysis.  There are two major factors included in this model that are 
expected to have a major effect on final results: the sulfur content in the fuel and the boiler 
efficiency.  

The sulfur content of fuel burned in the boiler is evidently a major factor due to unavailability of 
data on the exact mass content in the fuel. Since the model assumes a 1:2 ratio between the mass 
content of sulfur and the emitted mass content of SO2, it is expected to differ between different 
sulfur concentrations. Furthermore, studies show that the fuel sulfur content varies greatly on 
Cuba, hence the sensitivity analysis is vital to reflect the effects of different sulfur content 
scenarios. The Tallapeidra power plant has a fuel oil sulfur content usually ranging between 1-4 
%. However, since the sulfur content of the crude oil used as fuel in power generation is reported 
to have up to 7% sulfur content the sensitivity analysis will be conducted for the entire span 
(Carbonell, o.a., 2006).  

The quality of the fuel also affects the efficiency of the boiler to a wide extent. Moreover, the 
ability to transfer heat to the steam is a source of insecurity, which makes it a figure necessary to 
be further examined. The models will include a upper and lower case scenario for the boiler 
efficiency, which will provide an extensive insight in the effect of boiler’s ability to generate 
steam. 
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5 Results and Discussion 
The results from the model are presented below in Table 5-1. Initially, key operational figures are 
displayed, followed by the resulting emissions of SO2. Present conditions, proposed cycle 
adjustments and a combined scenario are presented.  

5.1 Operating Performance and Emissions of SO2 

 

 Current 
Operations 

Increased 
Superheating 
Temperature 

Increased Boiler 
Pressure 

Combined 
Improvemets 

Net Power 
Output, MW 

61.5 66.3 
 

61.9 67.0 

Net Efficiency, % 30.9% 31.5% 31.3% 32% 

Fuel 
Consumption, 

g/kWh 

279.2 273.9 275.5 269.4 

SO2 Emissions, 
g/kWh 

9.21 9.04 9.09 8.89 

SO2 Deviation 
from Current 
Operations, % 

0% -1.9% -1.3% -3.5% 

 

Table 5-1Results of the Tallapiedra power plant model. Both current operations and proposed cycle adjustments are presented. 

The results from the model displayed in Table 5-1 shows that the cycle performance has 
improved as a result of raising the boiler operating pressure and increasing the superheating 
temperature. This is in line with the anticipated results. However, the increases are not significant 
and when combined, the total efficiency enhancement is simply one percentage unit. 

Calculations from current operating conditions of the Tallapiedra plant reveal a net cycle 
efficiency of 30.9 %, a quite modest figure by international standards (Union of Electricity 
Industry , 2003). However, since the Tallapiedra plant is relatively small in size, not all 
improvements and technical investments are economically viable. The economic benefits from 
reducing fuel consumption through efficiency improvements must be considered in relation to 
the cost of the investment. It is possible to adjust the power cycle in the Tallapiedra plant, but the 
lack of funding in combination with the relatively small gains that are achievable through the 
proposed efficiency improvements makes it an unsatisfactory option.  Other factors, such as air 
leakage in to the condenser and other types of losses might be of higher priority to deal with 
before investing in major cycle modifications with little gain in comparison to the savings.  
Furthermore, there are other power plants on Cuba with higher production capacity where an 
investment and cycle modification would be more economically viable due to large scale benefits 
(Carlos, 2013).  



-61- 
 

An interesting result of the study shows that raising the superheating temperature has a superior 
effect on raising the cycle performance in comparison to increasing the boiler operating pressure. 
The superheating temperature was increased by about 10% which led to an efficiency increase by 
0.6 percentage units. The boiler pressure was raised by more than 15% in relation to the current 
cycle conditions which led to a modest increase of efficiency by 0.4 percentage units.  

Furthermore, the nominal power output is also substantially higher when adjusting the 
superheating temperature. This is a result of the increased difference between the inlet and outlet 
enthalpies due to the extra heat added to the steam in the superheating process. The power 
output also grows when the boiler pressure increases but not to the same extent.  

The impact on the fuel consumption is not major with a decrease of 10 g/kWh when combining 
the two adjustments. Reduced fuel consumption has several advantages apart from the 
environmental focus of this study. The economic gains should not be neglected and could work 
as an incentive to make the power generation more sustainable. As can be seen in the two 
economic future scenario analyses presented in Appendix 9-11, the future price for the Cuban oil 
supply is uncertain. Trade related relations with Venezuela and both the quality and the quantity 
of the domestic production highly affect the future costs for the oil-fired power generation. 
Hence, the economic benefits from reduced fuel consumption may vary greatly and might, in 
accordance with a preferable economic development, justify the suggested efficiency 
improvements.    

By combining the two efficiency improvements, SO2 emissions are reduced by about 3.5 %. 
Unfortunately no data on the annual electricity production in the Tallapiedra power plant is 
available. Hence, the annual amount of reduced emissions of SO2 cannot be obtained. Although a 
decrease by 3.5 % might seem like a modest figure it is evident that the decrease in SO2 emissions 
could be substantial. If the efficiency of all other oil-fired power plants on Cuba would be raised 
by the same amount, it is evident that the emissions would decrease substantially.  

Another interesting aspect to consider when examining the possibility to apply the suggested 
modifications to the plant is whether it would be more economical to invest in a flue gas 
desulfurization system. However, since the desulfurization system simply focuses on the 
problems with emission of SO2 it is apparent that the efficiency improvements are better overall 
solutions. The suggested cycle performance enhancements also affect other factors such as 
emissions of CO2 and fuel cost, making these solutions more beneficial from a broader 
perspective. 

 

5.2 Moisture Content of Steam at Turbine Outlet 
The moisture content analysis of the steam cycle is presented in Table 5-2. 
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Table 5-2 Moisture content of water vapor at the turbine outlet 

Results from the moisture content analysis reveals that all cycle adjustments are within the safety 
limit of 12% liquid content of the steam. It is evident that the moisture content is raised with 
increasing pressure levels at the turbine inlet, which is in line with the anticipated results. 
However, when both efficiency improvements are combined the moisture content in the steam 
decreases to a level below the current state. Hence, superheating must have a positive effect on 
reducing the moisture content, which also was an expected result from the model. 

 

If the possibility to increase the boiler pressure would be further investigated it is possible that 
the moisture content could exceed 12%. In a worst case scenario, superheating of the steam 
would not suffice to compensate for the increased moisture content induced by higher pressure 
levels. Hence, other options such as reheating of the steam would have to be considered in this 
case.  

 

5.3 Sensitivity Analysis 
The sensitivity analysis was conducted in order to investigate the impact of the efficiency 
improvements in comparison to fuel composition. Boiler efficiency is considered as an estimated 
variable due to the source of the data. It is therefore subject for analysis and is represented in 
two, one upper and one lower, case scenario. The upper case scenario represents a boiler 
efficiency of 95 %. The lower case scenario represents a boiler efficiency of 90 %. The Base 
scenario represents a boiler efficiency of 93 %. The sensitivity analysis presented as Table 
represents the current operations of the Tallapiedra power plant without the suggested 
modifications. Sensitivity analyses for the other scenarios may be found in Appendix (Carlos, 
2013).  

Moisture Content (%)

Current State 8.7%

Increased Superheating 
Temperature

5.5%

Incdreased Boiler 
Pressure

9.5%

Combined Improvements 6.5%



-63- 
 

 
Table 5-3 Sensitivity analysis with different boiler efficiencies and varying sulfur content. The result represents the current operations of 

the Tallaipedra power plant.   

The sensitivity analysis reveals that the impact of sulfur content in the fuel is substantially greater 
than the impact of the efficiency of the boiler. The emissions of SO2 ranges in the base scenario 
from a low value of 5.5 g/kWh with 1 % sulfur content to 39.1 g/kWh with 7 % sulfur content. 
Evidently, reducing the sulfur content in the fuel is a more important factor than increasing the 
efficiency of the cycle. This conclusion is further strengthened when comparing the sensitivity 
analysis from the current cycle with the sensitivity analysis from the combined efficiency 
improvements cycle displayed in Appendix 6-12. 

The result of this sensitivity analysis indicates that it would be more efficient from a SO2 emission 
perspective to investigate different possibilities to reduce the sulfur content of the fuel than to 
reduce the fuel consumption. 

  

Sensitivity Analysis

Sulfur Content 1% 2% 3% 4% 5% 6% 7%

S02 Emissions Base 
Scenario, g/kWh

5.6 11.2 16.8 22.3 27.9 33.5 39.1

S02 Emissions Upper 
Case Scenario, g/kWh 5.5 10.9 16.4 21.9 27.3 32.8 38.3

S02 Emissions Base 
Lower Case Scenario, 

g/kWh
5.8 11.5 17.3 23.1 28.9 34.6 40.4
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6 Conclusions 
 The model presented in this study can be used to describe the operating conditions at the 

Tallapiedra oil-fired steam power plant in Havana, Cuba. Furthermore, the model can be 
used to estimate the impacts of thermodynamic adjustments to the vapor cycle. 
 

 Vapor cycle performance can be improved through increasing superheating of the steam 
and raising the boiler operating pressure. However, economic aspects need to be 
considered. 
 

 Raising the boiler pressure of the feedwater results in higher moisture contents at the later 
stages of the steam exhaustion process. Furthermore, increased superheating of the steam 
is followed by lower moisture content at the later stages of the steam exhaustion process; 
hence the increase induced by raising the boiler pressure can be compensated for. 
 

 Cycle efficiency improvements results in decreased emissions of SO2.  
 

 Reducing the sulfur content in the fuel has a greater impact on emissions of SO2 than 
increasing the efficiency of the cycle. 
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7 Future Work 
The objective of this study was to investigate which effects efficiency improvements in the 
Tallapiedra power plant can have on the plant´s emissions of SO2. Future work should continue 
where this study ends. The tools and framework have already been constructed and model 
calculations can be used to quickly determine new key figures and emissions of SO2. The study 
could be extended to include several more technical improvements in order to increase efficiency. 
However, this study shows that the sulfur content of the fuel has a greater impact on the 
emissions of SO2 than the actual cycle and operations of the plant. Cycle efficiency 
improvements in the plants on Cuba will decrease emissions of SO2 but the quality of the oil is 
the main concern. It would therefore be interesting to further develop this study and investigate 
what possibilities exist in terms of altering fuel composition. This could for example include 
analyzing the market for fuel oil with lower sulfur content and investigating possibilities to 
further refine the fuel oil currently used. Another addition to the study could be the option to 
clean the flue gases instead of altering the actual fuel composition. FGD-systems and other 
possibilities to clean the emissions are certainly interesting and valid options.   

The problem with plant inefficiencies and the considerable emissions of SO2 is not exclusive for 
the power plant in Tallapiedra. The study could in the future expand to also include other plants 
on Cuba of different size and fuel type. By doing so, a more accurate estimation of the country´s 
emissions of SO2 could be estimated.   

The economic aspects of the system are important and could be taken in consideration in future 
studies. The different efficiency improvements are all considerable investments and an analysis of 
the different costs is of interest. Economy can constrain the theory and show which technical 
improvements that are truly viable and realistic in practice. Financial aspects and data can also be 
incentive and justify the investment of efficiency improvements. Future work includes economic 
models that analyses the cost of fuel, the cost of power generation, payback time of investment 
and what amounts of money that can be saved by increasing plant efficiency. The authors of this 
study suggest that future work should continue where the economic oil market analysis found in 
Appendix 18-20 ends. 
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9 Appendix 

9.1 Tallapiedra Power Plant Blueprint 

 
Appendix 1 Blueprint over the Tallapiedra power plant (Carlos, 2013) 
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9.2 Blueprint Data 
 

  Temperature 
(C`) 

Enthalpy 
(kcal/kg) 

Pressure 
(ATA) 

Massflow (t/h) 

Boiler     
Inlet 216 216  260 
Outlet 540  96,00 255 
Fuel Preheat    5 
Steam Turbine         
HP- Turbine     
Inlet 540  96.00 255 
Outlet  652   
LP-Turbine     
Inlet  652   
Outlet  567   
Condenser         
Inlet 41  0.08  
Cooling Medium 29    
Outlet     
Condenser Pump         
Inlet 41    
Outlet 41    
Feedwater Heater no.1         
Condensate Inlet 41    
Condensate Outlet  77    
Extraction Steam Inlet  608 0.50  
Drain Conditions     
Feedwater Heater no.2         
Condensate Inlet 77    
Condensate Outlet  95    
Extraction Steam Inlet  631 1.10  
Drain Conditions     
Feedwater Heater no.3         
Condensate Inlet 96    
Condensate Outlet  116    
Extraction Steam Inlet  652 2.10  
Drain Conditions     
Feedwater Heater no.4         
Condensate Inlet 116    
Condensate Outlet  138    
Extraction Steam Inlet  676 4.10  
Drain Conditions     
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Open Feedwater Heater         
Inlet 138    
Outlet 151    
Feedwater Pump no.2         
Inlet 151    
Outlet 151    
Feedwater Heater nr.5         
Condensate Inlet 151    
Condensate Outlet  178    
Extraction Steam Inlet  724 11.90  
Drain Conditions     
Feedwater Heater nr.6         
Condensate Inlet 178    
Condensate Outlet  216    
Extraction Steam Inlet  763 24.50  
Drain Conditions     

Appendix 2 Data extracted from Tallapiedra blueprint 

9.3  Additional Supplied Data 
Generator Efficiency 99% 

Mechanical Efficiency 98% 

Transportation Efficiency 97% 

Internal Power 
Consumption 

6% 

Boiler Efficiency 93% 

Appendix 3 Additional supplied data from the Tallapiedra power plant (Carlos, 2013) 

9.4 Conversion Factors to SI Units  
 

Pressure, ATA--
>bar 

Enthalpy, kcal/kg -
-> kJ/kg 

Mass flow, t/h -->kg/s 

0.980665 4.18 0.28 

Appendix 4Conversion factors for blueprint data 

9.5 Tallapiedra Key Figures – Current Operating Conditions 
 Temperatur

e ( C`) 
Enthalpy (kJ/kg) Steam 

Extraction 
Pressure (bar) 

Feedwater 
Saturation 

Pressure (bar) 

Feedwater Heater 
no.1 
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Feedwater Inlet 41 173   

Feedwater Outlet 77 320   

Extraction Steam  2541 0.5 0.4 

Drain Water  320   

Feedwater Heater 
no.2 

    

Feedwater Inlet 77 320   

Feedwater Outlet 95 397   

Extraction Steam  2635 1.1 0.8 

Drain water  398   

Feedwater Heater 
no.3 

    

Feedwater Inlet 96 401   

Feedwater at Outlet 116 486   

Extraction Steam  2727 2.1 1.8 

Drain Water  488   

Feedwater Heater 
no.4 

    

Feedwater Inlet 116 486   

Feedwater at Outlet 138 575   

Extraction Steam  2825 4.1 3.4 

Drain Water  579   

Open Feedwater 
Heater 

    

Feedwater Inlet 138 579   

Feedwater Outlet 151 631   

Feedwater Heater 
nr.5 

    

Feedwater Inlet 151 631   

Condensate Oulet 178 744   

Extraction Steam  3025 11.9 9.6 

Drain Water  755   

Feedwater Heater 
nr.6 
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Feedwater Inlet 181    

Feedwater Outlet 216 901   

Extraction Steam  3187 24.5 21.3 

Drain Water  923   

     
 Temperatur

e (C`) 
Pressure (bar) Enthalpy 

(kJ/kg) 
Mass flow 

(kg/s) 

Boiler     

Inlet 216 94 900.79 72.8 

Fuel Preheating   1419 1.4 

Outlet 540 94 3483 71.4 

HPT Turbine     

Inlet 540 94 3483 71.4 

Extraction 1  24.5 3187 5.0 

Extraction 2  11.9 3025 4.3 

Extraction 3  4.1 2825 2.4 

Extraction 4  2.1 2727 2.3 

LPT Turbine     

LPT Inlet    57.3 

Extraction 5  1.1 2635 2.0 

Extraction 6  0.5 2541 3.8 

Outlet   2368 51.6 

     
Key Figures Base 

Scenario 
Higher Case 

Scenario 
Lower Case 

Scenario 
 

Boiler Heat 
Addition (kJ/s) 

199023 194833 205657  

HP Turbine 
Output (kJ/s) 

50153 50153 50153  

LP Turbine Output 
(kJ/s) 

19377 19377 19377  

Generated Power 
(kJ/s) 

65434 65434 65434  

Cycle Efficiency 
(%) 

0.329 0.336 0.318  
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Internal Power 
Consumption 

(kJ/s) 

3926 3926 3926  

Net Output (kJ/s) 61508 61508 61508  

Net Cycle 
Efficiency (%) 

30.9% 31.6% 29.9%  

     
Fuel 

Consumption 
Base 

Scenario 
Higher Case 

Scenario 
Lower Case 

Scenario 
 

LHV, kJ/kg 41718 41718 41718  

Boiler Heat 
Addition, kJ/s 

199024 194834 205658  

Fuel Input, kg/s 4.77 4.67 4.93  

Fuel Consumption, 
kg/kWh 

0.2792 0.2733 0.2885  

     
Turbine 

Efficiency 
Enthalpy 

Inlet 
(kJ/kg) 

Isentropic 
Enthalpy Outlet 

(kJ/kg) 

Enthalpy 
Outlet 

(kJ/kg) 

Efficiency (%) 

HP Turbine 3483 2575 2727 0.83 

HP Turbine 2727 2225 2368 0.71 

     
SO2 Emissions     

 Sulfur 
Content (%) 

S02 Emissions 
(g/kWh) 

  

Base Scenario 1.65% 9.2144   

Appendix 5 Key figures for the Tallapiedra power plant during current operating conditions 

9.5.1 Sensitivity Analysis 

Sulfur Content 1% 2% 3% 4% 5% 6% 7% 

S02 Emissions 
Base Scenario, 

g/kWh 

5.6 11.2 16.8 22.3 27.9 33.5 39.1 

S02 Emissions 
Upper Case 

Scenario, g/kWh 

5.5 10.9 16.4 21.9 27.3 32.8 38.3 
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S02 Emissions 
Base Lower Case 
Scenario, g/kWh 

5.8 11.5 17.3 23.1 28.9 34.6 40.4 

Appendix 6 Sensitivity analysis for current operating conditions 

9.6 Key Figures - Increasing Superheating Temperature 
 Temperature ( 

C`) 
Enthalpy 
(kJ/kg) 

Steam 
Extraction 
Pressure 

(bar) 

Feedwater 
Saturation 

Pressure (bar) 

Feedwater Heater 
no.1 

    

Feedwater Inlet 41 173   

Feedwater Outlet 77 320   

Extraction Steam  2635 0.5 0.4 

Drain Water  320   

Feedwater Heater 
no.2 

    

Feedwater Inlet 77 320   

Feedwater Outlet 95 397   

Extraction Steam  2730 1.1 0.8 

Drain water  398   

Feedwater Heater 
no.3 

    

Feedwater Inlet 96 401   

Feedwater at Outlet 116 486   

Extraction Steam  2805 2.1 1.8 

Drain Water  488   

Feedwater Heater 
no.4 

    

Feedwater Inlet 116 486   

Feedwater at Outlet 138 575   

Extraction Steam  2920 4.1 3.4 

Drain Water  579   

Open Feedwater 
Heater 
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Feedwater Inlet 138 579   

Feedwater Outlet 151 631   

Feedwater Heater 
nr.5 

    

Feedwater Inlet 151 631   

Condensate Oulet 178 744   

Extraction Steam  3130 11.9 9.6 

Drain Water  755   

Feedwater Heater 
nr.6 

    

Feedwater Inlet 181    

Feedwater Outlet 216 901   

Extraction Steam  3300 24.5 21.3 

Drain Water  923   

     
 

 Tempera
ture (C`) 

Pressure 
(bar) 

Enthalpy 
(kJ/kg) 

Mass flow 
(kg/s) 

Efficien
cy (%) 

Isentropic 
Enthalpy 
(kJ/kg) 

Boiler       

Inlet 216 94 900.79 72.8   

Boiler 
Blowdow

n 

  1419 1.4   

Outlet 600 94 3631 71.4   

HP 
Turbine 

    0.83  

Inlet 600 94 3631 71.4   

Extraction 
1 

 24.5 3300 4.8084   

Extraction 
2 

 11.9 3130 4.1574   

Extraction 
3 

 4.1 2920 2.3543   

Extraction 
4 

 2.1 2805 2.2543  2640 



-76- 
 

LP 
Turbine 

    0.71  

LPT Inlet    57.8256   

Extraction 
5 

 1.1 2730 1.8931   

Extraction 
6 

 0.5 2635 3.6406   

Outlet   2444 52.2919  2300 

 

Key Figures Base Scenario High Case Scenario Lower Case 
Scenario 

Boiler Heat Addition 
(kJ/s) 

210378 205949 217390 

HP Turbine Output 
(kJ/s) 

54936 54936 54936 

LP Turbine Output 
(kJ/s) 

19661 19661 19661 

Generated Power (kJ/s) 70203 70203 70203 

Cycle Efficiency (%) 33.4% 34.1% 32.3% 

Internal Power 
Consumption (kJ/s) 

3926 3926 3926 

Net Output (kJ/s) 66276.8 66276.8 66276.8 

Net Cycle Efficiency 
(%) 

31.5% 32.2% 30.5% 

    
Fuel Consumption Base Scenario High Case Scenario Lower Case 

Scenario 

LHV, kJ/kg 41718 41718 41718 

Boiler Heat Addition, 
kJ/s 

210378 205949 217390 

Fuel Input, kg/s 5.04 4.94 5.21 

Fuel Consumption, 
kg/kWh 

0.2739 0.2681 0.2830 

    
 Sulfur Content (%) S02 Emissions 

(g/kWh) 
 

Base Scenario 1.65% 9.0392  
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Appendix 7 Key figures for the Tallapiedra power plant with increased superheating temperature 

9.6.1 Sensitivity Analysis 

Sulfur Content 1% 2% 3% 4% 5% 6% 7% 

S02 Emissions Base 
Scenario, g/kWh 

5.5 12.6 18.9 25.2 31.5 37.8 44.1 

S02 Emissions Higher Case 
Scenario, g/kWh 

5.4 12.9 19.3 25.7 32.2 38.6 45.1 

S02 Emissions Base Lower 
Case Scenario, g/kWh 

6.1 12.2 18.3 24.4 30.5 36.6 42.7 

Appendix 8 Sensitivity analysis when increasing superheating temperature 

 

9.7 Key Figures – Raising Boiler Pressure 
 Temperature ( C`) Enthalpy 

(kJ/kg) 
Steam 

Extraction 
Pressure (bar) 

Feedwater 
Saturation 

Pressure (bar) 

Feedwater Heater 
no.1 

    

Feedwater Inlet 41 173   

Feedwater Outlet 77 320   

Extraction Steam  2530 0.5 0.4 

Drain Water  320   

Feedwater Heater 
no.2 

    

Feedwater Inlet 77 320   

Feedwater Outlet 95 397   

Extraction Steam  2625 1.1 0.8 

Drain water  398   

Feedwater Heater 
no.3 

    

Feedwater Inlet 96 401   

Feedwater at Outlet 116 486   
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Extraction Steam  2691 2.1 1.8 

Drain Water  488   

Feedwater Heater 
no.4 

    

Feedwater Inlet 116 486   

Feedwater at Outlet 138 575   

Extraction Steam  2800 4.1 3.4 

Drain Water  579   

Open Feedwater 
Heater 

    

Feedwater Inlet 138 579   

Feedwater Outlet 151 631   

Feedwater Heater 
nr.5 

    

Feedwater Inlet 151 631   

Condensate Oulet 178 744   

Extraction Steam  2975 11.9 9.6 

Drain Water  755   

Feedwater Heater 
nr.6 

    

Feedwater Inlet 181    

Feedwater Outlet 216 901   

Extraction Steam  3125 24.5 21.3 

Drain Water  923   

 

 Temperature 
(C`) 

Pressure 
(bar) 

Enthalpy 
(kJ/kg) 

Mass 
flow 

(kg/s) 

Efficiency 
(%) 

Isentropi
c 

Enthalpy 
(kJ/kg) 

Boiler       

Inlet 216 94 900.79 72.8   

Boiler 
Blowdown 

  1419 1.4   

Outlet 540 110 3466 71.4   

HP Turbine     0.83  
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Inlet 540 110 3466 71.4   

Extraction 1  24.5 3125 5.1906   

Extraction 2  11.9 2975 4.3702   

Extraction 3  4.1 2800 2.4488   

Extraction 4  2.1 2691 2.3447  2535 

LP Turbine     0.71  

LPT Inlet    57.0457   

Extraction 5  1.1 2625 1.9533   

Extraction 6  0.5 2530 3.7576   

Outlet   2347 51.3348  2210 

 

Key Figures Base Scenario High Case 
Scenario 

Lower Case 
Scenario 

Boiler Heat Addition (kJ/s) 197752 193588 204343 

HP Turbine Output (kJ/s) 51630 51630 51630 

LP Turbine Output (kJ/s) 18368 18368 18368 

Generated Power (kJ/s) 65875 65875 65875 

Cycle Efficiency (%) 33.3% 34.0% 32.2% 

Internal Power 
Consumption (kJ/s) 

3926 3926 3926 

Net Output (kJ/s) 61949 61949 61949 

Net Cycle Efficiency (%) 31.3% 32.0% 30.3% 

    
Fuel Consumption Base Scenario High Case 

Scenario 
Lower Case 

Scenario 

LHV, kJ/kg 41718 41718 41718 

Boiler Heat Addition, kJ/s 197752 193588 204343 

Fuel Input, kg/s 4.74 4.64 4.90 

Fuel Consumption, 
kg/kWh 

0.2755 0.2697 0.2846 

    
 Sulfur Content (%) S02 Emissions 

(g/kWh) 
 

Base Scenario 1.65% 9.0904  

Appendix 9 Key figures for the Tallapiedra power plant with raised boiler pressure 
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9.7.1 Sensitivity Analysis 

Sulfur Content 1% 2% 3% 4% 5% 6% 7% 

S02 Emissions Base 
Scenario, g/kWh 

5.5 11.0 16.5 22.0 27.5 33.1 38.6 

S02 Emissions Upper 
Case Scenario. g/kWh 

5.4 10.8 16.2 21.6 27.0 32.4 37.8 

S02 Emissions Base 
Lower Case Scenario. 

g/kWh 

5.7 11.4 17.1 22.8 28.5 34.2 39.9 

Appendix 10 Sensitivity analysis when raising the boiler pressure 

9.8 Key Figures – Combined Improvements 
 Temperature ( 

C`) 
Enthalpy 
(kJ/kg) 

Steam 
Extraction 

Pressure (bar) 

Feedwater Saturation 
Pressure (bar) 

Feedwater 
Heater no.1 

    

Feedwater Inlet 41 173   

Feedwater Outlet 77 320   

Extraction Steam  2610 0.5 0.4 

Drain Water  320   

Feedwater 
Heater no.2 

    

Feedwater Inlet 77 320   

Feedwater Outlet 95 397   

Extraction Steam  2695 1.1 0.8 

Drain water  398   

Feedwater 
Heater no.3 

    

Feedwater Inlet 96 401   

Feedwater at 
Outlet 

116 486   

Extraction Steam  2770 2.1 1.8 

Drain Water  488   

Feedwater     
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Heater no.4 

Feedwater Inlet 116 486   

Feedwater at 
Outlet 

138 575   

Extraction Steam  2890 4.1 3.4 

Drain Water  579   

Open 
Feedwater 

Heater 

    

Feedwater Inlet 138 579   

Feedwater Outlet 151 631   

Feedwater 
Heater nr.5 

    

Feedwater Inlet 151 631   

Condensate 
Oulet 

178 744   

Extraction Steam  3100 11.9 9.6 

Drain Water  755   

Feedwater 
Heater nr.6 

    

Feedwater Inlet 181    

Feedwater Outlet 216 901   

Extraction Steam  3260 24.5 21.3 

Drain Water  923   

 

 Tempera
ture (C`) 

Pressure 
(bar) 

Enthalpy 
(kJ/kg) 

Mass flow 
(kg/s) 

Efficiency 
(%) 

Isentropic 
Enthalpy 
(kJ/kg) 

Boiler       

Inlet 216 94 900.79 72.8   

Boiler 
Blowdown 

  1419 1.4   

Outlet 600 110 3617 71.4   

HP 
Turbine 

    0.83  
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Inlet 600 110 3617 71.4   

Extraction 
1 

 24.5 3260 4.8907   

Extraction 
2 

 11.9 3100 4.1954   

Extraction 
3 

 4.1 2890 2.3779   

Extraction 
4 

 2.1 2770 2.2836  2600 

LP 
Turbine 

    0.71  

LPT Inlet    57.6524   

Extraction 
5 

 1.1 2695 1.9153   

Extraction 
6 

 0.5 2610 3.6678   

Outlet   2420 52.0693  2280 

 

Key Figures Base Scenario Higher Case 
Scenario 

Lower Case Scenario 

Boiler Heat Addition 
(kJ/s) 

209350 204943 216329 

HP Turbine Output 
(kJ/s) 

56448 56448 56448 

LP Turbine Output 
(kJ/s) 

18968 18968 18968 

Generated Power 
(kJ/s) 

70974 70974 70974 

Cycle Efficiency (%) 33.9% 34.6% 32.8% 

Internal Power 
Consumption (kJ/s) 

3926 3926 3926 

Net Output (kJ/s) 67048 67048 67048 

Net Cycle Efficiency 
(%) 

32.0% 32.7% 31.0% 

    
Fuel Consumption Base Scenario Higher Case 

Scenario 
Lower Case Scenario 
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LHV. kJ/kg 41718 41718 41718 

Boiler Heat Addition. 
kJ/s 

209350 204943 216329 

Fuel Input. kg/s 5.0 4.9 5.2 

Fuel Consumption. 
kg/kWh 

0.269 0.264 0.278 

    
    
 Sulfur Content (%) S02 Emissions 

(g/kWh) 
 

Base Scenario 1.65% 8.8916  

Appendix 11 Key figures from the Tallapiedra power plant when combining both efficiency improvements 

 

9.8.1 Sensitivity Analysis 

Sulfur Content 1% 2% 3% 4% 5% 6% 7% 

S02 Emissions Base Scenario. 
g/kWh 

5.4 10.8 16.2 21.6 26.9 32.3 37.7 

S02 Emissions Upper Case 
Scenario. g/kWh 

5.3 10.6 15.8 21.1 26.4 31.7 36.9 

S02 Emissions Base Lower Case 
Scenario. g/kWh 

5.6 11.1 16.7 22.3 27.8 33.4 39.0 

Appendix 12 Sensitivity analysis when combining both efficiency improvements 

 

9.9 Moisture Content 
Moisture content h(kJ/kg) p(bar) hf(kJ/k

g) 
hfg(kJ/

kg) 
x(%) 

Current State 2368 0.08 173 2403 0.09 

Increased Superheating 
Temperature 

2444 0.08 173 2403 0.05 

Incdreased Boiler Pressure 2347 0.08 173 2403 0.10 

Combined Raising Superheating & 
Boiler Pressure 

2420 0.08 173 2403 0.07 

Appendix 13 Data used to calculate the moisture content 
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9.10 MATLAB Code Used For Heat Balance Calculations 

9.10.1 Current State 
%Tallapiedra - Current State 
  
%Determination of Mass flows 
  
%Enthalpies Feed Water (kJ/kg)  
h2=173; h3=320; h4=397; h5=401; h6=486; h7=575; h11=631; h12=744; h13=901;  
  
%Enthalpies Extraction Steam (kJ/kg) 
h15=3187; h17=3025; h18=3025; h19=2825; h20=2727; h22=2635; h23=2542; 
  
%Enthalpies Drain Water (kJ/kg) 
h_prim15=923;  h_prim17=755; h_prim19=579; h_prim20=488;  h_prim22=398; 
h_prim23=320; 
  
%Mass flows (kg/s) 
m13=72.8; m15=m13*(h13-h12)./(h15-h_prim15); m17=m13*(h12-h11)./(h17-
h_prim17); m18=1; m_prim19=1; m_biss19=1; m20=1;  m22=1; m23=1; 
  
%Heat Balances 
  
%Feedwater Heater 6 
%m15=m13*(h13-h12)./(h15-h_prim15) 
  
%Feedwater Heater 5 
%m17=m13*(h12-h11)./(h17-h_prim17) 
  
%Open Feedwater Heater 
%m13*(h7-h10)+m15*(h_prim15-h7)+m17*(h_prim17-h7)=m18*(h7-
h18)+m_biss19*(h7-h_prim19); 
  
%Feedwater Heater 4 
%m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7)=m_prim19*(h_prim19-h19)+m_biss19*(h6-
h19-h7+h_prim19)+m18*(h6-h7); 
  
%Feedwater Heater 3 
%m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5)=m20*(h_prim20-h20)+m_prim19*(h_prim20-
h_prim19)+m_biss19*(h5-h6)+m18*(h5-h6); 
  
%Feedwater Heater 2 
%m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3)=m22*(h_prim22-h22+h3-h4)+m_biss19*(h3-
h4)+m18*(h3-h4)+m20*(h3-h4)+m_prim19*(h3-h4); 
  
%Feedwater Heater 1 
%m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2)=m23*(h_prim23-h23)+m22*(h2-
h3)+m_biss19*(h2-h3)+m_prim19*(h2-h3)+m18*(h2-h3)+m20(h2-h3); 
  
%Drain Water Mixing 
%m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4)=m22*(h4-h_prim22)+m20*(h4-
h_prim20)+m_biss19*(h4-h5)+m_prim19*(h4-h_prim20)+m18*(h4-h5); 
  
%Unknown variables are m18, m_prim19, m_biss19, m20, m22 and m23. These are 
%put in corresponding vectors in the order stated above. 
OFH=[(h7-h18) 0 (h7-h_prim19) 0 0 0] 
FWH4=[(h6-h7) (h_prim19-h19) (h6-h19-h7+h_prim19) 0 0 0] 
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FWH3=[(h5-h6) (h_prim20-h_prim19) (h5-h6) (h_prim20-h20) 0 0] 
FWH2=[(h3-h4) (h3-h4) (h3-h4) (h3-h4) (h_prim22-h22+h3-h4) 0] 
FWH1=[(h2-h3) (h2-h3) (h2-h3) (h2-h3) (h2-h3) (h_prim23-h23)] 
DWM=[(h4-h5) (h4-h_prim20) (h4-h5) (h4-h_prim20) (h4-h_prim22) 0] 
  
%Matrix A is created and the different vectors are included 
A=[OFH;FWH4;FWH3;FWH2;FWH1;DWM] 
  
%Known variables are put in corresponding solution vector 
sOFH=m13*(h7-h11)+m15*(h_prim15-h7)+m17*(h_prim17-h7) 
sFWH4=m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7) 
sFWH3=m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5) 
sFWH2=m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3) 
sFWH1=m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2) 
sDWM=m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4) 
  
%A solution vector "b" is created and all known variables are included 
b=[sOFH;sFWH4;sFWH3;sFWH2;sFWH1;sDWM] 
  
%Unknown variables are found and put in vector "X" 
X=A\b 
  
m15 
  
m16=m17+X(1,1) 
  
m19=X(2,1)+X(3,1) 
  
m20=X(4,1) 
  
m22=X(5,1) 
  
m23=X(6,1) 
  

Appendix 14 MATLAB code for calculating unknown mass flows in the current scenario 

9.10.2 Increased Superheating Temperature 
%Tallapiedra - Increasing Superheating Temperature 
  
%Determination of Mass flows 
  
%Enthalpies Feed Water (kJ/kg)  
h2=173; h3=320; h4=397; h5=401; h6=486; h7=575; h11=631; h12=744; h13=901;  
  
%Enthalpies Extraction Steam (kJ/kg) 
h15=3300; h17=3130; h18=3130; h19=2920; h20=2805; h22=2730; h23=2635; 
  
%Enthalpies Drain Water (kJ/kg) 
h_prim15=923;  h_prim17=755; h_prim19=579; h_prim20=488;  h_prim22=398; 
h_prim23=320; 
  
%Mass flows (kg/s) 
m13=72.8; m15=m13*(h13-h12)./(h15-h_prim15); m17=m13*(h12-h11)./(h17-
h_prim17); m18=1; m_prim19=1; m_biss19=1; m20=1;  m22=1; m23=1; 
  
%Heat Balances 
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%Feedwater Heater 6 
%m15=m13*(h13-h12)./(h15-h_prim15) 
  
%Feedwater Heater 5 
%m17=m13*(h12-h11)./(h17-h_prim17) 
  
%Open Feedwater Heater 
%m13*(h7-h10)+m15*(h_prim15-h7)+m17*(h_prim17-h7)=m18*(h7-
h18)+m_biss19*(h7-h_prim19); 
  
%Feedwater Heater 4 
%m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7)=m_prim19*(h_prim19-h19)+m_biss19*(h6-
h19-h7+h_prim19)+m18*(h6-h7); 
  
%Feedwater Heater 3 
%m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5)=m20*(h_prim20-h20)+m_prim19*(h_prim20-
h_prim19)+m_biss19*(h5-h6)+m18*(h5-h6); 
  
%Feedwater Heater 2 
%m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3)=m22*(h_prim22-h22+h3-h4)+m_biss19*(h3-
h4)+m18*(h3-h4)+m20*(h3-h4)+m_prim19*(h3-h4); 
  
%Feedwater Heater 1 
%m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2)=m23*(h_prim23-h23)+m22*(h2-
h3)+m_biss19*(h2-h3)+m_prim19*(h2-h3)+m18*(h2-h3)+m20(h2-h3); 
  
%Drain Water Mixing 
%m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4)=m22*(h4-h_prim22)+m20*(h4-
h_prim20)+m_biss19*(h4-h5)+m_prim19*(h4-h_prim20)+m18*(h4-h5); 
  
%Unknown variables are m18, m_prim19, m_biss19, m20, m22 and m23. These are 
%put in corresponding vectors in the order stated above. 
OFH=[(h7-h18) 0 (h7-h_prim19) 0 0 0] 
FWH4=[(h6-h7) (h_prim19-h19) (h6-h19-h7+h_prim19) 0 0 0] 
FWH3=[(h5-h6) (h_prim20-h_prim19) (h5-h6) (h_prim20-h20) 0 0] 
FWH2=[(h3-h4) (h3-h4) (h3-h4) (h3-h4) (h_prim22-h22+h3-h4) 0] 
FWH1=[(h2-h3) (h2-h3) (h2-h3) (h2-h3) (h2-h3) (h_prim23-h23)] 
DWM=[(h4-h5) (h4-h_prim20) (h4-h5) (h4-h_prim20) (h4-h_prim22) 0] 
  
%Matrix A is created and the different vectors are included 
A=[OFH;FWH4;FWH3;FWH2;FWH1;DWM] 
  
%Known variables are put in corresponding solution vector 
sOFH=m13*(h7-h11)+m15*(h_prim15-h7)+m17*(h_prim17-h7) 
sFWH4=m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7) 
sFWH3=m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5) 
sFWH2=m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3) 
sFWH1=m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2) 
sDWM=m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4) 
  
%A solution vector "b" is created and all known variables are included 
b=[sOFH;sFWH4;sFWH3;sFWH2;sFWH1;sDWM] 
  
%Unknown variables are found and put in vector "X" 
X=A\b 
  
m15 
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m16=m17+X(1,1) 
  
m19=X(2,1)+X(3,1) 
  
m20=X(4,1) 
  
m22=X(5,1) 
  
m23=X(6,1) 
 

Appendix 15 MATLAB code for calculating unknown mass flows in the scenario when the superheating temperature is increased 

9.10.3 Raising Boiler Pressure 
%Tallapiedra - Increasing Boiler Pressure 
  
%Determination of Mass flows 
  
%Enthalpies Feed Water (kJ/kg)  
h2=173; h3=320; h4=397; h5=401; h6=486; h7=575; h11=631; h12=744; h13=901;  
  
%Enthalpies Extraction Steam (kJ/kg) 
h15=3125; h17=2975; h18=2975; h19=2800; h20=2691; h22=2625; h23=2530; 
  
%Enthalpies Drain Water (kJ/kg) 
h_prim15=923;  h_prim17=755; h_prim19=579; h_prim20=488;  h_prim22=398; 
h_prim23=320; 
  
%Mass flows (kg/s) 
m13=72.8; m15=m13*(h13-h12)./(h15-h_prim15); m17=m13*(h12-h11)./(h17-
h_prim17); m18=1; m_prim19=1; m_biss19=1; m20=1;  m22=1; m23=1; 
  
%Heat Balances 
  
%Feedwater Heater 6 
%m15=m13*(h13-h12)./(h15-h_prim15) 
  
%Feedwater Heater 5 
%m17=m13*(h12-h11)./(h17-h_prim17) 
  
%Open Feedwater Heater 
%m13*(h7-h10)+m15*(h_prim15-h7)+m17*(h_prim17-h7)=m18*(h7-
h18)+m_biss19*(h7-h_prim19); 
  
%Feedwater Heater 4 
%m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7)=m_prim19*(h_prim19-h19)+m_biss19*(h6-
h19-h7+h_prim19)+m18*(h6-h7); 
  
%Feedwater Heater 3 
%m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5)=m20*(h_prim20-h20)+m_prim19*(h_prim20-
h_prim19)+m_biss19*(h5-h6)+m18*(h5-h6); 
  
%Feedwater Heater 2 
%m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3)=m22*(h_prim22-h22+h3-h4)+m_biss19*(h3-
h4)+m18*(h3-h4)+m20*(h3-h4)+m_prim19*(h3-h4); 
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%Feedwater Heater 1 
%m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2)=m23*(h_prim23-h23)+m22*(h2-
h3)+m_biss19*(h2-h3)+m_prim19*(h2-h3)+m18*(h2-h3)+m20(h2-h3); 
  
%Drain Water Mixing 
%m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4)=m22*(h4-h_prim22)+m20*(h4-
h_prim20)+m_biss19*(h4-h5)+m_prim19*(h4-h_prim20)+m18*(h4-h5); 
  
%Unknown variables are m18, m_prim19, m_biss19, m20, m22 and m23. These are 
%put in corresponding vectors in the order stated above. 
OFH=[(h7-h18) 0 (h7-h_prim19) 0 0 0] 
FWH4=[(h6-h7) (h_prim19-h19) (h6-h19-h7+h_prim19) 0 0 0] 
FWH3=[(h5-h6) (h_prim20-h_prim19) (h5-h6) (h_prim20-h20) 0 0] 
FWH2=[(h3-h4) (h3-h4) (h3-h4) (h3-h4) (h_prim22-h22+h3-h4) 0] 
FWH1=[(h2-h3) (h2-h3) (h2-h3) (h2-h3) (h2-h3) (h_prim23-h23)] 
DWM=[(h4-h5) (h4-h_prim20) (h4-h5) (h4-h_prim20) (h4-h_prim22) 0] 
  
%Matrix A is created and the different vectors are included 
A=[OFH;FWH4;FWH3;FWH2;FWH1;DWM] 
  
%Known variables are put in corresponding solution vector 
sOFH=m13*(h7-h11)+m15*(h_prim15-h7)+m17*(h_prim17-h7) 
sFWH4=m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7) 
sFWH3=m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5) 
sFWH2=m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3) 
sFWH1=m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2) 
sDWM=m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4) 
  
%A solution vector "b" is created and all known variables are included 
b=[sOFH;sFWH4;sFWH3;sFWH2;sFWH1;sDWM] 
  
%Unknown variables are found and put in vector "X" 
X=A\b 
  
m15 
  
m16=m17+X(1,1) 
  
m19=X(2,1)+X(3,1) 
  
m20=X(4,1) 
  
m22=X(5,1) 
  
m23=X(6,1) 
  
 

Appendix 16 MATLAB code for calculating unknown mass flows in the scenario when the boiler pressure is raised 

9.10.4 Combined Efficiency Improvements 
%Tallapiedra - Combined Efficiency Improvements 
  
%Determination of Mass flows 
  
%Enthalpies Feed Water (kJ/kg)  
h2=173; h3=320; h4=397; h5=401; h6=486; h7=575; h11=631; h12=744; h13=901;  
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%Enthalpies Extraction Steam (kJ/kg) 
h15=3260; h17=3100; h18=3100; h19=2890; h20=2770; h22=2695; h23=2610; 
  
%Enthalpies Drain Water (kJ/kg) 
h_prim15=923;  h_prim17=755; h_prim19=579; h_prim20=488;  h_prim22=398; 
h_prim23=320; 
  
%Mass flows (kg/s) 
m13=72.8; m15=m13*(h13-h12)./(h15-h_prim15); m17=m13*(h12-h11)./(h17-
h_prim17); m18=1; m_prim19=1; m_biss19=1; m20=1;  m22=1; m23=1; 
  
%Heat Balances 
  
%Feedwater Heater 6 
%m15=m13*(h13-h12)./(h15-h_prim15) 
  
%Feedwater Heater 5 
%m17=m13*(h12-h11)./(h17-h_prim17) 
  
%Open Feedwater Heater 
%m13*(h7-h10)+m15*(h_prim15-h7)+m17*(h_prim17-h7)=m18*(h7-
h18)+m_biss19*(h7-h_prim19); 
  
%Feedwater Heater 4 
%m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7)=m_prim19*(h_prim19-h19)+m_biss19*(h6-
h19-h7+h_prim19)+m18*(h6-h7); 
  
%Feedwater Heater 3 
%m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5)=m20*(h_prim20-h20)+m_prim19*(h_prim20-
h_prim19)+m_biss19*(h5-h6)+m18*(h5-h6); 
  
%Feedwater Heater 2 
%m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3)=m22*(h_prim22-h22+h3-h4)+m_biss19*(h3-
h4)+m18*(h3-h4)+m20*(h3-h4)+m_prim19*(h3-h4); 
  
%Feedwater Heater 1 
%m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2)=m23*(h_prim23-h23)+m22*(h2-
h3)+m_biss19*(h2-h3)+m_prim19*(h2-h3)+m18*(h2-h3)+m20(h2-h3); 
  
%Drain Water Mixing 
%m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4)=m22*(h4-h_prim22)+m20*(h4-
h_prim20)+m_biss19*(h4-h5)+m_prim19*(h4-h_prim20)+m18*(h4-h5); 
  
%Unknown variables are m18, m_prim19, m_biss19, m20, m22 and m23. These are 
%put in corresponding vectors in the order stated above. 
OFH=[(h7-h18) 0 (h7-h_prim19) 0 0 0] 
FWH4=[(h6-h7) (h_prim19-h19) (h6-h19-h7+h_prim19) 0 0 0] 
FWH3=[(h5-h6) (h_prim20-h_prim19) (h5-h6) (h_prim20-h20) 0 0] 
FWH2=[(h3-h4) (h3-h4) (h3-h4) (h3-h4) (h_prim22-h22+h3-h4) 0] 
FWH1=[(h2-h3) (h2-h3) (h2-h3) (h2-h3) (h2-h3) (h_prim23-h23)] 
DWM=[(h4-h5) (h4-h_prim20) (h4-h5) (h4-h_prim20) (h4-h_prim22) 0] 
  
%Matrix A is created and the different vectors are included 
A=[OFH;FWH4;FWH3;FWH2;FWH1;DWM] 
  
%Known variables are put in corresponding solution vector 
sOFH=m13*(h7-h11)+m15*(h_prim15-h7)+m17*(h_prim17-h7) 
sFWH4=m15*(h7-h6)+m17*(h7-h6)+m13*(h6-h7) 
sFWH3=m13*(h5-h6)+m17*(h6-h5)+m15*(h6-h5) 
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sFWH2=m13*(h3-h4)+m17*(h4-h3)+m15*(h4-h3) 
sFWH1=m13*(h2-h3)+m17*(h3-h2)+m15*(h3-h2) 
sDWM=m13*(h4-h5)+m17*(h5-h4)+m15*(h5-h4) 
  
%A solution vector "b" is created and all known variables are included 
b=[sOFH;sFWH4;sFWH3;sFWH2;sFWH1;sDWM] 
  
%Unknown variables are found and put in vector "X" 
X=A\b 
  
m15 
  
m16=m17+X(1,1) 
  
m19=X(2,1)+X(3,1) 
  
m20=X(4,1) 
  
m22=X(5,1) 
  
m23=X(6,1) 
 

Appendix 17 MATLAB code for calculating unknown mass flows during the combined efficiency improvements scenario 

 

9.11 Future Economic Oil Analysis 
The Cuban future in terms of oil is very uncertain. Many questions remain concerning the 
domestic production. Will new deposits be found? Will investments be made to increase the 
number of refineries and will present refining processes be improved? Future import conditions 
are another big question mark. What will happen to the heavily subsidized oil imported from 
Venezuela after the death of Cuba-friendly leader Hugo Chavez?   

Different future scenarios are being analyzed in two different analyses presented below. The first, 
Domestic Oil Production Model, address the domestic production while the latter, Venezuelan Oil 
Import Model, concerns future import from Cuba´s South American trading partner. 

9.11.1 Domestic Oil Production Analysis 

The analysis includes four different parameters, Production, Market Price, Quality and Production Cost. 
A base scenario reflecting the present conditions and values is presented first. A series of 
different future scenarios are then presented by altering one parameter at a time.  

1. Production 
Production represents the total domestic oil production. The base scenario figure is from 2009 
when the total domestic production amounted to 2731 million tons (Suárez, o.a., 2012).  

2. Market Price 
Market price represents Gulf Coast No.6 Fuel Oil 3% Sulfur price in U.S. dollars per barrel as of 
2013-03-17. The following procedure was taken in order to convert barrels to tons: 

Barrels of oil per ton =  
!

!"!.!
!"#  !"#$%&'!!"!.!

∗!,!"#
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The American Petroleum Institute Gravity, API Gravity, is a measure of how heavy petroleum is 
in comparison to water. Different oils vary in composition, density and are therefore associated 
with different API Gravity degrees. Hence, a ton of oil adds up to different amounts of barrels 
depending on the weight of the oil. Gulf Coast No.6 Fuel Oil 3% Sulfur has a minimum of 10.2 
API Gravity degrees (Platts, 2012). 

Barrels of oil per ton =  
!

!"!.!
!".!!!"!.! ∗!.!"#

 = 6.30 

The market price of 94.6 USD per barrel of Gulf Coast No.6 Fuel Oil 3% Sulfur corresponds 
therefore to a price of 596 USD per ton which is chosen as the base scenario figure. 

3. Quality 
Cuban is of poor quality and is commonly valued at a discounted price of Gulf Coast No.6 Fuel 
Oil 3% Sulfur. Sherritt Inc. is a major producer and distributor of Cuban oil. By calculating an 
average price of a ton of Gulf Coast No.6 Fuel Oil 3% Sulfur and using Sherritts Inc.´s realized 
price per ton from their financials under the same time period, an average discount factor could 
be approximated (Benjamin-Alvarado, 2010). 

Year Gulf Coast No. 6 fuel 
oil (USD / ton) 

Realized 
price (USD 

/ ton) 

Gulf Coast No.6 
Fuel Oil Discount 

Factor (%) 

2003 3.24 3.73 115.01% 

2004 3.34 3.54 106.17% 

2005 4.90 4.85 99.05% 

2006 6.18 5.66 91.57% 

2007 7.21 5.80 80.47% 

2008 9.91 7.62 76.94% 

    
Average 5.80 5.20 89.74% 

Appendix 18 Per-ton prices of Cuban oil Sold by Sherritt Inc., and realized price between the years 2003 and 2008. An average 
discount factor of Gulf Coast No.6 is determined by the realized prize and market price. (Benjamin-Alvarado, 2010) 

 

The discount factor determines what fraction of the price of Gulf Coast No.6 Fuel Oil 3% Sulfur 
that should be approximated as market price of Cuban oil. The title “Quality” refers to the 
percentage of the actual price and how changes in refining processes could affect the market 
price of Cuban produced oil. The base scenario figure is 90 % of the market price of Gulf Coast 
No.6 Fuel Oil 3% Sulfur (Benjamin-Alvarado, 2010). 

4. Production Cost 

Production cost represents the production cost per ton in accordance to Sherritt Inc. financials. 
According to their calculations the production cost of Cuban oil is 7.8 USD per barrel. The 
following procedure was taken in order to convert barrels to tons: 

Barrels of oil per ton =  !
!"!.!

!"!!"!.! ∗!.!"#
 = 6.38 
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Cuban oil API Gravity varies from a low 8 - 10 degrees (Varadero) to a high 12 – 15 degrees 
(Seboruco, Canasi, Puerto Escondido). Due to decreasing supply in Varadero and with size of 
and API Gravity degrees of remaining production in mind, an average API Gravity of 12 degrees 
was used. This results in a conversion factor of 6.4 barrels per ton. The production cost of 7.8 
USD per barrel corresponds therefore to a cost of production of 49.9 USD per ton which is 
chosen as the base scenario figure (Benjamin-Alvarado, 2010).  

Three different financial posts, Market Value Cuban Oil, Gross Profit Earnings per Barrel and Gross 
Profit Earnings per Year are then calculated. The values differ by alternating the parameters and 
changing future scenarios.  

I. Market Value Cuban Oil (MVCO) 

𝑀𝑎𝑟𝑘𝑒𝑡  𝑉𝑎𝑙𝑢𝑒  𝐶𝑢𝑏𝑎𝑛  𝑂𝑖𝑙:𝑀𝑉𝐶𝑂 = 𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑟𝑖𝑐𝑒 ∗ 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 Eqn 9-1 

 

The unit is USD per ton. 

II. Gross Profit Earnings per Ton (GPE/t) 

𝐺𝑟𝑜𝑠𝑠  𝑃𝑟𝑜𝑓𝑖𝑡  𝐸𝑎𝑟𝑛𝑖𝑛𝑔𝑠  𝑝𝑒𝑟  𝑇𝑜𝑛:𝐺𝑃𝐸/𝑡 = 𝑀𝑎𝑟𝑘𝑒𝑡  𝑉𝑎𝑙𝑢𝑒  𝐶𝑢𝑏𝑎𝑛  𝑂𝑖𝑙 − 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡 
      Eqn 9-2 

The unit is USD per ton. 

III. Gross Profit Earnings per Year (GPE/year) 

𝐺𝑟𝑜𝑠𝑠  𝑃𝑟𝑜𝑓𝑖𝑡  𝐸𝑎𝑟𝑛𝑖𝑛𝑔  𝑝𝑒𝑟  𝑌𝑒𝑎𝑟:
𝐺𝑃𝐸
𝑦𝑒𝑎𝑟 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∗ 𝐺𝑟𝑜𝑠𝑠  𝑃𝑟𝑜𝑓𝑖𝑡  𝐸𝑎𝑟𝑛𝑖𝑛𝑔𝑠  𝑝𝑒𝑟  𝑇𝑜𝑛 

      Eqn 9-3 

The unit is million USD per year. 

IV. Optimistic and Pessimistic Scenario 

Ultimately, an optimistic and pessimistic scenario is presented where all parameters work 
favorably for the Cuban economy respectively to its disfavor. In the Optimistic Scenario, highest 
projected increase in production, market price, quality and lowest projected production cost is 
utilized. In the Pessimistic Scenario, highest projected decrease in production, market price, quality 
and highest projected production cost is utilized. 

 

 

 

 

Scenario Production 
(tons/year) 

Market 
price/ton 

(USD) 

Quality (% 
of market 

price 
equalling 
realized 
price) 

Producti
on 

cost/ton 
(USD) 

Market 
Value 
Cuban 
Oil/ton 
(USD) 

Gross profit 
earnings/ton 

(USD) 

Gross profit 
earnings/year 
(million USD) 
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Base 
Scenario 

2731000 596.0 90.0% 49.9 536.4 486.5 1328.6 

Production 
increase 
(+2.5%) 

2799275 596 90.0% 49.9 536.4 486.5 1361.8 

Production 
increase 
(+5%) 

2867550 596 90.0% 49.9 536.4 486.5 1395.1 

Production 
decrease (-

2.5%) 

2662725 596 90.0% 49.9 536.4 486.5 1295.4 

Production 
decrease (-

5%) 

2594450 596 90.0% 49.9 536.4 486.5 1262.2 

Market price 
increase 
(+5%) 

2731000 625.8 90.0% 49.9 563.2 513.3 1401.9 

Market price 
increase 
(+10%) 

2731000 655.6 90.0% 49.9 590.0 540.1 1475.1 

Market price 
decrease (-

5%) 

2731000 566.2 90.0% 49.9 509.6 459.7 1255.4 

Market price 
decrease (-

10%) 

2731000 536.4 90.0% 49.9 482.8 432.9 1182.1 

Quality 
increase (+5 
percentage 

units) 

2731000 596 95.0% 49.9 566.2 516.3 1410.0 

Quality 
increase 

(+10 
percentage 

units) 

2731000 596 100.0% 49.9 596.0 546.1 1491.4 

Quality 
decrease (-5 
percentage 

units) 

2731000 596 85.0% 49.9 506.6 456.7 1247.2 

Quality 
decrease (-

2731000 596 80.0% 49.9 476.8 426.9 1165.9 
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10 
percentage 

units) 

Production 
cost increase 

(+2.5%) 

2731000 596 90.0% 51.1 536.4 485.3 1325.2 

Production 
cost increase 

(+5%) 

2731000 596 90.0% 52.4 536.4 484.0 1321.8 

Production 
cost 

decrease (-
2.5%) 

2731000 596 90.0% 48.7 536.4 487.7 1332.0 

Production 
cost 

decrease (-
5%) 

2731000 596 90.0% 47.4 536.4 489.0 1335.4 

Optimist i c  
s cenario 

2867550 655.6 100.0% 47.4 655.6 608.2 1744.0 

Pess imist i c  
s cenario 

2594450 536.4 80.0% 52.4 429.1 376.7 977.4 

Appendix 19An economic analysis of the future production of Cuban oil 

9.11.2 Venezuelan Oil Import Analysis 

The analysis includes three different parameters, Market Price, Volume and Subsidy. A base scenario 
reflecting the present conditions and values is presented first. A series of different future 
scenarios are then presented by altering one parameter at a time.  

1. Market Price 

Cuba imports many different types of products, ranging from crude oil to refined high quality 
fuels, from Venezuela. In order to make the analysis comparable to domestic production, a 
common type and pricing have been used. Market price represents Gulf Coast No.6 Fuel Oil 3% 
Sulfur price in U.S. dollars per barrel as of 2013-03-17. The following procedure was taken in 
order to convert barrels to tons: 

Barrels of oil per ton =  
!

!"!.!
!"#  !"#$%&'!!"!.!

∗!.!"#
 

The American Petroleum Institute Gravity, API Gravity, is a measure of how heavy petroleum is 
in comparison to water. Different oils vary in composition, density and are therefore associated 
with different API Gravity degrees. Hence, a ton of oil adds up to different amounts of barrels 
depending on the weight of the oil. Gulf Coast No.6 Fuel Oil 3% Sulfur has a minimum of 10.2 
API Gravity degrees (Platts, 2012). 
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Barrels of oil per ton =  
!

!"!.!
!".!!!"!.! ∗!.!"#

 = 6.30 

The market price of 94.6 USD per barrel of Gulf Coast No.6 Fuel Oil 3% Sulfur corresponds 
therefore to a price of 596 USD per ton which is chosen as the base scenario figure. 

2. Volume 

The volume represents the total amount of imported oil from Venezuela. The unit is million tons 
per year. The base scenario figure is from 2008 when the amount of imported oil was 92000 
barrels per day. With a conversion factor of 6.3, this amount equals an imported volume of 5.3 
million tons per year (Benjamin-Alvarado, 2010). 

3. Subsidy 

To quantify the Venezuelan subsidies in terms of discounted import costs is a difficult task. To 
value the Cuban export of expertise is perhaps even harder. Exact figures and data are difficult to 
come by. Some allege even that Cuba pays nothing for oil originated from Venezuela. However, a 
conventionally used figure is that Cuba pays a price that is discounted by 40 percent. The same 
figure is used as base scenario (Benjamin-Alvarado, 2010).  

Three different financial posts, Cost per Ton, Total Cost per Year and Difference from Base Scenario are 
then calculated. The values differ by alternating the parameters and changing future scenarios.  

I. Cost per Ton 

𝐶𝑜𝑠𝑡  𝑝𝑒𝑟  𝑇𝑜𝑛 = 𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑟𝑖𝑐𝑒 ∗ 1− 𝑆𝑢𝑏𝑠𝑖𝑑𝑦   Eqn 9-4 
      

The unit is USD per ton. 

II. Total Cost per Year 

𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡  𝑝𝑒𝑟  𝑌𝑒𝑎𝑟 = 𝑀𝑎𝑟𝑘𝑒𝑡  𝑃𝑟𝑖𝑐𝑒 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 ∗ 1− 𝑆𝑢𝑏𝑠𝑖𝑑𝑦  Eqn 9-5 
      

The unit is million USD. 

III. Difference from Base Scenario 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  𝑓𝑟𝑜𝑚  𝐵𝑎𝑠𝑒  𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 =
𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡  𝑝𝑒𝑟  𝑌𝑒𝑎𝑟 !"#$  !"#$%&'( − 𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡  𝑝𝑒𝑟  𝑌𝑒𝑎𝑟  

      Eqn 9-6 

The unit is million USD 

 

 

 

Scenario Market 
price 

(USD/ton) 

Volume 
(million 

tons/year) 

Subsidy 
(%) 

Cost per 
ton 

(USD) 

Total cost 
per year 
(million 
USD) 

Difference from base 
scenario (million 

USD) 
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Base Scenario 596 5.3 40% 357.6 1895.28 0 

Market price increase 
(+$5/ton) 

625.8 5.3 40% 375.48 1990.044 -94.764 

Market price increase 
(+$10/ton) 

655.6 5.3 40% 393.36 2084.808 -189.528 

Market price 
decrease (-$5/ton) 

566.2 5.3 40% 339.72 1800.516 94.764 

Market price 
decrease (-$10/ton) 

536.4 5.3 40% 321.84 1705.752 189.528 

Imported volume 
increase (+2.5%) 

596 5.4325 40% 357.6 1942.662 -47.382 

Imported volume 
increase (+5%) 

596 5.565 40% 357.6 1990.044 -94.764 

Imported volume 
decrease (-2.5%) 

596 5.1675 40% 357.6 1847.898 47.382 

Imported volume 
decrease (-5%) 

596 5.035 40% 357.6 1800.516 94.764 

Subsidies increase 
(+5 percentage units) 

596 5.3 45% 327.8 1737.34 157.94 

Subsidies increase 
(+10 percentage 

units) 

596 5.3 50% 298 1579.4 315.88 

Subsidies decrease (-
5 percentage units) 

596 5.3 35% 387.4 2053.22 -157.94 

Subsidies decrease (-
10 percentage units) 

596 5.3 30% 417.2 2211.16 -315.88 

Optimistic scenario 536.4 5.035 50% 268.2 1350.387 544.893 

Pessimistic 
scenario 

655.6 5.565 30% 458.92 2553.8898 -658.6098 

Appendix 20 An analysis over the future importof Venezuelan oil 

 

 

9.12 Availability Tallapiedra Power Plant 
 Forced 

stops 
Planned 
stops 1 

Planned 
stops 2 

Planned 
stops 3 



-97- 
 

Times per year 20-25 2 1 0.25 

Duration 
(days) 

0-5 10 25-40 90-120 

Mean forced 
stops per year 

(days) 

56.25 20 32.5 26.25 

 Annual 
Total 

   

Stops per year 
(days) 

135    

Availability 
per year 

63%    

Appendix 21 Calculations of the availability of the Tallapiedra power plant (Rafael, 2013) 


