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Abstract
This study evaluates the thermodynamic and economic performance of hybridization of biomass-solar for
a cogeneration power plant in a Cuban sugar mill, George Washington. The evaluation is performed by
varying the parameters of the thermal power block and considering scenarios with 1) bagasse and marabú,
2) bagasse and solar field, and 3) bagasse, marabú and solar field as heat sources for the cogeneration cycle.
The most feasible configuration combines all the three heat sources having the superheated steam
parameters of 100 bar and 540 ⁰C and the solar field aperture area of 88,560 m2 using SkyTrough collectors.
The NPV for the proposed system is 30.97 million USD which indicates that it is economically feasible and
the LCOE of 0.091 USD/kWh is in the range of a typical LCOE for biomass electricity generation with a
stoker boiler (0.06 – 0.21 USD/kWh).

Sammanfattning
Denna studie utvärderar den termodynamiska och ekonomiska prestandan för hybridisering av biomassa
och solenergi för ett kraftvärmeverk i ett kubanskt sockerbruk, George Washington. Utvärderingen utförs
genom att variera parametrarna för kraftvärmecykeln och studera scenarier med 1) bagasse och marabú, 2)
bagasse och solfält, och 3) bagasse, marabú och solfält som värmekällor för kraftvärmecykeln. Den
rekommenderade konfigurationen kombinerar alla tre värmekällorna med överhettade ångparametrarna på
100 bar och 540 ⁰C och solfältets öppningsarea på 88,560 m2 med SkyTrough-solfångare. Nettonyvärdet för
det föreslagna systemet är 30.97 miljoner USD vilket indikerar att förslaget är ekonomiskt genomförbart
samt LCOE på 0.091 USD/kWh ligger inom en typisk LCOE för elproduktion av biomassa med en stoker
panna (0.06 – 0.21 USD/kWh).
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Nomenclature
Abbreviations
BST

Backpressure steam turbine

CEST

Condensing extraction steam turbine

DHI

Diffuse horizontal irradiance

DNI

Direct normal irradiance

EUF

Energy utilization factor

GHI

Global horizontal irradiance

IRR

Internal rate of return

HEX

Heat exchanger

HTF

Heat transfer fluid

LCOE

Levelized cost of energy

NPV

Net present value

SAM

System Advisor Model

SCAR

Sugarcane agricultural residues

SF

Solar field

SM

Solar multiple

Tcd

Tons of cane per day

TLCC

Total lifecycle cost

O&M

Operation and maintenance

Symbols
Asol

Solar field aperture area

Bt

Annual benefit

CO&M

Operation and maintenance cost

Ct

Annual cost

C0

Initial investment

d

Discount rate

Egrid

Surplus electricity fed to the grid

Esol

Electricity generation enabled by solar thermal feedwater heating

Et

Energy produced in year t

hpr,in / hpr,out

Enthalpy of the mass flow in / out from the process

Ibn

Beam irradiance

L

System lifetime

moil

Thermal oil mass flow
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mpr

Process steam demand

Nloop

Number of loops

NSCA

Number of solar collectors

Pnet

Net electricity output

psteam

Steam pressure

Qbagasse/marabú

Heat input from bagasse/marabú

Qfuel

Fuel input to boiler

Qpr

Process heat

Qsol

Solar heat input

Tdp

Discounted payback period

ΔToil,sol

Solar field inlet and outlet temperature difference

Tsteam

Steam temperature

xsol

Solar fraction

ηel

Electrical efficiency,

ηSOL,th

Solar field thermal efficiency

Keywords
Cogeneration, biomass-solar hybridization, sugar industry, thermodynamic performance
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1 Introduction
World energy consumption has been increasing at a rate of 2.5 % per year during the last 25 years. This
energy has been mainly supplied from fossils fuels: oil, gas and coal. However, there’s a small but rapidly
growing contribution from renewable energy sources: biomass, solar and wind, and governments are making
efforts to increase energy supply from these energy sources, improve energy efficiency and control demand
due to the environmental impact of burning fossil fuels as well as the potential shortage of fossil fuels at
reasonable prices. (Ekanayake and Jenkins, 2017)
In Cuba the share of renewable power generation is
only 4.3% of the total electricity generation and the
rest comes from the fossil fuels; 48.3% from crude oil,
33.6% from fuel oil, 9.6% from gas and 4.2% from
diesel, see Figure 1 (Herrera, 2018). The country’s high
dependency on imported fuels, first from Soviet Union
and later from Venezuela, has made it vulnerable for
external political changes as well as increased the will
to develop the domestic energy resources including
renewables. In the early 2000s Cuba experienced
serious power shortages due to inefficient power
plants using low quality fuels. The issues on energy
sector culminated when two hurricanes caused large
damages in the transmission lines in 2004 leaving a
million people without electricity. The worst year was
2005 when the national electricity system functioned
at 50 % of its installed capacity with blackouts of seven Figure 1. Electricity generation by source in Cuba (Herrera, 2018).
to twelve hours every day. In 2006 the energy crisis in
Cuba led to an initiative called Energy Revolution which aimed to energy savings, higher efficiency and
using more renewable sources. (Käkönen et al., 2014) This initiative was followed by a new policy plan for
development of renewable energy in June 2014, with the main goal of producing 24% of the electricity using
renewable energy sources by 2030. Renewable energy will be more than 50% of the new installed power
generation capacity by 2030. (Netherlands Enterprise Agency, 2018)
One of the key technologies to reach these targets is bioelectricity generation, i.e. cogeneration of heat and
power from the biomass of sugarcane, bagasse, with 950 MW planned capacity at 25 sugar mills. (Herrera,
2018) Bagasse is the fibrous material that remains after the extraction of the sugar containing juice from
sugarcane (Encyclopaedia Britannica, 2018). In terms of volume, the main renewable energy source used in
Cuba is sugarcane bagasse which in primary production accounts up to 20% of the total energy production.
Bagasse is mainly used to meet the energy demand during the sugar and ethanol manufacturing process.
About 5% of the energy produced with bagasse is fed into the grid. (Käkönen et al., 2014) Some studies
suggest that the capacity of sugar plants could be further exploited by incinerating marabú (a non-indigenous
bush tree, which is widely available and considered a fast spreading plague) after the milling season (Cabello
et al., 2018).
Integrating solar thermal collectors in existing cogeneration plants enables extending the period of
generation of electric power over the sugarcane harvesting period. Injecting solar energy into the thermal
power block of the plant decreases the consumption of bagasse fuel that can be stored for off-season
operation. Different layouts are possible when hybridizing concentrated solar power (CSP) with the
sugarcane bagasse cogeneration plants. The most studied option in literature is solar feedwater heating which
can be obtained by the substitution of turbine bleed-off steam extractions by solar heat. Solar feedwater
heating requires minimal modifications on the original plant which reduces the investment costs related to
-10-

solar integration. (Burin et al., 2015) Results from the studies on Cuban sugar mills indicate that the power
generation can be extended about one month which counts for 707 GWh for the whole year if the biomass
program is fully implemented (Herrera, 2018).

1.1 Purpose
The purpose of this study is to investigate the performance of the cogeneration unit with a solar hybrid
layout at George Washington sugar mill in Cuba, from thermodynamic, environmental and economic
perspective.

1.2 Objectives
•
•
•
•

To study the performance of the cogeneration unit at George Washington sugar mill with different
parameters of the thermal power block.
To study different conditions of the heat injection from the solar field with different parameters of
the working fluid.
To study scenarios using 1) bagasse and marabú, 2) bagasse and solar field, and 3) bagasse, marabú
and solar field as heat sources for the cogeneration cycle.
To evaluate the performance of each layout by considering cycle efficiency, environmental impact
and economic feasibility.

1.3 Delimitations
In this study the energy potential of sugarcane agricultural residues (SCAR) is excluded and only the energy
potential of bagasse is investigated. This study is also limited to the cogeneration unit in the sugar mill and
doesn’t consider the possible improvements in the sugar production process. The performance of the
cogeneration unit is studied by applying a high-pressure boiler and a condensing extraction steam turbine.
Other possible techniques to improve the cogeneration cycle performance are not considered.

1.4 Method
This thesis is done in collaboration with Universidad Central de las Villas, located in Santa Clara, Cuba
where the field work is performed. Theory part of the study is covered by a literature review on energy
situation in Cuba, sugarcane bagasse cogeneration plants and solar hybridized plants. Calculations for
thermodynamic and economic optimization are done with Aspen Plus Technology, System Advisor Model
(SAM) and Excel. The cogeneration unit is simulated with Aspen Plus Technology and the solar field
simulations are performed with SAM. Excel is used to calculate the economic feasibility and it’s also used
as an auxiliary tool for the thermodynamic performance calculations. Field study in Cuba consists of on-site
observations, interviews with academic researchers and sugar mill employees as well as optimization
calculations. The methodology of this study is presented in detail in chapter 4.
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2 Literature Study
The literature study starts with an overview of the energy situation in Cuba and sugar industry. The
characteristics of bagasse and marabú are briefly explained in sections 2.2 and 2.3. The concept of sugarcane
bagasse cogeneration plant and the most commonly used technologies and parameters in the cogeneration
are described in section 2.4. The following section (2.5) introduces concentrating solar power (CSP), the
main CSP technology types and the concept of solar hybridized plant.

2.1 Energy Situation in Cuba
The energy security is a crucial issue in the economic development of Cuba due to country’s geopolitical
and historical situation. In 1989, the disintegration of the Soviet Union caused a shortage on Cuban fuel
imports, triggering the biggest energy crisis thus far, followed by a current crisis caused by a reduction of
the fuel imports from Venezuela. (Cabello et al., 2018) The use of modern cogeneration technologies in the
Cuban sugar industry can contribute to energy independency and to reduce the fossil fuel-based electricity.
However, the shortage of financial resources as well as lack of data on the actual potential of renewable
energy sources in Cuba are the main obstacle for the development of the renewable electricity potential of
the sugar industry. It’s estimated that biomass; mainly bagasse, wood, energy cane (a sugarcane variety with
a higher bagasse yield, which produces a lower quality) and marabú has potential to support over 97% of
the electricity generation planned by the Cuban government for 2030. This biomass-based electricity
generation potential can reduce up to 81% of the GHG emissions as compared to the emission levels of
2012 and can reduce the costs of electricity generation by 30% (depending on the fossil fuels actual prices).
(Cabello et al., 2018)
New planned bioelectricity plants with the total capacity of 950 MW will account for 14 % (i.e. more than
half) of the targeted 24 % of renewables in Cuba’s energy matrix. Completing the construction of these
bioelectricity plants will quadruple the efficiency of electricity generation in Cuban sugar industry. In the
current situation three plants are under construction one of which the bioelectricity plant of Ciro Redondo
with the planned capacity of 62 MW located in the province of Ciego de Ávila. The current milling capacity
of 6,000 tcd will be upgraded to 7,000 tcd and the electricity production will increase from 38 kW/tc to 157
kW/tc. Two 120 t/h capacity boilers will generate steam at the pressure of 90 bar and at the temperature of
540 °C. Forest biomass will be supplied for off-season operation to enable an annual power generation of
391 GWh providing 125,000 homes with electricity. The bioelectricity plant of Ciro Redondo also disposes
a reverse osmosis water treatment unit and a biomass storage for 15 days of operation. The plant will be in
operation for the harvest season of 2019-2020. (Cubavision, 2019)

2.2 Sugar Industry
Sugarcane (Saccharum officinarum) forms one of the largest global agricultural productions with 1.68
million Mton of which Brazil accounts for 43% (Alves et al., 2015). Since the 1600s, Cuba has been one of
the largest sugar producers and exporters in the world, being the leading sugar exporter in the first half of
the 20th century. However, since 1991 the situation of Cuban sugarcane agroindustry has deteriorated
drastically. Sugarcane production has fallen from 82 million ton in 1990 to 23.8 million ton in 2004 and
continued decreasing to 11.6 million ton in 2005. Since 2003, Cuba has had to import sugar in order to meet
domestic demand and fulfill export contracts. One reason for this decline is the collapse of the Soviet Union
and other Communist states in Eastern Europe which caused Cuba to lose its traditional sugar markets.
Until 2001, Cuba had 156 active sugar mills but since 2001 more than half of the 156 sugar mills are no
longer in use and at present, there are more than 70 active sugar mills which are in operation depending on
the local availability of sugarcane. More than half of the active sugar mills have a milling capacity of between
4,600 and 14,000 ton of cane/day. Traditionally sugar factories in Cuba has not been exporting electricity
-12-

to the National Electric Energetic System (NEES), since 95 % of the total electricity produced has been
used during the production process. (Alonso-Pippo et al., 2008)
Sugarcane is considered as a very efficient crop since it has the highest harvest index (ratio of what is utilized
to what is grown in the field) of all crops. All components of the plant have economic value. In addition to
the prime product, sucrose, the residual molasses can be used as cattle feed or fermented to ethanol. The
fiber is burned to produce the energy for processing the cane and generate electrical power but can be use
also for making paper and other cellulosic products. (Payne, 1991) Sugarcane converts about 2 % of the
solar energy into chemical energy of biomass. Compared to other plants it produces the highest number of
calories per unit area: 100 tons of cane per hectare or 10 tons of sugar per hectare. It’s estimated that
worldwide 2,000 million tons of harvested cane and 500 million tons of bagasse residue are available for
utilization. (Petrov, 2018) A ton of sugarcane bagasse (on a 50% wet basis) equals 1.6 barrels of fuel oil on
an energy basis (Alonso-Pippo et al., 2008). Table 1 presents the typical characteristics of bagasse.
Moisture content
(wet basis) %

Ash content
(dry basis) %

Lower heating value
(LHV) (MJ/kg) (dry basis)

Lower heating value
(LHV) (MJ/kg) (wet basis)

50

2.7

15.8

7.43

Table 1. Characteristics of bagasse (Cabello et al., 2018).

The moisture content of biomass has a significant impact on the quantity of energy that is available to be
converted to useful heat and the combustion cannot be maintained if the moisture content of the biomass
exceeds 60 % (on a wet basis) (Ekanayake and Jenkins, 2017). Thus, drying the bagasse to the lowest possible
moisture content increases the energy efficiency of the cogeneration plant.

2.3 Marabú
In the recent years the exploitation of marabú as a possible energy crop has been discussed in Cuba. Marabú
(Dichrostachys glomerata) is an invasive plant in Cuba, growing on more than 1.7M ha of land which is
15% of the national territory. (Cabello et al., 2018)There is currently no special use for this plant and its
thermochemical properties (see Table 2) are comparable with other types of woody biomass with a longer
crop period which makes it a promising solid fuel for an environmental sound combustion (Pedroso and
Kaltschmitt, 2011). Marabú is the largest unused biomass source in Cuba, which can be combusted in sugar
factories after the milling season or alternatively the areas covered by marabú can be replanted with energy
cane for biomass production. Currently, there are about 62,900 kt of marabú available all over the country
and it’s expanding further due to lack of an adequate method to eradicate it, even if eradicating marabú is a
primary goal of the Cuban agriculture policy. (Cabello et al., 2018)
Moisture content
(wet basis) %

Ash content
(dry basis) %

Lower heating value
(LHV) (MJ/kg) (dry basis)

Lower heating value
(LHV) (MJ/kg) (wet basis)

36-45*

1.5**

19.3**

9.9*

Table 2. Characteristics of marabú (*Rubio Gonzalez, 2019; **Cabello et al., 2018).

In a study comparing the heating value of Cuban marabú it was discovered that the heating value increases
slightly with the density of the soil and with the height of the harvested plant. The heating value on dry basis
of the samples originating from different regions of Cuba varies between 18.079 and 19.147 MJ/kg. The
maximum heating value on wet basis was 16.271 MJ/kg with 10 % moisture content and the minimum
9.944 MJ/kg with 45 % moisture content. Stored marabú that has been dried for 17 days can obtain the
moisture content of 15 % from the original moisture content of 36-41 % and heating value of 15.367 MJ/kg.
Bagasse received from a sugar mill after juice extraction has the moisture content of 50 % and the heating
-13-

value of 7.96 MJ/kg which indicates that the heating value of marabú is almost twice the heating value of
bagasse. (Rubio González, 2019)

2.4 Sugarcane Bagasse Cogeneration Plant
Cogeneration has been practiced long time in the sugarcane industry in order to meet the on-site electricity
and heat demands. Traditionally the bagasse power plants are directly located in the sugarcane factories
where bagasse is burned. (Burin 2016) The sugarcane cogeneration systems are commonly used in countries
like Brazil, India, South Africa and Australia (Alves et al., 2015).
The sugarcane industry has unique characteristics for the application of cogeneration technology. The
principal advantageous factors are the good fuel characteristics of bagasse and the high usage of low pressure
steam. In conventional power plants, most of the heat in the low pressure steam is lost as the steam
condenses and heats cooling water whereas in the sugar industry, the heat in low pressure steam is used to
perform useful work in the process of juice heating, evaporation, and sugar boiling. (Payne, 1991)
2.4.1 Rankine cycle
The most common technology used in the bagasse cogeneration power plants using steam turbines is the
conventional Rankine cycle (S. Kamate and Gangavati, 2009). The Rankine cycle is the ideal cycle for vapor
power plants. The idealized Rankine cycle consists of the following four processes illustrated in Figure 2: 12 isentropic compression in a pump, 2-3 constant pressure heat
addition in a boiler, 3-4 isentropic expansion in a turbine and,
4-1 constant pressure heat rejection in a condenser. In reality
there are irreversibilities in various components of the actual
vapor power cycle caused by fluid friction and heat loss from
the steam to the surroundings. To maintain the same level of
work output, more heat needs to be transferred to the steam
in the boiler, and the water must be pumped to a higher
pressure than the ideal cycle requires which decreases cycle
efficiency. Isentropic efficiencies are used to describe the
deviation of actual pumps and turbines from the isentropic
ones. (Cengel & Boles, 2015)
Figure 2. Ideal simple Rankine cycle (Cengel & Boles,
2015).

The efficiency of the Rankine cycle can be increased by
lowering the condenser pressure, superheating the steam to
high temperatures and increasing the pressure during the heat addition to the boiler. Lowering the operating
pressure of the condenser automatically lowers the temperature of the steam since the steam in the
condenser is in saturated mixture state at the saturation temperature corresponding to the pressure inside
the condenser. Increase in the temperature at which heat is rejected from the cycle increases the cycle
thermal efficiency. The average heat transfer temperature can be increased without increasing the boiler
pressure by superheating the steam to high temperatures. This has also the advantage of decreasing the
moisture content of the turbine exhaust steam. Increasing the operating pressure of the boiler raises
automatically the temperature at which boiling takes place which in turn raises the average temperature at
which heat is transferred to the steam increasing the thermal efficiency of the cycle. (Cengel & Boles, 2015)
However, increasing the pressure also increases the moisture content of the steam in the end of the
expansion in the turbine. (Borgnakke & Sonntag, 2009) High moisture content of the steam causes corrosion
in the turbine blades and therefore the highest acceptable moisture content of the steam at exhaust from
the last stage is 13 % (Hugot, 1986). This efficiency increase by an increase in the boiler pressure occurs up
to a maximum value of around 160 bars. Above this pressure, the latent heat decreases resulting in less heat
being transferred and lowering the cycle efficiency for higher pressures. (Mbohwa, 2009)
-14-

The reheat cycle solves the moisture problem in the turbine and takes advantage of the increased efficiency
with higher pressures. In the reheat cycle the steam is expanded to an intermediate pressure in the turbine
and is then reheated in the boiler, after which it expands in the turbine to the condenser pressure.
(Borgnakke & Sonntag, 2009) A single reheat stage in a modern power plant improves the cycle efficiency
by 4 to 5 percent and can be further increased by increasing
the number of expansion and reheat stages. The use of
more than two reheat stages is not practical. The reheat
temperatures are very close or equal to the turbine inlet
temperature and the optimum reheat pressure is about
one-fourth of the maximum cycle pressure. (Cengel &
Boles, 2015) Figure 3 shows that expanding the steam
directly from point 3 to the condenser pressure would
result in a high moisture content whereas reheating the
steam from point 4 to 5 and thereafter expanding it to
condenser pressure reduces the moisture content.
Another important variation from the Rankine cycle is the
regenerative cycle, which uses steam extractions from the
turbine at various points to heat the feedwater in open or
Figure 3. Reheat cycle using high-pressure and lowclosed feedwater heaters (Borgnakke & Sonntag, 2009;
pressure turbine (Cengel & Boles, 2015).
Cengel & Boles, 2015). An open feedwater heater is a heat
exchanger where heat is transferred from the steam to the
feedwater by mixing the two fluid streams whereas in closed
feedwater heaters the heat is transferred without mixing the
fluids (Cengel & Boles, 2015). A regenerative cycle with one
steam extraction at point 6 is shown in Figure 4.
Regeneration increases the thermal efficiency of the
Rankine cycle by raising the average temperature at which
heat is transferred to the steam in the boiler as a result of an
increased temperature of the water before it enters the
boiler. The cycle efficiency increases with the increasing
number of the feedwater heaters which can be up to eight
in large modern power plants. Economic feasibility
determines the optimum number of the feedwater heaters.
Figure 4. Regenerative cycle (Cengel & Boles, 2015).
The use of an additional feedwater heater can be justified
only if it saves more from the fuel costs than it costs. (Cengel & Boles, 2015)
2.4.2 Cogeneration cycle parameters
The steam in a cogeneration unit of a sugar mill is generated for two purposes – to provide power to drive
the machinery and to supply heat for evaporating water from the sugarcane juice. The five main processes
in production of raw sugar are: juice extraction, clarification, evaporation, crystallization, and centrifugal
separation. All the processes require steam and electricity. The product requirements and the outline of the
process determine the quantity and the quality of the process steam. The process steam requirements set
the boundary conditions for the parameters of the cogeneration unit in the sugar factory. (Payne, 1991) In
the recent literature analyzing energy utilization cogeneration power plants in sugar industries the typical
process steam temperature is in the range of 120-140 °C and the process steam pressure 2-2.7 bar
respectively (Birru, 2016; Ensinas et al., 2007; Kamate and Gangavati, 2009).
In traditional low-cost boilers very low steam parameters in the range of 20-30 bar and 250-400 ˚C are used.
On-site power generation without grid export is around 10-20 kWh electricity per ton of sugarcane.
Backpressure steam turbines process steam at 2-4 bar. Typically, about 2 kg steam per kg bagasse can be
-15-

generated in a traditional boiler. (Petrov, 2018) Modern high pressure, high efficiency, steam turbine
cogeneration plants generate 115-120 kWh/tons cane while gasifier / gas turbine cogeneration and biomass
gasifier combined with steam injected gas turbine cogeneration could generate up to 270-275 kWh/tons
cane (S. Kamate and Gangavati, 2009). Steam consumption of 280-340 kg steam/tons of cane can be
obtained in new retrofitted sugarcane mills, in which thermal integration and replacement of steam
consuming equipment by more efficient ones are performed. Usually 5-10% of the bagasse produced by the
sugar mills are stored for emergency use in the startup of the plant in the beginning of the season or in case
of stops caused by technical problems. Around 90-95% of sugarcane bagasse is considered available for use
in cogeneration. (Alves et al., 2015; Burin et al., 2015)
The thermal efficiency of a sugar mill is high compared to a conventional utility power plant. The parameters
for optimizing cogeneration in sugar mills are primarily high steam pressures and temperatures. The quality
of boiler water required is directly proportional to the boiler pressure. Boilers operating above 40 bar need
higher quality water and for boilers operating at 60 bar level, condensed vapors from evaporating juice
should not be used due to their content of volatile organic substances. (Payne, 1991) In addition to raising
the steam parameters, there’s a large potential for efficiency improvements by using more effective heat
exchangers and better mechanical drives, resulting in larger excess of electrical power. Also, new steam
turbines with high isentropic efficiencies, optimally designed steam extractions to supply the process with
steam and using cold-condenser instead of back pressure end of expansion improve the overall efficiency
of the plant. (Petrov, 2018)
The stoichiometric air fuel ratio required for combustion of bagasse is 5.76 but due to high moisture content
of bagasse (about 50 %) using air considerably in excess is required. Higher amount of air increases the
circulation, causing more rapid evaporation of the water and more complete combustion with a minimum
of carbon monoxide and unburned carbon. With bagasse moisture at the 50% level an excess air in the
range of 40-50 % is considered normal. A large furnace volume contributes to a high rate of combustion
and a rapid response to load with a minimum of excess air. (Payne, 1991) The resulting high water content
of the flue gas from combustion of bagasse causes a higher loss of sensible heat because of the high specific
heat of water vapor. The sensible heat can be recovered with air heaters and economizers, and in some
cases bagasse dryers are used. (Payne, 1991)
In the older literature the optimum conditions for a cogeneration boiler operation are considered to be a
pressure of 60 bar and a temperature of 460 °C, giving 20-30 degrees of superheat in the process steam
(Payne, 1991). The recent optimization studies consider superheated steam inlet conditions such as 67 bar/
525 °C and 82 bar/520°C (Burin et al., 2016; Khoodaruth, 2014). Usually sugarcane cogeneration plants are
designed to work with two steam generators in parallel. The industrial process and backpressure steam
turbine are not in operation when no sugarcane crushing is performed. Therefore, superheated steam
demand is reduced, and one steam generator is operated at part load while the other one is turned off. In
case of only one unit, too deep part load would be necessary during off-season operation. (Burin et al., 2016)
The sugarcane cogeneration plants use backpressure steam turbines (BPST) or condensing extraction steam
turbines (CEST). BPST systems are designed to meet the energy demands of the process operating only
during the harvest season of sugarcane and usually use steam parameters of 22 bar and 300 °C. Higher steam
parameters up to 100 bar of pressure and 530 °C of temperature can be used to reach higher system
efficiencies. The steam can be expanded through the turbine to a pressure of 2.5 bar to meet the low pressure
process steam requirements of sub-systems such as juice heating, concentration, distillation and dehydration.
Systems using CEST are designed to meet both the energy demand of the process and generate surplus
electricity to the grid. These systems are more flexible and allow operation throughout the year if there’s
fuel available. For implementation of CEST system it is recommended to replace old boilers with high
pressure ones (above 65 bar). The steam is extracted at levels of 22 and 2.5 bar and condensed at 0.135 bar
for example. (Alves et al., 2015)
In the study of Kamate and Gangavati overall efficiencies in a cogeneration plant of a sugar factory with the
milling capacity of 2,500 ton of cane per day (tcd), using BPST and CEST were evaluated. BPST has highest
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exergetic efficiency and thus is the most efficient configuration from the point of integrating process steam
demand and incidental power generation. CEST in turn has highest steam cycle efficiency and is the best
option from the surplus power generation point of view. (Kamate and Gangavati, 2009) Due to the flexibility
of CEST configuration and the use of condenser, more electricity can be produced even with lower steam
demand for the process. In BPST system, the surplus electricity production increases with higher process
steam demand because the steam generated in the boilers must be condensed exclusively by the industrial
process when serving the thermal energy demand of the sugar mill and therefore, high electricity generation
can be increased by reducing the energy efficiency of the industrial process. (Alves et al., 2015) The highest
efficiencies for both turbines were obtained at steam inlet conditions of 110 bar and 545 °C. However, the
improvements in performance of the plant at steam inlet conditions above 61 bar and 475 °C were marginal
in both the configurations. (Kamate and Gangavati, 2009)
The current cogeneration systems in Cuban sugar industry use boilers with low efficiency (62%) pressure
(20 bar) and temperature (320 °C) and back pressure turbines that are limited in electricity generation. In
the power cycles using back pressure turbines the steam is sent directly to the sugar production process
without using a condenser. In this case the process steam demand defines the amount of the steam produced
in the boiler while in the case of extraction – condensation turbines the steam production is limited by the
availability of bagasse. (Abreu et al., 2016)

2.5 Concentrating Solar Power
The intensity of the solar irradiance at the outer surface of the earth’s atmosphere is around 1,367 W/m2.
In the earth’s atmosphere the irradiance is scattered and reflected by different processes reducing the
intensity of the irradiance to less than 1,000 W/m2 at sea level. Solar radiation is considered in two parts for
engineering purposes. Direct or beam radiation is the direct radiation that excludes the atmospheric losses
due to absorption and scattering. Diffuse radiation is the radiation scattered by the clouds and particles in
the atmosphere. (Ekanayake and Jenkins, 2017)
Concentrating solar power (CSP) technologies concentrate the solar irradiance by using lenses or mirrors,
creates high temperature heat and drive a turbine generator through a thermodynamic cycle using steam or
air. CSP units can utilize only direct irradiance and require a minimum annual solar insolation of 1,800-2
000 kWh/m2. CSP plants are resource intensive using significant areas of land (5-10 m2/MWh/year) and
requiring significant amounts of water to cool the condenser if a steam turbine is used. With CSP technology
large plant sizes can be reached (up to 200 MW) and CSP units are easy to integrate into the electricity
generation system since they use conventional electricity generating equipment. In the areas with a good
solar resource the annual capacity factor of 25 % can be obtained and further improved by including a
thermal energy storage in the system or a boiler fueled with fossil fuels or biomass. Including another fuel
makes the plant flexible (Ekanayake and Jenkins, 2017)
Solar collectors in CSP plants are affected by energy losses, reflection, glazing absorption, convective heat
transfer, and thermal radiation, which increase when the collector output temperature rises. Also, efficiency
increases with higher temperature of the hot reservoir, and therefore a trade-off analysis must be carried out
to determine the optimum operating point for the CSP power plant. (Santos et al., 2018)
CSP plants have been operating successfully in California since the mid-1980s providing power for about
100,000 homes (Kalogirou, 2009). In 2017 new CSP capacity of 100 MW came online, bringing global
installed capacity to around 4.9 GW. Spain is the global leader in existing CSP capacity, with 2.3 GW in
operation and achieving a record output of 5.35 TWh in 2017, followed by the United States with just over
1.7 GW. These two countries accounted for over 80% of global installed capacity at the end of 2017.
However, in 2017 South Africa was the only country to bring new CSP capacity online, with a 100 MW
plant increasing total capacity by 50% to 300 MW. Morocco has the highest installed capacity in the Middle
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East and North Africa (MENA) region, exceeding the total capacity of 0.5 GW when the current projects
under construction are completed (expected by the end of 2018). (REN21, 2018)
2.5.1 CSP technology types
The main technologies used in CSP plants are the parabolic trough (PT) collectors, linear Fresnel (LF)
collectors, solar towers (ST), and parabolic dish/Stirling-engine systems (PD) (Kalogirou, 2009).
Figure 5 illustrates the principal CSP technologies. PT and ST dominate the global CSP market, with
approximately 0.9 GW of PT systems and 0.8 GW of ST systems under construction by the end of 2017.
Fresnel plants of approximately 0.1 GW total capacity were at various stages of construction, mainly in
China, but also small plants in France and India. (REN21, 2018) Parabolic trough collectors, linear Fresnel
reflectors, and solar towers can be connected to steam cycles of 10–200 MW electric capacity, with thermal
cycle efficiencies of 30–40%. The efficiency range is the same for Stirling engines coupled to dish systems.
The conversion efficiency of the power block is the same compared to fuel-fired power plants. Overall
solar-electric efficiencies, defined as ratio of the net power generation and incident beam radiation, are lower
than the conversion efficiencies of conventional plants due to the conversion losses within the collector
(from radiation to heat) and the power block (from heat to electricity). (Kalogirou, 2009)
Parabolic trough collectors generate heat at temperatures up to 400°C for solar thermal electricity generation
or process heat applications, focusing sunlight onto a receiver pipe. A heat transfer fluid (HTF), usually a
synthetic oil, circulates in the receiver pipe and extracts the heat from solar radiation. The oil goes then
through a heat exchanger to produce steam that drives a conventional turbine. (Kalogirou, 2009) Synthetic
oil limits the collector temperature to around 400 °C and therefore some recent designs have mounted heat
exchanger to circulate water or steam through the receiver pipe and inject the steam into the turbine directly
at up to 500 °C. However, direct steam generation is much more complicated to control as the flow of
steam then depends on instantaneous solar irradiance. Using intermediate heat transfer fluid such as
synthetic oil makes the CSP plant easier to control and enables integration of thermal storage. Parabolic
trough collectors are placed along on axis, usually North-South and track the sun from East-West. Each
collector is made of up of curved mirrors and is up to 150 m long. The focal length of the parabola is usually
less than three meters. (Ekanayake and Jenkins, 2017)
Solar tower systems use fields of individual sun-tracking mirrors, called heliostats, to reflect solar energy
onto a receiver located on top of a central tower. The receiver collects the heat from sunlight in an HTF (in
this case molten salt) that flows through the receiver. The HTF is then passed to a possible storage and
finally to a power conversion system, where the heat is converted into electricity and supplied to the grid.
(Kalogirou, 2009)

Figure 5. A) PT collector B) PD collector C) ST system D) LF collector (Santos et al., 2018).
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2.5.2 Solar Hybridized Plant
CSP plants, as in general all solar energy plants, have limited capacity factor due to the intermittency of day
and night cycles and also due to the reduced irradiation periods during winter, cloudy days and short
transients. Biomass power plants in turn need to deal with logistic problems associated with the continuous
supply of very large amounts of a scarce and seasonal fuel. Hybrid systems may improve the situation
connected to these limitations, maximizing the energy potential of both resources, increasing the process
efficiency and providing more secure fuel supply and reducing overall costs. (Servert, San Miguel and López,
2011)
In s solar hybridized biomass power plant, the solar heat carried by thermal oil is often used to replace the
extraction steam to preheat the feed water. The best way, considering thermal performance and economy,
to make use of the solar heat is to replace the extraction steam at as the highest possible stage. (Hou et al.,
2011) The hybridization of CSP with biomass can reduce significantly the CSP investment compared to a
standalone CSP plant. The annual electricity generation in a CSP–biomass hybrid plant is slightly higher
than in a CSP standalone because the hybrid plant does not require the 25% minimum steam turbine load
to start or stop operation as the turbine is already in operation with steam from the biomass boiler. Despite
the benefits CSP–biomass hybrid plants offer, the sites for such plants are limited as only few locations have
a sufficiently high direct normal irradiance, >1,700 kWh/m2/ year and biomass resources. (Peterseim et al.,
2014)
The first CSP–biomass hybrid plant started operation in Lleida, ca. 150 km west of Barcelona, Spain, which
proves that such plants work technically and are bankable solutions. (Peterseim et al., 2014) In this plant the
solar block consists of PT collectors with thermal oil circulating in the absorber tubes, while the biomass
block uses various types of biomass, e.g. agricultural waste as fuel. A natural gas firing system is also attached
as a back-up. (Power Technology, n.d.) The solar block generates saturated steam at 40 bar after which the
biomass boilers superheat the steam to 520 °C (Peterseim et al., 2014).
In a solar hybridized biomass plant the biomass capacity factor should be kept a high as possible as the
biomass provides the majority of the annual electricity and actual plants reach 91.3% (8,000 h/year), e.g.
25 MWe Sangüesa in Spain. However, reaching such high capacity factors, good plant maintenance and fuel
logistics is required, which might not be possible in every location (Peterseim et al., 2014).
2.5.3 Layouts
Three different layouts for a solar aided sugarcane bagasse cogeneration plant were studied by Burin et al.,
namely 1) solar feedwater pre-heating (Figure 6); 2) saturated steam generation with solar energy and post
superheating in biomass steam generators (Figure 7) and 3) generation of superheated steam in parallel with
biomass steam generators (Figure 8). These layouts were evaluated at a sugarcane bagasse cogeneration plant
located in Campo Grande, Brazil. In each layout a CSP technology was implemented according to the steam
cycle injection point temperature requirement. The linear Fresnel and the parabolic trough technologies
were chosen for layouts 1 and 2, while solar tower was chosen for layout 3. (Burin et al., 2016)

-19-

Figure 6. Feedwater pre-heating with PT collectors (Burin et al.,
2016).

Figure 7. Saturated steam generation with PT collectors (Burin et al.,
2016).

Figure 8. Generation of superheated steam with ST (Burin et al.,
2016).

Solar feedwater heating layout has the advantage of requiring minimal modifications on the original plant
reducing thus investment costs related to solar integration. However, the solar share is low in this layout
and there’s no possibility for solar-only operation limiting the additional electricity output. Layout 2
improves the solar share but has a drawback of the complexity in the retrofit and operation of biomass
steam generators and heat imbalances that might be observed. This layout has also the incapability of solaronly operation. The advantage of the layout 3 is that it’s possible to operate the plant only in solar mode
since the solar field operates in parallel with biomass steam generators and produces superheated steam with
the same required temperature and pressure parameters which improves solar field capacity factor. This
layout may also be possible to build without major modifications in existing steam cycle as biomass steam
generators are operated in normal part load. The electricity export to the grid was increased between 1.3%
in layout 1 with linear Fresnel technology and 19.8% in layout 3 in comparison with base case. The levelized
cost of additional electricity was accounted to be lowest for for layout 3 and highest for layout 1/linear
Fresnel. (Burin et al., 2016)
Peterseim et al. assessed different CSP–biomass hybrid configurations in terms of their technical, economic
and environmental performance, with parallel steam generation from biomass boiler and solar field using
steam parameters from 375 °C at 80 bar to 540 °C at 130 bar. Both the biomass and CSP steam generators
were supplied with the same feedwater source and generate steam flow with identical parameter, allowing
independent operation of both components. The analysis shows that in the current situation the best
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technical and environmental hybrid configuration is solar tower with gasification unit burning the producer
gas in a boiler, though it’s not the best commercial choice. The optimal system from economic point of
view is Fresnel with fluidised bed system. The investment cost for Fresnel system is so low that it outweighs
the additional electricity generation potential of solar towers. Fresnel with direct steam generation using
fluidized bed biomass technology gives an IRR of 11.5 % which is typically required by utilities to be
profitable. The results of the study also show that the CSP–biomass hybrid plant investment is up to 69%
lower compared to a standalone CSP plant with the same annual electricity generation which makes CSP–
biomass hybrid plants commercially interesting. (Peterseim et al., 2014)
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3 George Washington bioelectricity plant
George Washington sugar mill (Figure 9) located in the province of Villa Clara in central part of Cuba has
the milling capacity of 4,600 tcd of which 30% converts to bagasse. There are two boilers with the steam
generation capacities of 45 t/h and 50 t/h. The proposal for upgrading George Washington sugar mill
cogeneration unit to a bioelectricity plant includes adding boiler capacities to 110 t/h and implementing a
condensation extraction turbine. The proposed initial values for steam pressure and temperature at turbine
inlet are 65 bar and 510°C. The annual operational time will be 300 days (7,200 hours) of which the
sugarcane harvest period is 150 days.
The steam cycle of the cogeneration unit for the proposed bioelectricity plant of George Washington is a
regenerative Rankine cycle with a condensing extraction steam turbine. Two steam extractions stages supply
steam to the deaerator and to the closed feedwater heater before the expansion to the condensing pressure.
A reheat stage was planned to be added between the two regenerative extraction stages to reduce the
moisture content in the final stage of the expansion. However, in all the simulations the moisture content
of the steam exiting the turbine was less than 13 % (see chapter 2.4.1), the vapor fraction varying between
0.88 and 0.9, and thus the reheat stage was considered unnecessary.
The bioelectricity plant will be fueled by bagasse and marabú, as well possibly with another woody biomass.
According to the estimations of the sugar mill employees at George Washington marabú is available for
operation of 12 years. In this study a solar feedwater heating is integrated as an additional source of heat.
Figure 10 illustrates the proposed bioelectricity plant without solar field integration.

Figure 9. George Washington sugar mill.
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Figure 10. Proposal for the George Washington bioelectricity plant.

In this study the following scenarios are investigated:
1) Operation with bagasse and marabú: bagasse is used for on-season operation while offseason operation is fueled with remaining bagasse and marabú. The estimation of the
availability of marabú for 12 years is not considered as a limitation in this scenario.
2) Operation with bagasse and solar field: parallel operation with bagasse and solar field for
on- and off-season. Solar field is sized to meet the remaining heat demand when all available
bagasse is used. Solar field is in operation during the whole operational period in order to
maximize the utilization of the annual DNI.
3) Operation with bagasse, marabú and solar field: parallel operation with bagasse, marabú
and solar field for on- and off-season. In this scenario the available amount of marabú is
limited to the amount corresponding the operation for 12 years using bagasse and marabú,
the turbine inlet conditions being the ones of the baseline proposal (index 0 in Table 3 in
chapter 4.1).
The solar field in scenarios 2 and 3 is integrated as solar feedwater heating layout (see chapter 2.5.3). The
scenarios are studied with turbine inlet conditions presented in Table 3 in chapter 4.1 and the optimal
configuration for each scenario from economic and thermodynamic point of view is presented in results
(chapter 5). The final proposed configuration is presented in the same chapter.
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4 Methodology
In this chapter the methods of this study are described in detail. Two modelling tools, Aspen Plus and
System Advisor Model (SAM) are used to simulate the proposed bioelectricity plant in George Washington
sugar mill which are introduced in the section below. Also, the equations describing the thermodynamic and
economic performance of the system are presented.
Aspen Plus modelling tool was chosen for simulating the cogeneration unit in George Washington sugar
mill. Aspen Plus is a process modeling tool for conceptual design widely in chemical and industrial
engineering studies. Aspen Plus can be used for optimizing processing capacity and operating conditions,
identifying energy savings opportunities and reduce GHG emissions, improving equipment design and
performance. (Dyment et al., 2015) Process simulation with Aspen Plus allows predicting the behavior of a
process by using basic engineering relationships, such as mass and energy balances, and phase and chemical
equilibrium. In a process, chemical components are mixed, separated, heated, cooled, converted by unit
operations and transferred from unit to unit through process streams. An Aspen Plus process simulation is
built by performing the following steps: 1) specifying the chemical components in the process, 2) specifying
thermodynamic models to represent the physical properties, 3) defining the process flowsheet by defining
units and streams between the units 4) specifying the flow rates and the thermodynamic conditions (for
example, temperature and pressure) of units and streams 5) setting design specifications to meet the given
process requirements. (AspenTech, 2013)
In the literature there are several studies using Aspen Plus to simulate cogeneration units in biomass-based
production plants and to evaluate their thermodynamic performance. Abreu et al. simulate energy
cogeneration from sugar cane bagasse using Aspen Plus tool. The study investigates five different schemes
to increase energy yield. In the first three schemes the boiler pressure was increased to 43-85 bar, the
temperature to 406-520 °C and the backpressure steam turbines were changed to the extractioncondensation turbines while in the fourth alternative a bubbling fluidized bed boiler was implemented and
in the fifth one gasification of biomass is evaluated. The largest bagasse surplus and electricity generation
was gained with biomass gasification and the worst performing scheme being the one with low pressure and
temperature. (Elizundia et al., 2016) A cogeneration system using sugarcane bagasse and trash as fuels for
bioethanol production is simulated with Aspen Plus in a study by Dias et al. System configurations using
high pressure (82 bar) boilers result to be the best option due to higher electricity sales even if having lower
ethanol output. In this study the iterative calculations in Aspen simulation were performed until the steam
generated in the cogeneration system corresponded to the steam demand of the process. (Dias et al., 2013)
Zang et al. use Aspen Plus software to carry out a performance analysis on biomass integrated gasification
combined cycle power systems using sawdust as the biomass feedstock. The power system consists of three
subsystems: a gasification subsystem, a cleaning subsystem, and a power generation subsystem. Simulation
results give the exergetic efficiency between 37.1% and 25.2% depending on the configuration. (Zang et al.,
2018)
System Advisor Model (SAM) software from US National Renewable Energy Laboratory (NREL) was
chosen to evaluate the energy yield from the integrated solar field. SAM is a techno-economic computer
model designed for renewable energy industry. SAM has different performance models that make
calculations of a power system's electric output, generating a set of timeseries data that represents the
system's electricity production over a single year. The simulation timestep depends on the timestep given in
the data in the weather file, which can be hourly or subhourly. (Blair et al., 2018) SAM liquid-HTF process
heat parabolic trough performance model was chosen for this study. The same model has been used for an
initial analysis of a brewery in California in which a parabolic trough solar field is considered to be
implemented to decrease natural gas usage. The key parameters for the simulation are a design point yield
of 1 MWth, the use of unpressurized water as the HTF and the process heat thermal load requirement of
0.3 MWth. The design of the solar field system also includes a mixed single-tank water storage with the
capacity of 190 m3. This brewery initial case will be important to show thermal energy generation and
economic value for existing and future applications of solar industrial process heat. (Kurup et al., 2017)
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Process heat parabolic trough performance model is relatively new in SAM (it was added 2017) (Kurup et
al., 2017) whereas the generic CSP parabolic trough performance model has been widely used in many
studies evaluating the performance of CSP systems. It was used to simulate a solar hybrid biomass plant at
Fazenda União, in Brazil’s semiarid northeast high solar irradiation and abundant jurema-preta wood
resource. Using a parametric analysis in SAM it was determined that a CSP plant of 30 MWe with SM of 1.2
and with participation of the solar source of 30% in the annual electricity production reults in the annual
electricity production of 139.3 GWh and the LCOE of 11.3 cents USD/kWh. (Soria et al., 2015) In another
study evaluating the solar potential in the city of Barranquilla in the north cost of Colombia, SAM was used
to perform a yearly simulation on a parabolic trough solar power plant of 50 MWe. The model included
thermal energy storage with natural gas as backup and the results showed that the minimum LCOE is around
25 cents USD/kWh which is quite high as compared with conventional power plants. However, using
natural gas the LCOE is reduced to 9.76 cents USD/kWh. (Guzman, Henao and Vasquez, 2014)
Figure 11 explains in a flowchart how different parts of the methodology are related to each other. The
main inputs for the Aspen model are the defined steam parameters, pressure and temperature (psteam, Tsteam)
which give as outputs the required heat from the fuel and the net generated electric power (Qfuel, Pnet). The
annual required heat input from the fuel subtracted the annual heat input from bagasse and/or marabú gives
the reference for sizing of the solar field (required number of solar collectors, NSCA and number of loops,
Nloop). The outputs from the Aspen and SAM models are the inputs for the economic analysis to calculate
net present value (NPV), internal rate or return (IRR), levelized cost of electricity (LCOE) and discounted
payback time (Tdp) which give an indication of an overall feasibility of the proposal.

Figure 11. Methodology flowchart.

4.1 Thermodynamic performance
Thermodynamic performance of the proposed bioelectricity plant is evaluated by calculating the electrical
efficiency from fuel to net electrical output, ηel (Equation 1), followed by the energy utilization factor, EUF
(Equation 2). The energy utilization factor takes in account also the process heat, Qpr (Equation 3), produced
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in the cogeneration unit and required in the sugar production, whereas the electrical efficiency emphasizes
the power output of each configuration.
Equation 1,

where Pnet is the net electricity output and Qfuel is the required fuel input to the boiler when the boiler
efficiency assumed as described in chapter 3.5.
Equation 2,

Equation 3,

where mpr is the process steam demand and hpr,in and hpr,out are the enthalpies of the mass flows in and out
from the process.
The performance of each scenario presented in chapter 3 is studied with the following values of the
parameters for the superheated steam entering the turbine (Table 3). The values of the index 0 are the
original proposal received from George Washington and the values of the indexes 1-5 were created for this
study.

Index

Pressure (bar)

Temperature (⁰C)

0

65

510

1

67

510

2

87

540

3

100

540

4

100

560

5

100

600

Table 3. The combinations of turbine inlet pressure and temperature for the optimization study.

4.2 Aspen Model
The proposed cogeneration unit of George Washington bioelectricity plant is modelled with Aspen Plus
Technology V8 and V9. The on-season and off-season rated models are presented in Figure 12 in Figure 13
respectively. The condensing extraction turbine is modelled using three turbines with different discharge
pressure according to the desired extraction points, combined with a mixer and a heater since there’s no
readily existing component in Aspen for a condensing extraction turbine. Turbine isentropic efficiency is
set to 0.8385 for each turbine. Condenser is modelled using a heater component and setting vapor fraction
of the outlet stream to zero. The heater component is a thermal and state phase changer and can be used to
model heaters, coolers and condensers. When the outlet conditions are specified, the heater component
determines the thermal and phase conditions of a mixture with one or more inlet streams. Boiler is modelled
using one single heater. Pumps are modelled using a pump component that is designed to handle a single
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liquid phase. Discharge pressure is specified to a desired level. Closed feedwater heater is modelled with two
heaters as two inlet and two outlet streams are needed. Deaerator is modelled as a mixer component that
mixes two or more streams. A separator is added between the mixer and the pump to ensure that the mass
flow entering the pump is in liquid state. Process steam consists mainly of the steam extracted from the
turbine with a small addition from the main mass flow line. The mass flow into the system comes from the
condensate recycled from the process (S27) completed with water from a storage (S26). Heat stream (Q)
into the boiler describes the required heat addition to reach a desired turbine inlet temperature.

Figure 12. Aspen model of George Washington bioelectricity plant as on-season rated.
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Figure 13. Aspen model of George Washington bioelectricity plant as off-season rated.

4.3 Solar Field
Energy balance on the heat exchanger (HEX) between the solar field and the power block defines the heat
energy needed from the solar field, Qsol (Equation 4).

Equation 4,

where the mass flow of the thermal oil is determined as follows (Equation 5)

Equation 5,

where ΔToil,sol = Toil,sol,out - Toil,sol,in is the temperature difference of the oil between the inlet and the outlet of
the solar field and thus Toil,sol,out equals Toil,HEX,in. The temperature difference between the HTF entering the
HEX and feedwater exiting the HEX was set to 40 °C and the temperature difference between the HTF at
HEX outlet and the feedwater at HEX inlet was set to 26 °C according to the optimization study performed
on a coal-fired power plant integrated with a solar thermal feedwater heating (Wu, Hou and Yang, 2016).
The feedwater temperature at the HEX inlet was obtained from Aspen simulations and the feedwater
temperature at HEX outlet was set to saturation temperature – 10 °C to avoid evaporating before the boiler
entrance.
Solar field thermal efficiency is evaluated according to Equation 6:
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Equation 6,

where Asol is the solar field aperture area, Ibn is the beam irradiance
Solar fraction is calculated according to Equation 7:
Equation 7,

where Esol is the amount of additional electricity that can be produced due to the heat input from solar
thermal feedwater heating and Egrid is the total surplus electricity fed to the grid.

4.4

SAM model

Weather data was extracted from National Solar Radiation Database
(NSRDB) selecting the data from the closest available weather station
with coordinates 22.61, -80.3, located about 1.9 km north-east from
George Washington. Figure 14 shows the location of the weather
station marked with red pin and the distance to George Washington.
The dataset Physical Solar Model (PSM3) Typical Year containing DHI
(diffuse irradiance), dew point, DNI (beam irradiance), GHI (global
irradiance), pressure, surface albedo, temperature and wind speed for
each hour of the year, was chosen.
Figure 14. Location for weather data (22.61, -80.3) (GoogleMaps, 2019).

The used input values for SAM modell are presented in Table 4. Row spacing, minimum and maximum
loop flow rate are default values in SAM. The initial tilt angle was set to zero since SAM uses single axis
tracking system and thus the tilt angle will change in the simulation. Azimuth angle was set to zero to indicate
the collector placing due south.
Characteristics
Design point DNI (W/m2)
Row spacing (m)
Min single loop flow rate (kg/s)
Max single loop flow rate (kg/s)
HTF
HTF operating range (°C)
HTF solar field inlet temperature (°C)
HTF solar field outlet temperature (°C)
Collector type

Receiver type
Tilt angle
Azimuth

Value
950
15
1
12
Therminol VP-1
12-400
175-177*
319-340*
1)EuroTrough ET150
2)SkyFuel SkyTrough,
3)FLABEG Ultimate
Trough RP6
Schott PTR80
0
0

Table 4. Input values to SAM model.
*The HTF solar field inlet and outlet temperatures were calculated as explained in section 3.3 for each combination of required
turbine inlet conditions.
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Three collector models were chosen to be tested. The EuroTrough is one of the most commercially used
CSP parabolic trough collectors. The Ultimate Trough is an advancement of EuroTrough. The Ultimate
Trough is estimated to save 20%-25% on installed cost compared to an EuroTrough solar field and to
generate approximately the same thermal output. The SkyTrough is an advanced collector design used by
Enel Green Power’s geothermal/solar hybrid plant in Nevada, the Medicine Hat integrated solar
combined cycle in Canada, and the Panoche desalination plant in California. (Kurup & Turchi, 2015)
The collector characteristics are gathered in Table 5.

Characteristics

EuroTrough ET150

SkyFuel SkyTrough

Ultimate Trough RP6

Reflective aperture area (m2)

817.5

656

1,720

Aperture width (m)

5.75

6

7.53

Length of collector (m)

150

115

247

Average surface to focus 2.11
path length (m)

2.15

2.38

Mirror reflectance

0.93

0.94

0.935

Table 5. Collector characteristics.

Therminol VP-1 was chosen due to its wide operating range which covers the HTF inlet and outlet
temperatures in all simulations set as explained in the previous chapter. Therminol VP-1 is a standard HTF
for current generation oil HTF systems (NREL, 2011). A commonly used receiver in CSP plants over the
world, Schott PTR80, was chosen (Helioscsp, 2012).
The design DNI value was set to 950 W/m2 which is the maximum cosine adjusted DNI value expected
for the location. This value was obtained running a test simulation with the location specific weather data.
SAM assumes single axis tracking which means that the direct solar radiation rarely strikes the collector
aperture at a normal angle. Cosine adjusted DNI value takes in account the fact that the DNI incident on
the solar field will always be less than the DNI value in the resource data. (NREL, 2011) Figure 15 shows
the resource GHI, DNI and DHI for a typical meteorological year.
The Solar Multiple (SM) represents the solar field aperture area as a multiple of the power block rated
capacity. A solar multiple of one represents the solar field aperture area that generates the quantity of thermal
energy required to drive the power block at its rated capacity, when exposed to solar radiation equal to the
design DNI value. (NREL, 2011) In the industrial process heat model the power cycle is ignored, and the
power block rated capacity equals the solar field capacity (Gilman & Neises, 2017).
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Figure 15. GHI (blue), DNI (orange) and DHI (red) for the chosen location.

4.5 Assumptions
The key assumptions for the cogeneration plant parameters are presented in Table 6. Process steam demand
is treated as constant for on-season period and zero for off-season period. For this study the boiler and the
tube physical properties are not specified and thus the pressure loss in steam and steam water mixture
circulating in the tubes of the boiler was estimated according to the given base scheme. In reality the pressure
loss in the boiler through a tube consists of several components: friction, entrance loss, exit losses, fitting
losses, and hydrostatic which depend on tube and flow properties (Basu et al., 2000).
Characteristics

Value

Operational days/year
Process steam demand t/h
Internal electricity demand MWh/year
Process steam pressure (bar)/temperature (°C) base scheme
Steam generation rate (kg/s) on season / off season
Steam to bagasse ratio
Bagasse saved for next season
Boiler efficiency
Pressure drop in boiler
Electricity generators efficiency

300
80.5
36,432*
2.8/135
30.2 / 22.2
1.9
5%
88 %
12 %
96 %

Table 6. Key parameters for the cogeneration simulation study.
*Electricity demand in the sugar mill: 3.88 MW x 150 days
*Electricity demand in the refinery: 1.6 MW x 60 days
*Electricity demand in the cogeneration unit: 2.8 MW x 300 days

4.6 Environmental analysis
A simplified environmental impact of the proposed system is evaluated by calculating the fuel savings
compared to a conventional thermal power plant in Cuba and the corresponding amount of avoided carbon
dioxide emissions. The fuel savings are estimated by calculating the amount of fuel that is required to
generate the same amount of surplus electricity that is fed to the grid in the proposed configuration. The
plant land footprint is not a main criterion for utility scale CSP since such plants are usually remotely located,
which is also the case for George Washington.
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4.7 Economic evaluation
In economic evaluation of the plant proposals net present value (NPV), internal rate of return (IRR),
discounted payback period (Tdp) and levelized cost of energy (LCOE) will be considered. NPV(Equation 8)
analysis converts all the cash flows to a present value. In case the NPV is negative, the proposal is rejected
and if there are several proposals with positive NPVs the proposal with highest NPV is chosen. NPV
analysis doesn’t give any indication of the value of the initial investment. Therefore, the installed cost/kW
is also considered as a selection criterion. According to the Cuban national economic guidelines the initial
investment of a bioelectricity plant can’t exceed 2,300 USD/kW (AZCUBA, 2017).

Equation 8,

where Bt is the annual benefit, Ct is the annual cost, C0 is the initial investment, d is the discount rate and L
is the investment lifetime in years and t is time in years.
IRR (Equation 9) is the value of interest rate that gives the NPV of zero. If there are several proposals with
very similar NPVs the proposal with highest IRR is chosen. For the bioelectricity plants a minimum IRR of
11 % is required (AZCUBA, 2017).
Equation 9,

Tdp (Equation 10) gives payback period considering the time value of money (discount or interest rate).

Equation 10,

where C0 is the initial investment and d is the discount rate.
LCOE (Equation 11) is not an investment indicator on its own but it will be used to compare to grid
electricity price to understand the overall national impact of introducing solar integrated cogenerations
plants. To be economically feasible the LCOE is required to be less than 0.14 USD/kWh (AZCUBA, 2017).

Equation 11,

where TLCC is total life cycle cost, Et is the energy produced in year t and L is the system lifetime. TLCC
is calculated as follows

Equation 12,
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The system costs were gathered from literature and adapted to present day value according to Equation 13.
The adapted system costs are presented in Table 7.

Equation 13,

Characteristics

Value & source

ET150 solar field installed cost (USD/m²)

238 (Kurup et al., 2015)

SkyTrough field installed cost (USD/m²)

182 (Kurup et al., 2015)

Ultimate Trough field installed cost (USD/m²)

190 (Kurup et al., 2015)

HTF solar field (USD/m²)

75 (Kurup et al., 2015)

Turbine (USD/MW)
Boiler (USD/MW)
Fixed O&M

516,923 (Manzolini et al., 2011)
2,088,010 (IRENA, 2012)
2 % of the initial investment (IRENA, 2012)

Variable O&M (USD/MWh)

5.6 (IRENA, 2012)

Procurement and construction

10 % of the direct cost (Burin et al., 2015)

Engineering and management

10 % of the direct cost (Burin et al., 2015)

Electricity sales price (USD/kWh)

0.14 (AZCUBA, 2017).

Cost marabú (USD/t)

35 (Herrera, 2019)

Investment lifetime (years)

25

Discount rate

6%

Table 7. Key parameters for the economic evaluation.

Fixed O&M costs include labor, scheduled maintenance, routine component and equipment replacement,
insurance, etc. Variable O&M costs consists of possible non-biomass fuels costs, ash disposal, unplanned
maintenance, equipment replacement and incremental servicing costs. (IRENA, 2012) Land cost is
neglected. The O&M costs, the cost of marabú and the electricity price is assumed to be the same
throughout the lifetime.
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5 Results
The section 5.1 in this chapter presents the general thermodynamic performance of the cogeneration unit
for each combination of turbine inlet conditions described in chapter 4.1. These results are common for
each scenario since they only depend on the power block parameters. The sections 5.2, 5.3, and 5.4 present
the results for each scenario. The optimal configuration in each scenario is presented and the selection is
based on NPV, IRR and installed cost/kW values. The results of the scenarios including solar field are
presented only for the SkyFuel SkyTrough collector as the configurations with this collector resulted to have
the best NPV in nearly all the cases. The final proposed system configuration is described in detail in section
5.5.

5.1 Thermodynamic performance
Figure 16 present the electric efficiency of the cogeneration cycle as on-season and off-season rated as a
function of the turbine inlet conditions specified in the Table 3. The electric efficiency for off-season
operation is higher as steam is not directed to the process and thus lower boiler heat input is needed. The
energy utilization factor is presented in Figure 17. The EUF values are presented only as on-season rated
since the EUF for off-season operation is the same than the electrical efficiency. There’s only a slight
variation in EUF between the different optimization runs since the process heat is constant 52 MW. For
the last two runs the EUF decreases due to higher heat input that is required to maintain the high
temperature of the turbine inlet steam. Modern sugar mills that produce more surplus power than the
traditional ones typically have a power-to-heat ratio between 0.3-0.5 (Birru et al., 2018) which is also the
case for George Washington proposed bioelectricity plant as can be seen in Figure 18.

Figure 16. Cycle electric efficiency.
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Figure 17. Energy utilization factor.

Figure 18. Power-to-heat ratio.

Two important boundary conditions for the parameters a sugar mill cogeneration plant mentioned in
chapter 2.4, were checked in the simulations. Moisture content of the turbine exhaust steam should be under
13 %, process steam temperature in the range of 120-140 °C and the process steam pressure around 2 bar.
The simulation results for these parameters are presented in Figure 19 and in Table 8. Since the moisture
content of the exhaust steam is at maximum 12 % there’s no need to add a reheat stage in the turbine
expansion. The temperature is increased simultaneously with the pressure which decreases the moisture
content and maintains it in the recommended range. Process steam parameters are also kept in the range of
the target values which is crucial for the crystallization in the sugar manufacturing process.
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Figure 19. Moisture content in turbine inlet steam.

0
1
2
3
4
5

Process steam Process steam
temperature(⁰C) pressure (bar)
135.1
2.8
132.5
2.8
131.2
2.8
131.2
2.8
131.2
2.8
134.8
2.3

Table 8. Process steam temperature and pressure.

5.2 Scenario bagasse and marabú
Measured in economic terms and in electric efficiency the optimal combination of the turbine inlet
parameters for this scenario is the last optimization run with highest values for pressure and temperature
(Table 9). This option has the highest NPV and the highest electric efficiency of the tested steam parameters
(see Figure 16 and Figure 20). The total amount of bagasse available each is year is 196,650 tons which
means the heat generation of 405,864 MWhth. This corresponds 5,038 operation hours when calculated with
the average cycle heat demand. However, the heat demand during on-season operation is higher and thus
the most the available bagasse is used for on-season operation (150 days). The off-season period is operated
with bagasse for 44 days and with marabú for 106 days. The high NPV indicates that a construction project
with this configuration is profitable. Also, the IRR value is higher than required for a bioelectricity plant
according to AZCUBA (Cuban sugar industry association, see chapter 4.7). The installed capital cost is
somewhat higher than recommended according to AZCUBA. The economic feasibility measured in NPV
for all the optimization runs (index 0-5) is presented in Figure 20.
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Characteristics

Value

Turbine inlet pressure (bar) / temperature (⁰C)
Days operated with bagasse / marabú
Marabú needed (t/year)
Total investment (million USD)
Installed capital cost (USD/kW)
NPV (million USD)
IRR (%)
Discounted payback period (years)
LCOE (USD/kWh)

100 / 600
194 / 106
40,810
76
2,575
65
14
9.2
0.074

Table 9. The optimal configuration for bagasse and marabú scenario.

Figure 20. NPV for scenario bagasse and marabú.

5.3 Scenario bagasse and solar field
In this scenario the three different solar collectors are compared and the one having the highest NPV value
is chosen for the further optimization runs. In Figure 21 it can be observed that the EuroTrough collector
gives negative NPVs while the SkyTrough collector has slightly higher NPV than the UltimateTrough
collector for nearly all optimization runs. Therefore, the results in this and in the following chapters are
presented only for the SkyTrough collector type. The solar field configuration for each simulation run is
presented in Table 10. Figure 22 describes the average thermal power needed from the solar field to meet
the defined requirements for the turbine inlet conditions. From the run 2 to 3 the heat demand decreases
slightly since increasing the boiler operating pressure the temperature at which boiling takes place increases
automatically and since the required superheated steam temperature is not increased from 2 to 3 the required
input from an external heat source decreases. The annual hours of additional electricity generation enabled
by the solar field heat input as well as the solar fraction are presented in Figure 23.
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Figure 21. NPV / collector type for scenario bagasse and solar field.

HTF
inlet/outlet
temp °C

Nr of SCA

Nr of loops

SF aperture
area (m2)

Total required
land area (ha)

Generation
300 days
(MWth)

0

175/319

6

39

153,504

44

140,835

1

175/322

6

39

153,504

44

140,711

2

176/340

6

42

165,312

43

183,300

3

175/340

6

41

161,376

46

147,167

4

175/340

5

53

173,840

50

158,317

5

177/340

4

73

191,552

55

174,041

Table 10. Solar field configuration for each turbine inlet condition.

Figure 22. Average solar field thermal power required for scenario bagasse and solar field.
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Figure 23. Electricity production hours and solar fraction for scenario bagasse and solar field.

The optimal configuration for this scenario is presented in Table 11 which is economically the best
performing optimization (index 3: 100 bar, 540 ⁰C). In this scenario this option has slightly better NPV and
installed cost/kW than the option with the highest pressure and temperature which is the best option in the
bagasse and marabú scenario. Even though the difference in NPV is marginal the installed cost/kW favors
the steam parameters with index 3. NPV for this configuration is still positive, even though it’s remarkably
lower than in bagasse and marabú scenario. IRR value is significantly lower than the value recommended
by AZCUBA and the installed cost is almost double the recommended one. Discounted payback time is
also high in proportion to the assumed system lifetime.
Characteristics

Value

Turbine inlet pressure (bar) / temperature (⁰C)
Solar field nr of SCA / nr of loops

100 / 540
6 / 41

Solar field aperture area (m2)

161,376

Total required land area (ha)
Annual heat generation from solar field (MWhth)
Solar field thermal efficiency %
Solar fraction %
Annual additional electricity generation with solar
feedwater heating (MWhel)
Annual electricity generation hours with solar
feedwater heating
Annual electricity generation hours with bagasse
Total investment (million USD)
Installed capital cost (USD/kW)
NPV (million USD)
IRR (%)
Discounted payback period (years)
LCOE (USD/kWh)

46
147,167
54
37
41,623

Table 11. The optimal configuration for bagasse and solar field scenario.
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1,915
5,281
118.7
5,401
10.08
6.8
21.1
0.11

5.4 Scenario bagasse, marabú and solar field
In this scenario the limitation in the availability of marabú for 12 years is applied and the annually available
amount of marabú is calculated to be 15,286 tons that corresponds the heat production of 67,554 MWhth.
The annually available amount of heat from bagasse is that the same as in the previous scenarios and the
remaining heat demand is completed with the solar field to meet the requirement to operate the plant for
300 days with the turbine inlet conditions defined in the each optimization run. The solar field configuration
for each simulation run is presented in Table 12 and the average solar field thermal power of the
corresponding configurations is presented in Figure 24. Figure 25 describes the annual hours of additional
heat generation enabled by the heat input from the solar field and the corresponding solar fraction. In this
scenario the solar fraction is lower than in the previous scenario, but the economic performance is improved
in this scenario as can be seen in the NPVs in Figure 26.
HTF
inlet/outlet
temp °C

Nr of SCA

Nr of loops

SF aperture
area (m2)

Total required
land area (ha)

Generation
300 days
(MWth)

0

175/319

5

25

82,000

23.5

75,136

1

175/322

5

25

82,000

23.5

75,136

2

176/340

5

28

91,840

26

83,713

3

175/340

5

27

88,560

25

80,808

4

175/340

5

30

98,400

28

89,698

5

177/340

4

45

118,080

34

107,484

Table 12. Solar field configuration for each turbine inlet condition.

Figure 24. Average solar field thermal power required for scenario bagasse, marabú and solar field.

-40-

Figure 25. Electricity production hours and solar fraction for scenario bagasse, marabú and solar field.

Figure 26. NPV for scenario bagasse, marabú and solar field.
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The optimal configuration of this scenario is presented in Table 13. The choice was made between two
configurations (optimization run with index 3 and 5) having almost the same NPV. The configuration with
steam parameters of 100 bar / 540 ⁰C (index 3) was selected, even though it has a slightly lower NPV
compared to the optimization run with highest temperature, the values for IRR and installed cost/kW are
better. The IRR value in this configuration is closer to the recommended one than in the previous scenario
and the discounted payback period is more reasonable as well. Installed capital cost is still significantly higher
than the recommended value of 2,300 USD/kW.
Characteristics

Value

Turbine inlet pressure (bar) / temperature (⁰C)
Solar field nr of SCA / nr of loops

100 / 540
5 / 27

Solar field aperture area (m2)

88,560

Total required land area (ha)
Annual heat generation from solar field (MWhth)
Solar field thermal efficiency %
Solar fraction %
Annual additional electricity generation with solar
feedwater heating (MWhel)
Annual electricity generation hours with SF
Annual electricity generation hours with marabú
Annual electricity generation hours with bagasse
Total investment (million USD)
Installed capital cost (USD/kW)
NPV (million USD)
IRR (%)
Discounted payback period (years)
LCOE (USD/kWh)

25.5
80,808
54
22
25,111
1,051
868
5,281
96
4,369
30,97
9.2
14.9
0.091

Table 13. The optimal configuration for bagasse, marabú and solar field scenario.

5.5 Proposed configuration
The final proposed configuration for George Washington bioelectricity plant is the one presented in Table
13. This is considered the most feasible configuration when taking in account the estimated limitation in the
availability of marabú. Even if operating the plant with only bagasse and marabú and applying the highest
pressure and temperature for the turbine inlet steam is economically and in terms of electric efficiency the
best performing option, the limited availability of marabú makes a solar hybrid configuration a more
competitive option. Also, in terms of total efficiency measured by the EUF the steam parameters of 100 bar
/ 540 ⁰C is the best option (see Figure 17). Higher temperatures used in simulation runs 4 and 5 increase
the required heat input to the boiler decreasing the total efficiency. Table 14 describes the total annual
electricity generation and surplus electricity fed to the grid when applying the chosen configuration.
Total electricity
generation
(MWh/year)
150,254

Surplus electricity
generation
(MWh/year)

Total electricity
generation per ton of
crushed cane (kWh/t)

112,725

217.8

Surplus electricity
generation per ton of
crushed cane (kWh/t)
163.4

Table 14. Electricity generation for the proposed configuration.

Figure 27 and Table 15 including data extracted from the simulation with SAM describe more in details the
solar field for the chosen configuration. The first graph in Figure 27 illustrates the annual incident thermal
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power of the solar field while the second graph describes the annual thermal power absorbed by HTF and
transported to the power cycle. The difference between these two graphs gives an estimation of the thermal
losses in the solar field. Table 15 shows that the maximum HTF temperature in the simulation is 340 ⁰C
which was set as the target maximum allowed HTF temperature in order to avoid evaporation in the power
cycle before the fluid enters boiler. Figure 28 shows the required total land area for the solar field installation
(25.5 ha) around George Washington sugar mill.

Figure 27. Annual field thermal power incident and thermal power absorbed by HTF.

Characteristics

Value

Average SF incident thermal power (MWth)

20.87

Average SF thermal power leaving in HTF (MWth)

11.74

Average HTF mass flow delivered (kg/s)

34.85

Min / max SF inlet temperature (⁰C)

86 / 227

Min/ max SF outlet temperature (⁰C)

86 / 340

Average SF pressure drop (bar)

0.53

Table 15. Solar field parameters.
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Figure 28. Total area required by the solar field (GoogleMaps,
2019).

5.6 Environmental impact
Table 16 presents the amount of fuel consumed if the amount of surplus electricity fed to the grid in the
proposed configuration was generated in a conventional thermal power plant in Cuba. The fuel
consumption rate of 279.8 g/kWh is typical for traditional low efficiency thermal power plants.
Characteristics

Value

Fuel consumption in a conventional thermal power
plant in Cuba (g/kWh)*
Fuel saved (t/year)

279.8
31,541

Fuel CO2 emissions (kg CO2 / kg fuel)*
CO2 emissions avoided (t/year)

3.8
119,854

*Source: Herrera, 2018.
Table 16. Environmental impact of the proposed system.
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6 Sensitivity analysis
Sensitivity analysis on the proposed system is performed in three parts: firstly, it’s analyzed how the variation
in discount rate impacts NPV (Figure 29), secondly, the impact on NPV is analyzed when the total
investment cost varies between 50 % and 150 % of the original estimated investment cost (Figure 30), and
lastly, it’s analyzed how the discounted payback time is affected when the total investment cost varies
between 50 % and 150 % of the original estimated investment cost (Figure 31). NPV was chosen as a main
parameter to be studied in the sensitivity analysis since it has been the main indicator when choosing the
optimal configuration in each scenario. Total system cost can vary in reality due to the fact that in this study
the cost calculation is simplified to take in account only the main components of the proposed system.
Therefore, it’s relevant to study how the NPV is affected by the changing total investment cost. Discount
rate can vary with macroeconomic fluctuations and thus the assumed value of 6 % for this study can is not
constant in reality. The sensitivity analysis shows that with the discount rates higher than 9 % NPV gets
negative and the total real investment cost can’t be higher than about 130 % of the estimated total
investment cost in order the project to be profitable and the payback time to be less than the estimated
lifetime.

Figure 29. Sensitivity analysis I.
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Figure 30. Sensitivity analysis II.

Figure 31. Sensitivity analysis III.
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7 Discussion
In this study a Cuban bioelectricity plant operating with bagasse, marabú and solar field integration was
evaluated in terms of thermodynamic and economic performance resulting in the proposed configuration
in which all the three energy sources are combined to enable an operation of 300 days annually and to
maintain the required steam parameters. This concept relies on the availability of marabú as an additional
heat source, but also other possible energy crops should be investigated to ensure the availability of an
additional biomass fuel. In the current situation marabú is used to produce charcoal which is then exported
to Europe. Due to the high quality of the charcoal produced from marabú the demand is growing and in
the future the charcoal manufacturing could be a limiting factor for the availability of marabú for the
bioelectric plants. Ceballos agro-industrial enterprise is the charcoal market leader in Cuba and in 11 years
it has used 9,000 ha of the plant for charcoal production. (González, 2016)
George Washington bioelectricity plant will contribute with 20 MW to the national plan of increasing the
capacity of the installed renewable electricity generation to 24 % of the total installed capacity. The planned
bioelectricity plants will account for 14 % of the total installed capacity meaning the capacity of 950 MW.
In addition to the decrease in the CO2 emission levels the development of the higher efficiency cogeneration
plants favors also the economic growth and a more reliable energy supply when less fuels need to be
imported. Providing all the planned bioelectricity plants with sufficient biomass to operate as planned brings
along questions of a sustainable usage of land and water resources if energy cane and other energy crops
will be cultivated in large scale for the bioelectricity generation. Cuba as an island nation is vulnerable to the
effects of climate change and is expected to face issues such as rising sea levels, increases in tropical
thunderstorms and longer periods of drought. The impact of these changes could severely affect Cuba's
already sensitive energy sector. The biomass production of bagasse could be especially vulnerable to drought
and temperature increases as it could affect the crop yield, cycle efficiency and water availability. (Ruiz et al.,
2012)
Using EUF as the measure of the thermodynamic performance gives high total efficiencies for the
cogeneration unit, the values ranging from 82 % to 84 % in this study. In this approach two different kind
of energies, process heat and electricity, are treated equally and only the quantitative aspect of these energies
are taken in account. The process heat is the low-grade energy and the electricity high-grade energy and
therefore, a thermodynamically more accurate evaluation of the cycle performance could be based on
exergetic efficiency. Exergy is the measure of energy quality and an exergetic factor, that indicates the quality
of heat in terms of its work potential, could be used to obtain a more accurate measure of the cycle efficiency.
(Kamate & Gangavati, 2009,b) Thus, more accurate exergetic efficiency values for the thermodynamic cycle
efficiencies measured in this study would be lower than the presented values.
The positive NPVs indicates that the studied system configurations are economically feasible even if the
installed cost/kW is always higher than recommended and payback periods are long for some of the studied
configurations. However, the LCOE for each scenario falls in the range of a typical LCOE of biomass based
electricity generation with stoker boiler which is 0.06 – 0.21 USD/kWh (IRENA, 2012). This study is based
on the conceptual design when sizing the system components and calculating their costs which doesn’t
necessarily correspond the real component sizes and costs. For instance, the turbine capacity for each
studied configuration was defined directly by the generated power effect while in reality the turbine rated
capacities are defined by the manufacturers. The purpose of this approach was to emphasize the differences
between different configurations and different turbine inlet conditions to distinguish the best performing
configuration amongst all the studied ones.
Available land area for the solar field installation was not considered as a limiting factor for the solar field
sizing. However, the required land area for the proposed solar field configuration (the aperture area of
88,560 m2 and the total required land area of 25.5 ha) is quite large in proportion to the surface area occupied
by the sugar mill and it’s not evident if in reality a such amount of land is available for the solar field
installation.
-47-

Some solar potential is lost with the solar field operation of 300 days instead of 365 days and therefore a
potential to integrate a thermal storage in the solar feedwater heating system to increase the capacity factor
of the solar field could be studied in future research. Also, different possible layouts of integrating the solar
field to the power cycle could be studied given that the drawback of the used solar feedwater heating layout
is that operation of the plant only with solar field is not possible since the steam is generated in the boiler.
Other suggestions for future work are to increase the number of regeneration steps in the power cycle by
adding more heaters and studying how it impacts the thermodynamic and economic performance of the
cycle, to investigate the possibility to dry the bagasse to a lower moisture content to increase the cycle
efficiency, and to study the possibility to apply bagasse gasification instead of traditional combustion to
achieve higher cycle efficiencies.
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8 Conclusions
In this thesis a solar-biomass hybridization in a cogeneration plant was studied in order to extend the
operation period over the sugarcane harvest season. Cogeneration has been practiced long time in the
sugarcane industry by combusting bagasse to meet the on-site electricity and heat demands. Rankine cycle
is the most commonly used technology in cogeneration with modifications of reheating and regeneration to
improve the cycle efficiency. Integrating solar feedwater heating to a cogeneration cycle along with an
additional biomass fuel can enable operation of 300 days annually generating enough electricity for on-site
demand as well surplus electricity to be fed to the national grid.
The proposed configuration for the bioelectricity plant of George Washington meets the operational
requirements in terms of the length of the operation period as well as the defined steam parameters. The
steam parameters were set to 100 bar and 540 ⁰C which are obtained by combining the average thermal
effect of the solar field of 11.22 MW, 196,650 tons of bagasse and 15,630 tons of marabú available annually.
The proposed system generates 112,725 MWh to the grid avoiding 119,854 tons of CO2 emissions each
year. The positive NPV of 30,97 million USD indicates that this proposal is economically feasible. George
Washington bioelectricity plant contributes with 20 MW to Cuba’s national energy plan to achieve 24 % of
renewable share of the total installed capacity in the country.

-49-

Bibliography
Alves, M. et al. (2015) ‘Surplus electricity production in sugarcane mills using residual bagasse and straw as
fuel’, Energy. Elsevier Ltd, 91, pp. 751–757. doi: 10.1016/j.energy.2015.08.101.
AspenTech, 2013. Aspen Plus V8.4 User Manual. Aspen Technology, Inc. AspenTech®.
AZCUBA, 2017. Premisas fundamentales a tener en cuenta en los Estudios de Factibilidad (EFTE) de las inversiones.
Grupo Azucarero AZCUBA.
Basu, P. et al. (2000). Boilers and Burners. Design and Theory. Springer, New York, NY.
Blair, N. et al. (2018) ‘System Advisor Model ( SAM ) General Description System Advisor Model ( SAM )
General Description ( Version 2017 . 9 . 5 )’, (May).
Mbohwa, C. (2009) ‘THE ENERGY AND ENVIRONMENTAL IMPACTS OF A COAL AND
BAGASSE-FIRED POWER PLANT IN THE SUGAR INDUSTRY’, pp. 214–224.
Burin, E. K. et al. (2015) Boosting power output of a sugarcane bagasse cogeneration plant using parabolic trough collectors
in a feedwater heating scheme, Applied Energy. Elsevier Ltd, 154, pp. 232–241. doi:
10.1016/j.apenergy.2015.04.100.
Birru, E. (2016) ‘Sugar Cane Industry Overview And Energy Efficiency Considerations’, KTH.
Borgnakke, Claus & Sonntag, Richard E. (2009). Fundamentals of Thermodynamics. Seventh Edition. John Wiley
& Sons, Inc.
Cabello, J. J. et al. (2018) ‘The current potential of low-carbon economy and biomass-based electricity in
Cuba . The case of sugarcane , energy cane and marabu ( Dichrostachys cinerea ) as biomass sources’, 172,
pp. 2108–2122. doi: 10.1016/j.jclepro.2017.11.209.
Cengel, Yunus A. & Boles, Michael A. (2015) Thermodynamics: An Engineering Approach. Eighth Edition.
McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121.
Cubavision (2019) ‘Mesa Redonda: El Desarrollo de Las Fuentes Renovables de Energía en Cuba’.
Television Broadcast 15th May 2019.
Dias, M. O. S. et al. (2013) ‘Chemical Engineering Research and Design Cogeneration in integrated first and
second generation ethanol from sugarcane’, Chemical Engineering Research and Design. Institution of Chemical
Engineers, 91(8), pp. 1411–1417. doi: 10.1016/j.cherd.2013.05.009.
Dyment, J. et al. (2015) ‘Jump Start: Getting Started with Aspen Plus ® V8'. Aspen Technology, Inc.
AspenTech®.
Ekanayake, Janaka and Jenkins, Nick (2017) Renewable Energy Engineering. Cambridge University Press.
Elizundia, H. A., Cortés, M. G. and Ramírez, O. R. (2016) ‘Evaluación de esquemas de cogeneración de energía a
partir de bagazo de caña de azúcar’, 43, pp. 87–98.
Encyclopaedia Britannica (2018). Bagasse. [www] Available at
https://www.britannica.com/technology/bagasse [Accessed 27th Oct 2018]
Gilman, Paul & Neises, Ty (2017) SAM Webinars 2017: Overview of New Industrial Process Heat and CSP
Capabilities in SAM 2017.1.17. Online presentation NREL 17th May 2017.
González Martinez, Ortelio (2016). Charcoal making: No easy task. [www] Available at
http://en.granma.cu/cuba/2016-10-04/the-shrub-of-fortune [Accessed 18th August 2019]

-50-

Guzman, L., Henao, A. and Vasquez, R. (2014) ‘Simulation and optimization of a parabolic trough solar
power plant in the city of Barranquilla by using system advisor model ( SAM )’, Energy Procedia. Elsevier B.V.,
57, pp. 497–506. doi: 10.1016/j.egypro.2014.10.203.
Ensinas, A. V et al. (2007) ‘Analysis of process steam demand reduction and electricity generation in sugar
and ethanol production from sugarcane’, (November). doi: 10.1016/j.enconman.2007.06.038.
Helioscsp (2012) SCHOTT Solar produced 1 million solar receivers. [www] Available at
http://helioscsp.com/schott-solar-produced-1-million-solar-receivers/ [Accessed 9th July 2019]
Herrera Moya, Idalberto (2018). Contribution of the sugar industry to the sustainability of the Cuban energy sector.
Lecture at KTH, May 2018.
Herrera Moya, Idalberto (2019). Oral conversation in May 2019.
Hou, H. J. et al. (2011) ‘Evaluation of solar aided biomass power generation systems with parabolic trough
field’, Science China Technological Sciences, 54(6), pp. 1454–1461. doi: 10.1007/s11431-011-4366-4.
Hugot, E. (1986) Handbook of Cane Sugar Engineering. American Elsevier Publishing Company, Inc.
IRENA (2012) ‘Power Generation Biomass for Wind Power’.
Kalogirou, Soteris (2009). Solar energy engineering: processes and systems. 1st ed.
p. cm. Elsevier Inc.
Kamate, S. and Gangavati, P. (2009) ‘Cogeneration in sugar industries’, Cogeneration and Distributed Generation
Journal, 24(4), pp. 6–33. doi: 10.1080/15453660909595148.
Kamate, S. C. and Gangavati, P. B. (2009,b) ‘Exergy analysis of cogeneration power plants in sugar
industries’, Applied Thermal Engineering. Elsevier Ltd, 29(5–6), pp. 1187–1194. doi:
10.1016/j.applthermaleng.2008.06.016.
Käkönen, M., Kaisti, H. and Lukkanen, J. (2014) Energy Revolution in Cuba: Pioneering for the Future? Available
at: https://www.utu.fi/fi/yksikot/ffrc/julkaisut/e-tutu/Documents/eBook_4-2014.pdf.
Khoodaruth, A. (2014) ‘Optimisation of a cogenerated energy systems : the cane biomass flexi-factory case
study’, Energy Procedia. Elsevier B.V., 62, pp. 656–665. doi: 10.1016/j.egypro.2014.12.429.
Kurup, P. et al. (2015) ‘Parabolic Trough Collector Cost Update for the System Advisor Model ( SAM )
Parabolic Trough Collector Cost Update for the System Advisor Model ( SAM )’, (November).
Kurup, P. et al. (2017) ‘SAM Process Heat Model Development and Validation : Liquid-HTF Trough and
Direct Steam Generation Linear Focus Systems’, (November). doi: 10.18086/swc.2017.26.06.
Kurup, P. & Turchi, C. (2015) Parabolic Trough Collector Cost Update for the System Advisor Model (SAM). NREL.
Manzolini, G. et al. (2011) ‘Development of an innovative code for the design of thermodynamic solar power
plants part B : Performance assessment of commercial and innovative technologies’, Renewable Energy.
Elsevier Ltd, 36(9), pp. 2465–2473. doi: 10.1016/j.renene.2011.02.003.
NREL (2011) System Advisor Model (SAM) Technology Options: Concentrating Solar Power Systems. National
Renewable Energy Laboratory.
Payne, J.H. (1991) Cogeneration in the Cane Sugar Industry. Elsevier Science Ltd.
-51-

Pedroso, D. T. and Kaltschmitt, M. (2011) ‘Dichrostachys cinerea as a possible energy crop — facts and
figures’, (March). doi: 10.1007/s13399-011-0026-y.
Peterseim, J. H. et al. (2014) ‘Hybridisation optimization of concentrating solar thermal and biomass power
generation facilities’, Solar Energy. Elsevier Ltd, 99, pp. 203–214. doi: 10.1016/j.solener.2013.10.041.
Petrov, M. (2018) ‘CHP for the Sugar Industry’, Lecture at KTH, March 2018, pp. 1–36.
Power Technology (n.d). Termosolar Borges CSP-Biomass Power Plant. [www] Available at https://www.powertechnology.com/projects/termosolar-borges-csp-biomass-power-plant/ [Accessed 17th March 2019]
REN21 (2018) REN21. Renewables 2018-global status report, Paris, REN21 Secretariate; 2018. doi: 978-39818911-3-3.
Rubio González, A. M. et al. (2019) ‘CARACTERIZACIÓN DEL MARABÚ , COSECHADO CON LA
MÁQUINA BMH-480 , COMO COMBUSTIBLE PARA LA CENTRAL CIRO REDONDO’,
UNIVERSIDAD CENTRAL MARTA ABREU DE LAS VILLAS.
Ruiz, E, M. et al. (2012) ‘Climate change and extreme events: vulnerability of energy systems in
cuba’, Fresenius Environmental Bulletin . [www]Available at
https://www.researchgate.net/publication/291312542_Climate_change_and_extreme_events_Vul
nerability_of_energy_systems_in_Cuba [Accessed 27th August 2019]
Santos, J. J. C. S. et al. (2018) ‘Concentrating Solar Power’, Advances in Renewable Energies and Power Technologies,
1, pp. 373–402. doi: 10.1016/B978-0-12-812959-3.00012-5.
Servert, J., San Miguel, G. and López, D. (2011) ‘Hybrid solar - Biomass plants for power generation’, Global
Nest Journal, 13(3), pp. 266–276. Available at: http://www.scopus.com/inward/record.url?eid=2-s2.084856717795&partnerID=tZOtx3y1
Soria, R. et al. (2015) ‘Hybrid concentrated solar power ( CSP ) – biomass plants in a semiarid region : A
strategy for CSP deployment in Brazil’, Energy Policy. Elsevier, 86(March 2014), pp. 57–72. doi:
10.1016/j.enpol.2015.06.028.
Suárez, J. A. et al. (2010) ‘Thermochemical Properties of Cuban Biomass’, 8312. doi:
10.1080/00908310051128156.
Villardefrancos Bello, Frank Luis (2018) Hibridación de energía solar térmica con biomasa cañera en las condiciones de
Cuba: Caso de estudio UEB ¨George Washington¨. Universidad Central "Marta Abreu" de Las Villas.
Wagner, M. J. and Gilman, P. (2011) ‘Technical manual for the SAM physical trough model, by National
Renewable Energy Laboratory (NREL, U.S. Department of Energy)’, National Renewable Energy Laboratory,
303(June), pp. 275–3000. Available at: http://www.nrel.gov/docs/fy11osti/51825.pdf.
Wu, J., Hou, H. and Yang, Y. (2016) ‘The optimization of integration modes in solar aided power generation
( SAPG ) system’. Elsevier Ltd, 126, pp. 774–789. doi: 10.1016/j.enconman.2016.08.051.
Zang, G. et al. (2018) ‘Bioresource Technology A comparative study of biomass integrated gasi fi cation
combined cycle power systems : Performance analysis’. Elsevier, 255(February), pp. 246–256. doi:
10.1016/j.biortech.2018.01.093.
-52-

Appendices
Appendix 1: Examples of on-season and off-season simulation with
Aspen

Figure 32. Aspen model of George Washington cogeneration unit as on-season rated with results for t = 510 °C and p=65
bar.

Figure 33. Aspen model of George Washington cogeneration unit as off-season rated with results for t = 510 °C and p=65
bar.
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Appendix 2: Some results from Aspen as on-season / off-season rated

Appendix 3: Some results from bagasse & solar field scenario with
SkyTrough collector

Appendix 4: Some results from bagasse, marabú & solar field scenario
with SkyTrough collector
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