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Abstract

Bioenergy is a key resource to addressing challenges such as climate change
(anthropogenic CO2 emissions), pollution (suspended particles), energy secu-
rity and human well-being. Currently, most of the biomass produced worldwide
is consumed for cooking and space heating which has raised concerns among
governments and policy-makers, especially due to threats to human health.

The present thesis focuses on studying the technical and economic feasi-
bility of energy systems based on biomass. It is considered that the main
problems regarding the deployment of biomass-based energy systems are: (a)
use of traditional biomass; (b) selection of a biomass-based technology; (c) low
diversification of the biomass portfolio.

With regards to the use of traditional biomass, the thesis evaluates the
impact of switching from a system dependent on traditional biomass to a cen-
tralized system using low-carbon technologies. The outcome is a model capable
of estimating the net reduction of CO2 emissions that could be obtained by dis-
placing fuelwood and introducing modern biomass taking into account the CO2

released not only in the production, collection, transport, pre-treatment and
conversion of biomass but also the anthropogenic CO2 emissions caused by
shifting to alternative fuels to meet basic energy needs. Results show that even
when households have to use alternatives fuels, burning biomass in combus-
tion and gasification power plants still provide a significant reduction in CO2

emissions.

With regards to the selection of a biomass-based technology, this thesis
includes a methodology to identify, evaluate and select the best suited tech-
nology for the conditions of a given biomass value chain. As any system is
affected by the conditions where it is developed, biomass-based energy systems
are strongly dependent on region/local conditions such as weather, type of
biomass resources, among others. Thus, each region demands its own detailed
study. Given the lack of studies related to bioenergy in developing regions
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such as Central America (CA), this thesis entails a full study case presenta-
tion for CA where 84% of the biomass produced is used for domestic cooking
and heating. In this context, the thesis aims at improving the bioenergy as-
sessment methodology by using a resource-focused approach to determine the
key biomass resources in the region and a Multi-Actor Multi-Criteria Decision-
Making method to identify a portfolio of thermochemical conversion technolo-
gies appropriate for CA, considering parameters that range from technical,
economic, environmental to socio-political aspects. Furthermore, it includes a
discussion about the barriers that have stopped the progress of biomass tech-
nologies and the challenges to achieve modern bioenergy systems in the region.
Results reveal that the main source of biomass in CA is in the agricultural
sector and the most appropriate technologies to transform CA’s biomass are
improved cooking stoves and biomass combustion power plants.

With respect to the diversification of the biomass portfolio, currently, sug-
arcane bagasse is the biomass mostly used in large scale applications for the
production of combined heat and power (CHP) in developing countries. Using
a demand-driven assessment this thesis aims to evaluate the potential for elec-
tricity and ethanol production in CA using sweet sorghum as an alternative
sugar crop. Three scenarios were built to analyse sweet sorghum production
in terms of the land where it can be cultivated: cropland, sugarcane land in
fallow and land in continuous production (intercropping system). The land
under permanent crops was not considered for this evaluation. It is estimated
that sweet sorghum could supply around 10% of region’s electricity demand or
supply the ethanol required to implement a 5% ethanol blending programme.
Following this assessment, the thesis studies the integration of sweet sorghum
into Central American sugar mills by using the existing machinery to process
it. The short growing period of sweet sorghum would allow the CHP plants
and distilleries to operate during off-season using sorghum bagasse and mo-
lasses as raw materials. This thesis provides a techno-economic analysis of the
production of electricity and ethanol from sweet sorghum in a sugar mill. The
data on various parameters used for techno-economic assessment were collected
from an existing sugar mill and distillery in Central America. Results indicate
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that modern energy carriers from sweet sorghum can be produced at a com-
petitive price under CA conditions and crucial variables determining the cost
of electricity and ethanol are the installed capacity of the plant and crop yield.





Resumen

La bioenergía es fundamental para hacer frente a retos como el cambio climático
(emisiones antropogénicas de CO2), contaminación (partículas en suspensión),
seguridad energética y bienestar humano. Actualmente, la mayor parte de la
biomasa que se produce a nivel global se utiliza para fines domésticos (cale-
facción y cocina) lo cual ha generado preocupación entre los gobiernos y re-
sponsables de establecer políticas energéticas, especialmente por los potenciales
daños a la salud.

La presente tesis doctoral se enfoca en el estudio técnico y económico de sis-
temas energéticos basados en biomasa. Se considera que los principales proble-
mas con respecto al uso de sistemas basados en biomasa son: (a) uso de biomasa
tradicional; (b) selección de la tecnología adecuada; (c) baja diversificación del
portafolio de recursos biomásicos.

Con respecto al uso de biomasa tradicional, esta tesis evalúa el impacto
de cambiar de un sistema altamente dependiente en biomasa tradicional a un
sistema centralizado utilizando tecnologías con bajas emisiones de carbón. El
resultado es una modelo capaz de estimar la reducción neta en las emisiones de
CO2 que se podrían obtener debido al desplazamiento de leña y el incremento en
el uso de biomasa moderna. Dicho modelo no solamente toma en cuenta el CO2

emitido por la producción, recolección, transporte, pre-tratamiento y conver-
sión de la biomasa sino que también considera las emisiones antropogénicas de
CO2 debidas al uso de combustibles modernos para satisfacer las necesidades
energéticas básicas de los usuarios de leña. Los resultados indican que aún
cuando los consumidores de biomasa tradicional cambian a combustibles alter-
nativos, la conversión de biomasa en plantas de potencia basadas en combustión
y gasificación proporcionan una reducción en emisiones de CO2 significativa.

Con respecto a la selección de una tecnología para transformar los recursos
biomásicos, la presente tesis incluye una metodología para identificar, evaluar
y seleccionar la tecnología más apropiada bajo las condiciones de un sistema
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energético dado. Al igual que cualquier sistema que es afectado por sus alrede-
dores y la interacción de las partes que lo conforman, los sistemas energéticos
basados en biomasa son fuertemente influidos por condiciones regionales/locales
como el clima o los tipos de recursos biomásicos entre otros. Por lo tanto, cada
región exige la realización de un estudio detallado que incluya la influencia de
variables locales. En este sentido, teniendo en cuenta los pocos estudios técni-
cos relacionados al uso de bioenergía en regiones en desarrollo como por ejemplo
Centroamérica (CA), esta tesis realiza un estudio detallado para CA donde el
84% de la biomasa producida es usada para satisfacer necesidades energéticas
básicas. En este contexto, la tesis tiene como objeto proponer soluciones que
permitan la explotación de biomasa de manera eficiente utilizando un enfoque
basado en los recursos disponibles para determinar las fuentes de biomasa con
mayor potencial en la región. A su vez se emplea un análisis multicriterio
impulsado por la participación de varios actores para identificar un portafolio
de tecnologías apropiadas basadas en procesos termoquímicos para su imple-
mentación en CA considerando aspectos que varían desde lo técnico, económico,
medioambiental hasta lo socio-político. Así también, discute las barreras que
han detenido el progreso en el uso de tecnologías basadas en biomasa y los
retos que se tienen que afrontar para incrementar el uso de biomasa moderna
en dicha región. Los resultados muestran que la principal fuente de biomasa en
CA proviene del sector agrario y que la tecnología más apropiada para transfor-
mar dicho recurso son las cocinas mejoradas y las plantas de potencia basadas
en combustión.

Con respecto a la diversificación del portafolio biomásico, actualmente el
bagazo de la caña de azúcar es la biomasa más utilizada para la producción de
vapor y electricidad a gran escala en regiones en desarrollo como Latinoamérica.
Utilizando un enfoque impulsado por la demanda de electricidad y etanol, esta
tesis tiene como objeto evaluar el potencial del uso de sorgo dulce en CA para
la producción de vectores energéticos sostenibles. Tres escenarios han sido
planteados para estudiar el potencial del sorgo dulce en función de dónde esta
planta podría ser cultivada: tierra para cultivos, tierras potencialmente baldías
dedicadas al cultivo de caña de azúcar y un sistema de intercultivo de sorgo
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dulce con caña de azúcar. La tierra dedicada al uso continuo de cultivos ha sido
excluida del presente estudio. Se estima que la utilización de sorgo dulce como
cultivo energético podría proveer alrededor del 10% de la demanda energética
de la región o proveer el etanol necesario para implementar un programa de
etanol al 5% en la gasolina. Así mismo, la presente tesis estudia la integración
del sorgo dulce a los ingenios azucareros de CA utilizando la misma maquinaria
que se emplea en la caña de azúcar para procesar dicho cultivo energético. El
corto periodo de crecimiento del sorgo dulce permitiría a las plantas de potencia
y destilerías operar fuera de la temporada de caña de azúcar utilizado el bagazo
y miel final del sorgo dulce como materia prima. La presente tesis proporciona
un análisis tecno-económico de la producción de electricidad y etanol a partir
de sorgo dulce en ingenio azucarero. Los datos necesarios como parámetros
de entrada para el análisis tecno-económico fueron obtenidos de una planta
existente de producción de azúcar y destilería en CA. Los resultados indican
que la producción de vectores energéticos con tecnologías modernas puede ser
llevada a cabo a precios competitivos bajo las condiciones de CA y las variables
que lo determinan, ya sea el costo de la electricidad o etanol a partir del sorgo
dulce, son la capacidad instalada de las plantas y el rendimiento del cultivo
energético.
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1.1 Climate change

The concerns about the raise of the earth’s temperature have been present for
several decades. In 1908, Arrhenius (1908) already published that the increase
of the percentage of CO2 in the air would raise the earth’s temperature a few
degrees (approx. 4◦C). At that time, emissions of CO2 coming from industry
were not seen as a threat due to they were insignificant. Nowadays, industrial
development have changed drastically such panorama. In 2014, around 87%
of global primary energy was supplied by fossil fuels, i.e., coal, oil and natural
gas (BP, 2014). Figure 1.1 presents the CO2 emissions from fossil combustion
processes.
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Besides the raise of the earth’s temperature due to the increase of the per-
centage of CO2 in the air, as already state by Arrhenius (1908). The raise of
the temperatures will also increase the rate of evaporation from any aqueous
system (e.g., oceans), increasing the concentration of water vapour in the air
and reinforcing the greenhouse gas effect considering that H2O is the most
important GHG. Besides this disruptive effect, the increase of the percentage
of CO2 in the air also contributes to ocean acidification which might inhibit
the biological production of corals as well as calcifying phytoplankton and zoo-
plankaton Forster & Ramaswamy (2007). The increase of the pH of the ocean
might also have disruptive effects over marine fauna Forster & Ramaswamy
(2007).

In 2010, The United Nations Framework Convention on Climate Change
(UNFCCC) established a climate change mitigation goal to limit the global
average surface temperature increase to less than 2◦C above the preindustrial
level (UNFCCC, 2010). In order to meet this goal it is required global CO2

emissions reductions from energy and industry sectors to 30-70% of 2000 levels
by 2050 (GEA, 2012), which clearly demands a rapid and drastic change of the
energy systems as we know them today.

1.2 Renewable energy resources: biomass

The primary energy source on which an energy mix is based can be of non-
renewable and renewable origin. Traditional non-renewable fuels are character-
ized for having a high percentage of carbon and include oil, gas and coal. Al-
though in recent years, there has been an increasing interest in non-traditional
resources such as coal seam gas and shale oil. On the other hand, the so-called
“renewable energy resources” (RES) are characterized for being low-carbon fu-
els and include rain, tides, waves, wind, geothermal heat, sunlight and biomass.
These primary energy resources contain what is defined as renewable energy
(RE) and covers (Figure 1.2): hydropower, wind energy, geothermal energy,
solar energy and bioenergy (energy contained in biomass). This thesis studies
the production of high-value energy carriers from biomass.
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dential sector especially for cooking and space heating. Usually this biomass
is transformed through low efficiency processes with a process efficiency in the
range of 10 to 20% (Chum et al., 2011).

Modern biomass: biomass used for the production of high-value energy carriers
such as industrial heat, electricity and transport fuels. Depending on the energy
carrier desired, process conversion efficiency for this type of biomass varies
between 32 to 58% (Chum et al., 2011).

Among these two, traditional biomass is the most important biomass source
nowadays and is mainly consumed in non-OECD countries. According to IEA
(2015) estimates, in 2013, around 86% of the solid biofuels share was used
for residential cooking and heating. As a consequence, only 32% of global
renewables were used in the production of high-value energy carriers such as
electricity.

Usually the energy for cooking and space heating is obtained by burning
biomass in open fire or low-efficiency stoves, which produces large disruptive
effects on climate change and air quality (leading to health problems (IEA,
2013)) due to incomplete combustion. According to (Chum et al., 2011) esti-
mates, household fuel combustion causes approximately 30% of the warming
due to black carbon and anthropogenic emissions of carbon monoxide (CO).
Literature also indicates that the use of traditional biomass contributes to land
degradation (Larson & Kartha, 2000), deforestation (especially where there is
a high demand of charcoal (Karekezi et al., 2004)) and even to gender equity
issues (Grogan & Sadanand, 2013). On the other hand, energy carriers from
modern biomass are produced by the use of more appropriate biomass (pel-
lets, energy crops, among others) transformed in dedicated plants, e.g., the
combustion of biomass in combined heat and power (CHP) plants. Benefits of
using modern biomass cover improvements of the livelihood of biomass users
(Karekezi et al., 2004), fulfillment od basic energy needs (Grogan & Sadanand,
2013), improvements in gender equity (Grogan & Sadanand, 2013) and reduc-
tion of air pollution Forster & Ramaswamy (2007); Masera et al. (2000). More
technical analyses of the impact of using modern biomass, especially on GHG
emissions include Dote et al. (2008); Ogi & Dote (2003). Both studies focused
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on estimating the abatement potential (Barker et al., 2007) of burning biomass
in power plants; they developed a model to estimate the potential gross reduc-
tion in CO2 emissions by using biomass over fossil fuels taking into account the
CO2 released in the production, collection, transport, pre-treatment and con-
version of biomass. However, Dote et al. (2008) and Ogi & Dote (2003) ignore
the environmental impact of centralizing biomass on the current biomass use
(e.g., cooking and space heating).

As can bee seen in Figure 1.2, the starting point of all the flows in the
chain of a renewable energy system is the primary energy resource block. In
this instance, ensuring that there is enough feedstock available to supply the
biomass value chain is not only critical for designing a new energy system but
also could lead to a shift in the deployment of renewable technologies. Further,
as shown above, the analysis over a biomass value chain is clearly limited by
the region (type of biomass resource, land conditions, spatial distribution of
biomass, biomass market, among others) where the biomass is being produced
and consumed. Understanding how a local biomass energy system works is
of great importance for governments and policymakers in order set environ-
mental demands for the current low-efficiency and highly polluting processes.
Several studies have been conducted to estimate the biomass energy poten-
tial in specific regions/countries (Parikka, 2004; Ravindranath & Balachandra,
2009; Sajjakulnukit et al., 2005; Amoo-Gottfried & Hall, 1999; Duku et al.,
2011; Perera et al., 2005; Jingura & Matengaifa, 2008). These studies provide
detailed bionergy potentials based on available specific country data but offer
limited information about the most suitable conversion technologies that could
be used to transform these natural resources. At the country level, a weak spot
in bioenergy assessments is the lack of studies related to non-OECD America
(Central and South America, excluding Chile), especially for Central America
(CA). It is unclear why CA has been less studied relatively to other regions
when according to data reported by (Dolezal et al., 2013), it is estimated that
in CA, about 7 million people have limited or no access to electricity and
about 37 thousand people (World Bank, 2013) die annually caused by indoor
air pollution.
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1.3 Energy System

An energy system is an assemblage of cores working as hole to treat and trans-
form a certain resource to deliver a useful form of energy. The energy system
includes all cores in the biomass value-chain: extraction and treatment of pri-
mary energy resources, conversion technologies, energy carrier supply systems
and end-use sectors (GEA, 2012).

The larger than life discussion between designing systems based on renew-
able resources instead of fossil fuels is not only promoted by energy security
concerns, environmental worries, among others. The question proposed here
is: Is it possible to design a system capable of using the available resources in
a more efficient way?

With a multitude of processes available for conversion of biomass to refined
energy carriers there is a need to define a set of key parameters that enables
comparing and selecting a system for a certain control volume. When selecting
an energy system based on a biomass conversion process, similar criteria than
in non-renewable systems have to be taken into account (e.g., process efficiency,
process residues, capital costs, among others). However, in the case of biomass
conversion other variables such as feedstock availability, state of technology
and market availability are crucial in the assessment.

An overview of the linkages between the various factors affecting a biomass-
based energy system can be seen in Figure 1.3. This figure propose a sys-
tem formed by 7 main blocks: resource, technology, flexibility, bio-refinery,
products-market, costs and policies.
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The current thermochemical technologies Chum et al. (2011) include heat
production at scales ranging from home cooking (via gasification, early com-
mercial and via combustion, commercial), pyrolisis oil (early commercial) to
home/district/industrial heating (via gasification, early commercial and via
combustion, commercial); power generation or CHP, via gasification, gasi-
fiers coupled with internal combustion engines (early commercial), via combus-
tion, units coupled with Stirling engines (demonstration), organic rankine cycle
(early commercial), steam cycle (commercial) or direct co-firing of biomass and
fossil fuels (commercial).

In the mid-term future (2050), it is expected that the global biomass share
scale up to 80-140 EJ GEA (2012) and recent investments to global electric
power generation systems reinforce this projections. In 2013, renewable energy
systems based on biomass had the third-highest (behind solar and wind) global
investment (8 US$bn (BNEF, 2014)), where 71% of the investment share was
done in developing countries. This trend can be explained by the fact that
the cost of these technologies have fell considerably over the last years, making
biomass technologies more cost-competitive. For example, biomass gasification
not only experienced an increase of the installed syngas capacity in 171% be-
tween 2004-2014 Higman (2014) but also related costs dropped 14.7% between
2009 and 2014. With respect to scale, utility-scale projects of 1 MW or more
perceived an investment of 6.8 US$ bn, while small-scale projects of less than
1 MW received 7 US$ bn.

As can be seen, bioenergy constitutes an important asset of the global
energy mix, which demands actions to design systems capable of shifting the
fossil fuel consumption of countries with abundant renewable resources to what
is called the sustainable development pathway. In this context, it is suggested
that biomass resources will play a pivotal role in the future global energy sup-
ply, especially in regions such as Latin America Heinimö & Junginger (2009).
Stakeholders have sought investment opportunities in a market increasingly
expanding due to the renewable energy support policies that countries such as
Mexico, Chile, Dominican Republic and Guatemala are currently implementing
MIF/BNEF (2013). The main advantage for bioenergy in developing countries
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is that as income increases, society tends to shift from fuelwood to modern
fuels such as kerosene or liquefied petroleum gas (LPG) which clearly leaves
considerable scope for taking up new approaches for using local biomass. This
not only helps to reduce fossil fuel consumption and consequently CO2 emis-
sions but also reduces vulnerability against increases in the price of fuels and
cuts of supply while at the same time boosting economy by the creation of
employment.

1.4 Scope of the thesis

At base line, the main objective of this PhD thesis is to assess the technical, eco-
nomic and policy aspects of small-medium scale biomass-based energy systems.
This thesis started in collaboration with the Spanish Agency of International
Development Cooperation (AECID). The intensive use of traditional biomass
in Guatemala has raised concerns among policymakers and foreign institutions.

This research will mainly focus on the use of thermochemical processes for
the production of refined carriers. Any energy system analysis has to start
evaluating the environmental impact of implementing any new scheme. Envi-
ronmental analyses are important due to in recent years, climate change mit-
igation has been the most important driver behind investments in bioenergy.
This thesis presents a methodology to estimate the abatement potential of us-
ing modern biomass in centralized systems. This work not only considers the
CO2 released in the production, collection, transport, pre-treatment and con-
version of biomass but also the anthropogenic CO2 emissions caused by shifting
to other fuels to meet basic energy needs. Further, with the growing impor-
tance of biomass in the global renewable energy mix, it becomes necessary to
devise a methodology that includes all possible interactions in a biomass value
chain. The aim is to apply a uniform approach to the system analysis so as
to provide un-biased comparisons between thermochemical processes. Policy
makers need to know which technologies should be avoided or used in order to
optimize energy carrier production from local biomass resources. Due to there
are many differences from region to region, each region demands its own de-
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tailed study. Literature indicates that limited analysis has been done to assess
the bioenergy potential of regions such as Central America. Thus, nowadays
the behavior of biomass energy systems in such region is still poorly under-
stood. This thesis evaluates the case of Central America in depth and aims to
provide a overall picture of the current state of technologies in the region as
well as providing information about the most suitable technologies to transform
local biomass. This work adopted a Multi-Criteria Decision-Making method
to rank thermochemical technologies at scales ranging from home cooking to
CHP production. Other activities include assessment of the difficulties and
barriers faced by developing countries as they introduce biomass conversion
technologies. Finally, this work evaluates the effects of the introduction of a
new biomass resource (sweet sorghum) in the CA’s biomass portfolio to pro-
duce electricity and ethanol. Going beyond the mere theoretical sweet sorghum
bioenergy potential, a process simulation is performed to assess the main tech-
nical and economic aspects influencing the production of electricity and ethanol
in a dedicated plant (sugar mill), and show how the overall performance of the
plant improves by introducing sweet sorghum in the operation schedule of a
sugar mill.

1.5 Outline of the thesis

This thesis is organized in 4 papers. Chapters 2 to 5 have been written as
independent articles, each with their own notation and bibliography.

Chapter 2 performs an environmental assessment to forecast the effects of
shifting from fossil fuels to biomass centralized systems. A cause-effect model
is developed to make quantitative predictions of how the environment will be
affected by using biomass in centralized CHP plants and how society will have
to adapt and affect the current biomass-based system to access modern fuels
to fulfill basic energy needs such as cooking and space heating.

Chapter 3 provides a resource focused assessment to determine the techni-
cal bioenergy potential from primary agricultural, forest and animal residues in
Central America. A Multi-Criteria Decision-Making method is used to gathered
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all complex interactions (22 conflicting criteria) in a biomass energy system to
rank the best thermochemical conversion technologies to process local biomass.
Also it discusses the vulnerabilities of the deployment of thermochemical tech-
nologies under local conditions.

Chapter 4 performs a demand-driven assessment to evaluates the intro-
duction of sweet sorghum in CA’s biomass portfolio. The result is a set of
three scenarios depending of various type of land resources (excess agricultural
land, land not suited for traditional agricultural purposes and marginal), each
describing the potential of this biomass for the production of electricity and
ethanol.

Chapter 5 chapter presents a techno-economic analysis of the integration
of sweet sorghum into the production schedule of a sugar mill. This study links
a process simulation with an economic model to assess the techno-economic
performance of sweet sorghum bagasse burnt in a sugar mill. The data on
various parameters used for techno-economic assessment were collected from
an existing sugar mill and distillery in Central America.

Finally, Chapter 6 summarizes the conclusions of the PhD thesis.
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In the last decades, fossil fuels have played a leading role in the global
energy mix. The reason for this dependence could be explained by the still
abundant resources and reserves AGS (2011), which has put on the soft pedal
the exploitation of other energy resources. Primary energy consumption from
various sources (e.g., oil, coal, nuclear energy, among others) for ten years prior
2013 is presented in Figure 2.1.
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that RE consumption1 in Latin America (Central, South America & Caribbean)
surpasses by 3 folds the consumption of North America. For the period 2003-
2013, the average share of RE in Latin America (LAC) represents about 23% of
the total primary energy, with hydro resources accounting for 93% of this figure.
The second most used renewable resource in LAC is biomass (e.g., fuelwood
and sugarcane bagasse). Although, if renewable resources are analyzed based
on energy supply data (CEPAL, 2013), for the period 2003-2012, the share of
biomass raises up to 58% becoming that most important renewable resource in
LAC.

Usually when talking about renewable energy consumption, most statistics
sources combine biomass usage either through sustainable or unsustainable
methods (Karekezi et al., 2004). Here, sustainability refers to exploiting a
resource to an extent where its use in the future is not compromised. The main
issues regarding renewable resources in LAC relate to the end-applications in
which these are being used, especially solid fuels such as biomass that represent
an important part of the renewable energy mix. For example, it is estimated
that about 50% of the population in Central America uses fuelwood to meet
their basic energy needs (ECLAC, 2010).

Figure 2.2 presents the desegregated biomass consumption for the the Cen-
tral American region. This work considers Central America as: Costa Rica, El
Salvador, Guatemala, Honduras, Nicaragua and Panama.

1Hydro + other renewables
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consumption in LAC (38 130 TJ). Furthermore, it is seen that the trend in tra-
ditional biomass consumption is mainly driven by Brazil, whose consumption
is about one third of the traditional biomass consumption in LAC. When this
country is removed from the analysis, CA countries are consuming 67% more
traditional biomass than the rest of LAC. While these figures highlight the
overwhelming use of traditional biomass, they are not at all surprising consid-
ering the fact that 68 of 140 of developing countries have established goals for
access to electricity but only 17 countries have set targets for access to modern
fuels (Bazilian et al., 2011).

The output of the unsustainable use of biomass in the region is clearly re-
flected in statistics regarding energy poverty and pollution. Figure 2.3 presents
the CO2 emissions and Total Suspended Particles (TSP) produced in CA dur-
ing the period 2000-2010.
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Based on the assumptions made in this work, for the period 2000-2010, the
average emissions of CO2 and TSP from burning traditional biomass in CA
are 25 Tg and 74 Gg, respectively. According to data presented in statistical
reports (OLADE, 2009, 2010, 2011), for the period 2000-2010, the average CA’s
CO2 emissions are about 43 Tg2. This implies that traditional biomass would
represent for 58% of the total emissions from the energy sector transformation
and consumption activities in CA.

Nonetheless, when comparing these values with the average CO2 emissions
reported for Latin America and Caribbean for the same period analyzed, 1374
Tg (OLADE, 2009, 2010, 2011), it is clearly seen that CA’s CO2 emissions
do not pose a threat to the global emissions reduction targets. Thereby, the
main problem of the use of traditional biomass in regions such as CA is that
when employed as fuel, biomass is burned in enclosed areas, directly exposing
humans to emissions and particulates such as carbon monoxide (CO), benzene
(C6H6) and other polycyclic aromatic hydrocarbons (PAHs), which are a threat
to human health. These compounds are usually found in house dust, which is
a key route of exposure to contaminants either by ingestion or inhalation (Choi
et al., 2010).

Biomass and its use for the production of energy carriers (power and heat,
as well as methane gas and biofuels) are classified as renewable (AGS, 2011),
but this should only be considered as it, if the resource is used in a sustainable
and efficient manner. The aim of this paper is to estimate the net reduction of
CO2 emissions that could be obtained by switching from traditional biomass
to a scheme that involves efficient technologies displacing fossil-fuel power gen-
eration. In this study, two technologies were explored based on their inher-
ent characteristics, (1) biomass combustion and (2) biomass gasification. As
the environmental performance of the energy system considered in the present
study has a strong dependence on the process efficiency, the net reduction of
CO2 emissions are compared in terms of the electrical efficiency and overall
efficiency of the power plants. The main new contribution of this work is

2Estimate of total CO2 emissions resulting from the energy sector transformation and con-
sumption activities
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the introduction of an energy penalty on the use of substitute fuels such as
liquefied petroleum gas (LPG) or kerosene for domestic use due to fuelwood
centralization.

This work also aims to provide an accurate picture of the role of biomass
in the CA energy mix and discuss how the sustainable use of biomass can help
to improve the quality of life in the region.

2.1 Methods

The methodology presented here focuses on estimating the net reduction of CO2

emissions that could be obtained by replacing traditional biomass and displac-
ing fossil fuel power generation (system of reference) with efficient technologies
based on thermochemical processes. Two biomass conversion technologies were
evaluated: combustion (steam power cycle) and gasification (gasifier coupled
with a gas engine). This, since these technologies are the main near term op-
tions under development offering the highest conversion efficiency and lowest
technical complexity (Task 33, 2014).

It is important to point out that in regions highly dependent on traditional
biomass, there is a significant part of the households, especially in rural areas,
that are not equipped with appliances or even connected to the grid. There-
fore, this study considers a scenario where fuelwood is processed by centralized
power plants (e.g., power plants run by cooperatives). Thus, if all biomass is
centralized that means that fuelwood would no longer be available for house-
holds, requiring them to switch to other fuels. This paper proposes the use
of LPG or kerosene as a substitute of fuelwood in order to meet household’s
energy demand. The energy system considered for this study is presented in
Figure 2.4.
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the scope of this paper but it is noteworthy to point out that a strong energy
policy would be needed in order to achieve fuel switching, especially in rural
communities where economic resources are scarce and there is a strong resis-
tance to move away from traditional cooking methods. Problems related to
stacking fuels are also left out of this analysis.

The net reduction of CO2 emissions (RN ) has been estimated based on Ogi
& Dote (2003) methodology but a new term was added to include the energy
penalty of using LPG or kerosene as a substitute of fuelwood.

RN = RG −RT (2.1)

RT = RP +RCB +RT B +RP T +RF F (2.2)

RG is defined as the gross CO2 reduction per dry biomass, while RT is defined
as the total CO2 released during biomass power generation, comprising five
processes:
1. CO2 released during biomass production (RP ), establishment (Re) to har-
vest (Rh).
2. CO2 released by collection of harvested biomass (RCB).
3. CO2 released by transporting biomass to the power plant (RT B).
4. CO2 released during the pretreatment of biomass for power generation
(RP T ).
5. CO2 released by households burning LPG or kerosene instead of fuelwood
(RF F ).

The units of RN , RG, RT , RP , RCB , RT B , RP T , and RF F are kilograms of
C per tonne of biomass [kg of C/t of biomass].

From here onwards, the parameters used as input data for the calcula-
tion are described. With respect to the biomass origin and properties, three
scenarios were evaluated: woodlands (S1), native forests (S2) and fuelwood
plantations (S3). In the first scenario, it was assumed that every year, both
dead trees and fallen timber from the woodlands are collected. In the second
scenario, it was assumed that fuelwood is annually collected from the native
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forest floor and also stem, bark and branch material from dead trees. In the
third scenario, it is assumed that a coppiced plantation is grown only for the
purpose of fuelwood production. Table 2.1 presents the main parameters to es-
timate RP for the three aforementioned scenarios. That is, biomass yield (Y),
standing period of biomass (S) and CO2 released during establishment (Re) to
harvest (Rh).

Table 2.1: Parameters used for estimating RP
[a]

Units S1 S2 S3
Y t ha−1 y−1 2.45 3.6 5.13
S y 35 35 15
Re kg-C/t-B 0 0 1
Rh kg-C/t-B 4 4 4
RP kg-C/t-B 4 4 6

[a] CSRIO (2003).

The CO2 released during biomass production was estimated based on equa-
tion 2.3:

RP = Re +Rh (2.3)

It was considered an average value for Rh of 4 kg-C t-B−1 (Table 1), in
accordance to a study made by CSRIO (2003). This value varies depending
on the harvest system selected, i.e., small scale harvest (6.1 kg-C t-B−1) or
commercial harvest (2.8 kg-C t-B−1) (CSRIO, 2003). Notice that values for Re

are zero for scenario S1 (woodland) and S2 (native forest) due it is considered
that these are already established.

The input data used in the present study to estimate RCB , RT B , RT and
RG are tabulated in Table 2.2.
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Table 2.2: Parameters used for estimating RCB , RT B , RT and RG

Units Biomass Ref Fuelwood Ref
CA MW 25 [a] 0.3
Y t ha−1 y−1 10 [a] See Table 2.1
S y 10 [a] See Table 2.1
LCB t 8 [a] 8 [a]
HB GJ t−1 20 [a] 16
Ro km 0.5 [a] 0.5 [a]
CCB kg-C km−1 t-B−1 0.131 [a] 0.131 [a]
θ kg-C GJ−1 27.9 [a] 29.9
η - 0.39 [a] 0.10 [b]
DT B km 20004 [a] 50 [b]
CT B kg-C km−1 t-B−1 1.01E-02 [a] 0.397
RP kg-C t-B−1 32.04 [a] See Table 2.1
RP T kg-C t-B−1 6.89 [a] 6.89 [a]

[a] Dote et al. (2008). [b] CSRIO (2003).

The CO2 released by the collection of harvested biomass (RCB) was esti-
mated based on equation 2.4:

RCB = CCB Da LCB

A Y
(2.4)

The loading capacity of the truck (LCB) was set at 8 t. The CO2 release
unit of the tractor (CCB) was considered to be 0.131 kg C/km/t of biomass.
Da is defined as the distance for annual collection of biomass and A, the area
of the plantation with an inner radius Ro. These parameters were estimated
based on Ogi & Dote (2003) methodology.

The CO2 released by transporting biomass to the power plant (RT B) was
calculated based on equation 2.5:

RT B = CT B DT B (2.5)

Based on a small-medium scale power plant scenario, the distance of transport
to the power plant (DT B) was set at 50 km. This value is in accordance with
(CSRIO, 2003), which indicate that this is the normal distance to transport
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fuelwood from the source to the consumer. The CO2 released by the vehicle
transporting the biomass to the power plant (CT B) was set at 0.397 kg of C
km−1 t of biomass−1.

The gross CO2 reduction per dry biomass (RG) in the energy system pre-
sented in Figure 2.4 was estimated based on equation 2.6. RG is defined as
the sum of the gross reduction of CO2 emissions that would occur if fuelwood
burnt in open fires and fossil fuel power generation plants were to be replaced
by advanced biomass combustion/gasification technologies. In equation 2.6-2.8
the subscript notation OF/B and TP/oil refer to open-fires burning biomass
and conventional fossil fuel power plants, respectively. Meanwhile, the sub-
script PP/B is used to indicate biomass power plants but depending on which
technology is being used, PP/B can change to CP/B referring to biomass com-
bustion power plants or GP/B referring to biomass gasification power plants.
The arrow points the switch of a technology.

RG = ROF/B→P P/B +RT P/oil→P P/B (2.6)

ROF/B→P P/B = θOF/B HB − θP P/B HB (2.7)

RT P/oil→P P/B =
θoil ηP P/B

ηT P/oil HB
(2.8)

It was assumed that fuelwood is burned in open fires with an emission factor
(θOF/B) of 26.4 kg of C GJ−1. The Low Heating Value of fuelwood (HB) was
set at 16 GJ t−1. With respect to the emission factors of the power plants, it
was assumed an emission factor for fossil-fuel power plants (θT P/oil) of 28 kg of
C GJ−1. Meanwhile, the emission factor for biomass combustion power plants
(θCP/B) and gasification power plants (θGP/B) was set to 4.4 kg of C GJ−1

and 1.9 kg of C GJ−1, respectively.
With respect to efficiency, the electric efficiency of oil power plants (ηT P/oil)

was set at 0.39. Meanwhile, for the power plants processing biomass, the electric
efficiency of combustion power plants (ηCP/B) was estimated based on Figure
2.5.
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With respect to the plant scale, as most of the traditional biomass is gath-
ered and consumed in the residential sector (especially in rural areas), this
study considers the introduction of small-medium scale power plants for the
production of refined energy carriers. The base case value for the scale of the
biomass gasification power plant (CA) was set at 0.3 MW. This value is in
accordance to recent data available related to the smallest dowdraft gasifier
coupled with a gas engine (DG/GE) under operation (Electrolabel, Belgium
and Wallonia Municipalities) (Task 33, 2014).

Finally, the CO2 released during the pretreatment of biomass for power
generation (RP T ) was set at 6.89 kg of C t−1 (Dote et al., 2008). Meanwhile,
the CO2 released by burning LPG or kerosene was estimated based on equation
2.9. It was assumed that LPG or kerosene has an average emission factor of
(θF F ) of 18.4 kg of C GJ−1. The value of HB is the same as the one used for
calculating RG.

RF F = θF F HB (2.9)

Finally, using the RN values obtained based on the methodology presented
above, the potential net reduction in CO2 emissions in 2050 using the scheme
presented on Figure 2.4 is estimated. This calculation is performed using data
reported by Smeets & Faaij (2007) regarding the bioenergy potential from
forestry in 2050. This analysis excludes the bioenergy potential of processing
residues and wastes due to the model developed in the present study to esti-
mate RN does not take into account the CO2 emissions produced from wood
processing. Values for RN are presented for the different type of potentials
of the supply of wood from forests considered by Smeets & Faaij (2007), i.e.,
theoretical, technical, economical, ecological and ecological-economical. These
potentials are defined as follows (Smeets & Faaij, 2007): theoretical potential
considers the maximum wood production potential of forests; technical poten-
tial includes the wood production taking into account the potential technical
barriers (e.g., steepness of terrain); economical potential considers the techni-
cal potential that could be produced at economically profitable level; ecological
potential includes the theoretical potential taking into account criteria such as
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As can be seen in Figure 2.9, burning fuelwood in open-fires produces 422 kg
of C per every tonne of biomass burned. The introduction of efficient technolo-
gies (i.e, replacing open-fires and displacing fossil fuel power plants) processing
the same biomass would allow a gross CO2 reduction of 588 kg of C/t of biomass
when using combustion power plants or 630 kg of C/t of biomass when using
gasification plants. Values for RG are only presented for S1 due to RG is not
influenced by the assumptions considered in Table 2.1, i.e., establishment and
harvesting activities.

With respect to the CO2 released by the introduction of sustainable biomass
(RT ) in the system defined in Figure 2.9, values for RT are in the range of 325-
328 kg of C/t of biomass for both combustion and gasification plants.

Finally, it is estimated that the net CO2 reduction (RN ) that could be ob-
tained by replacing traditional biomass is between 260-262 kg of C/t of biomass
for 10 MW combustion plants and between 303-305 kg of C/t of biomass for
0.3 MW gasification plants.

On the other hand, in case the electrical efficiency of the biomass power
plants in Figure 2.9 is replaced by the overall system efficiency, i.e., taking into
consideration the steam produced, higher values for the net CO2 reduction
(RN ) are observed. Figure 2.10 presents the net CO2 reduction that could be
obtained if open-fires and fossil fuel power plants were replaced by biomass
CHP plants.
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CO2 emissions that could be obtained if instead of using the potential wood
available in 2050 as traditional biomass, wood is processed by centralized com-
bustion/gasification power plants. Based on the above calculated RN values,
it is assumed an average net reduction in CO2 emissions of 262 kg of C/t of
biomass for combustion power plants and 304 kg of C/t of biomass for gasi-
fication power plants. The CO2 released by burning biomass in open fires is
considered to be 422 kg of C/t of biomass. Data for Latin America (LAC) &
Caribbean is also presented as according to (Smeets & Faaij, 2007), this region
will be the most promising wood supplier in 2050.
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Figure 2.11: Net reduction in CO2 emissions using combustion and gasification
technologies for 2050.
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As can be seen from Figure 2.11, if the bioenery projected for 2050 is burnt
in open fires, the global CO2 emitted to the atmosphere based on the theo-
retical, technical, economical, economical-ecological and ecological potential of
wood supply would be 1618 Mt of C (5934 Mt of CO2), 1481 Mt of C (5431 Mt
of CO2), 443 Mt of C (1625 Mt of CO2), 110 Mt of C (402 Mt of CO2) and 295
Mt of C (1083 Mt of CO2), respectively. Values for the Latin America (LAC)
& Caribbean region were projected to be 551 Mt of C (2019 Mt of CO2), 477
Mt of C (1748 Mt of CO2), 19 Mt of C (70 Mt of CO2), 11 Mt of C (39 Mt
of CO2) and 116 Mt of C (426 Mt of CO2) based on the theoretical, technical,
economical, economical-ecological and ecological potential, respectively.

In case the potential wood projected for 2050 is processed by combustion
power plants, the envisaged net reduction in global CO2 emissions based on
the theoretical, technical, economical, economical-ecological and ecological po-
tential of wood supply would be 1003 Mt of C (3679 Mt of CO2), 918 Mt of
C (3367 Mt of CO2), 275 Mt of C (1007 Mt of CO2), 68 Mt of C (249 Mt of
CO2) and 183 Mt of C (672 Mt of CO2), respectively. The LAC & Caribbean
region was projected to emit CO2 in the range of 7 Mt of C (24 Mt of CO2;
economical-ecological potential) to 341 Mt of C (1252 Mt od CO2; theoretical
potential).

The global net CO2 reduction in case biomass is processed by gasification
power plants would be around 1167 Mt of C (4278 Mt of CO2), 1068 Mt of
C (3915 Mt of CO2), 319 Mt of C (1171 Mt of CO2), 79 Mt of C (290 Mt of
CO2) and 213 Mt of C (781 Mt of CO2) based on the theoretical, technical,
economical, economical-ecological and ecological potential, respectively. Values
for the Latin America (LAC) & Caribbean region were projected to be 397 Mt
of C (1456 Mt of CO2), 344 Mt of C (1261 Mt of CO2), 14 Mt of C (50 Mt
of CO2), 8 Mt of C (28 Mt of CO2) and 84 Mt of C (307 Mt of CO2) based
on the theoretical, technical, economical, economical-ecological and ecological
potential, respectively.
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As can be seen in Figure 2.12, the efficiency of the biomass-based technol-
ogy is critical on the net reduction of CO2 emissions. If efficiency of biomass
combustion power plants increased by 10%, the net reduction of CO2 emission
would rise up to 286 kg of C/t of biomass (set value, RN = 262.31 kg of C/t of
biomass). On the other hand, if the gasification efficiency of the power plants
increased at the same rate, the net reduction of CO2 emissions would rise up
556 kg of C/t of biomass (set value, RN = 304.90 kg of C/t of biomass).

With respect to DT B , the impact of the transportation distance on RN is
relatively low, for an additional 10 km average distance, the reduction of CO2

emissions are reduced by about 4 kg of C/t of biomass for both combustion
and gasification configurations. At the same time, yields appear to have very
little influence on RN . If yields increase up to 12 t ha−1 y−1 (around 240%
variation), the value of RN only increases up to 262.67 kg of C/t of biomass
for combustion and 304.92 kg of C/t of biomass for gasification.

Finally, it can be seen that the RN is relatively sensitive to the LHV of
biomass. A 10% increase in the LHV of biomass would increase the value of
RN to 291.74 kg of C/t of biomass for the combustion scheme and 338.49 kg
of C/t of biomass for the gasification configuration.

2.3 Discussion

In this study a model was developed to estimate the abatement potential
(Barker et al., 2007) of the system proposed in Figure 2.4. Such scheme aims
to provide a healthier and cleaner solution for households affected by indoor
pollution resulting from traditional biomass, while achieving a reduction of
CO2 emissions, time and labor devoted to gathering fuelwood. Simultaneously,
fossil fuel based power generation could be displaced by modern biomass, re-
quiring the establishment of new industrial facilities, thereby boosting local
economy. With respect to bioenergy production, notice that the main benefit
of using modern biomass is that “low-cost" and “clean" energy carriers can be
produced from local resources that are already being collected. Based on study
by García-Frapolli et al. (2010) valuing the benefits of introducing improved
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cooking stoves (ICSs) in rural Mexico, indicate that around 60% of the rural
households obtain their fuelwood by collecting it, either by foot or with the
help of animals. This suggests that a potential scheme where small compa-
nies/cooperatives handle the collected wood and supply the biomass market
might be feasible. Furthermore, centralizing biomass is also a better option to
access the Clean Development Mechanism financing due to the fact that these
types of projects will reach higher scales than small-scale technologies such as
ICSs. Based on a study made by (Kim et al., 2013) identifying the neglected en-
vironmental technologies by the Clean Development Mechanism (CDM), shows
that, for the period 1999-2004, of 22 countries requesting financing for biomass
power projects, 10 of them received the technology requested. Meanwhile for
small-scale projects such as ICS, of 16 countries requesting the technology, none
of them received it.

As was show in Figure 2.9 and Figure 2.10, despite burning LPG/kerosene
due to fuelwood centralization, for all scenarios considered in this study, a
net reduction of CO2 emissions could be obtained if the switching to modern
biomass is accomplished. The scenario that reports the highest net reduction of
CO2 emissions either for the combustion and gasification scheme is S2, which
refers to the sustainable use of native forest for electricity production. This
is mainly attributed to the assumption (Section 2) that the native forests are
already established, setting the value of RP to zero, while for example scenario
S3 takes into account the CO2 released during the establishment of biomass.
Yield was another parameter that influenced the value of RN for the different
scenarios, in less extent as the rest of the parameters analyzed (Figure 2.12)
but enough to establish a difference between scenarios S2 and S1, for which it
was assumed the same value of RP (4 kg of C/t of biomass).

The most important factor influencing CO2 emissions reduction is process
and technology efficiency. With respect to process efficiency, obviously biomass-
based CHP plants report the highest reduction. With respect to technology
efficiency, an increase in efficiency is accompanied with increases in the net
reduction of CO2 emissions, i.e., per every 1% increase in electrical efficiency
around 2.36 kg of C and 2.38 kg of C are reduced by implementing combustion
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and gasification schemes, respectively. Also, It is important to mention that
changes in DT B are not significant because this analysis only considers a sce-
nario of short distance transportation (50 km). Thus, if larger power plants are
deployed, the DT B parameter will play a more important role as longer trans-
port distances will be required, increasing significantly the CO2 emissions.

It is important to highlight the besides the importance of achieving a re-
duction of CO2 emissions in traditional biomass intensive countries, the main
concern is to reduce indoor air pollution through the deployment of modern
technologies. As aforementioned, the exposure to the smoke and particulate
matter from the use of traditional biomass can cause severe health problems.
According to a study made by Ahmed et al. (2005) who estimated the health
impact of exposure to indoor air pollution in Guatemala highlands indicate
that there are approximately 1014 deaths from acute lower respiratory infec-
tions (e.g., pneumonia) among children under five age in homes with open fires.
Meanwhile, with the use of improved cooking stoves (i.e., la plancha) this figure
could be reduced in 53% (Ahmed et al., 2005). From these figures, it is clearly
seen that the use of more efficient technology than open fires improves signifi-
cantly the quality of life of rural households. Thus, shifting to a system as the
one proposed in Figure 2.4 could reduce even more the excess cases of acute
lower respiratory infections mortality caused by indoor air pollution on children
exposed to open fires. Nevertheless, notice that, for accomplishing the system
presented in Figure 2.4, one of the crucial stages is switching from fuelwood
to LPG. A study made by Masera et al. (2000) evaluating the energy ladder
model based on a case study of a village in Mexico, showed that even when
households switch from traditional biomass to modern fuels, they still keep
consuming traditional biomass. This is mainly to cope with the variability of
fuel prices and also the preference of some fuels related to the methods used for
food preparation (e.g., food flavor). With respect to the latter, Masera et al.
(2000) highlights that factors such as the size of the LPG stoves are critical for
users, as they require more time to prepare certain type of foods (i.e., tortillas)
compared to the stoves burning fuelwood, which drives the consumers to what
it is called “fuel stacking”.
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Other potential problems that need to be addressed are the LPG/kerosene
price fluctuations. The low purchasing power of the traditional biomass con-
sumers is crucial when designing a modern biomass-based system due to the
fact that fuelwood consumers do not have the flexibility to withstand the varia-
tions of the fuel market, leading to “technology stacking” or resistance to switch
to a new technology that runs with fuel that they do not have at hand (e.g.,
fuelwood gathered from local forest). Thereby Governments and policy-makers
should consider that there might be a need for fuel subsidy or credit loans. In
this context, a study made by Edwards & Langpap (2005) evaluating the in-
fluence of start-up costs on the decision to switch from fuelwood to gas fuel in
rural areas in Guatemala, showed that access to subsidies can be more helpful
towards achieving modern fuels than credit access. Based on simulations made
by Edwards & Langpap (2005), providing a subsidy between 10 to 40% of the
LPG stove price an increase in the stove purchases from 11.6% to 68.3% could
be obtained, respectively.

The possible actions to achieve a successful switch to modern fuels such as
LPG vary from country to country. For example, in Malaysia, the Govern-
ment specifies the consumer retail price of the LPG and controls as well as
determines the retail prices of other fuels such as gasoline and diesel (Budya
& Arofat, 2011). In Thailand and Indonesia, the Government applies an LPG
subsidy system for households only (Budya & Arofat, 2011; Andadari et al.,
2014). Further, another key factor to achieving LPG in Indonesia was that
the Government minimized its participation (bureaucracy) and focused on fa-
cilitating the participation of business entities to run the LPG program using
a business model, achieving a 90% of total investments by private investors
(Budya & Arofat, 2011) .

Guaranteeing the availability and supply of LPG (e.g., creation of LPG
markets in rural areas) as well as the improvement of infrastructure associ-
ated with it (e.g., terminals, container filling, investment in rural road) is also
crucial to LPG dissemination and prevent fuel stacking. Other actions to en-
courage fuel switching could include the procurement of packages consisting of
LPG cylinders, gas stoves, hoses and regulators for the households, especially
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in rural areas. Problems related to LPG adoption in rural communities are
discussed by Masera et al. (2000), which highlights that usually LPG users in
rural communities do not have an LPG tank backup and that LPG tanks are
delivered once or twice a week, forcing households to go back to fuelwood to
meet basic needs or go to the nearest town to get more LPG supplies, which
represents an extra expense.

Beyond the potential actions to achieve an LPG program and the possible
barriers that might appear related to its implementation, it is crucial to start
immediately with the implementation of the fuel switching process. Based on an
experiment made by Masera et al. (2000) using data of fuelwood consumption
in the Jarácuaro village, Mexico (Masera et al., 2000), it is estimated that
the total substitution of fuelwood for LPG would take around half a century
considering that the first LPG stove in the village was bought in the 1960s. This
is the reason why diffusion programs are crucial and have to be implemented
not only to explain to the households the benefits of shifting to modern fuels
but also change culture related to cooking practices and methods.

With regards to the projected net reduction in CO2 emissions in 2050, it
is important to highlight that despite a net reduction is always obtained for
all scenarios for future demand of fuelwood and industrial roundwood, only
for the theoretical and technical scenario demand is met. However, it it is
worth mentioning that for LAC & Caribbean, demand of fuelwood and indus-
trial roundwood under the ecological scenario its almost fulfilled, a difference
between 0.7 EJ is projected. This means that Latin America & Caribbean
has the potential to produce and consume sustainable biomass while achieving
a reduction in CO2 emissions of 72 Mt of C (264 Mt of CO2) or 84 Mt of
C (264 Mt of CO2) by the deployment of combustion and gasification power
plants, respectively. Due to there are many differences from region to region
regarding the use of natural resources, Central America is going to be used
as a case to highlight the main factors affecting the deployment of sustainable
biomass and efficient technologies. Figure 2.2 provides a good example of what
in the present study is called a “biomass curse”4. Here, this concept refers to a

4This term is analog to the “resource curse” discussed by Mehlum et al. (2006).
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sub-utilization of biomass due to the abundant natural reserves of the country,
which diminishes the country’s interest on investing in technology efficiency.
In this context, four main issues have to be tackle while implementing modern
biomass-based systems in regions such CA: (1) lack of resource diversification,
(2) institutional arrangement, (3) sociocultural barriers and (4) weak energy
policy.

With regards to the diversification of biomass resources, energy mixes highly
dependent on traditional biomass represent a policy opportunity to encourage
and support the exploitation of other biomass feedstock for the production of
refined energy carriers. This will not only promote research and the use of
new technologies capable of processing the potential new feedstocks but will
also stimulate job creation. Biomass-based systems generate more employment
than the production of energy carriers from imported fuels because they re-
quire more people in the biomass value chain, e.g., feedstock supply activities.
The same trend is observed when biomass is compared against other renew-
able resources, for example, for the year 2013, the production of energy carriers
(power, heat, biofuels and biogas) from biomass reported the highest rate of em-
ployment worldwide (direct and indirect) compared to other renewable energy
technologies. Only biomass activities employed around 2499 thousand individ-
uals (power, heat, biofuels and biogas) (Ren21, 2014), while Solar PV employed
2273 thousand individuals (Ren21, 2014). Job positions related only to power
and heat applications account for 782 thousand jobs (traditional biomass is not
included in this figure) (Ren21, 2014).

Despite the increasing competitiveness that biomass-based technologies have
shown during the last years (BNEF, 2014), it seems that other factors come
into play when promoting and implementing green technologies in fuel rich
countries. Such specific barriers have been discussed in a study by Friedrichs
& Inderwildi (2013) evaluating the carbon intensities in fuel rich countries.
Friedrichs & Inderwildi (2013) indicates that the low interest in investing in
new technologies and process efficiency is due to elites in resource rich coun-
tries often rely on export revenue rather than domestic social development.
This behavior is recently observed in some CA countries, where new coal-fired
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power stations are being built instead of investing in technologies capable of
transforming the huge amounts of biomass available in refined energy carriers.
It is expected that only in Guatemala the installed capacity of coal-fired power
plants will grow from 229 MW (2013) to 600 MW in the next coming years
(OLADE, 2014). Main problem regarding electricity generation from coal in
Guatemala is that this country does not have coal reserves, importing all of its
coal.

The other crucial factor when promoting renewable energy technologies is
the quality of institutions. The relation between the lack of success in promot-
ing green energy in countries with abundant natural resources and the quality
of institutions is discussed in a study made by Mehlum et al. (2006). Ac-
cording to Mehlum et al. (2006), institutions play a key role when supporting
green energy policies and when institutions are weak, i.e., having high levels
of bureaucracy and corruption, institutions are unable to take full advantage
of the natural resources leading to what is called a “resource curse”. Based on
data presented by Mehlum et al. (2006), CA countries are characterized for
having weaker institutions, except Costa Rica which was the only country in
the isthmus classified with good institutional arrangement. The weakness of
the institutions - often combined with a weak energy policy can also be seen
in Figure 2 where that actions to increase the use of modern biomass in CA
have little or no effect in the biomass consumption, especially for countries like
Honduras, where traditional biomass consumption remained fixed at 7% during
the period 2005-2010. A completely different scenario is seen for Costa Rica,
which uses around 59% of the biomass to produce modern energy carriers. On
the other hand, it is noteworthy to highlight that a significant improvement to-
wards reducing traditional biomass consumption is seen in Nicaragua. During
the period 2005-2010, Nicaragua doubled the use of modern biomass from 6%
(2005) to 13% (2010). This is explained by the recent measures adopted by the
Nicaraguan government to promote biomass-based technologies and improve
legal security for investors. All this has made Nicaragua not only one of the
most attractive clean energy markets in LAC (MIF/BNEF, 2013) but also one
of the top investors in the world in renewable energy (Ren21, 2014).
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Although discussions always arise regarding if real energy savings are pro-
duced due to the increase of energy efficiency (Jevon’s paradox, Alcott (2005)),
in the case of regions such as CA, results presented in Section 2.2 show that
even when open fires burning fuelwood are replaced by efficient technologies and
households have to use substitute fuels, a net reduction in CO2 emissions is still
obtained. In other words, in the design of efficient energy systems for countries
that are still in the first step of the energy ladder, health improvements should
be more important than energy savings. It is estimated that households that
adopt more efficient biomass technologies reduce the risk of suffering from res-
piratory diseases by 30% and with this, the monetary expenses associated with
the medical attention to treat these conditions García-Frapolli et al. (2010).
Thereby, the switch to modern biomass represents savings for the Government
if households get public medical attention or for the households if they have
access to private medical attention.

Finally, it is clear that the economic growth that the CA region will face for
the next years will increase significantly their energy consumption, and this is
going to be met with energy carriers produced either from fossil or renewable
fuels. Thereby, the real challenge relies on making an efficient use of resources
that economic growth generates to invest in fuel switching and efficient tech-
nologies. Furthermore, considering that traditional biomass consumption is an
indicator of unmet demand for more efficient fuel (Roy, 2000), it can be stated
that there is a market of sufficient size equivalent to 50% of the population in
CA who lack access to improved cooking fuels and stoves. Thus, energy sys-
tems in developing regions dependent on traditional biomass provide a field of
opportunity for different sectors, especially for developers in the manufacturing
process and investors/stakeholders in the clean cooking sector.

2.4 Conclusions

The problems related to the use of traditional biomass, such as forest degrada-
tion, forced resettlement of nearby communities, indoor air pollution are well
known. Clearly, these problems are more severe in biomass intensive countries,
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where this resource is used to produce energy carriers through low-efficient
processes, e.g., burning fuelwood in open-fires. The inefficient use of fuel re-
sources endangers the economy and energy security of countries, especially of
those where fossil fuels represent an important part of the energy mix. This
clearly demand actions to design systems capable of switching the fossil fuel
consumption of countries that are endowed with a large potential of renewable
resources to what is called “sustainable development pathway”.

This study shows strong evidence of the benefits of switching from tradi-
tional to a centralized system that involves the use of efficient technologies to
process the same resource could provide significant benefits. It is estimated
that an average net reduction of 261 kg of C/t of biomass and 304 kg of C/t
of biomass could be obtained by replacing traditional biomass with 10 MW
combustion and 0.3 MW gasification power plants, respectively. The sensitiv-
ity of these results to changes in the assumptions made in this work confirms
that a key factor towards achieving a sustainable energy system is technology
efficiency. Per every 1% increase in efficiency, around 2.36 kg of C and 2.38 kg
of C are reduced by the deployment of combustion (10 MW) and gasification
(0.3 MW) power plants, respectively. The most relevant result of this study is
that either considering the electrical efficiency or the overall efficiency of the
biomass power plants the value of RN (RG - RT ) is positive for all scenarios.
Furthermore, based on the demand of fuelwood and industrial roundwood in
2050, it is projected that if all bioenergy (ecological potential) is used as mod-
ern biomass, Latin America & Caribbean could achieve a net CO2 reduction of
72 Mt of C (264 Mt of CO2) or 84 Mt of C (264 Mt of CO2) by the deployment
of combustion and gasification power plants, respectively. In this context, it is
clearly seen that the use of modern biomass will have a direct influence on the
reduction of energy poverty, pollution levels (especially in rural households),
medical expenses related to respiratory diseases and economy. Nevertheless,
successful implementation of modern biomass-based systems will depend on
local policies.

A critical factor to enable an increase in the deployment of modern technolo-
gies in countries highly dependent on traditional biomass is institutional qual-
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ity. Governments have to realize that in order to evade the biomass curse, in-
stitutional strengthening and long-term policy commitments are required. Ad-
ditionally, results presented here provide evidence that there is enough biomass
available for the production of refined energy carriers in CA, even at large-scale.
Neglecting centralized systems will keep Central American countries under a
biomass curse due to most of this resource is transformed by low-efficient tech-
nologies. Policy design should prioritize the promotion of modern biomass by
creating public programs to provide financial and technical assistance to dis-
place low-efficiency processes. This will not only provide an opportunity to the
parties involved to test and learn about the use of new technologies but will
also allow to show the benefits of using modern biomass. At the same time,
regulators and policymakers should be careful when introducing new technolo-
gies, especially in rural areas, where traditions (e.g., cooking methods) are still
very strong. Specific programs have to be developed in order to show the com-
munities not only the challenges to overcome but also the benefits that could
be obtained by using sustainable biomass and efficient technologies. One of
the most important stages of these programs should be the follow-up phase, a
continuous monitoring should be performed in order to assure that the com-
munities understood, adopted and use the new system.
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Since ancient times biomass has played an important role in the Central
American (CA) society, and is nowadays used as fuel in a wide range of appli-
cations, such as cooking, heating and power generation. However, due to the
growing demand for energy, land area limitations and little investments in new
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biomass technologies, the use of fossil fuels with their high calorific value have
become widely used, making biomass lose importance in spite of recent devel-
opment of systems for the production of cleaner energy carriers. Currently, all
CA countries rely highly on oil imports due to the lack of oil reserves, except
Guatemala, which reached an oil production of 3645 Mbbl in 2013 (exporting
88% of the production) (Torijano, 2013). In Guatemala, there is a form of “nat-
ural resource" curse in the sense that the significant resources of oil and hydro
have not led to increase in wealth for the average person but merely contributed
to corruption and highly unevenly distributed incomes (Mehlum et al., 2006).
According to data reported by Transparency International (2013), which ranks
175 countries on scale from 0 (highly corrupt) to 100 (very clean), CA coun-
tries are ranked among the highly corrupt countries in the world, especially
Guatemala and Honduras, which are placed at 129th and 140th position. Only
Costa Rica has been ranked among the top 50 countries that are considered to
operate with a high level of transparency.

In recent years, there has been an increased interest in biomass as a renew-
able feedstock worldwide due to the growing awareness of climate change and
the need to achieve energy mixes with as less dependence as possible on fossil
fuels in order to increase security supply, maintain stability against potential
price shocks and reduce imports, as well as to reduce the environmental impact
of fossil fuels use. A high dependence on oil imports can have a more profound
effect on developing countries than developed ones since the economy in devel-
oping regions relies on that economic sources are sourced to important areas
for improvement (food, jobs, security, etc.). According to data reported by the
World Bank Database (2014), around 37% of CA’s population lives below the
poverty line.

Furthermore, in recent years there has been an increased concern in the
region over the shift of the economic base from agricultural exports towards the
manufacturing and tourism sectors, which has resulted in increased pollution
and greenhouse gas (GHG) emissions due to the high oil consumption in these
sectors (Apergis & Payne, 2011). According to data reported by Torijano
(2013), the ratio of imports over consumption of petroleum products in the
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region increased by 20% in the period 2005-2013. With respect to regional
GHG emissions, these have increased by 35% during the period 2000-2010,
with the highest increase in Panama; around 66% during this period (CEPAL,
2014).

The aim of this paper is to make an assessment of the potential in biomass
resources available in CA and discuss this potential with respect to the ex-
pected long-term energy needs of the region. Based on this assessment, the
paper then evaluates the technologies that could be used to efficiently real-
ize the biomass potential by application of different technologies (combustion,
pyrolysis and gasification) for conversion of bioenergy into different energy car-
riers. The technologies included are those which are considered the main near
term options under development offering the highest conversion efficiencies and
lowest technical complexity considering CA’s conditions.

The paper is organized as follows: section 3.1 gives a brief outline of the
methodology used for mapping of biomass resources and technology assess-
ment. section 3.2 discusses the current demand and energy mix of CA. sec-
tion 3.3 presents an assessment of the potential biomass resources available
in CA. section 3.4 discusses the potential technologies that could be used to
transform CA’s biomass into energy carriers and section 3.5 provides a ranking
of technologies based on a Multi-Criteria Decision-Making method. Finally,
section 3.6 concludes the work and proposes future work.

3.1 Materials and Methods

This work comprises Central America: Belize, Costa Rica, El Salvador, Guatemala,
Honduras, Nicaragua and Panama. This subsection is divided in two parts, the
first subsection (section 3.1.1) focuses on describing the approach used to assess
the potential in biomass resources available in CA, while section 3.1.2 describes
the methodology used to identify if technologies based on thermochemical pro-
cesses are feasible under CA conditions. Although some biomass feedstock (i.e.,
animal origin) mentioned in section 3.1.1 could be transformed more efficiently
through anaerobic processes, these were not analyzed with the methodology
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presented in section 3.1.2 since they do not share a common base (biomass
properties, e.g., moisture) with thermochemical processes. High-moisture con-
tent feedstocks require time and energy consuming operations (e.g., drying)
for the biomass to fulfill the requirements of the conversion process. This
makes the thermochemical route less attractive and costly compared to anaer-
obic systems. Therefore, this study excludes the anaerobic processes from the
technology assessment as it is considered that thermochemical processes will
only be employed for low moisture content feedstocks (≤50% moisture). On
the other hand, despite the fact that improved cooking stoves (ICSs) can only
produce domestic heat, they are included in section 3.1.2, since they are of low
complexity and well suited for short-term application in CA.

Finally, this study presents the potential electricity production that could be
obtained if all potential residues generated from forestry and forest sector (esti-
mated based on the methodology presented in section 3.1.1) were combusted or
gasified. The four configurations under analysis are downdraft gasifier/gas en-
gine (DG/GE), fluidized bed gasifier/gas engine (FB/GE), grate firing/steam
cycle (GF/ST) and circulating fluidized bed combustor/steam cycle (CFB/ST).
It is assumed that the average lower heating value (LHV) of logging residues on
wet basis (w.b.) is 8 MJ kg−1, while for the processing residues, it is assumed
an average LHV (w.b.) of 10.5 MJ kg−1. For the DG/GE, FB/GE, GF/ST
and CFB/ST configurations it was considered an overall efficiency (Dornburg
& Faaij, 2001) of conversion to electricity of 18%, 33%, 27% and 29%, respec-
tively, was considered.

3.1.1 Biomass resources potential

As far as possible, the most recent regional statistics data have been gath-
ered from available sources to assess the biomass potential for CA countries.
The types of biomass feedstock under study have been classified into three
categories: animal, forest and agricultural. The FAO Database (FAO, 2014)
concerning livestock, forestry products and processed crops are used as a start-
ing point for the calculation of biomass potential. It is important to mention
that this paper does not propose to use old growth forests to produce energy
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carriers but forest residues from the forestry and forest industry.

With respect to biomass from animal origin, two of the most representative
livestock species in the region are taken as an example, i.e., cattle and swine
stock. In order to estimate the manure produced from these species, a cattle
manure (CM) average yield of 23.4 kg day−1 and a swine manure (PM) average
yield of 1.1 kg day−1 are assumed (Monteiro et al., 2011). With respect to the
potential biogas production from cattle manure, the following average composi-
tion was assumed (Monteiro et al., 2011): total solids (TS) 8.5%, volatile solids
76.5% of TS and a biogas yield 0.23 Mm3 year−1. The corresponding average
figures for potential biogas production from pigs manure are (Monteiro et al.,
2011): total solids (TS) 6.1%, volatile solids 72.5% of TS and a biogas yield
of 0.35 Mm3 year−1. In order to obtain the biogas production, the number of
cattle or swine has to be multiplied by the manure yield, total solids content,
volatile solids content and biogas yield. With respect to the electricity or heat
production, the biogas production has to be multiplied by the LHV of biogas
and electrical/thermal efficiency. The LHV of biogas was set at 6 kWh/m3. An
electrical efficiency of 30% and a thermal efficiency of 60% were assumed.

With respect to biomass from forest origin, this essentially comes from two
forestry products, i.e., fuelwood and industrial roundwood. The data on fuel-
wood and industrial roundwood production were obtained from FAO (2011).
The residues generated by the forest industry with respect to the aforemen-
tioned products can be divided in two groups: (1) logging residues as a result
of logging operations and (2) wood processing residues as a result of transform-
ing industrial roundwood into timber, sawn wood, plywood, and paper, among
others. The amount of wood logging residues is calculated multiplying the
production of fuelwood and industrial roundwood by the logging residue gen-
eration ratio, which is set to 0.60 (Parikka, 2004), meaning that 60% of the total
harvested tree is left in the forest. The amount of wood processing residues
is calculated by multiplying the production of industrial roundwood by the
wood processing residue generation ratio, which is set to 0.50 (Smeets & Faaij,
2007). As all these residues cannot be recovered in full due to their scattered
nature (which makes the collection process challenging and even not feasible),
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a recoverability fraction for logging residues and wood processing residues was
set to be 25% and 75%, respectively. This parameter also takes into account
the alternative uses of these residues for animal bedding and protection against
soil depletion. The inclusion of all these parameters (i.e., residue generation
ratios and recoverability fractions) into the calculation prevents overestimating
the bioenergy production potential. To estimate the energy contained in these
residues (Wood Energy, 2015), the LHV (w.b.) of logging residues was assumed
to be 8 MJ kg−1 and the LHV (w.b.) of wood processing residues was set at
10.5 MJ kg−1.

With respect to biomass from agricultural origin, the amount of residues
from agricultural activities (from harvesting to final product) is calculated mul-
tiplying the production of the ith crop by the corresponding residue product
ratio (RPR). Table 3.1 presents values for RPR and LHV for different agricul-
tural residues.

Due to the fact that not all agricultural residues can be extracted from the
fields because of scattered abundance, the demand for other ecosystem services
and other uses (e.g., fertilizer), a sustainable extraction rate has been set to
25% in accordance to (Eisentraut, 2010).
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3.1.2 Technology Assessment

When selecting a technology with respect to a biomass conversion process,
several variables have to be considered, e.g., resource availability, state of tech-
nology and market availability. Facilities processing biomass through thermo-
chemical processes (direct combustion, gasification and pyrolysis) to produce
fuels, power, heat and chemicals are here denoted biorefineries. As mentioned
above, the anaerobic processes are not included in the analysis. Figure 3.1 gives
a schematic chart of the technology assessment applied in this work, including
the criteria and the interactions between the different blocks.
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As can be seen in Figure 3.1, the assessment considers seven blocks: biomass
resource, technology, flexibility (ability to produce more than one product/energy
carrier), biorefinery, products-market, costs and policies. Each block in Fig-
ure 3.1 contains the criteria (C ) taking into consideration for the technology
assessment performed in this study. Note that no block in Figure 3.1 deal
with the size of the plant as this is mainly determined by the availability of
biomass and commercial equipment for large-scale production (e.g., boiler or
gasifier) and handling of biomass supply. Thus, instead, interactions regarding
to scale/capacity are considered by the criteria “scale of operation" part of the
technology block.

Also, as can be observed, a special characteristic of the system presented in
Figure 3.1 is that considers criteria (e.g. climate conditions, state of technology
and complexity) which are typically difficult to compare quantitatively. Thus,
a Fuzzy Multi-Criteria Decision-Making method has been used to rank future
biomass-based technologies under CA conditions taking into account multiple
conflicting criteria defining the seven blocks. Multi-Criteria Decision-Making
methods have been prove to be a useful tool for assisting decision making
with multiple objectives (Chen et al., 2011). In this case, by using fuzzy sets,
decision-makers are not required to explicitly define a measurement scale (crisp
value) for each attribute, which makes the judgment process easier when fac-
ing heterogeneous criteria (of both qualitative and quantitative nature) (Chen
et al., 2011). Fuzzy sets were introduced by Zadeh (1965) to handle problems
in which a source of uncertainty is involved. Fuzzy sets are defined mathemat-
ically by a membership function µa (X), which associates each element x of
the space X a real number in the interval [0,1] (Chaghooshi et al., 2012). The
MCDM methodology used in this study is based on fuzzy triangular numbers
Ren et al. (2013). The triangular fuzzy number µa (x, al, am, au) is defined as:

µa(x, al, am, au) =


al ≤ x ≤ am x−al

am−al

am ≤ x ≤ au au−x
au−am

x > au or x < al, 0

(3.1)
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From here on, each of the blocks of the system presented in Figure 3.1 and
its corresponding criteria are going to be described.

The biomass resource block takes into account parameters such as biomass
availability, biomass properties and climate conditions. Biomass availability
criterion measures if there is enough supply of biomass to supply the process-
ing plant during its entire life. With respect to the biomass properties criterion,
two biomass properties are crucial when selecting between thermochemical pro-
cesses, i.e., moisture and ash/alkali content. These criteria measure in which
extent the properties of biomass influence the performance of a technology.
Climate conditions criterion measures the influence of weather seasons on the
biorefinery operation and the challenge to implement systems that enable the
biorefinery to operate despite the weather conditions. For the analysis of the
CA region, this is a highly important factor due to the heavy rains, which can
limit biomass transportation to the biorefinery.

The biorefinery block takes into consideration biomass pre-treatment, clean-
ing systems, generation of non-ash residues from the conversion process, process
efficiency, personnel competence, manufacturing equipment and engineering
companies. The biomass pre-treatment criterion is dependent on the biomass
properties (moisture, size and shape) and climate conditions, e.g., some re-
actors are only able to process biomass under certain moisture content and
homogeneous size and shape. With respect to the cleaning systems criterion,
this measures the challenge of implementing efficient cleaning systems based on
the process requirements (conversion unit), biomass pre-treatment and environ-
mental regulation. The residues criterion measures the complexity of dealing
with the non-ash residues resulting from the conversion process. The process
efficiency criterion is defined as the energy efficiency to total products and
services. This criterion measures the challenge to improve process efficiency
by improvements of biomass yields, reuse of waste streams, improve process
control, reducing complexity of the process, access to new commercial systems
and process integration. This criterion also takes into account the possible co-
feeding, use of secondary feedstock and the import/export of heat and power.
The personnel competence criterion measures the challenge to find/hire high-
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skilled personnel to manage, operate and control all parts of the biorefinery.
The manufacturing equipment criterion refers to the existence of local manu-
facturers of units based on biomass technologies. The engineering companies
criterion refers to the existence of local engineering companies (e.g., techni-
cal consultancies, specialist services, etc.) capable of designing and providing
technical support to the biorefinery.

The technology block measures the uncertainty about the availability of
commercial equipment capable of processing the desired biomass. The state
of technology criterion measures the degree of maturity of a technology. The
scale of operation criterion measures if the scale of the plant equipment under
analysis matches the scale of commercial operation. The complexity criterion
evaluates the complexity of the different processing technologies (comparing
to equivalent fossil fuels) in the biorefinery (e.g., biomass pre-treatment, gas
cleaning, trained personnel and energy storage, among others) as well as the
logistics.

The cost block takes into consideration the investment cost of the tech-
nology. The investment criterion measure how expensive is implementing the
technology compared to other renewable or non-renewable technologies.

The products-market block takes into account the market interactions. The
market availability criterion measures if there is a market available where to
sell the products resulting from the conversion process. The market stabil-
ity criterion measures the price stability of equipment/materials related with
the construction process (e.g., steal price), operation (e.g., oil price) and end-
product.

The flexibility block takes into consideration parameters such as polygener-
ation and versatility. The polygeneration criterion measures if the conversion
process is able to produce more than one product or if the final product can
be later upgraded. The versatility criterion refers to the degree of flexibility
of a technology to process different types of biomass (as well as heterogeneous
biomass) and to what extent it can be integrated in a system with other tech-
nologies (e.g., power to gas).

The policies block measures the environmental impact of the conversion
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process (e.g., GHG emissions) and to what extent it can be integrated in a sys-
tem with other technologies to reduce CO2 emissions (e.g., carbon capture and
storage). This part also takes into consideration if there is any kind of incen-
tive/subsidy promoting the technology and if there is any regulation regarding
manufacturer’s warranty (or how challenging it would be to obtain plant level
guarantees).

Four technologies have been analyzed with this methodology: combustion
(BC); gasification (BG); pyrolysis (BP) and improved cooking stoves (ICSs).
Here, BC refers to using a solid fuel for heat and power generation; while in
ICSs a solid fuel is directly combusted only for heat generation. Furthermore,
as this work has been developed as a joint project between three different in-
stitutions (decision-making groups), the Fuzzy Multi-Criteria Decision-Making
method has been extended to a Fuzzy Multi-Actor Multi-Criteria Decision-
Making (MCDM) method (Ren et al., 2013). This is because a MCDM analysis
allows including the choices of several decision-making groups using linguistic
assessment. It has been set that each decision-making group is formed by each
of the authors involved in this work, each one from a different institution, i.e.,
Group 1 - Carlos III University of Madrid, Group 2 - AICIA and Group 3 -
Chalmers University of Technology.

The first step of the MCDM method is that each decision-making group
L will compare each alternative (technology, T ) by fuzzy linguistic assessment
variable for a set of criteria C. That is, firstly, decision makers rate all 22
conflicting criteria with respect to importance (e.g., lower or higher) in the
energy system defined in Figure 3.1. Secondly, the decision-makers judge the
performance (e.g., worse or better) of each alternative on each of the 22 criteria
selected to assess the technologies considered in the analysis (BC, BG, BP
and ICSs). Then, the choices of each decision-making group L are gathered
in a matrix DM, which is then transformed into fuzzy triangular numbers to
carry out the technology assessment. Table 3.2 shows the linguistic variables
employed to address the importance (I ) of each criteria C and the performance
(x) of each technology under each of the 22 criteria presented in Figure 3.1, as
well as the fuzzy scale corresponding to each linguistic variable.
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Table 3.2: Linguistic variables for ranking criteria and alternatives.

Importance Performace Scale
Lowest LT Worst WT (0.0,0.0,0.1)
Lower LR Worse WE (0.0,0.1,0.3)
Low L Bad B (0.1,0.3,0.5)
Medium M Medium M (0.3,0.5,0.7)
High H Good G (0.5,0.7,0.9)
Higher HR Better BR (0.7,0.9,1.0)
Highest HT Best BT (0.9,1.0,1.0)

After transforming matrix DM into fuzzy triangular numbers, the resultant
matrix Ak of each decision group L can be arranged in the following form:

Ti T2 ... Tn

Ak =



Cj Îj x̂ij x̂12 . . . ˆx1n

C2 Î2 x̂21 x̂22 . . . ˆx2n

L M R L M R

(0.3, 0.5, 0.7) (0.7, 0.9, 1.0)
...

Cm
ˆI2n ˆxm1 ˆxm2 . . . ˆxmn



k

(3.2)

Where, Ti represents the ith technology; Cj the jth criterion; Îj the weight
of the jth criterion by the kth decision-making group and x̂ij is defined as the
performance of the jth criterion corresponding to the ith technology by the kth

decision-making group.
Once all the L matrices Ak have been obtained, the average multi-criteria

decision matrix Āk( x̄ij , w̄j) is calculated. This matrix contains the average of
all decisions matrices Âk. Now that Āk is determined, we proceed to normalize
the weights of the criteria.

xij =
x̄L

ij + 2x̄M
ij + x̄R

ij

4 (3.3)
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Ij = Io
i∑n

j=1 Ī
o

(3.4)

Io
j =

ĪL
j + 2ĪM

j + ĪR
j

4 (3.5)

After matrix Āk is normalized, we obtain a matrix that no longer has fuzzy
triangular numbers, all elements inside the matrix are crisp values. In order to
rank the technologies corresponding to each criterion, for the jth criterion, we
apply the following fuzzy linear 0-1 programming to xij :

ϕj
it =

1, if the alternative has been ranked in the tth place

0, if the alternative has not been ranked in the tth place
(3.6)

ϕj =
{
ϕj

it

}
mxm

(3.7)

Where, ϕj is the ranking matrix corresponding to the jth criterion. ϕj
it is

the element corresponding to the jth criterion. This procedure is performed
until the m matrices C are built for all criteria. Then, the weighted ranking
matrix R is obtained by the following expression:

R =
m∑

j=1
Cj Ij (3.8)

Finally, to rank the sequence of technologies and calculate the final ranking
matrix, a fuzzy linear 0-1 programming is used:

zit =

1, if the alternative has been ranked in the tth place

0, if the alternative has not been ranked in the tth place
(3.9)

zj = {zit}mxm (3.10)
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Where, Z is the final ranking matrix and zit represents the tth position of the
ith technology inside the Z matrix. For example, for a technology assessment
with a final ranking matrix Z, the following form is obtained:

Z =


T1 0 12nd . . . 0
T2 11st 0 . . . 0
...

...
...

...
TN 0 1 . . . 0

 (3.11)

A higher-ranking value indicates an alternative with higher priority. That
is, the non-zero value in the first column of matrix Z will indicate that the
technology # 2 is the best alternative for the case study.

3.2 Central America’s energy demand

Renewable resources in CA have always been an important part of the region’s
energy portfolio. However, due to the weak energy policy, low-quality insti-
tutions and lack of investment these resources have never been fully exploited
and development of the sector has mostly stayed at paper studies. The latter
can be seen from the small amount of economic resources that CA countries
have been investing in research and development (R&D) projects over the last
years. Based on data reported by the World Bank Database (2014), in 2009,
CA countries, on average, spent only 0.22% of their GDP in R&D. Meanwhile,
for the same year, countries such as Finland, Sweden and Denmark spent 3.93,
3.60 and 3.06% of their GDP. Among the CA countries, Costa Rica was the
country that invested the most in R&D projects, around 0.54% of the GDP
(World Bank Database, 2014). Ratios for Guatemala and El Salvador were less
than 0.1%. From these data, it can be inferred that technology development is
still low on the political agenda in CA.
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The energy consumption in the industrial sector is more diversified. This
sector mainly consumes diesel and electricity, accounting for 19% and 18% of
the energy use, respectively. With respect to electricity consumption, it is
important to highlight that residential and commercial sectors account for 71%
of the total electricity consumption. In all, fossil fuels provide about 35% of the
total electricity supply in CA with 78% of the fossil based electricity generated
in diesel and fuel oil generators (CEPAL, 2014) with low conversion efficiency.

If CA’s energy mix is analyzed based on the percentage of renewable energy
resources (RES) contributing to energy supply, the region can be divided into
two groups: low-RES users and high-RES users. Among the low-RES users
(CEPAL, 2014) are Guatemala and Panama, where around 84% and 83% of
total energy supply comes from non-renewable resources, respectively. In other
CA countries (CEPAL, 2014), supply from renewables exceed 40%, with 51%
in Costa Rica, 49% in El Salvador, 45% in Honduras and 49% in Nicaragua.
Costa Rica, with the highest share, has one of the most diversified renewable
matrices in the region, where around 30 MW come from biomass and waste
(MIF/BNEF, 2013) while the remaining is mainly electricity from small hydro
(588 MW, which is equivalent to 60% of Costa Rica’s renewable energy share).

When it comes to RES, the highest potential is in biomass but currently
in the region the most exploited RES is hydro. In 2011, biomass consumption
for CA was reported to be 11 472 Mtoe (CEPAL, 2014), which is equivalent
to 69% of the total supply of renewable energy. Most of this consumption was
used for thermal purposes (domestic cooking and heating) through low efficient
technologies.
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distribution of households in rural regions makes it difficult and expensive to
connect households to the grid. Considering that for biomass fuelled systems
the production cost of the energy carrier (e.g., electricity) strongly depends
on the cost of the biomass fuel and that the dominant fuel resource in the CA
region is forest-derived biomass, the implementation of small/medium scale en-
ergy systems based on the use of local resources could be a good opportunity to
meet household’s energy demand, avoiding costly logistical practices. A study
by Allen et al. (1998) indicates that biomass harvesting, storage, transport, pre-
treatment and delivery account for 20-50% of the total costs of end product
(e.g., electricity). Obviously, biomass-based energy systems also require the
development of infrastructure capable of handling, processing and delivering
energy carriers both with respect to the fuel supply and the end product (e.g.,
electricity, transportation fuel). This goes from the construction of roads to
transport any item related to the energy system for the creation of mini-grids
to supply electricity.

Biomass that is not used for thermal purposes is transformed to produce
energy carriers such as process steam and power. According to data reported
by the MIF/BNEF (2013), the current installed capacity of biomass plants in
CA is 672 MW. The country with highest installed capacity in the region is
Guatemala with 330 MW. It is important to highlight that currently there are
no plants producing electricity from biomass in Panama. Panama’s electricity
is mainly supplied by large hydro (44%) and diesel (43%) plants (MIF/BNEF,
2013).

Besides fuelwood, the second most important biomass resource is sugarcane
by-products (bagasse and molasses), which account for 13% of the biomass
share in CA (Figure 3.3). Although this share may seem small, these are the
only residues that are currently used to produce energy carriers at large scale
with the available technologies in the region. The sugar industry uses sugarcane
bagasse to produce electricity in Combined Heat and Power Plants (CHP), and
ethanol from molasses in distilleries.

In summary it can be concluded that although there has been a significant
increase in the installed capacity for biomass conversion units in CA, there is
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obviously still significant potential for improvement in technology for increased
conversion efficiency as well as increase in the use of biomass from domestic
resources in order to reduce fossil fuel dependence.

3.3 Central America’s biomass resources

3.3.1 Animal origin

Animal origin refers to all organic residues from livestock (cattle, pigs, chick-
ens, etc.), i.e., animal manure. Manure can be converted into biogas through
anaerobic digestion in a “biodigester”. The conversion reaction produces carbon
dioxide (CO2) and methane (CH4). Biogas consists of 55-80% CH4, 20-45%
CO2 and traces of H2S and other impurities (Truong & Abatzoglou, 2005).

The product gas from the digestion process must be cleaned in order to
remove solids, water and corrosive compounds (e.g., sulfur) and then combusted
in internal combustion engines (ICEs) to produce heat and power but it is also
possible to use the product gas as transportation fuel if upgraded (CO2 and S
removal) as well as it can be used in especially designed lanterns and stoves.

One of the main benefits of this technology is that energy carriers can
be produced without affecting the manure nutrients, which later on can be
re-incorporated to the soil and used as a fertilizer depending on the local en-
vironmental legislation with respect to the minimum pathogen-kill standards.
For example, based on data reported by CONAMA (2006) in order to use the
digestate on agricultural fields, this residue must have the following charac-
teristics: thermotolerant coliforms < 103 MPN/g TS, < 0.25 helminth viable
ova/g TS, total absence of salmonella in 10 g TS and < 0.25 enterovirus/g TS.
To achieve these conditions a pasteurization stage might be required in the
process prior anaerobic digestion.

The production of biogas is limited to farmed animals. This, in order to
have an efficient system for collection, handling and transporting of manure.
Transporting animal wastes over long distances will significantly increase the
production cost of biogas, making this process less attractive for investors. Di-
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gesters for small biogas production can range from 12 to 100 m3 and their
cost vary from US$ 675 to US$ 4000 for the aforementioned capacities (Lim-
meechokchai & Chawana, 2007). The regional price of a biodigester of 12 m3

capacity, which is equivalent to 10 cooking hours (burner consumption: 0.4 m3

h−1 (Q Energy Consultants, 2015)), is around US$ 1900 (Biogas Nicaragua,
2015). Although this investment may not seem large considering that a high-
value product is obtained, spending this amount of money may represent an
issue for low-income farmers. To set this value in context, the average minimum
wage in CA is about 300 US$/month (Quandl, 2015), which clearly shows that
a part of the population will struggle accessing this type of technology unless
there is some economic support policies. The possibility of installing digesters
between neighboring farms or community biodigesters could be a good alter-
native to implement these systems. In this way farmers and households could
share the investment and maintenance cost of the plant.

Currently, in CA, biogas is commonly produced from animal manure. Fig-
ure 3.4 presents the cattle and swine stock for CA (around 18 million), as well
as the manure production from both species based on assumptions made in
section 3.1.1.
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(a)

(b)

Figure 3.4: (a) Cattle stock and manure production in CA; and, (b) pigs stock
and manure production in CA. Units: livingstock in heads and manure production in
kt. This figure was built based on data reported by FAO (2014), year 2011.
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It is estimated that 327 kt day−1 of cattle manure (CM) and 5 kt day−1

of swine manure (PM) were produced in CA during 2011. Guatemala and
Nicaragua account for 51% of total manure production.

Figure 3.5 shows the potential biogas production in the region. Two case
studies have been evaluated, i.e., biogas from CM and biogas from PM.
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(a) (b)

(c) (d)

Figure 3.5: (a) Biogas production from CM in CA; (b) biogas production from
PM in CA; (c) electricity and heat from CM-based biogas in CA; and, (d) electricity
and heat from PM-based in CA. Units: biogas production in Mm3 yr−1, energy in PJ
and electricity and heat in GWh yr−1. This figure was built based on assumptions
made in section 3.1.1.

As can be seen from Figure 3.5a and Figure 3.5b, the potential biogas
production in the region is 1817 Mm3 year−1 (39 PJ). If biogas is used for
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CHP applications, the region could produce 3270 GWh year−1 of electricity
(Figure 3.5c) and 6541 GWh year−1 of heat (Figure 3.5d). Since the most
valuable energy carriers for the region are heat and power we have limited the
analysis to these energy carriers. It is important to mention that although
the large potential of animal origin biomass is already acknowledged among
decision makers in CA, the production of biogas fuel has not yet been fully
exploited.

3.3.2 Forest origin

The forests in CA constitute an important biomass asset and cover 38% of the
region’s total land area.

Figure 3.6: Forest area in Central America (ha), year 2011. Data was extracted
from FAO (2014).

In countries like Belize and Costa Rica, the forests cover more than half of
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Data presented in Figure 3.7 show that the production of fuelwood (FW), in-
dustrial roundwood (IR) and sawnwood reached 46 003 (103) m3 in 2011, where
fuelwood accounted for 88% of this production. The top fuelwood consumers
are Guatemala (43%), Honduras (21%) and Nicaragua (15%), accounting for
79% of regional consumption (Figure 3.7). As mentioned in section 3.2, most of
the fuelwood consumed in CA is used for domestic cooking and space heating.
This biomass is burned inefficiently in open fire stoves at an estimated energy
efficiency of 5%-17% (Berrueta et al., 2008). Thus, there is a great potential to
improve energy efficiency in the use of forest biomass by using state-of-the-art
technologies, i.e., by using ICSs or larger plants for generation of both heat and
power.

With respect to the residues produced by the forest industry, Figure 3.8
shows the potential production of forest residues in CA.

Belize Costa Rica El Salvador Guatemala Honduras Nicaragua Panama

0.1

1

10 Energy in LR
Energy in PR

(b)

Belize Costa Rica El Salvador Guatemala Honduras Nicaragua Panama

10

100

1000

10000 FW+IR recoverable in LR
IR recoverable in PR

PJ
k
m
3

(a)

Figure 3.8: (a) Potential production of logging (LR) and processing (PR) residues.
(b) Energy contained in logging (LR) and processing (PR) residues. Figure is derived
based on the assumptions made in section 3.1.1. The data on fuelwood and industrial
roundwood production were obtained from FAO (2011).
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It is estimated that the amount of logging residues produced in CA was
around 26.8 million m3 (65 PJ), while the residues resulting from industrial
processing were about 1.6 million m3 (4 PJ). However, due to the fact that
these residues cannot be recovered to 100%, based on assumptions made in
section 3.1.1, the amount of logging and wood processing residues that can be
realistically harvested and collected is about 6.7 and 1.2 million m3, respectively
(Figure 3.8). These quantities are equivalent to 16 and 3 PJ, respectively.
Based on these results, it is estimated that a total of 7.9 million m3 (19 PJ) of
forest residues could be available for bioenergy production in CA.

3.3.3 Agricultural origin

This term refers to all organic materials which are generated from harvesting
of crops (also dedicated energy crops).

Figure 3.9: Agricultural area in Central America (ha), year 2011. Data was ex-
tracted from FAO (2014).
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Major crops produced in the region are sugarcane, bananas, oil palm, maize,
pineapples, rice, coffee, cassava, beans and plantains (Figure 3.9). Generally in
CA, producers are more focused to commercialize the crop itself than producing
energy from residues. Considering the rates at which agricultural residues
are produced and the significant amount of land area dedicated to agriculture
in CA, these constitute a significant potential biomass feedstock for energy
conversion.

3.3.3.1 Agricultural residues

As with forest residues not all of the agricultural residues can be fully recovered
due to that part of these must be left in situ to avoid soil degradation (i.e.,
reduction of the carbon stock in the soil), while other residues have competing
uses such as fertilizer, fodder purposes, animal breeding and domestic fuel. For
example, straw can be used as surface mulch for the control of soil erosion,
food for livestock and domestic fuel (Ullah et al., 2015). The main benefit
of producing energy carriers from agricultural residues is that these do not
threaten food security, as may be the case when biofuels are directly produced
from crops (first generation).

The results presented in Table 3.3 show that the total amount of agricultural
residues available in CA in 2011 was about 13 million tonnes (192 PJ). The
countries with the highest potentials are Guatemala (79 PJ), Honduras (29 PJ)
and Costa Rica (22 PJ).

The yield of agricultural residues depends on local conditions (soil type, soil
fertility, weather, market, etc.) and thus can vary between different countries.
Therefore, the top 6 residues generated in each country have been highlighted
in Table 3.3. Regionally, the main residues coming from the agricultural sector
are oil palm, maize, sugarcane, bananas and cassava. In 2011, about 4.9 million
tonnes of maize residue and 2.9 million tonnes of banana residue were produced
in CA.

Nowadays, the only agricultural residue used in the region to produce energy
carriers at large scale is sugarcane bagasse. Currently, around 42% (21/50) of
the sugar mills in the region produce CHP from sugarcane bagasse and supplied



3.3. Central America’s biomass resources 87
T
ab

le
3.
3:

P
ro
du

ct
io
n
an

d
re
si
du

e
of

di
ffe

re
nt

ag
ric

ul
tu
ra
lc

ro
ps

in
C
en
tr
al

A
m
er
ic
a.

B
an

an
as

B
ea
ns

C
as
sa
v a

C
oc
on

ut
s
C
off

ee
M
ai
ze

O
il,

pa
lm

fr
ui
t
P
in
ea
pp

le
s
P
la
nt
ai
ns

R
ic
e

So
rg
hu

m
Su

ga
r
ca
ne

T
ot
al

B
el
iz
e

A
C
P

(t
)

74
11
7

37
04
.0

33
7.
0

73
5.
0

45
.0

62
70

5
11

14
.0

11
00

0
19

08
1

11
61

7
84

4
00

0
Q
R

(k
t)

37
1

0.
0

0.
1

0.
0

84
0.
0

0.
1

6
2

8
63

20
0

E
P

(T
J
kg

−
1
)

48
5

17
0.
4

2
0

12
12

0
1

72
18

13
5

10
00

29
43

C
os
ta

R
ic
a

A
C
P

(t
)

1
93
7
12
2
15

71
3

51
6
63
6

80
00

10
0
08

3
18

50
1

1
05

0
00

0
2
26

8
95

6
90

00
0

27
8
97

5
3
41

8
19

3
Q
R

(k
t)

96
9

5
52

1
25

25
66

14
2

45
24

0
25

6
16

09
E
P

(T
J
kg

−
1
)

12
68

8
70

67
7

21
38

5
65

8
10

18
19

85
59

0
48

4
0

40
51

22
62

6
E
l
Sa

lv
ad

or
A
C
P

(t
)

38
44
2

64
83
5

28
86
7

60
30
0

82
09

5
75

6
35

2
57

84
11

67
3

25
58

9
14

1
99

7
9
89

8
96

8
Q
R

(k
t)

19
23

3
8

21
10

12
0.
0

0.
4

6
2

93
74

2
19

29
E
P

(T
J
kg

−
1
)
25
2

29
0

38
15

6
31

6
14

61
8

0
5

76
24

16
56

11
73

0
29

16
1

G
ua

te
m
al
a

A
C
P

(t
)

2
67
9
93
4
19
9
91
2
18

49
2

22
78
5

24
2
83

9
1
67

2
24

1
1
65

3
00

0
23

4
52

0
18

8
72

2
30

38
1

47
18

1
20

58
6
05

2
Q
R

(k
t)

13
40

70
2

3
61

22
37

10
3

15
94

3
31

15
44

55
02

E
P

(T
J
kg

−
1
)

17
55

4
89

6
24

59
93

5
32

31
9

16
02

20
5

12
36

28
55

0
24

39
4

79
80

3
H
on

du
ra
s

A
C
P

(t
)

75
5
36
5

91
14
9

23
59
1

14
80
0

28
2
36

1
58

3
02

0
1
55

6
34

8
13

8
28

0
84

15
9

48
90

2
37

00
0

7
67

1
00

0
Q
R

(k
t)

37
8

32
2

2
71

78
0

97
9

42
4

24
57

5
20

16
E
P

(T
J
kg

−
1
)

49
48

40
8

31
38

10
87

11
26

8
15

09
12

1
55

1
45

43
1

90
90

29
52

8
N
ic
ar
ag
ua

A
C
P

(t
)

39
64
5

23
4
16
3
75

08
5

62
02

10
3
66

4
52

3
00

0
86

70
0

56
81

5
64

46
3

48
8
00

0
91

02
9

5
93

7
50

0
Q
R

(k
t)

20
82

8
1

26
70

0
5

4
32

41
60

44
5

14
23

E
P

(T
J
kg

−
1
)
26
0

10
49

98
16

39
9

10
10

8
84

50
42

2
45

1
10

61
70

36
21

03
4

P
an

am
a

A
C
P

(t
)

32
8
37
7

28
35

21
18
6

14
35
4

13
07

9
77

30
6

55
20

0
83

21
8

74
28

0
26

9
86

1
36

28
2
26

3
88

9
Q
R

(k
t)

16
4

1
2

2
3

10
3

3
5

37
23

2
17
0

51
7

E
P

(T
J
kg

−
1
)

21
51

13
28

37
50

14
94

54
73

48
7

24
9

42
26

83
73

60

A
C
P

st
an

ds
fo
r
cr
op

pr
od

uc
ti
on

,
Q
R

re
fe
rs

to
th
e
qu

an
ti
ty

of
re
si
du

e
pr
od

uc
ed

an
d
E
P

st
an

ds
fo
r
en

er
gy

po
te
nt
ia
l.

V
al
ue

s
fo
r
A
C
P

w
er
e

ex
tr
ac
te
d
fr
om

FA
O

(2
01
4)
,
ye
ar

20
11
.



88 Chapter 3

around 3% of the regional electricity demand in year 2011 (CEPAL, 2014). In
Guatemala and Honduras about 67% and 100% of the sugar mills are already
operating under CHP schemes firing bagasse, respectively. With respect to
scale, one of the largest sugar mills in CA is San Antonio sugar mill (NSEL)
located in Nicaragua, which is the top electricity producer in the region. In
2010, NSEL generated around 196 GWh (UN, 2011).

Other biomass used for CHP production in CA is coffee residue, although
this is only used to fulfill in-house demand. As can be seen in Table 3.3, CA
also has the potential to build a strong biofuel industry taking into account the
production rates of oil palm, maize and sugarcane. Currently, the region has
23 plants producing biofuels (ethanol and biodiesel) using mainly sugarcane
molasses (by-product of the sugar crystallization process) and African palm.
Despite of this, there is not yet a biofuel market in the region that supplies
the transportation sector. The potential biofuel production from agricultural
crops in CA is out of the scope of this work as the main energy carriers under
study are heat and power.

Agricultural residues (e.g., from pineapple and banana plantations) can also
be used to produce biogas through anaerobic processes. An example of this is
the pilot-scale biodigester located in Fabio Baudrit Agricultural Experiment
Station of the University of Costa Rica. This plant is able to produce 5 256
GWh year−1 (≈ 600 MW year−1) from crop residues, animal manure and food
wastes (ECPA, 2014).

Besides the results presented in this section regarding the significant amounts
of agricultural residues produced in CA. According to Fischer & Shah (2010),
around 8% of CA’s land area (3986 kha) has potential for sustainable expan-
sion of cultivated area (wheat, maize, soybean, sugarcane and palm oil) and
this share of land is within six hours travel time to a market. This is a key
factor when designing systems based on agricultural residues as due to the their
low density, transporting large volumes of biomass to the processing plant is
required to achieve attractive profit margins.
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3.3.3.2 Energy crops

An energy crop is a plant especially grown to produce biofuels or when com-
busted/gasified to produce heat/power. Usually, these are short rotation crops
with high yields requiring low inputs (e.g., fertilizer and water). Of special im-
portance for the region are the short rotation coppices (SRC) or short rotation
plantations of fast growing trees (Cutz et al., 2013).

In the region, several studies have been carried out to evaluate the use
of short rotation crops for the production of energy carriers. For example,
van den Broek et al. (2000) evaluated the use of eucalyptus to power a sugar
mill, proposing the use of this crop to extend the cogeneration period of the
sugar mill once the sugarcane season is over. However, it is worth mentioning
that the drawback of using trees is their long growing cycle and low yields (22 t
ha−1 y−1 (Alexopoulou et al., 2010)) compared to sugar crops (122 t ha−1 y−1

(Alexopoulou et al., 2010)) and some lignocellulosic crops such as the giant reed
(30 t ha−1 y−1 (Alexopoulou et al., 2010)). Cutz & Santana (2014) evaluated
the use of sweet sorghum (sugar crop) in CA to produce ethanol and CHP in a
sugar mill, highlighting that the main advantage of using sweet sorghum is the
short growing cycle (3 months) which would allow the sugar mills to process this
crop during off-season and that the same harvesting and processing equipment
could be used to process this crop.

With respect to the land area suitable for growing energy crops, here it is
proposed that these must only be grown in land which cannot be used for food
production or double-cropped with arable crops. Although it is known that
crops grown on so-called marginal1 land tend to report lower yields, current re-
search shows that embracing these schemes might provide good results (López-
Bellido et al., 2014) such as the use of cynara cardunculus, sweet sorghum or
willow for the production of energy carriers.

It is important to mention that this paper does not suggest that the use
of energy crops will solve the energy needs of the region but they will clearly
provide a significant potential to reduce the use of fossil fuels. Careful planning
must be done with respect to the introduction of energy crop systems, espe-

1Semi-arid areas characterized for having low quality soil with low water requirements.
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cially when the use of new land might be under consideration or displacement
of agricultural production is involved (i.e., direct and indirect land use change
effects must be considered). In the case of developing countries such as CA,
also other factors must be taken into consideration, e.g., land rights inequali-
ties and weak institutions in charge of regulating and monitoring land use and
land transactions. Standards and certification of energy systems must be a
priority for policymakers in order to achieve a sustainable intensification of the
agricultural systems. Key actions also involve providing technical support to
farmers as there are many types of energy crops to choose from, each one with
their corresponding physical constraints and land management requirements.
The latter is a relevant issue as some energy crops might require intensive pro-
duction schemes (especially for large scale systems), demanding large amounts
of water and agricultural products which eventually will cause soil depletion
and land degradation, as well as affecting other related systems (e.g., forage,
biodiversity and cultural values). Thereby, all these indirect effects will result
in that it is not obvious how to achieve a sustainable system for production of
energy carriers from energy crops.

Besides reducing dependency on fossil fuel imports, the aim of introducing
different energy crops in CA (obviously fitting the local growing conditions) is
diversification of agriculture, which represents diversification of income as new
farmers could serve the biomass market. Establishing new biomass markets
will not only promote the creation of local jobs (from growing crops to the
production of energy carriers) but may also provide other eco-systems services.

3.4 Technologies

This section discusses the general features of the different thermochemical tech-
nologies (combustion, gasification and pyrolysis) considered for the technology
assessment in terms of scale, commercial status, complexity, efficiency and
products. Through these conversion routes biomass can be transformed into
energy carriers such as power, heat and transport fuel. The focus is on small
and medium sized plants, i.e., combustion plants 1-150 MWth−input, gasifica-
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tion plants 1.2-6 MWth−input and pyrolysis plants 0.5-6 MWth−input.

3.4.1 Combustion

Combustion of biomass is the least complex conversion route to transform
biomass into refined energy carriers. Here, combustion refers to burning biomass
in presence of air. Combustion systems are available from ICSs, small scale
domestic boilers to large power boilers of several hundreds of MWth. The com-
bustion process produces flue gases at a temperature of around 800-1000 ◦C
(McKendry, 2002b) and the thermal energy contained in the hot gases can be
transformed into electricity (steam turbines and generator) and/or heat and
process steam. The cost of electricity produced in biomass combustion plants
varies from 3.9-12.4 ¢US/kWh (Evans et al., 2010), depending on the size of
the unit.

One of the main advantages of biomass combustion over the other two
thermochemical processes is versatility, allowing a wide range of feedstock from
low to high moisture contents such as bagasse, logging and processing forest
residues, agricultural residues (e.g., straw) and energy crops (Evans et al.,
2010).

The scale of biomass combustion plants found in literature ranges from 6
to 520 MWe Koornneef et al. (2007): with the smaller sizes typically applied
in biomass and waste fired CHP schemes and the larger ones used for power
boilers (electricity the main product) burning coal as fuel. Figure 3.10 presents
efficiency of energy conversion from biomass to electricity for different combus-
tion schemes, that is, fluidized bed/steam turbine (FB/ST), grate firing/steam
turbine (GF/ST), bubbling fluidized bed/steam turbine (BFB/ST) and circu-
lating fluidized bed/steam turbine (CFB/ST).
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the best configuration as the selection of a combustion technology depends on
several factors such as biomass properties, e.g., the alkali/metal content of the
fuel and ash melting point. Furthermore, commercial systems can be found for
both BFB and CFB design. Koornneef et al. (2007) analyzed the development
and economic performance of fluidized bed combustion systems and they show
that there are four major manufacturers that have built BFB installations with
an installed capacity from 5 to 142 MWe. Meanwhile, CFB units are provided
by four major manufacturers (Koornneef et al., 2007) and these units have so
far been built in the capacity range from 2 to 520 MWe. With respect to the
grate fired units, these are available in the range from 1 to 5.5 MWe. A general
problem in small scale units used for electricity generation is the low process
efficiency, unless electricity generation is combined with the production of other
energy carriers such as heat. Biomass units of smaller scale must be simple (low
complexity), not requiring many operators and most likely involve generation
of several energy carriers in order to get a reasonable total conversion efficiency.

With respect to smaller scale combustion systems (i.e., any biomass ap-
plication limited to kW-size equipment for heating and cooking), this study
considers that the introduction of improved combustion schemes such as ICSs
is an urgent matter considering the current practice in CA (i.e., burning fu-
elwood in open fire stoves). Devices more sophisticated than ICSs are stoves
burning processed fuels such as pellets. Yet, taking into account the cost of
these systems (stove/fuel) and the current status of the biomass market in
the region, there would be even higher barriers for deployment of these stoves
than for ICSs. Other alternatives technologies to ICSs are the so-called Ad-
vanced Cooking Stoves (ACSs), which include designs such as rocket stoves
and gasifier stoves. The main difference between ICSs and ACSs is the better
reduction of emissions/pollutants in the latter due to improved combustion ef-
ficiency (Sambandam et al., 2015). However, these units are still at an early
stage of commercialization. More advanced small-scale technologies based on
combustion are the thermoelectric units which comprise a boiler and a steam
turbine for the production of CHP. These units are currently commercially
available and their scales range from 1 to 100 kWe and 100 to 300 kWe, with a
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thermolectric efficiency of 2-4% and 6-15%, respectively (Coehlo et. al, 2015).
Besides the problems of using biomass (e.g., fuelwood) in a non-sustainable

and inefficient way, problems related to indoor air pollution are of special im-
portance. C. Barahona (2009) and Berrueta et al. (2008) have evaluated the
implementation of ICSs with higher conversion efficiencies than open fire stoves
in Honduras. They conclude that (commercially available) stoves can reduce
fuelwood consumption in the range of 55-67%.

Table 3.4 shows the fuelwood saving potential if applying the findings by C.
Barahona (2009); Berrueta et al. (2008) to CA, replacing traditional stoves for
ICSs in all households using the year 2008 fuelwood consumption as reference.

Table 3.4: Fuelwood saving potential in CA if ICSs are introduced in all households.

Consumption Saving Potential
Mt Mt PJ

Onil Justa Patsari Onil Justa Patsari
Belize 0.20 0.07 0.11 0.14 0.96 1.52 1.85
Costa Rica 1.02 0.36 0.56 0.68 4.86 7.64 9.31
El Salvador 1.27 0.44 0.70 0.85 6.03 9.48 11.55
Guatemala 5.20 1.82 2.86 3.48 24.78 38.94 47.43
Honduras 2.58 0.90 1.42 1.73 12.33 19.37 23.60
Nicaragua 1.81 0.63 1.00 1.21 8.63 13.56 16.52
Panama 0.35 0.12 0.19 0.23 1.66 2.60 3.17

Total 12.42 4.35 6.83 8.32 59.25 93.11 113.42

Fuelwood consumption data was extracted from FAO (2014). It was assumed that fuelwood
has a density of 300 kg/m3 and a LHV of 13.63 MJ/kg (Wood Energy, 2015). The LHV
was defined as the average between the LHV in dry matter and as received (Wood Energy,
2015).

The introduction of ICSs in CA would result in an annual saving in the
range of 4 - 8 Mt of fuelwood, which is equivalent to 59 - 113 PJ (Table 3.4).
Besides reducing fuelwood consumption (deforestation), the implementation of
ICSs will also lead to significant economic savings and improved health (less
air pollution) for consumers. Table 3.5 presents the potential economic savings
that could be obtained by using ICSs compared to open fire stoves.
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It is assumed that an open fire stove (reference case - the simplest stove)
consumes 1.32 m3 month−1 and a fuelwood price of 30 US$ m−3 (includes
transportation costs, (Wang et al., 2013)). Based on these assumptions, it was
estimated that the use of ICSs would yield savings to the fuelwood consumers
in the range of 19 -152 US$ year−1.

3.4.2 Pyrolysis

Pyrolysis converts organics to solid (char), liquid (oil), and gas by heating in
the absence of oxygen (Mohan et al., 2006). Typical temperatures range from
400 to 600 ◦C and can be carried out at atmospheric pressure, although higher
pressures are preferred. Fast biomass pyrolysis is an interesting technology for
the production of bio-oil, which can be further processed into transportation
fuels (in conventional oil refineries) or used as feedstock in a gasifier (see sec-
tion 3.4.3). The main drawback in the practical utilization of the bio-oil is its
high oxygen content which should be reduced before processed in conventional
refineries. The removal of the oxygen is done in a hydrotreating unit, where
high pressure hydrogen is required. Hence, the upgrading of the bio-oil penal-
izes the energy efficiency of the whole process (Haro, 2013). The gas fraction
is burnt to provide heat and power for the pyrolysis. The char fraction has
different uses: as a renewable fuel in conventional coal or domestic boilers,
as a soil conditioner, for the manufacturing of activate carbon, or it can be
mixed with the bio-oil fraction and fed to an entrained-flow (EF) gasifier. The
main parameters in the modeling of (fast) pyrolysis products are in order of
relevance: residence time, particle size, peak temperature, carrier gas, pres-
sure, and biomass composition (Neves et al., 2011). Although the process is
already in principle feasible it is still not commercial. The limitation for the
commercialization of biomass pyrolysis is the high price of biomass as well as
the cost of related systems. An example of promising projects is the Bioliq
project in Karlsruhe (Germany) using straw and the IH2 process developed by
CRI Catalyst Company implemented in USA (Haro et al., 2014).
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3.4.3 Gasification

Gasification refers to the partial combustion of biomass to produce a synthesis
gas (syngas). The gasification process is carried out at temperatures in the
range of 750-900 ◦C. The syngas produced from biomass mainly consist of H2,
CO, CO2 and CH4 with a LHV between 15 and 20 MJ kg−1 (Bocci et al.,
2014). The syngas composition mainly depends on the gasifying agent used in
the process, i.e., air, steam or steam/CO2.

Syngas can be used for direct firing in boilers or as fuel in the transportation
sector, in stationary use such as in engines. The cost of electricity produced in
biomass gasification plants varies from 4.2 to 9.6 ¢US$ kWh−1 (Evans et al.,
2010), depending on the size of the unit.

The type of use of the syngas determines the requirements of upgrading
and tar removal, with the highest requirements among the mature technologies
when using the gas as fuel in gas engines (e.g., in small CHP plants). The syngas
can also be further processed to obtain other fuels (e.g., ethanol and Fisher-
Tropsch) and chemicals (e.g., methanol, acetic acid, olefins) (Haro et al., 2013).
Currently, only the production of ethanol and methanol is done at commercial
scale, e.g., the Enerkem Albert Biofuels plant located in Canada, which is able
to produce 38 million liters of methanol and various chemicals from sorted
municipal solid waste (Bacovsky et al., 2013). Meanwhile, the production of
Dimethyl Ether and FT-liquids are still at pilot and demo scale. For example,
the pilot plant at the Gas Technology Institute’s (GTI) site located in the US
which is able to process wood/algae to produce FT-liquids and gasoline-type
fuel (Bacovsky et al., 2013).

There are two types of gasification processes: autothermal (direct) and
allothermal (indirect), with the latter providing a less complex system. Indirect
gasification can produce a nitrogen free syngas without an air separation unit,
while at the same time achieving a complete carbon conversion normally due to
char that serve as fuel to produce heat for the gasification process such as in a
twin-bed (combustion-gasification) system. With respect to reactors, these can
be divided into fixed bed and fluidized bed. Fixed bed units are classified as
updraft and downdraft, while among the fluidized bed designs both bubbling
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(BFBG) and circulating (CFBG) designs are used as gasifiers.

At present, there are 33 commercially operational biomass CHP facilities in
the world (Task 33, 2014), where 31 of them are in Europe. The dominating
system of the identified CHP plants is the downdraft gasifier connected to a
gas engine. For example, the CHP plant located in Sulzbach-Laufen that uses
a downdraft gasifier-gas engine scheme for the production of 130 kWe and 280
kWth. Other plants use an updraft gasifier connected to a Stirling engine.
For example, the Flensburg CHP plant located in Germany uses an updraft
gasifier with the syngas burnt in two Stirling engines for the production of 70
kW electricity and 280 kW heat.

Major drawbacks of the commercialization of gasification plants are the
technical difficulties with respect to effective gas cleaning and the cost of the
cleaning units which can be more expensive than the gasifier unit itself (Bocci
et al., 2014). Reducing particulate matter, alkali metal species and tar content
in the product gas is crucial and necessary for using syngas as fuel in a gas
engine. When the power system is based on a boiler, syngas can be burnt
directly without gas cleaning (providing an alkali content sufficiently low).

The efficiency (biomass to electricity) for different gasification schemes is
presented in Figure 3.11, that is, FB gasification-atmospheric/combined cy-
cle (FBG/CCa), FB gasification-pressurized/combined cycle (FBG/CCp), FB
gasification-atmospheric/gas engine (FBG/GE), downdraft gasification/gas en-
gine (DG/GE), BFBG/gas engine (BFBG/GE), CFBG/gas engine (CFBG/GE)
and CFBG/steam turbine (CFBG/ST). It is important to point out that al-
though Figure 3.11 only focuses on the gasifier efficiency, other parameters
such as complexity, maturity of the technology and technology to remove
tars/upgrading of the gas are crucial when assessing the overall performance
and availability of the technology. Furthermore, fuel requirement is an impor-
tant factor when selecting the type of gasifier to be used especially if residues
are used for gasification. Variables such as water content, carbon content, alkali
content, melting point of ash, shape and size of the biomass are all factors that
determine if there will be operational problems such as clogging, fluidization
and low quality of the syngas.
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capability of processing a wide spectrum of biomass, e.g., wood chips, rice hull,
cardboard and manure. The findings made by Roy et al. (2013) evaluating the
performance of different feedstock (rice straw, eucalyptus wood, bamboo wood,
coconut shell, among others) processed in a DG/ICE plant, indicate that a syn-
gas with a heating value in the range of 4172 - 6967 kJ m−3 can be produced
with a conversion efficiency between 77 and 86%. With respect to gas cleaning,
DGs produce less particulate and tar (< 10 g Nm−3 (Bocci et al., 2014)) than
other gasifiers (Belgiorno et al., 2003; Milne et al., 1999), which allows burning
syngas in ICEs without a complex pre-treatment of the fuel gas. Furthermore,
some gasifiers (< 2 MWth) equipped with a so-called “throat” are able to burn
syngas in gas engines without further tar removal (van der Drift et al., 2008).
At the same time, the advantage of using ICEs over other equipment (e.g., gas
turbines) is that these have a higher tolerance to contaminants (Bridgwater,
1994). The allowed particulate and tar content for ICEs operation is up to
as much as 50 g Nm−3 and 100 g Nm−3, respectively. Furthermore, for small
scales, DGs have one of the lowest specific investment costs compared to other
small- scale systems. For example, the cost of a small-scale coal-fired power
plant is 2535 e kW−1

th (Wu et al., 2002), while cost for DGs vary between 829
e kW−1

th and 1381 e kW−1
th , depending on scale (Dornburg & Faaij, 2001).

3.5 Technology Assessment

The technology assessment presented in this section is based on a MCDM
analysis described in section 3.1.2 and has the aim to support policymakers,
investors and stakeholders in the decision on which technology should be pri-
oritized regarding biomass projects based within the CA region.

The linguistic assessment performed by the three decision-making groups for
the four thermochemical technologies (BC, BG, BP and ICSs) discussed in the
previous sections is presented in Table 3.6. The methodology used to transform
the linguistic assessments into fuzzy numbers can be seen in section 3.1.2.
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From Table 3.6, it can be seen that according to the decision makers, key
aspects to take into account when designing an energy system are resource
availability, personnel competence, manufacturing equipment, engineering com-
panies and incentives/subsidies. It is noteworthy that process efficiency is not
ranked so high by decision makers as efficiency is more dependent on the state
of technology of the unit (e.g., combustor, gasifier) than in factors such as the
reuse of waste streams and improvement of process control, among others.

Table 3.7 presents the weighted ranking matrix for the four technologies
analyzed.

Table 3.7: Ranking matrix of technology assessment.

1 2 3 4
BP 0.00 0.13 0.51 0.35
BC 0.41 0.52 0.07 0.00
BG 0.15 0.10 0.17 0.58
ICSs 0.53 0.15 0.21 0.11

As was mentioned in section 3.1.2, the final ranking matrix, which repre-
sents the sequence of the four technologies can be determined by the fuzzy
linear 0-1 programming (equation 3.10). Table 3.8 presents the final ranking
matrix for the four technologies analyzed, where the most preferred technology
is positioned in column 1 and the least preferred in column 4, that is, ICSs
(1st), BC (2nd), BG (3rd) and BP (4th).

Table 3.8: Final ranking matrix of technology assessment.

1 2 3 4
BP 0 0 1 0
BC 0 1 0 0
BG 0 0 0 1
ICSs 1 0 0 0

As can be seen from Table 3.7 and Table 3.8, under the current conditions
in CA, ICSs (0.53) are more suited to transform the biomass available than
other competing technologies already available in the region (BC,0.41).
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had to choose an immediate path to improve the use of biomass, ICSs should
be the preferred technology considering its low complexity compared to the
other studied technologies, while at the same significant reductions in indoor
pollution (compared to open fires) can be achieved. Further, ICSs can help
establishing a sustainable biomass supply infrastructure which, in turn, later
can be used as a base to establish more advanced biomass conversion systems.
However, one of the main problems in implementing ICSs is the high upfront
investment cost for the households. Typical cost for ICSs ranges from 60 to 150
US$ (Wang et al., 2013), which is too expensive to afford for low-income house-
holds. In fact, a large portion of the households in CA have a low income and
they are the ones usually using fuelwood to meet their basic needs; according to
statistics from the World Bank Database (2014), in Year 2009, around 16.9%,
29.8% and 14.6% of the population in El Salvador, Honduras and Panama,
respectively, were living with less than US$2 a day. Corresponding figures for
Costa Rica, Guatemala and Nicaragua are not available.

Other barriers related to the deployment of ICSs is the low price of a tra-
ditional stove, which ranges from 3 US$ to 10 US$ (World Bank, 2013). Yet,
as shown in Table 3.5 (section 3.4.1), including the investment cost, ICSs still
yield higher savings to fuelwood consumers compared to traditional stoves if
applying an interest rate of 25%. The total savings during the first year of
implementation would be in the range of 19-152 US$. Thus, if at all realize
some of the potential from implementing ICSs, it is of importance that there
will be some governmental low-interest rate loans for consumers to stimulate
investments in ICSs due to it is well known that private consumers in reality
apply very high interest rates (Newlon & Weitzel, 1991). Further, to give an
example of the discount rate implicit in the choice that consumers make be-
tween open fire stoves and ICSs in CA, it is assumed an average purchase price
for open fire stoves of 6.5 US$ with an annual operating cost (fuelwood cost)
of 479 US$. Meanwhile, for ICSs it is assumed an average purchase price of
108 US$ and an annual operating cost (fuelwood cost) of 223 US$.
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The implicit discount rate (r) is estimated based on the following equation
(Newlon & Weitzel, 1991):

S

1 + r
+ S

(1 + r)2 + S

(1 + r)n
= I (3.12)

Where S represents the annual savings due to the investment on an efficient
technology, I the investment required to achieve the savings and N, the numbers
of years over which the savings are realized.

Based on the aforementioned assumptions, it was estimated that the 101
US$ additional investment required to achieve the savings provided by the ICSs
produces an extremely high rate of return, over 250% if it last 10 years. This
is another factor that could be used to explain why ICSs in CA have been
adopted very slowly, indicating that consumers rather spend their money on
something that can give more immediate feedback than on improved energy
efficiency measures. Other challenges that further limit the dissemination of
ICSs are changes in cooking practices, versatility of open fires (e.g., open fire
stoves are also used for drying clothes and keep away insects), lack of financial
incentives and minimum quality standards (e.g., durability) for manufacturing
ICSs (Wang et al., 2013). The access to reliable information (Newlon &Weitzel,
1991) is also a critical aspect for the deployment of energy efficient technologies
such as ICSs. This is because, in order to make consumers to buy a more
efficient unit, it is important to make sure that they are capable of accessing
and understating the available information regarding the technology in order
to evaluate the trade-off between the current cost and the future benefits of
achieving energy efficiency (Newlon & Weitzel, 1991).

With respect to biomass combustion, placed at 2nd position, nowadays in
CA, this is the only technology used in large-scale biomass applications. As
mentioned above, the biggest CHP producers firing biomass as raw material
are sugar mills, which burn sugarcane bagasse resulting from the milling pro-
cess. These CHP plants are based on grate fired low-pressure boilers (domi-
nating technology) and back-pressure steam turbines (BPST) with an overall
process efficiency of 20% (Carneiro de Miranda & Van den Broek, 1998). In
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recent years, CA sugar mills have been implementing more advance cogenera-
tion schemes with higher steam data and condensing-extraction steam turbines
(CEST) that enable them to reach overall efficiencies (electricity + process
steam) around 55% (Larson et al., 2001). These systems allow sugar mills not
only to fulfill internal process heat demand but also sell the electricity surplus
to the national grid. However, the main problem of burning sugarcane bagasse
to produce heat and power in CA is climate conditions. During the rainy
season, sugarcane transport from the fields to the processing plant becomes
very difficult, which is one of the reasons behind the short operation period
of sugar mills (around 100 days (Cutz et al., 2013)). Therefore, the challenge
for industries that already have equipment capable of processing biomass re-
lies on implementing new systems that reduce the complexity of transporting
biomass during rainy season or integrating other feedstocks into the processing
chain (e.g., eucalyptus and sweet sorghum). These measures are intended to
allow processing plants to extend the production cycle of CHP or reduce the
fossil fuel consumption during off-season. In this context, a successful exam-
ple of extending the operation period by using other biomass fuels is seen in
Nicaragua, where the San Antonio sugar mill uses eucalyptus to produce 17
MWh of electricity during off-season.

It is worth mentioning that recent studies propose the use of alternative
technologies such as gasification and hydrolysis to maximize CHP and ethanol
production from bagasse (Benjamin et al., 2013; Pellegrini & de Oliveira Jr.,
2007). However, a study made by Dantas et al. (2013) comparing the produc-
tivities and costs of different technological routes to produce energy carriers
from bagasse indicate that, even if alternative technologies such as bagasse
gasification to produce CHP or bagasse hydrolysis to produce ethanol are de-
ployed, burning bagasse is still by far the least cost option. The cost reduction
necessary to make bagasse gasification and bagasse hydrolysis compared to con-
ventional combustion of bagasse is 48% and 43%, respectively (Dantas et al.,
2013).

With respect to biomass gasification, placed at 3rd position, according to
the authors and information provided by Higman (2013), currently in CA, there
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are no operating gasification plants and there are no plans to build such type of
plants in the coming years. Yet, there is one biomass power project near the re-
gion already using gasification technology. As part of the UNIDO/UNEP/GEF
project, a 50 kW biomass fired demonstration gasifier was built in Cuba to
study the techno-economic feasibility of gasification using local forest biomass
(UNIDO, 2015). The plant produces electricity for 96 households, a bakery, a
primary school and for the water supply system (UNIDO, 2015). This project
could provide valuable experience (transfer of technologies for the design, start-
up and operation) for future projects in the CA region.

Based on assumptions made in this work (section 3.1.2), Figure 3.13 presents
the potential electricity production from potential recoverable forest residues
for different combustion/gasification configurations.
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As can be seen from Figure 3.13, by implementing gasification power plants
based on DGs or FBGs running with logging residues, the region could reach
scales between 96 and 175 MWe. Meanwhile, if processing residues are destined
for electricity production, the region could reach scales between 17 and 31
MWe. On the other hand, with the use of competing technologies such as
combustion plants, capacities up to some 150 MWe could be reached (GF/ST
and CFB/ST) when using forest residues as a fuel. The decision between
selecting a combustion or gasification technology is obviously related to what
energy carriers are of interest for the region. For example, direct combustion
of biomass release energy that can be used to produce steam which later on
can be used to power a steam turbine to generate electricity. Gasification of
biomass produces a lower heating value gas, which can be used to power gas
engines/gas turbines. The waste streams of the gasification process could also
be used to produce process steam. Furthermore, as mentioned in section 3.4.3,
syngas can also be upgraded to obtain other fuels such as ethanol or chemicals.
Thus, it can be expected that each subsequent process conducted to produce
an additional by-product will increase the overall efficiency (McKendry, 2002a)
and consequently improve the economics of the conversion process.

From this, it can be concluded that the use of biomass-based technologies
capable of producing more than one energy carrier will be crucial for CA in
the next coming years. Especially, the deployment of small-scale commercial
systems (when biomass is available within a 50 km radius (Wu et al., 2002))
for the production of power, which can help to tackle one of the main problems
in rural areas, i.e., access to electricity. This proposal is also supported by the
high price of electricity in some CA countries (MIF/BNEF, 2013), which opens
the possibility for using local biomass to produce energy carriers.

The creation of small community-based organizations such as cooperatives
to run small-scale electricity plants can be a good alternative to implement
and gain experiences from these technologies. Yet, the technologies chosen
should have a low complexity and be able to handle variations in quality and
flow of the fuel. A cooperative effort could also reduce the cost of collection,
handling, transport and maintenance activities. Obviously, the success of these
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projects will depend on the capacity building of households, communities and
institutions (non-governmental as well as governmental). Successful stories
are already found in the region with respect to rural communities working in
cooperatives towards a common goal. For example, rural communities all over
CA, especially in Guatemala, Nicaragua and Costa Rica work cooperatives plan
to grow, harvest and sell products such as coffee, honey and vegetables (Root
Capital, 2015). The cooperative scheme allows the members to access better
market prices and facilitate the transfer of technology and techniques regarding
the production process.

Although the electric efficiency would be clearly penalized at small-scale
systems, having the possibility to rely on “low-cost” energy carriers from local
resources is a good opportunity for households to reduce health issues related to
the cooking and heating methods (open fire stoves), and improve their quality
of life in a broader sense. Rural households can benefit from accessing off-grid
electrification systems by using electricity to power machinery for manufac-
turing goods (labor-saving appliances) that will provide income. These cash
earnings will not only help households to pay for the electricity consumed dur-
ing the production process but also for the energy bill. In this context, a study
made by Grogan & Sadanand (2013) analyzing the effects of rural electrification
in Nicaragua showed that household electrification is associated with reducing
household work for women under 35 years of age, which are 23% more likely
to work outside the home after electrification, thus increasing family earnings.

With respect to biomass pyrolysis, no discussion has been provided here, as
pyrolysis is concluded to be the least preferable technology for the CA region.
Also, according to the authors knowledge there are currently no plans to build
any BP plants in CA.

In summary, it is conclude that factors such as the lack of engineering com-
panies (MIF/BNEF, 2013), manufacturing equipment (MIF/BNEF, 2013), in-
centives/subsidies, and the low state of technology in the region have strongly
limited CA’s capacity to move away from the first step of the technology lad-
der shown in Figure 3.12. Another key factors that have held back the de-
ployment of efficient technologies are the low level of educated personnel and
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rate of project development. For example, currently, most of the pilot, semi-
commercial, commercial gasification projects are being realized within the Eu-
ropean Union, where each of these plants are the results of alliances between
firms and academic units (Hellsmark & Jacobsson, 2012). This clearly evi-
dences a high knowledge transfer between the companies and the academy,
which consequently have helped to improve personnel competence and gain
technical experience regarding new technologies, whereas in CA these kinds of
synergies are not yet established. Thus, it should be important to find ways to
improve the personnel competence in CA, and as part of this, to develop links
between different institutions involved in the development and commercializa-
tion of biomass processes.

Finally, in addition to the conclusions that can be drawn from the present
study, we conclude that it is critical for the CA region to also improve local
policies and regulation with respect to:
• Reduction of the cost of green microloans. Average cost of microloans2 in CA
is 15.6% (MIF/BNEF, 2013), while in Brazil and Argentina the cost of green
microloans is 2.5% and 3% respectively (MIF/BNEF, 2013).
• Creation of policies aimed at offsetting GHG emissions. This include the
creation of incentives (infrastructure fund, tax relief, import duty) as well as
market instruments to reduce the carbon footprint.

The improvement of existing energy policies or the creation of new efficient
ones will attract local and international capital to increase the penetration and
investment in bioenergy projects.

3.6 Conclusions

A review and an assessment of conditions for increased and efficient use of
biomass in Central America (CA) is given. Then, a Fuzzy Multi-Actor Multi-
Criteria Decision-Making (MCDM) method is applied to identify a portfolio
of biomass conversion technologies appropriate for CA, considering technical,
economic, environmental and socio-political aspects. The study is motivated

2data for Belize and Salvador was not available.
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by the fact that the economic growth and industrialization of CA, as well as
the low electrification rates in some of the countries in CA is likely to lead to an
increase of energy consumption in the next coming years and, thus, it should
be important that as much as possible of such transformation of the energy
system can be made in a sustainable way using the potential for renewable
energy supply. The review of biomass supply shows that although CA has
relatively limited resources of fossil fuels, the region has a significant potential
of lignocellulosic biomass resources, which indicate that biomass could become
the flagship clean energy source in the future energy mix.

Based on the Fuzzy Multi-Actor Multi-Criteria Decision-Making methodol-
ogy, which included 22 different conflicting criteria, 3 decision-making groups
evaluated the performance of four different biomass-based technologies, i.e., im-
proved cooking stoves, combustion, gasification and pyrolysis. According to the
decision-makers, crucial aspects to take into account when designing an energy
system are (in order of importance) the following: resource/availability, person-
nel competence, engineering companies, market availability, incentives/subsidies
and manufacturing equipment. All aforementioned factors are key parts of
a biomass value chain and critical for the economics and success of biomass
projects. Other factors that do not depend on local conditions but are still
important to consider based on the MCDM analysis are state of technology,
complexity, market stability, manufacturer’s warranty and process efficiency.

Results from the MCDM analysis show that the most suitable technolo-
gies to be firstly implemented in the region are improved cooking stoves and
combustion. The main benefit of implementing ICSs in short-term is that this
technology would help to tackle one of the biggest problems in CA, which is
indoor pollution. With respect to advanced schemes, the region can take advan-
tage of larger economies of scale that already have a well-developed technology
to produce green energy carriers.

Finally, it is important to mention that the benefits from improving en-
ergy efficiency, reducing unsustainable biomass use and improving public health
clearly outweigh the societal cost of biomass technologies but obviously require
firm policy in order to take place. Policies that promote the use of local re-
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sources, deployment of biomass technologies and the creation of a well-defined
biomass market as well as supporting research on biomass conversion processes
are critical. Social-marketing awareness campaigns should also be strongly
taken into account, as they are crucial to project success, especially in rural
communities where, for example, it has been seen that the current high price
of the ICSs has slowed down the adoption of efficient technologies.

Notation

ACSs= advanced cooking stoves;
BC= biomass combustion;
BFBG= bubbling fluidized bed gasifier;
BG= biomass gasification;
BP= biomass pyrolysis;
BPST= back-pressure steam turbines;
CA= Central America;
CC= combined cycle;
CEST= condensing-extraction steam turbine;
CFB= circulating fluidized bed;
CFBG= circulating fluidized bed gasifier;
CHP= combined heat and power;
CM= cattle manure;
DG= dowdraft gasifier;
FB= fluidized bed;
FBG= fluidized bed gasifier;
FW= fuelwood;
GE= gas engine;
GF= grate fire;
GHG= greenhouse gas emissions;
ha= hectare;
ICE= internal combustion engine;
ICSs= improved cooking stoves;
IR= industrial roundwood;
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LHV= lower heating value;
MCDM= Fuzzy Multi-Actor Multi-Criteria Decision Making;
Mtoe= million tonnes of oil equivalent;
Mbbl= one thousand barrels;
PM= swine manure;
RES= renewable energy resources;
RPR= residue product ratio;
ST= steam turbine;
TS= total solids;
w.b.= wet basis;
VS= volatile solids;
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Currently in Central America (CA), the main crop used to produce sugar,
ethanol, process heat and power is sugarcane. The main advantages of sugar-
cane in relation to starchy feedstocks are that cane has fewer process stages
and less energy requirements, which allow savings between 20 and 60% (Davila-
Gomez et al., 2011). Nevertheless, sugarcane requires a long growing season
and it can only be harvested once a year. Thus, limiting the production ar-
eas and cane crushing season. The shortage of sugarcane by-products such
as bagasse and molasses during off-season is one of the major constraints of
electricity and ethanol production in a sugar mill. Therefore, in recent years,
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the sugar industry has become interested in the use of supplemental feedstocks
that would enable them to expand their operational season.

Among the feedstocks under study, special attention has been paid to the
use of energy crops such as Arundo donax, energy cane (Saccharum spon-
teneum), Eucalyptus camaldulensis, gliricidia (Gliricidia sepium) and Leucaena
leucolephala (van den Broek et al., 2002; Misook Kim & Day, 2011; Azucarera
El Viejo, 2012). With the current technology available in the region, all of the
aforementioned crops can only be processed for electricity generation, except
energy cane. Energy cane can be used for electricity and ethanol production.

It is well known that land area available plays a critical role when it comes to
energy carrier production from crops. Thus, it is important to focus on poten-
tial feedstocks available for conversion into multiple products. This is the case
of sweet sorghum, which is considered a crop close to sugarcane and a viable
alternative for ethanol production in some regions of the world (Davila-Gomez
et al., 2011). Furthermore, sweet sorghum can be grown as a supplementary
crop to sugarcane and processed using the existing machinery of sugar mills
(Woods, 2001; Gnansounou et al., 2005; Zegada-Lizarazu & Monti, 2012).

In Panama, several projects have been carried out by the National Secre-
tary of Science and Technology (SENACYT) to produce ethanol from sweet
sorghum. SENACYT reported that higher yields can be obtained from sweet
sorghum compared with sugarcane in a year cycle, yields up to 90 tstems

1/ha2

and 17 000 ljuice/ha can be achieved for ethanol production (Varela, 2007-2010;
REM, 2011). Besides these attractive characteristics, SENACYT states that
the greatest advantage of sweet sorghum is its status as non-food crop (GIZ,
2011). Such status gives sorghum a competitive advantage over other feed-
stocks as the production of energy from food crops is related to sustainability
problems (Eisentraut, 2010; Keyzer et al., 2001).

Considering that CA has the machinery, factories and experience with the
use of this type of crop (sugar crop) in large-scale production, sweet sorghum
could be an attractive bioenergy feedstock for the region.

1stems: refers to the main body or stalk of a plant.
2ha: hectares.
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This paper focuses on determining the potential for electricity and ethanol
production from sweet sorghum in Central America. This work proposes the
production of sweet sorghum on land under temporary agricultural crops, tem-
porary meadows for pasture or fallow land. The land under permanent crops
was not considered for this evaluation to prevent competition with food pro-
duction. This study does not propose a competition between sweet sorghum
and sugarcane. The primary aim is to use equipment that is not used for sugar-
cane during off-season. This analysis was based on the reality of each country
to assess the potential benefits and disadvantages of using sweet sorghum as
an energy crop.
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portation sector in Central America belongs to Guatemala (Figure 4.1). The
gasoline and diesel imports of this country represent around 36% and 38% of
petroleum products import bill, respectively. In contrast, Nicaragua is the less
dependent on petroleum-based fuels for transportation purposes in the region.
This is due to the fact that the Nicaraguan motor vehicle fleet is the smallest
in the Central American region (CEPAL, 2011).

Over the last years, CA has made several efforts to shift fossil fuel con-
sumption to biofuels but most of them have failed for reasons discussed later
in this work. Currently, Guatemala is the strongest biofuels producer in CA.
According to the Inter-American Bank (IDB), Guatemala produces over 44% of
Central America’s sugarcane-based ethanol (Tay, 2011a). The majority of the
ethanol produced in the region is exported abroad (Tay, 2011a). Further, based
on estimates provided by (Tay, 2011a), in order to implement an ethanol pro-
gram in CA, it would be required the production of 365 million liters of ethanol
to supply the E10 blend market. This production could be potentially satis-
fied by fewer than 25 processing plants (Tay, 2011a). Although such projected
figures may seem large, according to a study made by Leal (2007), all Central
American countries could easily increase their plants’ capacity and agricultural
land to provide the ethanol required to implement an ethanol program.

The other major use of fuels in CA is for electricity production. Honduras
and Nicaragua show heavy dependence on petroleum fuels for electricity gen-
eration, more than 50% of their electricity is produced in fossil fuel power
plants. That is, plants that usually use fuel oil or a mixture of diesel and fuel
oil to generate electricity. At a regional level, Costa Rica seems to be in a
better position, only 8% of petroleum derivatives are destined for electricity
generation.

With regards to the use of renewable fuels for electricity generation in CA,
sugar mills are the main users of biomass for the production of electricity in
combined heat and power (CHP) plants. Currently, CHP plants in CA have
a total installed electricity capacity of 723.8 MW for a generation of 1775.9
GWh (UN, 2011). Guatemala and Nicaragua account together for 68% of
total installed capacity for a generation of 72% of regional production (UN,
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2011). Most of the electricity production from CHP plants in CA comes from
sugar mills. However, this production is strongly limited by the length of
the sugarcane crushing season. In this instance, sugar mill CHP plants use a
secondary fuel (e.g., fuel oil, coal, among others) to generate electricity during
off-season as storing the surplus sugarcane bagasse is uneconomic. For example,
the San Antonio sugar mill (NSEL) in Nicaragua uses eucalyptus as fuel during
the non-harvest season of May-July for a generation of about 17 MWh (NSEL,
2012). In Honduras, due to the high price of fuel oil, sugar mills are using coal
(imported from Colombia) during the non-harvest season of May-November
(Gómez, 2010).

Finally, the petroleum products bill per unit of Gross Domestic Product
(GDP) indicator is presented on Figure 4.1 to show the significance of the
petroleum products dependency in CA countries. This indicator is defined
as the percentage of final goods and services produced that is used to pay
petroleum products bills. Some of the countries mostly affected by the high
consumption of petroleum products are Honduras and Nicaragua, which spent
around 10 and 11% of their GDP, respectively.
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4.2 Sweet sorghum

Few studies have been conducted to explore the use of supplemental feedstocks
to extend sugar mills production season (Misook Kim & Day, 2011; Woods,
2001; van den Broek et al., 2002). The studied feedstocks vary from fast-
growing tree species to short rotation agricultural crops (Table 4.1). In this
context, despite the fact that these tree species do not require such a long time
scale as conventional forestry, on average, their growth cycle is longer than in
agricultural crops (e.g., energy cane and sweet sorghum) and they can only be
used for electricity production.

Table 4.1: Potential feedstocks for energy production in a sugar mill CHP plant.

Feedstock Growth cycle LHV (MJ/kg)
Acacia mangium 6-7 years[b] 19.97[a]

Eucalyptus camaldulensis 5 years[c] 20.09[a]

Guazuma ulmifolia 31 months[d] 18.51[a]

Gliricidia sepium 1-3 years[e] 20.51[a]

Gmelina arborea 5 years[f] 20.09[a]

Leucaena leucolephala 2-5 years[g] 18.61[a]

Tectona grandis 4 years[h] 20.93[a]

Arundo donax 5 months[i] 15.07[i]

Gliricidia sepium 19 months[i] 20.53[j]

Cassia spectabilis 18 months[k] -
Energy cane 10-15 months[l] 7.5[m]

Sweet sorghum 3.5 months[l] 7.6[n]

[a] FAO (1995). [b] Sein (2011). [c] Sajjakulnukit & Verapong (2003).
[d] CATIE (1991). [e] Natural Resources Institute (2012). [f] Duke (2012).
[g] Parrotta (1992b). [h] Karmacharya & Singh (1992). [i] Azucarera El Viejo (2012).
[j] Parrotta (1992a). [k] Staghl et al. (2005). [l] Misook Kim & Day (2011).
[m] Bocci et al. (2009) - Sugarcane bagasse. [n] Woods (2000) - Sweet sorghum bagasse
(50% moisture).

On the other hand, sugar crops such as energy cane and sweet sorghum
stand out due to their potential for electricity and ethanol production as well
as they can be handled by the traditional sugar cane harvest and processing
system (Misook Kim & Day, 2011). Although both sugar crops are interesting,
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note that the crop cycle of energy cane is longer than sweet sorghum’s (Table
4.1), which limits production. As sugarcane is the reference crop to produce
sugar, ethanol, heat and power in CA, Table 4.2 presents a comparison between
sugarcane and sweet sorghum.
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Sweet sorghum is considered a high biomass and sugar yielding gramineous
crop, which contains approximately equal quantities of soluble (glucose and
sucrose) and insoluble carbohydrates (cellulose and hemicelluloses) (Yu et al.,
2012). Usually sweet sorghum is cultivated in areas where the rain is not
abundant for crops like maize to grow, and where the temperature is too high
to obtain profitable productions (Masera et al., 2006). The crop can also be
grown successfully on clay (vertisols) or in moderately leached soils (alfisols)
(Rao et al., 2009), and it has better tolerance to drought, soil salinity and water
logging (Almodares & Hadi, 2009).

One of the most remarkable characteristics of sweet sorghum is its radi-
ation use efficiency (RUE3), with one of the highest intercepted RUE of any
plant species (Woods, 2001). This allows sweet sorghum to grow rapidly under
optimal conditions compared with sugarcane. As can be seen from Table 4.2,
sugarcane is an annual crop (under CA conditions), while sweet sorghum has a
3.5 month crop cycle and can be harvested three times per year. Although, ac-
cording to studies made by PRAJ Industries Ltd., higher yields can be obtained
when sweet sorghum is harvested twice a year (PRAJ, 2011).

Besides its short rotation cycle, sweet sorghum cultivars also have the ability
to produce during their second rotation extremely high stalk yields of up to 110
t ha−1 cycle−1 and a yield of fermentable sugars of up to 12.4 t ha−1 cycle−1.
Note that these values are significantly higher than the values reported for
sugarcane.

The crop also requires minimal water and fertilizer for its cultivation, about
four and two times less than sugarcane, respectively. These characteristics
allow sweet sorghum to grow on marginal or non-arable lands. According to
Calvino & Messing (2012), sweet sorghum can be cultivated with little or no N
application without having a negative impact on sugar yield. This is one of the
most remarkable crop characteristics of sweet sorghum due to nitrogen fertilizer
accounts for a big portion of energy consumed by arable crops, attaining 50%
of total energy inputs (Barbanti et al., 2006). The low agronomic requirements

3RUE: defined as the ratio of the accumulated crop dry weight to the cumulative amount of
intercepted solar radiation.
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of sweet sorghum translate into low production costs, which makes it a very
interesting crop for the production of electricity and ethanol. The cost of
cultivating sweet sorghum is about 50% less than sugarcane (Table 4.2).

Sweet sorghum produces by-products (bagasse and molasses) similar to
those related to sugarcane. The fibrous residues obtained from the extrac-
tion process can be used in the same way as cane bagasse to produce heat and
power (Woods, 2000). The molasses from the crystallization process can also
be used to produce ethanol, which later on can be employed in spark-ignition
(SI) engines in its pure form or by blending with gasoline as well as in specially
designed lanterns and stoves. In this context, results of studies conducted with
sweet sorghum to evaluate its fermentation process, showed a sugar to ethanol
conversion efficiency of more than 90% (Wu et al., 2010). On a daily basis
sweet sorghum can produce over 50% more ethanol (Mvududu et al., 1998),
and is 32% cheaper to produce than sugarcane-based ethanol (Jaisil, 2004).
The ethanol produced from sorghum has also better properties: less sulphur
content, high octane rating and it is more automobile friendly than sugarcane
(up to 25% blending) (Reddy et al., 2007). The stillage from sweet sorghum
after the extraction of juice has also a higher biological value than cane bagasse
when used as forage to animals (Reddy et al., 2005). According to Almodares
& Hadi (2009), sweet sorghum has a ratio of energy output to fossil energy
input comparatively higher to sugarcane, sugar beet, maize and wheat.

4.3 Material and methods

The percentage of land that may be suitable to be destined for sweet sorghum
production has been varied in the following range: 1-5% of cropland and 1-80%
of sugarcane land. For this purpose, three land availability scenarios are con-
sidered (Figure 4.2). This study defines cropland as the areas under arable4

and fallow land5.

4arable land: land under temporary agricultural crops, temporary meadows for mowing or
pasture, land under market and kitchen gardens and land temporarily fallow FAO (2012).

5fallow land: cultivated land that is not seeded for one or more growing seasons FAO (2012).
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been collected from FAO7 to obtain the total area of cropland and sugarcane
land in CA.
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Figure 4.3: Area harvested of cropland and sugarcane land. Data was extracted
from FAO (2012). aIncludes only arable and fallow land.

As is shown in Figure 4.3, Guatemala and Nicaragua are the countries with
more area for planting and harvesting crops including sugarcane in the region.
These lands account for 58% of the total cropland and sugarcane land in Cen-
tral America. In this instance, it is expected that for the coming years the
area dedicated to sugarcane plantations in the region will increase significantly.
For example, the Guatemala Sugar Cane Producers Association (ASAZGUA)
reported that for 2011-2012 harvest, Guatemala will increase the cultivated

7FAO: Food and Agriculture Organization of the United Nations.
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area of sugarcane from 223 000 to 248 000 ha (Tay, 2011b). Furthermore,
ASAZGUA indicates that more land for sugarcane might become available in
the south-western region toward the Mexican border, due to the fact that palm
oil production is moving towards the Eastern and Northeastern part of the
country (Tay, 2011b). The Guatemalan Sugarcane Research Center (CENGI-
CAÑA), indicates that the total potential area that could be planted to sugar-
cane is 350 000 ha (Tay, 2011b). This value represents about 85% more than
the sugarcane land considered for the Guatemalan scenario in the present work.
In Nicaragua, plenty of land could also be available for sweet sorghum produc-
tion. Based on estimates made by the National Programme on Biofuels and
Bioenergy, there is 1.2 million ha of fallow land in Nicaragua (Torrelli, 2010).
This value represents about 12% more than the maximum area of cropland
considered for the Nicaraguan scenario. On the other hand, in countries where
the available useful land may become a limiting factor, the alternative relies
on using intercropping systems or sweet sorghum varieties with higher yields.
Guigou et al. (2011) indicates that many cultivars of sweet sorghum around
the world can provide a diverse genetic base from which to develop regionally
specific, highly productive cultivars.

Proposed model: aims at assessing the potential of sweet sorghum as an
energy crop in Central America. For this purpose, a proportional model was
developed to estimate the potential electricity and ethanol production from
sweet sorghum. The model is defined in terms of the type of land and area
available to grow this energy crop.

This model is constituted by two parameters: Ac, which represents the area
of cropland or sugarcane land available to grow sweet sorghum under scenario
#1 and #3, respectively. As, represents the area of sugarcane land available
to grow sweet sorghum under scenario #2. The variables used to estimate the
electricity and ethanol production are contained in a proportionality constant
shown in Table 4.3.
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Table 4.3: Proportional model to estimate the potential electricity and ethanol
production from sweet sorghum.

Scenario Electricity Ethanol

Scenario #1, #3 1.73Ac MWhe
[a]/ha 1.25Ac kL EtOH[b]/ha

Scenario #2 3.46As MWhe
[a]/ha 2.5As kL EtOH[b]/ha

[a] 1 MWhe = 1 000 000 Whe.
[b] 1 kL EtOH: 1000 liters of ethanol.

To estimate the electricity constant, it is assumed that yields of 46 tstems

ha−1 can be achieved for scenario #2, and yields of 23 tstems ha−1 can be
obtained for scenario #1 and #3 (Woods, 2001). It is considered a sorghum
bagasse energy content of 7.6 GJ t−1 (50% moisture content, LHV8) and 186
kg bagasse (50% moisture) per tstems (Woods, 2001). To estimate the ethanol
constant, it is assumed that yields of 2500 L of ethanol ha−1 can be achieved for
scenario #2, and yields of 1250 L of ethanol ha−1 can be obtained for scenario
#1 and #3 (Woods, 2001).

To determine how significant could the electricity and ethanol production
from sweet sorghum be for the processing plants in the region, data of CA sugar
mills CHP plants and distilleries has been collected. The data is presented in
Table 4.4 and Table 4.5.

8LHV: Lower Heating Value.
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Table 4.4: Electricity production of Central American sugar mill CHP plants.

Sugar mills Installed
capacity[a]

Electricity
generation[a]

Energy
sales[a]

Total
installed
capacity

Total elec-
tricity
generation
(EG)

MW MWh MWh MW GWh

Belize - - - - -

Costa Rica 40 65.3
El Viejo 20 29 313.9 29 314
Taboga 20 36 012.5 35 970

Salvador 93.5 282.7
CASSA 50 174 362 -
El Angel 22.5 71 455.1 -
La Cabaña 21 36 917 -

Guatemala 573 989 371.5 978.9
Madre Tierra 28 87 927.2
Concepción 27.5 68 544.1
La Unión 50 151 404
Magdalena 131 316 562
Pantaleón 55 181 026
San Diego 21 39 685.9
Santa Ana 40 122 506
Tulula 19 11 262.7

Honduras 88.3 142.1
AYSA 8 - -
Azunosa 4 11 000 11 000
Cahsa 25.8 39 800 39 800
Celsur 16.7 53 500 53 500
Chumbagua 14 - -
La Grecia 12 17 100 17 100
Tres Valles 7.8 20 700 20 700

Nicaragua 121.8 306.9
Monte Rosa 62.5 111 080.7 114 050
NSEL[b] 59.3 195 773 111 400

Panama - - - - -
[a] UN (2011). [b] San Antonio sugar mill.
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Table 4.5: Ethanol production of Central American distilleries.

Distilleries Installed
capacity

Operation
days

Annual pro-
duction esti-
mate

Country
installed
capacity
estimate

Country
ethanol
production
estimate
(ETP)

kL day−1 kL kL day−1 kL year−1

Belize - - - - -

Costa Rica
Taboga 300[a] - 20 000[a] 540 48 800
CATSA 240[b] 120 28 800[h]

El Salvador
La Cabaña 120[c] 120 14 400[h] 120 14 400

Guatemala[d]

Palo Gordo 120 150 18 000 990 203 000
Servicios Manufactureros 120 330 38 000
Bioetanol 200 150 22 000
DARSA 250 310 80 000
Alcoholes MAG 300 150 45 000

Honduras - - - - -

Nicaragua
San Antonio 370[e] 120 44 400[h] 670 80 400
Monte Rosa[f] 300[g] 120 36 000[h]

Panama - - - - -
[a ] Taboga Sugar mill (2012). [b] Leal (2007).
[c] Asociación Azucarera de El Salvador (2012).
[d] Tay (2011a). [e] NSEL (2012). [f] The Pantaleón Sugar Holding is planning to install in
short term a distillery with these characteristics. [g] Pantaleón Sugar Holding (2012).
[h] To estimate the annual production it was assumed an operation period of 120 days.

As can be seen from Table 4.4, the biggest CHP plants are in Guatemala
and Nicaragua. The Pantaleón and Monterosa sugar mills have an installed
capacity of 62.5 MW and 55 MW, respectively. Currently, Guatemala is the
largest electricity producer using sugarcane bagasse as fuel in the region, with
an annual electricity generation of 978.9 GWh.
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With respect to ethanol production, the biggest plants are in Costa Rica,
Guatemala and Nicaragua (Table 4.5). The Taboga, Alcoholes MAG and San
Antonio sugar mills have an installed capacity of 300 kL day−1, 300 kL day−1

and 370 kL day−1, respectively. Guatemala is the largest ethanol producer in
the region with 203 000 kL year−1.

4.4 Results and discussion

The results obtained for all scenarios considered in this study were analysed
separately, i.e., growing sweet sorghum on cropland or sugarcane land. Obvi-
ously, the best results are obtained if the occurrence of scenarios is supposed to
happen at the same time, i.e., growing sweet sorghum on cropland and sugar-
cane land. Under this scheme, values for the potential electricity and ethanol
production of both scenarios should be added.

4.4.1 Potential electricity production from sweet sorghum

The potential electricity production (SEP) that could be obtained from sweet
sorghum and the percentage of electricity demand that could be theoretically
supplied with sorghum’s electricity (SEP/ED) is presented in Figure 4.4. Un-
fortunately, data for the electricity demand in Belize was not available for the
period analyzed. The methodology used to calculate the potential electricity
production from sweet sorghum can be seen in section 4.3.
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As can be seen in Figure 4.4a, the top electricity consumers in CA for
Year 2008 were Costa Rica with 9414 GWh and Guatemala with 8646 GWh,
accounting together for 45% of total electricity demand. This can be explained
by the fact that these countries reported the highest GDP in the region for
the period analyzed (World Bank, 2010). That is, families with greater income
levels are more likely to spend their money in home appliances and governments
with higher revenues usually invest more in improving electricity coverage.

In the left axis of Figure 4.4a, SEP indicator is presented. The results show
that by growing sweet sorghum on 5% of CA’s cropland, sorghum could supply
about 536 GWh, which could represent around 10% of region’s electricity de-
mand. Note that under this scenario, Nicaragua could be the largest producer
of sorghum-based electricity, providing about half of the region’s production.

Under scenario #2 using 5% of sugarcane land, CA could generate electricity
between 17-87 GWh, providing between 0.3% and 1% of region’s electricity de-
mand. At a regional level, the country with the highest potential is Guatemala,
where about 0.4% of the country’s electricity demand could be supplied with
sweet sorghum (Figure 4.4b).

Under scenario #3, using 80% of sugarcane land, sweet sorghum could
supply about 695 GWh, which could represent around 10% of CA’s electric-
ity demand. The country with the highest potential under this scenario is
Guatemala, about 3% of the country’s electricity demand could be supplied
with electricity from sorghum bagasse (Figure 4.4b).

Note that results presented in Figure 4.4a represent the maximum sorghum-
based electricity that could be generated under the assumptions considered in
this work, but that does not mean that CHP plants burning bagasse in CA
are ready for such production or able to work efficiently under this scheme.
Therefore, the land area necessary for sweet sorghum cultivation will strongly
depend on the installed capacity of the CHP plants and length of the sorghum
crushing season required to not interfere with sugar production. In this con-
text, it is necessary to determine how significant the production of electricity
from sorghum is to the sugar mill CHP plants capacity. Figure 4.5 shows the
percentage in which the processing plants would have to increase their pro-
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electricity production target.

On the other hand, only plants in Costa Rica under scenario #3 using 80%
of sugarcane land would not be able to meet demand. This is due to the fact
that the potential electricity production from sorghum bagasse under scenario
#3 is higher than the capacity of CHP plants. This can also be interpreted as if
CHP plants in Costa Rica would require a sorghum crushing season longer than
sugarcane to meet production forecasts. It is important to mention that this
study limits the production of electricity from sweet sorghum bagassse to one
month before, and one month after the sugarcane season. A sorghum crushing
season beyond 60 days will strongly depend on the rainy season. The heavy
rains in CA could limit the harvesting and transporting of sweet sorghum from
the fields to the mill. Thus, if countries would like to reach these production
levels, they would need to consider to increase the installed capacity of the
existing plants or build new ones. In this context, a detailed scenario has been
created for all sugar mills to estimate the length of the crushing season required
or the additions in capacity to meet sorghum bagasse electricity demand. It
was assumed that CHP plants operate with a load factor of 60% under 24 h
operation.

Based on the aforementioned assumptions, under scenario #1 using 5% of
cropland, the CHP plants in Costa Rica, El Salvador and Guatemala would
require a mean sorghum crushing season of 30 days, 44 days and 26 days,
respectively, to meet sorghum bagasse electricity production forecasts. On the
contrary, the Azunosa, Celsur, Tres Valles and San Antonio sugar mills would
require a mean crushing season of 123 days. As this length of crushing season
is not feasible, the Azunosa, Celsur, Tres Valles and San Antonio sugar mills
would need to increase their installed capacity up to 8 MW, 39 MW, 15MW
and 121 MW, respectively, to have a crushing season below 60 days.

Under scenario #3 using 80% of sugarcane land, CHP plants in El Salvador,
Guatemala and Nicaragua would require a mean sorghum crushing season of
64 days, 46 days and 43 days, respectively, to meet projections. On the other
hand, sugar mills such as El Viejo, Taboga, Azunosa, Celsur and Tres Valles
would require a mean crushing season of 144 days. Therefore, these sugar mills



4.4. Results and discussion 147

would need to increase their installed capacity up to 41 MW, 51 MW, 10 MW,
46 MW and 18 MW, respectively, to meet production forecasts.

In summary, from the results presented in Figure 4.4 and 4.5, it is seen that
sweet sorghum provides a good opportunity for the region to reduce its fossil
fuel dependence for electricity generation and consequently increase the re-
newable electricity share. Under scenario #1 using 5% of cropland, CA could
increase its CHP share of electricity supply from 4.4% to 5.6%. This result
is obtained by considering that no investments are made in Panama to in-
corporate new CHP plants. Otherwise, CA could increase its CHP share of
electricity supply up to 5.7%. Furthermore, countries such as El Salvador,
Guatemala and Nicaragua could replace their petroleum-based electricity gen-
eration with sorghum bagasse electricity in 3%, 8% and 8%, respectively. The
increase in renewable electricity production would allow Guatemala, Honduras
and Nicaragua to reduce fossil fuel bills by USD$ 13, 10 and 20 million, respec-
tively.

Under scenario #3 using 80% of sugarcane land, CA could increase its CHP
share of electricity supply from 4.4% to 5.9%. It is assumed that no investments
are made in Panama. Otherwise, CA could increase its CHP share of electricity
supply up to 6%. Furthermore, countries such as Costa Rica, El Salvador and
Guatemala could replaced their petroleum-based electricity generation with
sorghum bagasse electricity in 12%, 5% and 14%, respectively. This approach
would allow Costa Rica, Guatemala and Honduras to reduce fossil fuel bills by
USD$ 15, 22 and 12 million, respectively.

Finally, multiple scenarios can be developed in terms of the area available
to estimate the percentage of electricity demand that could be supplied with
sorghum (SEP/ED indicator). For this purpose, Figure 4.6 can be used to
assess sweet sorghum share in country’s electricity demand for any given land
area in the Central American region.

These values were calculated in terms of the proportionality constant showed
in Table 4.4. To calculate the SEP/ED indicator, the land available for sweet
sorghum must be multiplied by the percentage showed in Figure 4.6. As can
be seen from Figure 4.4a, the greatest impact would be in El Salvador and
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Figure 4.6: Sorghum electricity potential as % of total electricity demand (%
ha−1).

Nicaragua due to their low levels of electricity demand. However, because El
Salvador is one of the countries with less area of cropland and sugarcane land in
Central America (Figure 4.3), the electricity supplied by sorghum is less when
compared with other countries.

Base on data extracted from Figure 4.6, if sweet sorghum is grown on
3% of cropland and 40% of sugarcane land, the best results are obtained for
Guatemala and Nicaragua. These countries could supply up to 2.5% and 4% of
country’s electricity demand, respectively. Under this scenario, both countries
could increase the CHP share of national electricity production from 12.4% to
14.7% for Guatemala, and from 3.9% to 5.5% for Nicaragua.
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The same procedure can be followed to estimate the percentage of country’s
electricity demand that could be supplied by a sugar mill cogeneration plant.
For example, for the year 2010, the area of sugarcane land of the Pantaleón
(Guatemala) and El Angel (El Salvador) sugar mills was 52 377 ha (CENGI-
CAÑA, 2011) and 17 537 ha (MAG, 2010), respectively. Considering that both
plants grow sweet sorghum in 80% of their sugarcane land. The Pantaleón
and El Angel sugar mills could supply up to 0.84% and 0.43% of country’s
electricity demand, respectively.
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502 million liters of ethanol. Guatemala and Honduras would account together
for 53% of regional production.

To set the results presented in Figure 4.7 in context, in 2011, Canada (6th
position) and Australia (9th position) were between the world’s top 10 ethanol
fuel producers, with a production of around 462 and 87 million of U.S. liquid
gallons, respectively (Renewable Fuels Association, 2012a,b). Therefore, it can
be seen that sweet sorghum would allow CA to have a strong biofuel industry
no only in the continent, but in the world.

To determine how significant these production forecasts are to the Cen-
tral American distilleries, SETP/ETP indicator was calculated. This indicator
shows the percentage in which distilleries would have to increase their pro-
duction, if the level of cane-based ethanol exports and ethanol demand for
industrial use are kept constant. To determine the length of the operation pe-
riod required, it is assumed that distilleries operate in their full capacity under
24 h operation. The results obtained for SETP/ETP indicator are presented
in Table 4.6.
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Table 4.6 shows that under scenario #1 using 5% of cropland, only ethanol
plants in Costa Rica could easily increase their production to meet sorghum-
based ethanol projections. The Taboga and CATSA plants would require to
increase their operation period in 17 days and 31 days, respectively. On the
other hand, processing plants in El Salvador and Nicaragua would not be able
to supply sufficient sorghum-based ethanol to meet demand.

Under scenario #2 using 5% of sugarcane land, all Central American dis-
tilleries could easily increase their production to meet sorghum-based ethanol
projections.

Under scenario #3 using 80% of sugarcane land, all distilleries in the region
would need to increase significantly their production capacity and in some cases,
some plants would be unable to meet production forecasts. The best results
are obtained for the Taboga and Nicaragua’s distilleries. These plants would
need to increase their current production in 79 days and 81 days, respectively.

Although either the increase in the operation period or installed capacity
may seem large, CA is currently working towards increasing the installed ca-
pacity of distilleries to keep up with the ethanol demand of the international
markets. According to a study made by Tay (2011a), Guatemala has an ethanol
production potential of 520 million liters by 2015. This value represents about
256% more than the installed capacity considered for the Guatemala scenario in
the present study. Under a 520 million liters capacity, Guatemala’s distilleries
would need to increase production up to a maximum of 36% of their production
capacity to meet sorghum ethanol projections of all scenarios considered in this
work.

As aforementioned, ethanol produced from sugar crops can be used as fuel
in any petrol powered engine. Therefore, based on the projections presented
on Figure 4.7 and data regarding fuel consumption (Torijano, 2011) in CA,
the sorghum-based ethanol necessary to launch an ethanol program in Central
America is estimated. This calculation is made by assuming that the level
of cane-based ethanol exports and ethanol demand for industrial use is kept
constant. That is, only ethanol produced from sweet sorghum is used to supply
the local market. It is also considered that all ethanol production under the



154 Chapter 4

proposed scenarios is used to supply ethanol-gasoline blends or ethanol-diesel
blends, nor both.

The ethanol required and percentage of ethanol demand that could be
supplied with sweet sorghum to meet ethanol-gasoline and ethanol-diesel fuel
blends is presented in Table 4.7 and Table 4.8. With respect to ethanol-gasoline
blends, the “E” designates ethanol and the number next to E designates the vol-
ume percentage of ethanol. For example, the E5 means that 5% ethanol (99.9%
purity) was blended with 95% gasoline by volume. As for ethanol-diesel fuel
blends, the “ED” designates ethanol and the number next to ED designates the
volume percentage of ethanol. For example, the ED5 means that 5% ethanol
was blended with 95% diesel by volume.
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Table 4.7: Sweet sorghum ethanol as % of ethanol demand to use ethanol-gasoline
blends.

Costa Rica El Salvador Guatemala Honduras Nicaragua Panama

Gasoline

Imports[a] (Mbbl) 5258 2862 8586 4105 707 4583

Consumption[a] (Mbbl) 6095 3699 8181 4565 1866 5048

Imp/Cons[a] (%) 86 77 105 90 38 91

Ethanol required for E3 blends (Ml) 29 18 39 22 9 24

Ethanol required for E5 blends (Ml) 48 29 65 36 15 40

Ethanol required for E10 blends (Ml) 97 59 130 73 30 80

Ethanol required for E20 blends (Ml) 194 118 260 145 59 161

Gasoline-Ethanol blends 1% of cropland

E3 9,16% 56,38% 58,91% 62,31% 284,55% 30,31%

E5 5,49% 33,83% 35,35% 37,39% 170,73% 18,19%

E10 2,75% 16,91% 17,67% 18,69% 85,36% 9,09%

E20 1,37% 8,46% 8,84% 9,35% 42,68% 4,55%

100% Ethanol 0,27% 1,69% 1,77% 1,87% 8,54% 0,91%

5% of cropland

E3 45,84% 281,80% 294,59% 311,57% 1422,59% 151,66%

E5 27,50% 169,08% 176,75% 186,94% 853,55% 90,99%

E10 13,75% 84,54% 88,38% 93,47% 426,78% 45,50%

E20 6,88% 42,27% 44,19% 46,74% 213,39% 22,75%

100% Ethanol 1,38% 8,45% 8,84% 9,35% 42,68% 4,55%

1% of sugarcane land

E3 5,29% 10,11% 12,88% 9,37% 16,21% 3,82%

E5 3,17% 6,06% 7,73% 5,62% 9,73% 2,29%

E10 1,59% 3,03% 3,86% 2,81% 4,86% 1,15%

E20 0,79% 1,52% 1,93% 1,41% 2,43% 0,57%

100% Ethanol 0,16% 0,30% 0,39% 0,28% 0,49% 0,11%

5% of sugarcane land

E3 26,45% 50,55% 64,42% 46,86% 81,08% 19,08%

E5 15,87% 30,33% 38,65% 28,12% 48,65% 11,45%

E10 7,94% 15,17% 19,33% 14,06% 24,32% 5,73%

E20 3,97% 7,58% 9,66% 7,03% 12,16% 2,86%

100% Ethanol 0,79% 1,52% 1,93% 1,41% 2,43% 0,57%

80% of sugarcane land

E3 211,48% 404,32% 515,29% 374,95% 648,46% 152,74%

E5 126,89% 242,59% 309,17% 224,97% 389,08% 91,64%

E10 63,44% 121,30% 154,59% 112,48% 194,54% 45,82%

E20 31,72% 60,65% 77,29% 56,24% 97,27% 22,91%

100% Ethanol 6,34% 12,13% 15,46% 11,25% 19,45% 4,58%

[a] Torijano (2011).
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Table 4.8: Sweet sorghum ethanol as % of ethanol demand to use ethanol-diesel
blends.

Costa Rica El Salvador Guatemala Honduras Nicaragua Panama

Diesel

Imports[a] (Mbbl) 6776 3597 9011 5087 1386 249

Consumption[a] (Mbbl) 7630 4500 9250 5512 3282 7858

Imp/Cons[a] (%) 89 80 97 92 42 92

Electricity generation[a] (Mbbl) 1075 8 26 22 98 993

Final consumption[a] (Mbbl) 6555 4492 9225 5490 3185 6865

Ethanol required for ED3 blends (Ml) 31 21 44 26 15 33

Ethanol required for ED5 blends (Ml) 52 36 73 44 25 55

Ethanol required for ED10 blends (Ml) 104 71 147 87 51 109

Ethanol required for ED15 blends (Ml) 156 107 220 131 76 164

Diesel-Ethanol blends 1% of cropland

ED3 7,51% 40,96% 46,10% 45,72% 147,10% 19,66%

ED5 4,51% 24,58% 27,66% 27,43% 88,26% 11,80%

ED10 2,25% 12,29% 13,83% 13,72% 44,13% 5,90%

ED15 1,50% 8,19% 9,22% 9,14% 29,42% 3,93%

5% of cropland

ED3 37,60% 204,75% 230,51% 228,60% 735,40% 98,40%

ED5 22,56% 122,85% 138,31% 137,16% 441,24% 59,04%

ED10 11,28% 61,43% 69,15% 68,58% 220,62% 29,52%

ED15 7,52% 40,95% 46,10% 45,72% 147,08% 19,68%

1% of sugarcane land

ED3 4,34% 7,34% 10,08% 6,88% 8,38% 2,48%

ED5 2,60% 4,41% 6,05% 4,13% 5,03% 1,49%

ED10 1,30% 2,20% 3,02% 2,06% 2,51% 0,74%

ED15 0,87% 1,47% 2,02% 1,38% 1,68% 0,50%

5% of sugarcane land

ED3 21,70% 36,73% 50,41% 34,38% 41,92% 12,38%

ED5 13,02% 22,04% 30,24% 20,63% 25,15% 7,43%

ED10 6,51% 11,02% 15,12% 10,31% 12,57% 3,71%

ED15 4,34% 7,35% 10,08% 6,88% 8,38% 2,48%

80% of sugarcane land

ED3 173,51% 293,78% 403,21% 275,09% 335,22% 99,10%

ED5 104,10% 176,27% 241,93% 165,06% 201,13% 59,46%

ED10 52,05% 88,13% 120,96% 82,53% 100,57% 29,73%

ED15 34,70% 58,76% 80,64% 55,02% 67,04% 19,82%

[a] Torijano (2011).
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With respect to ethanol-gasoline blends, it can be seen from Table 4.7 that
the countries with the largest ethanol demand are Costa Rica and Guatemala.
This can be explained by the fact that these countries report the highest fuel
consumption in the region. For example, in order to supply ethanol for blending
E5, Costa Rica and Guatemala would require 48 million liters of ethanol and
65 million liters of ethanol, respectively.

Under scenario #1 using 5% of CA’s cropland, sweet sorghum could provide
around 387 938 kl of ethanol. From Table 4.7 it is known that the ethanol
demand to implement an E3 or E5 program in the region is around 140 million
liters of ethanol and 234 million liters of ethanol, respectively. Therefore, sweet
sorghum could provide 276% and 166% more ethanol than the necessary for
blending E3 and E5 blends, respectively. Assuming an average price of gasoline
of 5.05 USD$ gallon−1, sorghum-based ethanol would help CA to reduce fossil
fuel bills by USD$ 517 million. Under scenario #1 using 5% of CA’s cropland,
only Nicaragua could supply the ethanol required for up to E20 blends.

Under scenario #2 using 5% of sugarcane land, the CA region would not
be able to meet ethanol demand for any given blend using sweet sorghum.
Although, Guatemala and Nicaragua could provide around 64% and 81% of
ethanol demand, respectively, to implement an E3 program.

Under scenario #3 using 80% of CA’s sugarcane land, sweet sorghum could
supply 358% and 215% more ethanol than the necessary for blending E3 and
E5 blends, respectively. Such ethanol production would help CA to reduce
fossil fuel bills by USD$ 670 million.

Based on the results presented in Table 4.7, it can be seen that all CA coun-
tries would be able to supply the ethanol required to implement and mantain
an E3 program under scenario #1 conditions.

It is important to highlight that with the current installed capacity in CA
and maintaining the assumption of keeping the exports of ethanol constant,
any blend above E3 would not be feasible unless investments are made to ei-
ther increase the operation period, installed capacity or build new plants. For
instance, based on the current capacity of Central American distilleries (Ta-
ble 4.5), if the CA region would like to supply the ethanol required to reach
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E5 blends, distilleries in Costa Rica, Guatemala and Nicaragua would need to
increase their operation in about 90 days, 66 days and 22 days (average), re-
spectively. Under this scenario, Guatemala and Nicaragua could supply ethanol
fuel to Panama and Honduras for blending E5.

The 100% ethanol option is far from CA reality due to the fact that it would
require a renewal of the current fleet and the introduction of Flex-Fuel vehicles.
Nevertheless, it it is important to mention that the implementation of a 100%
ethanol scenario will not only provide significant savings on the fossil fuel bill
but also would allow consumers to react to price signals and easily change from
one fuel to the other on a daily basis.

With respect to ethanol-diesel blends (Table 4.8), Costa Rica and Guatemala
would require 57 and 80 million liters of ethanol for reaching ED5 blends, re-
spectively.

Under scenario #1 using 5% of CA’s cropland, sweet sorghum could supply
227% and 136% more ethanol than the necessary for blending ED3 and ED5
blends, respectively. Assuming an average price of diesel of 4.52 USD$ gallon−1,
sorghum-based ethanol would help the region reduce the fossil fuel bill by USD$
463 million. Under this scenario, only Nicaragua could meet ethanol demand
for up to ED15 blends.

Under scenario #2 using 5% of sugarcane land, the region would not be able
to meet demand for any given blend using sweet sorghum. Only Guatemala
could provide around 50% of ethanol demand to reach ED3 blends.

Under scenario #3 using 80% of CA’s sugarcane land, sweet sorghum could
provide 294% and 176% more ethanol than the necessary to use ED3 and ED5
blends, respectively. This ethanol production would help the region to reduce
the fossil fuel bill by USD$ 600 million. Under this scenario, Guatemala and
Nicaragua could supply the ethanol required for an ED10 blend.

As can be seen from results in Table 4.8, all CA countries would be able to
supply the ethanol required to reach ED3 blends under scenario #1 conditions,
except Costa Rica. If sugarcane producers want to keep constant the level of
ethanol exports and ethanol production for industrial use, some investments are
necessary to supply the ethanol required for certain ethanol-diesel blends. For
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example, based on the current capacity of Central American distilleries (Table
4.5), in order to meet ED5 blends, distilleries in Costa Rica, Guatemala and
Nicaragua would need to increase their operation period in about 100 days,
76 days and 38 days (average), respectively. To meet the region’s demand,
Guatemala and Nicaragua could supply ethanol fuel to Panama and Honduras
for blending ED5.

4.5 Energy policy

Almost inevitably, fossil fuel prices will continue rising for the foreseeable fu-
ture, and with them the prices of electricity and transportation. In this in-
stance, it is crucial that CA countries define a strong energy policy towards
reducing fossil fuel dependence.

With respect to electricity production, over the last years, the CA Gov-
ernments have enacted and implemented a series of regulations and policies
to promote renewable electricity generation. For example, the Fiscal Incen-
tives Law for the promotion of renewable energy technologies approved in 2007
by the Salvadoran Government. This mandate includes exemption from im-
port tariffs for capital goods and income tax for five years (USAID, 2010). In
Honduras, the Decree 70 promotes the development of renewable energy power
plants through sales tax and import duties exemption for all equipment through
the construction phase (USAID, 2010).

These kind of regional efforts regarding the improvement of energy policies
help to attract the interest of investors and stakeholders on the use of renewable
resources to produce modern energy carriers. However, as was shown in the
present work, thermal power stations burning fossil fuels still play an important
role in the energy mix of CA. Therefore, governments need to keep working to
increase the amount of electricity produced from renewable resources, espe-
cially biomass and thereby, restructuring the energy mix. This process should
take into account the increase of the energy supply by building new power
plants capable of firing renewable feedstocks and provide market support for
biomass conversion technologies. Regulation should also include requirements
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that utilities distribute a minimum share of electricity from biomass (quota
system). The creation of green power certificate schemes for generators that
produce electricity from biomass could also be a helpful tool for the deployment
of biomass technologies. The certificate that the producer receives can be sold
providing extra revenue for the project. As part of this restructuring process,
electricity producers and distributors should also be pressured to inform the
public about the source of the energy (i.e., hydro, fossil fuels or biomass).

With respect to ethanol production in CA, due to the absence of a domestic
market for ethanol and biofuel law, most of the ethanol produced in the region is
exported overseas. For example, in Guatemala, most of the ethanol production
is exported to Europe (Tay, 2011a). In El Salvador, all the ethanol produced
is exported to the U.S. market under the Central American-Dominican Re-
public Free Trade Agreement (CAFTA-DR) and to the Netherlands (Herrera,
2011). Although CA countries have made several efforts to implement law and
regulation for both biofuel and ethanol production, most of them have failed.
There was an attempt to implement the Decree Law 17-85 known as “Law
of the Carburant Alcohol” in Guatemala but the proposed law failed due to
the lack of incentives for sugar producers and disagreements about the alcohol
sales price to the refineries (Tay, 2011a). Further, by the time this law was
published, the lead was substituted by Methyl tert-butyl ether (MTBE), which
was a less expensive gasoline additive than ethanol (Tay, 2011a). In 2003, the
Guatemalan Government created the Law of Incentives for the Development
of Projects in Renewable Energy (DPRE), but as Decree 17-85, the law was
never implemented.

Nowadays, only Costa Rica has made significant steps towards promoting
law and regulation to reduce fossil fuel dependence. In 2004, the Costa Rican
Government released a “Petroleum Contingency Plan” to deal with sharp in-
creases in oil prices. In 2008, based on the National Biofuel Program, Costa
Rica established the mandatory use of gasoline-ethanol blends (ECLAC, 2010).

The rest of CA countries are currently still evaluating the potential effects
of implementing an ethanol-blending program. According to a report made by
Herrera (2011), the Salvadoran Government is working on legislation to pro-
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mote sugarcane derived ethanol production, storage and sales. This law would
mandate the implementation of an E5 blend. In Guatemala, the Ministry of
Energy and Mines (MEM) favors a gradual approach to implement an E10
blend, which would include a $1 per gallon subsidy to promote its production
and consumption (Tay, 2011a). In contrast, the Guatemalan private sector
proposes the use of 15 percent ethanol-gas mixtures, with a long-term final
mix of 85 percent (Tay, 2011a). A report commissioned by the Organization of
American States (OAS) to the firm Hart Energy proposes to start an ethanol
program in 2012. The report recommends a progressive plan to use fuel ethanol
blends of up to E10, and by 2014 start using biodiesel mixed in a ratio of up to
5% (Hart Energy, 2010). In Honduras, law and regulation for ethanol produc-
tion has also been promoted. This regulation includes incentives for businesses
using at least 51% of the feedstock of Honduran origin (Gómez, 2010). How-
ever, the use of biodiesel and ethanol-gasoline blends in the country is almost
negligible (Flores, 2010). In Nicaragua, due to the lack of a legal framework to
support the production and consumption of biofuels, the commercialization of
ethanol is also inhibited (Bolaños, 2011). Nevertheless, according to CEPAL
(2009), the Nicaraguan Government is currently promoting a law to change
the current system for achieving biofuels production and commercialization.
This energy policy will also include the sell of carbon credits under the Clean
Development Mechanism (CMD).

Besides the need of a complete biofuel policy in CA, some investments
are also necessary to incorporate equipment and infrastructure (fuel pumps,
subterranean deposits, among others) for ethanol production and distribution.
According to a study made by Horta (2004), the implementation of an E10
program in the region would require a minimum storage capacity of 246 thou-
sand m3 for a crushing season of 100 days, and 153 thousand m3 for a crushing
season of 200 days. Further, according to a study made by Hart Energy (2010),
to implement an maintain an E10 program in Guatemala, it would be necessary
an investment of USD$ 6641 million over the 2011-2020 period. This value was
calculated by considering that ethanol-gasoline blends are made in the distribu-
tion terminals. Over the implementation period, it is estimated that Guatemala
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would require a USD$ 25 million extra investment on infrastructure, transport
and storage (Hart Energy, 2010).

Despite the high investments required to launch an ethanol program in the
region estimated by previous studies, significant socio-economic benefits can
be obtained from the use of fuel ethanol. It is estimated that Brazil saved
around USD$ 60 000 million in the 70’s with the introduction of ethanol, ei-
ther blended with gasoline, or used as hydrated ethanol in specially designed
engines (Ribeiro, 2006). Further, based on data reported by (Horta, 2004), the
implementation of an E10 program in CA would directly generate between 11
000 jobs and 54 000 jobs, which represent about 0.2% and 0.9% of the econom-
ically active population (EPA) in rural areas, respectively. In El Salvador, it is
estimated that the implementation of an E5 program would create around 2500
new jobs (Herrera, 2011). In Guatemala, the implementation of an E10 pro-
gram would directly generate 5000 jobs in harvesting and industrial processing
activities (Tay, 2011a).

In summary, the introduction of new biomass feedsctoks such as sweet
sorghum into CA’s biomass portfolio may give rise to problems or difficul-
ties related to the implementation process. One of the biggest challenges of
sweet sorghum integration could be to change CA’s conception (public and pri-
vate opposition) related to the production of biofuels from energy crops. The
region’s perception is largely negative towards this type of production. For
example, in the case of ethanol production, the serious problems with law en-
forcement in CA has raised concerns in the fuel industry about misbranding9

of fuel ethanol (Tay, 2011a). The oil industrialists and distributors believe
that misbranding could affect the market competitiveness and cause economic
losses related to product returns (Tay, 2011a). This sector also objects to the
large initial investments needed to develop a biofuel industry and the use of
government subsidies (Tay, 2011a). In this context, CA Governments must try
to ensure a well-defined market control, regional taxes and set equal taxes for
similar products to ethanol. To avoid misbranding, governments must define
clear specifications for fuels in order to assure the minimum content require-

9misbranding: implies tax evasion and product adulteration.
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ment of ethanol in ethanol-fuel mixtures. On the other hand, to promote and
support the implementation of a fuel ethanol program in CA, as a first ap-
proach, each government should consider establishing a mandatory blend of
ethanol in gasoline or diesel, with a small flexibility to float. This will prevent
sugar mills to shift from sugar to ethanol production or vice versa depending on
market prices. The shift in production can increase imbalance between supply
and demand of fuel ethanol, leading to fuel scarcity.

Potential issues can also come into view when dealing with difficulties in
marginal land exploration and land tenure problems. Nevertheless, according
to a study made by CEPAL, the available land in Central America should be
enough to produce biofuels in sufficient amounts to meet a 10% ethanol and
5% blend mandate (USAID, 2010). They also recognized that new lands will
have to be brought into production to achieve an ethanol program (USAID,
2010).

Based on the information presented in this section about the current status
of electricity and biofuel production in CA, it is concluded that there is need
for a strong political backing to launch biomass power and ethanol programmes
(quantity-forcing policies). According to Liao et al. (2011) the countries that
adopt more renewable energy (RE) policies appear to generate more RE prod-
ucts. Among those instruments, incentives/subsidies for energy carrier pro-
duction are decisive to the popularization of RE products. In this instance, to
encourage the use of sweet sorghum for electricity and ethanol production, CA
Governments must create fiscal and economic incentives such as the following:
tax reductions to supply the local market, production subsidy for cultivating
and producing energy carriers from sweet sorghum, and value-added tax ex-
emptions for imported machinery and equipment. Note that this production
subsidy must be strictly associated with the use of sweet sorghum for electric-
ity or biofuel production and not associated with energy production per se.
This is due to a subsidy related with the production of ethanol or electricity
may involve the use of other resources, i.e., the use of fossil fuels for electricity
production. Furthermore, it is important that governments ensure the stability
of the subsidy regime to avoid that potential investors rule out sweet sorghum
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projects.
Governments could also provide loans for the purchase of equipment, ma-

terials, and services used for the design, construction, and installation of sweet
sorghum projects. The use of the clean development mechanism (CDM) pro-
vides also a good opportunity for financing projects with greenhouse gas re-
duction. In this context, CA Governments should consider to support public
and private initiatives for the marketing of carbon credits from biomass-based
energy carriers.

The Ministries or Secretaries of Agriculture and Livestock of each country
also play a important role in the sorghum implementation process. These
entities should promote technical research and production of sweet sorghum
for bioenergy purposes. Their role should also include the development and
implementation of a wide-ranging strategies to inform producers about the
opportunities and benefits offered by this crop. According to a study made
by Skoulou et al. (2011), the use of energy crops could increase the farmer’s
income and result in new job positions in rural areas. Agreements between
producers and distributors are also a key component for the success of sweet
sorghum projects.

4.6 Conclusions

The results obtained in this work show that, in theory, sweet sorghum is a viable
feedstock to produce clean and sustainable energy carriers in Central America
(CA). The short growing period of sweet sorghum could allow sugar mills to
extend their operation season, while sugarcane production is unaffected and
food supply is not threatened. Rainy season may, however, limit the harvesting
and transporting of sorghum from the fields to the sugar mill. For this reason, a
year-round production from sweet sorghum cannot be considered as a feasible
scenario. The electricity produced from sweet sorghum bagasse during off-
season can be sold to the national grid. Meanwhile, the sorghum-based ethanol
production can help to implement and maintain a sustainable ethanol program
in the region. Sweet sorghum would allow to meet ethanol fuel demand, while
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keeping constant the cane-based ethanol exports and ethanol production for
industrial use.

Based on the assumptions made in this work, the most promising scenario
for sweet sorghum production is when sweet sorghum is grown on cropland
(land under temporary agricultural crops, temporary meadows for pasture or
fallow land). Under this scenario, sweet sorghum will not interfere with the
growth, reproduction, and development of other species due to most of this
land is marginal. Further, farmers could obtain revenue from a short-rotation
crop without restricting their ability to replant these fields to other crops. In
this context, sweet sorghum grown in cropland (scenario #1 - 5% of cropland)
and used for the production electricity could supply around 1.7% and 4.8% of
the electricity demand in Guatemala and Nicaragua, respectively. With respect
to ethanol production, Guatemala and Nicaragua could easily supply ethanol
for both E3 and ED3 blends. Moreover, Nicaragua has the potential to supply
ethanol for up to E20 and ED10 blends. Note that the results for this scenario
were obtained by assuming that sweet sorghum could only be harvested once
a year. Thus, greatest results can be obtained for scenario #1 if sorghum is
harvested two or three times per year.

On the other hand, in case sweet sorghum is grown on 5% of “fallow”
sugarcane land (scenario #2), in theory, Guatemala could supply up to 0.4%
of country’s electricity demand. With respect to ethanol production, the best
results are obtained for Nicaragua, which could supply up to 83% of country’s
ethanol demand for blending E3.

Finally, the reality of the assumptions made for scenario #3 are open to
debate but this analysis shows that if sugarcane could be intercropped with
sweet sorghum once a year, significant benefits can be achieved. Therefore,
further research needs to be done in Central America to determine the effect of
this system in sugarcane yields. Further, it is crucial for the deployment of new
type of biomass feedstocks (e.g., sweet sorghum) that governments developed
incentives and support mechanisms to encourage their use for the production
of energy carriers. The additional growth of sweet sorghum outside the land
owned by sugarcane companies, would allow farmers to access the markets
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of the sugarcane agro-industry providing additional economic opportunities to
rural communities.
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In recent years, the search for alternative energy sources has gained a lot
of importance to ensure global energy security, especially the use of biomass
for energy carrier production. There are a total of 62 countries in the world
currently producing electricity from biomass (Evans et al., 2010). In 2008, the
United States was the top biomass-based electricity producer with 26% of world
production, followed by Germany (15%), Brazil and Japan (both 7%) (Evans
et al., 2010). In the long term, it is expected that biomass will play an im-
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portant role in the world’s energy portfolio, primarily in Latin America (LAC)
due to its availability and low cost (Heinimö & Junginger, 2009). An example
of the potential of biomass in LAC is seen in the use of sugarcane bagasse for
the production of electricity in the combined heat and power (CHP) plants of
sugar mills in Central America (CA). This resource has become an important
part of the Central American energy mix over the last years. This is part due
to the fact that with the collapse of the sugar market in 1998 (S. Gudoshnikov,
2004), sugar mills were pushed to focus on the use of sugarcane by-products
(bagasse and molasses) for the creation of value-added products, i.e., electric-
ity and ethanol. However, in the case of CHP plants that rely on biomass
to operate, which is the case of sugar mills, the production of electricity and
ethanol strongly depend on the length of the sugarcane crushing season, which
varies between 100 and 200 days. Therefore, in recent years, the sugar industry
has become interested in the use of supplemental feedstocks (Cutz et al., 2013)
that would enable them to operate more flexibly and to extend their opera-
tion period once sugarcane season is over. This increase will not only lead to
higher annual revenues for the sugar factories but will also help to create job
opportunities. For example, only in Guatemala, the sugar industry generates
around 65 000 full-time jobs which support around 250 000 people (Tay, 2011).
Approximately 50% of these jobs are for sugarcane harvesters, which only work
during the harvesting season (Tay, 2011).

This paper focuses on determining the potential production of a sugar mill
processing sweet sorghum, performing a techno-economic analysis. The pri-
mary aims are to (1) use equipment which is not used for sugarcane during
off-season and (2) evaluate whether the production and use of sweet sorghum
is technical and economical feasible under Central American conditions. It
should be pointed out that sweet sorghum here is not considered as a dedi-
cated energy crop due to the fact that a higher value product such as sweet
sorghum juice and molasses (raw material for syrup or ethanol production) are
obtained before firing bagasse to generate electricity.

The calculation method presented here can be used as a tool to estimate
the potential juice, molasses, ethanol and electricity production of a sugar mill.
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This evaluation was conducted using typical operating parameters and cost
data of existing sugar mills in Central America. To determine the weight and
effect of the variables considered in the economic model, a sensitivity analysis
was also performed.

5.1 Material and methods

5.1.1 Integrating sweet sorghum into a sugarcane mill

This integration refers to using the existing machinery found in a typical sugar
mill in Central America to process sweet sorghum. In order to evaluate this
integration, sugarcane production has to be compared with a theoretical mill
processing sorghum. For this purpose, the techno-economic assessment is car-
ried out comparing a sugar mill with a milling capacity of 6500 t day−1 in 7
possible scenarios (Figure 5.1):

Note that this work takes into account a variety of scenarios or plant config-
urations that could be encountered in CA when it comes to sugar production.
These scenarios are analyzed and compared based on a process simulation
carried out for each stage of the sugar mill’s production chain including the
CHP plant and distillery. The aim is to simulate the juice, molasses, sugar,
ethanol and electricity production of a conventional sugar mill processing sweet
sorghum. A simplified flowsheet of the simulation process can be seen in Figure
5.2.
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This layout presents a standard plant with unit operations and equipment
found in a typical sugar mill in CA. The operating and process parameters
used as inputs for the simulation are listed in Table 5.1. These parameters are
employed to determine the mass flows through the production chain.

Table 5.1: Sugar mill operating and process parameters.

Parameter Sugarcane[a] Sweet sorghum
Brix of primary juice 18.5 13.12
Pol1 of Primary juice 16.19 8.30
Fibre (% sugarcane/sorghum) 13.50 16.43[b]

Specific heat (kJ kg−1) 21 419.27 17 691.60[b]

Imbibition (% sugarcane/sorghum) 25.00 25.00[a]

Bagasse (% sugarcane/sorghum) 29.24 36.22
Bagasse moisture % 51.00 50.00[b]

Bagasse pol 2.19 2.58[c]

Fibre in bagasse 46.16 45.37
Juice extraccion 95.75 88.78
Liming (% sugarcane/sorghum) 0.75 0.75[a]

Filtrated juice (% sugarcane/sorghum) 15.00 15.00[a]

Alcalized juice (% sugarcane/sorghum) 111.50 104.53
Filtercake to filters (% sugarcane/sorghum) 13.70 13.70[a]

Bagacillo (% sugarcane/sorghum) 0.30 0.30[a]

Cake washing water (% sugarcane/sorghum) 4.00 4.00[a]

Filtercake (% sugarcane/sorghum) 3.00 3.00[a]

Filtercake pol 2.50 2.94[a]

Clarified juice (% sugarcane/sorghum) 97.80 90.83
Thick juice (% sugarcane/sorghum) 21.31 14.67

[a] Data obtained from the Montelimar sugar mill Chávez (2013). [b] Woods (2000).
[c] Huilgol et al. (2004).

Data for each stage of the sugar process have been collected from the Mon-
telimar sugar mill in Nicaragua. Data for sweet sorghum were obtained from
the literature, and based on expert opinion.

The first step of the calculation involves a mass, sucrose and bagasse balance
of the milling and juice clarification process (Appendix B). This calculation
will allow to determine the (1) thin juice flow entering the evaporation system,
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which is used as a raw material for sugar and ethanol production, and (2)
bagasse produced in the milling stage, which is used as fuel in the CHP plant
to cogenerate.

At the same time, as the sugar mill relies on steam to operate, the steam
consumption of the overall process has to be determined. The plant equipment
which require steam as the heating source are: heaters, evaporators and vacuum
pans.

With regards to the juice heaters, the sugar mill incorporates 4 heaters
for heating the alkalized juice, 1 heater for the clarified juice and 1 heater for
thick juice. Here, to determine the heat transferred and steam flow required
by the heaters, an energy balance is imposed to each heater individually (see
Appendix 5.B). This energy balance is responsible for determining the amount
of vapor required by the heat exchanger. Note that as the density of the juice
changes significantly through the process, the specific heat (Cp) for each type
of juice entering the heaters has to be calculated. Correlations to estimate the
specific heat of sucrose solutions can be extracted from Hugot (1986).

With respect to the evaporation stage, the sugar mill incorporates a quintu-
ple effect arrangement with vapor bleeding from four vessels (Figure 5.2). The
vapor bleeding is used for heating purposes in the heat exchangers and pan floor
(crystallization stage). The mass flows and steam required for the evaporation
process are estimated by imposing a heat balance across each effect individually,
and a material balance over the hole system (see Appendix 5.B). The approach
to calculate the steam requirement and the amount of water evaporated in the
multiple-effect evaporation system consists on solving a set of simultaneous al-
gebraic equations (see Appendix 5.B). It is important to mention that because
the working fluid of the evaporation system is juice and not water, changes in
the boiling point (e) should be taken into account. Correlations for computing
e can be extracted from (Hugot, 1986).

With respect to the crystallization stage, the batch vacuum pans operate
with a double-magma scheme or CBA scheme (Hugot, 1986). The production of
sugar is calculated using data reported by the Montelimar sugar mill for solids
and sucrose concentration of the different flows involved in the crystallization
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process. The sugar mill produces a crystalline sugar of 99.6% purity. The
mass flows of the crystallization process (proportion of syrup, massecuite and
molasses) are estimated by imposing a material balance across each vacuum
pan individually (see Appendix 5.B). On the other hand, the steam required
for the vacuum pans can be assessed by imposing a heat balance over the hole
system (see Appendix 5.B). The mass and energy balance calculation for this
stage of the process is based on Hugot (1986).

Once the steam demand of all process units is determined, it has to be
ensured that the amount of steam required to satisfy the sugar mill needs
is in balance with that required by the steam turbine for power generation.
On this basis, the electricity output of the CHP plant can be obtained (see
Appendix 5.B).

The conventional power plant incorporates a high-pressure boiler for the
production of steam, in which bagasse produced in the mills is used as fuel.
Based on data reported by the Montelimar sugar mill Chávez (2013), 5% of
the bagasse produced is stocked and used for start-ups. For the CHP system
it is considered a steam cycle operating with live steam at 538 ◦C and 8.27
MPa, using a Condensing Extraction Steam Turbogenerator (CEST) with an
installed capacity of 42.5 MW. The CEST inlet conditions are assumed equal to
the boiler outlet. The steam extracted from CEST is specified at 0.16 MPa and
it is used as process heat in the sugar mill. The steam expansion in the turbine
results in saturated steam at -0.09 MPa. It is considered that the electricity
produced by CEST satisfies the sugar mill requirements and the surplus is
sold to the national grid. The units that require process steam to operate are:
evaporators, dearetor and distillery. The total electricity available for sale is
calculated by subtracting the sugar mill electricity consumption from the total
electricity generated. The power consumption of a sugar mill running under
the different scenarios considered in this work is listed on Table 5.2.
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Table 5.2: Power consumption of the sugar mill to operate.

Scenario Power consumption (kWh)
S-ElSC 7771[a]

S-Et-ElSC 10 771[a][b]

S-ElSS 7771[a]

S-Et-ElSS 10 771[a][b]

Et-ElSS 6708[a][b]

J-ElSS 3708[a]

SC-SS 10 771[a][b]

[a] Data obtained from the Montelimar sugar mill Chávez (2013).
[b] Data obtained from the Palo Gordo sugar mill Mena (2013).

The operating conditions for the CHP plant firing sweet sorghum bagasse
are kept the same as in the sugarcane case.

With respect to the distillery, data used to estimate the potential ethanol
production was given by the Palo Gordo sugar mill in Guatemala. In the case
of sweet juice, the amount of ethanol produced is based on the stoichiometric
conversion of sugars into ethanol (0.511 L of ethanol kg of sugars−1), consider-
ing an 88% efficiency for the fermentation process and 99% for the distillation
process. A simplified flowsheet of ethanol production is presented in Figure
5.3. This figure is based on data provided by the Palo Gordo sugar mill.

It is assumed for all scenarios that the sugar factory incorporates an annexed
distillery for the production of ethanol, except for scenario J-ElSS , where it
is considered that ethanol is produced in an autonomous distillery. In this
context, for the latter, the steam requirements of the distillery should not be
taken into account in the energy balance calculations. Based on data reported
by the Palo Gordo sugar mill (Mena, 2013), the annexed distillery consumes
11 kWh per tonne crushed.
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It should be noted that the ethanol (96%) produced by the Palo Gordo dis-
tillery is for industrial use. This plant was originally designed for the production
of fuel-grade ethanol but due to the lack of a local biofuel market, the distillery
started to manufacture ethanol for industrial purposes. In case this plant is ori-
ented to fuel-ethanol production, a dehydration column should be added right
after the demetallization process (Figure 5.3). Under this scheme, the overhead
vapor of the column would be a ternary azeotrope of ethanol-water-benzene,
while anhydrous fuel-ethanol would be produced at the bottom. The azeotrope
would be separated by distillation and benzene recycled to the system.

5.1.2 Cost assessment

The methodology to evaluate the technical feasibility of sweet sorghum has
been presented in the previous section, but questions still remain about its
economical competitiveness with sugarcane. Hence, it is necessary to determine
whether such a production is economically feasible under CA conditions.

For this purpose, 3 configurations are studied and compared, i.e., a sugar
mill producing electricity - ethanol from sugarcane (S-ElSC , S-Et-ElSC), a
sugar mill producing electricity - ethanol from sorghum (S-ElSS , S-Et-ElSS ,
Et-ElSS ,J-ElSS) and a sugar mill producing electricity - ethanol from sugarcane
(regular basis) and sweet sorghum during off-season (SC-SS). This comparison
has been made on the basis of their cost including a minimum desired profit
margin. The data used for economic assessment of electricity and ethanol
production were collected from the Montelimar and Palo Gordo sugar mill,
respectively.

The approach used to assess the cost of electricity production using sugar-
cane or sweet sorghum bagasse is based on van den Broek et al. (2000). The
Costs per kWh of Electricity (CoE) are determined by equation 5.1.
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CoE =
3.6

it∑
i=1

(
ecci

n∑
y=1

fi(y)
(1+dr)y

)
ηnet ∗ LHVdb ∗ 1000 ∗ yld ∗ rot

n∑
y=1

fyld(y)
(1+dr)y

+

jt∑
j=1

(
ppcj ∗

n∑
y=1

fj(y)
(1+dr)y

)
Pnet ∗Op ∗ 1000 ∗ lf

n∑
y=1

fe(y)
(1+dr)y

(5.1)

On the other hand, a new approach has been taken to estimate the costs
per liter of ethanol (CoEt). Equation 5.2 incorporates the term “TRSf” which
refers to the total reducing sugars available for fermentation in 1 tonne of
feed, while the term “Cz” stands for the liters of ethanol (EtOH) that can be
produced from 1 tonne of sugarcane or sweet sorghum.

CoEt =

it∑
i=1

(
ecci

n∑
y=1

fi(y)
(1+dr)y

)
ηdist ∗ TRSf ∗ Cz ∗ yld ∗ rot

n∑
y=1

fyld(y)
(1+dr)y

+

jt∑
j=1

(
edcj ∗

n∑
y=1

fj(y)
(1+dr)y

)
Cinst ∗Op

n∑
y=1

fe(y)
(1+dr)y

(5.2)

Both equations are based on the NPV (Net Present Value) of the costs and
of the revenues (van den Broek et al., 2000).

The first part of equation 5.1 and equation 5.2 represent the energy crop
costs, while the second one refers to the power plant/distillery cost. To estimate
the energy crop costs, van den Broek et al. (2000) propose to calculate the
NPV of the frequency that a cost item occurs during the total project lifetime.
The frequency of the cost items is presented in Table 5.3 and represents the
parameters fi(y), fj(y), fyld(y) and fe(y) of equation 5.1 and equation 5.2. It
has been assumed that sweet sorghum can only be ratooned once in a calendar
year.
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To be able to assess the energy crop costs, cost data from agricultural
activities (establishment, maintenance of plantation and harvesting) and yield
data of sugarcane and sweet sorghum plantations are required. With respect to
the power plant and distillery cost, data of installed capacity, operation days,
efficiency, operation and maintenance (O&M) costs, labor costs, chemical costs
and power cost to operate the sugar mill are necessary. The energy crop items
(ecci) and plant cost (ppcj and edcj) for the considered scenarios are derived
from Table 5.4.

Table 5.4: Financial, physical and cost data on the cultivation of sugarcane and
sweet sorghum cultivation.

Parameter Value Unit
S-ElSC , S-ElSS , S-Et-ElSS , SC-SS

S-Et-ElSC Et-ElSS ,J-ElSS

General financial data
Required IRR 6.5 [a] 6.5 [a] 6.5 %
Total sugarcane area 3631 [a] - - ha
Land owned 3521 [a] - - ha
Land rent 110 [a] - - ha
Land rent cost 139.78 [a] 139.78 [a] 139.78 US$ ha−1 yr−1

Interest rate for rents 0 [a] 0 0 %
Working days per year 163 [a] 163 223 day yr−1

General physical data
Sugarcane/sweet sorghum 103 [b] 49 [c] 103/49 t ha−1 yr−1

yield
Density plantation 78 650 [b] 90 000 [d] 78 650/90 000 plants ha−1

M.c sugarcane/sweet 75 [b] 75 75/75 %w
sorghum at harvest
Density of sugarcane/sweet 0.96 [b] 1.40 0.96/1.40 t m−3

sorghum
LHV of sugarcane/sweet 17.90 [e] 16.50 17.9/16.50 MJ kg−1

sorghum bagasse

Establishment
Land preparation 285.67 [b] 285.67 [b] 285.67/285.67 US$ ha−1

Tractor; deep ploughing 100.00 [b] 100.00 [b] 100/100 US$ ha−1

Continued on next page
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Table 5.4 – Continued from previous page
Parameter Value Unit

S-ElSC , S-ElSS , S-Et-ElSS , SC-SS
S-Et-ElSC Et-ElSS ,J-ElSS

Tractor for ploughing 100.00 [b] 100.00 [b] 100/100 US$ ha−1

Tractor for egalising 28.00 [b] 28.00 [b] 28/28 US$ ha−1

Removal old ratoon 57.67 [b] 57.67 [b] 57.67/57.67 US$ ha−1

Seed cost 214.25 [b] 39.91 39.91/39.91 US$ ha−1

Transport of seed 37.00 [b] 37.00 [b] 37/37 US$ ha−1

Lime (dolomite) application - 13.22 [f] -/13.22 US$ ha−1

Lime material - 148.17 [f] -/148.17 US$ ha−1

Seed cost 214.25 [b] 71.44 [f] 214.25/71.44 US$ ha−1

Soil insecticide - 71.44 [f] -/71.44 US$ ha−1

Transport of seed 37.00 [b] 37.00 [b] 37/37 US$ ha−1

Maintenance of plantation
Manual Weeding 11.00 [b] 11.00 [b] 11/11 US$ ha−1

Transport of personnel 37.00 [b] 37.00 [b] 37/37 US$ ha−1

Mechanical weeding 28.90 [b] 28.90 [b] 28.90/28.90 US$ ha−1

Harvesting
Cultivation labour 202.19 [a] 202.19 [a] 202.19/202.19 US$ ha−1

Transport of personnel 37.00 [b] 37.00 [b] 37/37 US$ ha−1

Fertilizer 252.82 [b] 130.65 [g] 252.82/130.65 US$ ha−1

Fertilizer application 5.00 [b] - 5/- # yr−1

Micronutrients - 40.48 [f] -/40.48 US$ ha−1

Chemical applications - 21.16 [f] -/21.16 US$ ha−1

Herbicide 28.90 [b] 16.46 [g] 28.90/16.46 US$ ha−1

Herbicide application 3.00 [b] - 3/- # yr−1

Insecticide 12.00 [b] 22.54 [g] 12/22.54 US$ ha−1

Insecticide application 2.00 [b] - 2/- # yr−1

Fungicide 0.00 169.34 [f] -/169.34 US$ ha−1

Fungicide application 0.00 - - # yr−1

Irrigation 37.84 [b] - 37.84/- L ha−1

Irrigation cost 0.00 [b] 0.00 0/0 US$ L−1

Harvesting labour 58.47 [a] 58.47 [a] 58.47/58.47 US$ ha−1

Labour cost of activities 82.06 [a] 82.06 [a] 82.06/82.06 US$ ha−1

related to harvesting
Loading cost 0.50 [b] 0.50 [b] 0.50/0.50 US$ ha−1

Continued on next page
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Table 5.4 – Continued from previous page
Parameter Value Unit

S-ElSC , S-ElSS , S-Et-ElSS , SC-SS
S-Et-ElSC Et-ElSS ,J-ElSS

Transportation cost per km 0.12 [b] 0.12 [b] 0.12/0.12 US$ km−1 t−1

Average distance between 26.00 [b] 26.00 [b] 26/26 km
field and plant
Volume truck-trailer 49.79 [b] 49.79 [b] 49.79/49.79 m3

Effective load truck 30.00 [b] 30.00 [b] 30/30 t

CHP Plant Data
Net electrical capacity 42.00 [e] 42.00 [e] 42.00 MWe
Net electrical efficiency 35 [e] 35 [e] 35 %
Days with bagasse as fuel 163 [e] 163 [e] 223 day yr−1

Load factor 80 [e] 80 [e] 80 %
O&M; labour 1 156 117 [a] 1 156 117 [a] 1 579 086 US$ yr−1

O&M; materials 294 698 [a] 294 698 [a] 402 515 US$ yr−1

Fixed costs; electricity 58 813 [a] 58 813 [a] 80 329 US$ yr−1

Fixed costs; security 14 400 [a] 14 400 [a] 19 668 US$ yr−1

Fixed costs; transport 71 738 [a] 71 738 [a] 97 984 US$ yr−1

Fixed costs; insurance 233 840 [a] 233 840 [a] 319 391 US$ yr−1

Fixed costs; others 101 900 [a] 101 900 [a] 139 180 US$ yr−1

Total variable Costs 417 173 [a] 417 173 [a] 569 798 US$ yr−1

Distillery Data
Installed capacity 120 000 [h] 120 000 [h] 120 000 L day−1

Distillery efficiency 96 [h] 96 [h] 96 %
Operation days 108 [h] 108 [h] 168 day yr−1

Operation costs; labour 95 000 [h] 95 000 [h] 147 778 US$ yr−1

Operation costs; materials 260 000 [h] 260 000 [h] 404 444 US$ yr−1

Maintenance costs; labour 45 000 [h] 45 000 [h] 70 000 US$ yr−1

Maintenance costs; materials 190 000 [h] 190 000 [h] 295 556 US$ yr−1

[a]Vanegas (2012). [b]Vargas (2013). [c]Gnansounou et al. (2005). [d]Ratnavathi et al. (2010).
[e]Chávez (2013). [f]Alvarez & Helsel (2011). [g]Linton et al. (2011). [h]Mena (2013)

It should be noted that for the integrated scenario (SC-SS), it is considered
that the sugar mill is operated continuously for a period of 223 days in a year.
That is, a sugarcane crushing season of 163 days and a sorghum crushing season
of 60 days. It has also been assumed that for all scenarios the land where
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sugarcane and sweet sorghum is grown is rented. With respect to ethanol
production, it has been assumed that the distillery cost (edcj) for producing
ethanol 96% is the same as for producing fuel-grade ethanol.

In addition, as currently in CA not all sugar mills have a CHP plant, this
study compares and evaluates two possibilities. The first, considers the integra-
tion of sweet sorghum into a power plant (42.5 MW) that is already generating
process heat and power from bagasse. Thus, no investment is required. The
second scheme, however, considers the construction of a new CHP plant to
produce electricity by firing bagasse. All the cost items involved in the con-
struction of a CHP plant with an installed capacity of 42.5 MW have been
summarized in Table 5.5.

Table 5.5: Components of total investment for the CHP plant.

Equipment US$ MW−1

Boiler 8.27 MPa, 538 ◦C
Boiler 211 764.71
Electric lightning 705.88
Assembly of structures, platforms, ladders, etc. 9411.76
Assembling 70 588.24
Chimney 12 941.18
Civil works 17 647.06
Electrical installation, instrumentation and control 15 294.12
Diesel Generator 5411.76
Others 78 952.94

Coal handling
Stock 11 764.71
Detroit stocker 13 176.47
Buildings 11 294.12
Coal conveyors and tripper 7058.82
Shredders, electromagnet and tower 3058.82
Civil works for hopper conveyor 1176.47
Others 3364.71

Condensation Extraction Steam Turbogenerator 42.5 MW
Turbogenerator 36.5 MW 145 884.23

Continued on next page
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Table 5.5 – Continued from previous page
Equipment US$ MW−1

Civil works 9411.76
Room equipment and controls 9411.76
Assembling 11 764.71
Electrical installation, instrumentation and control 11 764.71
Boiler steam line to turbogenerator 9882.35
Turbogenerator steam line to sugarmill (20 psig) 5882.35
Data acquisition and communication system 1176.47
Others 16 435.39

Condensate-Feedwater system
Pumps 2352.94
Pipes and accessories 5882.35
Assembling 7058.82
Condensate storage tank 2823.53
Others 905.88

Electrical substation and power bars
Transformer 50 MVA, 13.8/138 kV 35 294.12
Auxiliary transformer 4 MVA, 13.8/4.16 kV 5882.35
Power transformer for the sugar mill 10 MVA 13.8/4.16 kV 5294.12
Electrical substation infrastructure and civil works 24 705.88
Power bars and switchboards 10 588.24
Power cables 15 kV 4058.82
Switches and electrical equipment 8117.65
Emergency system 2823.53
Assembling 5882.35
Transmission lines to substation 138 kV 39 705.88
Others 9588.24

Bagasse-Ash handling system
Bagasse conveyor belt 7529.41
Ash conveyor belt 2352.94
Bagasse scales 1176.47
Ash handling system 4705.88
Assembling 4705.88
Others 1023.53

Continued on next page
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Table 5.5 – Continued from previous page
Equipment US$ MW−1

Cooling and Fire fighting system
Cooling tower 30 588.24
Pipes and accessories 8235.29
Pumps 2352.94
Cooling water treatment 11 294.12
Chemical laboratory equipment 4235.29
Fire protection and detection system 14 117.65
Assembling 5647.06
Others 3823.53

Buildings
Buildings 11 764.71
Others 588.24

Pre-Inversion
Feasibility study 7886.95
Environmental impact study 1607.84
Electricity generation license 1058.82
Others 18 108.68

The total capital investment of the CHP plant is evaluated as the sum of
all the items listed in Table 5.5. On this basis, it was calculated that the
construction of a new CHP plant with an installed capacity of 42.5 MW for
the production of 8.27 MPa steam requires an investment of around US$ 42
million. Note that under this scenario, an integer 1 has to been introduced in
the investment column of Table 5.3 in order to calculate CoE.

In order to estimate the profit per kWh of electricity sold (PoE) to the
national grid, it is assumed an average sale price of electricity of 11.50 ¢US$
kWh−1 (Vanegas, 2012). With respect to the profit per liter of EtOH produced
(PoEt), the anhydrous ethanol price is set to 0.6058 US$ L−1 (CEPEA, 2013),
while the price of ethanol 96% is set to 0.825 US$ L−1 (Mena, 2013).

All data presented in Table 5.3, Table 5.4 and Table 5.5 related to sugarcane
and CHP plant were obtained from the Montelimar sugar mill. Data for the
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distillery were obtained from the Palo Gordo sugar mill. For those parameters
where data was not available, assumptions were made based on expert opinion
and secondary literature review for financial analysis. Due to numerous costs
change depending on the country (cost labour, fertilizer, etc.), this publication
encourage the readers to utilize their own update costs in Table 5.4 to obtain
more precise values for CoE and CoEt.

5.2 Results and discussion

5.2.1 Technical evaluation of integrating sweet sorghum
into a sugar mill

The results of simulations attained with sugarcane and sweet sorghum for all
scenarios considered here are summarized in Figure 5.4 and Figure 5.5. The
process simulation developed in this work was run initially at Montelimar sugar
mill conditions to insure that the calculation methodology could duplicate Mon-
telimar’s results. Then, changes were made in various parameters to reflect the
physicochemical properties of sweet sorghum. Subscripts “sc” and “ss” reffer
to sugarcane and sweet sorghum, respectively.
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Sweet
sorghum
1 ton

Milling
0.888 ton

Bagasse
0.362 ton

Clarification
0.908 ton

Evaporation
0.144 ton

Cristallization Sugar
0.076 ton

Electricity
112 kW/ton

Scenario S-ElSS

Sweet
sorghum
1 ton

Milling
0.888 ton

Bagasse
0.362 ton

Clarification
0.908 ton

Evaporation
0.144 ton

Cristallization Sugar
0.076 ton

Ethanol
14 L

EtOH/ton

Electricity
101 kW/ton

Scenario S-Et-ElSS

Sweet
sorghum
1 ton

Milling
0.888 ton

Bagasse
0.362 ton

Fermentation Distillation
Dehydration

Ethanol
72

L EtOH/ton

Electricity
132 kW/ton

Scenario Et-ElSS

Sweet
sorghum
1 ton

Milling

Bagasse
0.362 ton

Sweet juice
0.888 ton

Electricity
143 kW/ton

Scenario J-ElSS

Figure 5.5: Schematic representation of scenarios considered for sweet sorghum.
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For scenario S-ElSC , it can be seen that a sugar mill can produce 0.11 tonnes
of sugar and 106 kW per tonne of cane crushed, while a sugar mill having both a
CHP plant and distillery can produce 0.11 tonnes of sugar, 9 L of EtOH and 94
kW per tonne crushed (Figure 5.4). On the other hand, a sugar mill processing
sweet sorghum (S-ElSS) could produce 0.076 tonnes of sugar and 112 kW per
every tonne of sorghum fed to the mill, while for scenario S-Et-ElSS , a sugar
mill could produce 0.076 tonnes of sugar, 14 L of EtOH and 101 kW per tonne
crushed (Figure 5.5).

In case no crystalline sugar is produced, from the direct use of sweet juice, a
sugar mill could produce 72 L of EtOH and 132 kW t−1 (Figure 5.5). Scenario
J-ElSS evaluates the production of a sugar factory oriented only to cogeneration
and sweet juice production. In this context, the sweet juice produced from the
crushing could be sold to distilleries for further processing. Under this scheme,
simulation results show that a sugar factory could produce 143 kW per every
tonne of sweet sorghum crushed (Figure 5.5). No sugar will be produced under
this scenario.

The results for the integrated scenario SC-SS can be extracted from Figure
5.4 and Figure 5.5. That is, for a sugar mill processing both sugarcane and
sweet sorghum in a year, the yields obtained for scenario S-Et-ElSC are valid for
the cane season and the values presented for scenario Et-ElSS can be expected
for sweet sorghum season.

In order to evaluate in more detail the sugar production performance of both
feedstocks, a mass balance approach was used to estimate how much molasses
and sugar is produced in the crystallization stage (Figure 5.2). The results
for sugar production for all scenarios considered in this work are presented in
Table 5.6. The first column in the table is used to indicate which stage of the
process depicted in Figure 5.2 corresponds to the calculated summary value.
This table presents the flowrate of massecuites, molasses, B sugar, C sugar and
commercial sugar produced through the crystallization process for a crushing
rate of 6 500 t day−1 .
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A typical sugar mill processing sugarcane can produce about 715 tonnes
of sugar per day (S-ElSC ; S-Et-ElSC), while a factory using sweet sorghum as
raw material could produce 492 t d−1 of commercial sugar (S-ElSS ; S-Et-ElSS).
The use of sweet sorghum to manufacture sugar represents a decrease of 31%
in sugar production compared with sugarcane.

The process simulation also produces a convenient indicator to show the
performance of both crops towards sugar production. As can be observed from
Table 5.6, sugarcane reports a sugar yield of 110 kg of sugar t−1

sc , while sweet
sorghum would only be able to produce 76 kg of sugar per tonne of sorghum
crushed. Based on the results presented above, it can be inferred that sugarcane
is the most suitable crop to produce sugar due to higher yields can be achieved,
and as will be discussed later, problems related to sucrose crystallization in
sweet juice can be avoided.

With respect to molasses production, as aforementioned, distilleries at-
tached to sugar mills in CA produce ethanol by fermentation of C-molasses.
The results presented on Table 5.6 show that a conventional sugar mill could
produce 251 tonnes of C-molasses from sugarcane (S-ElSC ; S-Et-ElSC), while a
factory processing sweet sorghum could produce 173 tonnes of molasses per day
(S-ElSS ; S-Et-ElSS). That is, for every tonne of sweet sorghum crushed in the
mills, 12 kg less of C-molasses are produced compared with sugarcane. Despite
there is a decrease in molasses production, unlike cane-based ethanol, ethanol
from sweet sorghum is usually produced from sweet juice rather than molasses.
Annexed distilleries in CA do not produce ethanol from sugarcane juice due
to a higher value product can be extracted from it, i.e, sugar. The results
obtained for the case when a sugar mill is only oriented to ethanol production
are summarized in Table 5.7.

Table 5.7: Potential ethanol production in a sugar mill for all scenarios considered.

Units S-ElSC S-Et-ElSC S-ElSS S-Et-ElSS Et-ElSS J-ElSS

Ethanol production L - 61 266 - 88 466 474 661 -
Ethanol yield L/t of feed - 9 - 14 72 -
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The results for scenarios S-Et-ElSC and S-Et-ElSS represent the potential
ethanol production from sugarcane and sweet sorghum molasses, respectively.
Meanwhile, the results for scenario Et-ElSS represent the potential ethanol
production if only sweet juice was processed.

With respect to the CHP plant, simulations results for each of the studied
scenarios are presented in Table 5.8. The first column in the table is used to
indicate which stage of the process depicted in Figure 5.1 corresponds to the
calculated summary value.
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As can be seen from Table 5.8, sweet sorghum reports a bagasse production
24% higher than sugarcane. For scenario S-ElSS , a sugar mill producing sugar
and electricity would need to consume around 51% of the bagasse production
to meet the on-site needs of steam (80 700 kg h−1). Under this scheme, a sugar
mill processing 6500 t day−1 of sweet sorghum could produce 38 097 kWh.
Taking into account that the electrical consumption of the plant is 7771 kWh,
the CHP plant would be able to generate 30 326 kWh of electricity for sale to
the national grid.

For scenario S-Et-ElSS , a sugar mill producing sugar, ethanol and electric-
ity could produce 27 295 kWh of electricity for sale to the public grid. Note
that for all scenarios oriented to sugar production, as was expected, the evap-
oration station is the major user of exhaust steam and determine the overall
vapor consumption of the sugar factory. It should also be noted that variations
of steam requirements in a sugar factory strongly depend on changes in brix
loading.

For scenario Et-ElSS , a sugar mill producing ethanol and electricity con-
sumes around 1878 kg h−1 of steam. In this case, electricity production reaches
42 500 kWh. It is estimated that a plant of these characteristics requires 6 778
kWh to operate. Thus, a sugar mill could produce 35 791 kWh of electricity
for sale to the grid.

Finally, for scenario J-ElSS , a sugar mill producing sweet sorghum juice and
electricity could produce 38 791 kWh of electricity for sale to the national grid.

From the results presented in this section, it can be inferred that four prop-
erties of sweet sorghum contributed to the variation in production efficiency.
That is, ◦Brix, polarity (pol), fibre percentage (fibre %) and Lower Heating
Value (LHV).

The decrease in sugar yield for sweet sorghum scenarios (S-ElSS and S-
Et-ElSS) with respect to sugarcane’s can be explained by the fact that sweet
sorghum juice has lower levels of sucrose than sugarcane. This can be easily
seen from Table 5.1, which displays the ◦Brix and Pol values for both crops.
Usually, both of these parameters are used to describe raw sugar productivity
through a variable known as “purity”. The sucrose purity of a sugar solution
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is defined as the ratio of the sucrose content to the dissolved solids in the
solution (pol/brix). On this basis, it can be derived from Table 5.1 that sweet
sorghum has a purity of 63%, which is 27% lower than the value reported by
the Montelimar sugar mill (Chávez, 2013) for sugarcane. Thus, considering
that being sucrose which is crystallized into sugar, sugar crystallization from
sweet sorghum juice becomes an inefficient process compared with sugarcane.
According to Woods (2001), although it is possible to produce crystalline sugar
below purities of 75%, it may not be economically viable.

Feasible solutions in a no longer future could be the creation and use of high
yielding varieties of sweet sorghum. According to a study made by Reddy &
Reddy (2003) there are sweet sorghum varieties that can yield 18.45 ◦Bx and
Purity of 77.3%. More practical solutions could be performing a mix between
sugarcane and sorghum juice in order to increase sugar productivity. The
resultant mixture would be a solution of higher purity than sweet sorghum
itself. According to a pilot study by Shree Renuka Sugars Ltd., Karnataka,
India, sweet sorghum can be blended up to 10% in sugarcane juice without
affecting the crystallization process (Reddy et al., 2005). Based on a study
made by Reddy & Reddy (2003), sorghum juice and sugarcane juice mixed in
the ratio of 1:5 can increase the solids content from 18.45 ◦Bx to 19.30 ◦Bx and
Purity from 77.3% to 79.3%.

Besides the low level of sucrose in sweet sorghum, there are other factors
that difficult sucrose crystallization. That is, the presence of aconitic acid,
starch and the relatively higher content of total reducing sugars (TRS) in sweet
juice compared with sugarcane. However, according to Huilgol et al. (2004), it
is this last factor the one that makes sweet sorghum most suitable for ethanol
manufacture. Thus, it can be inferred that the parameters to take into ac-
count for sweet sorghum processing will depend strongly on the final products
required, i.e., ethanol only, or sugar and ethanol. If only ethanol is to be pro-
duced, “TRS” rather than sugar quality is the important parameter (Woods,
2000). On the contrary, if sugar is to be produced, “sucrose purity” becomes
essential to the evaluation (Woods, 2000).

In summary, it is important to mention that the present simulation does not
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suggest that sugar can be easily extracted from sweet sorghum. Thus, for those
cases where sucrose crystallization is not feasible, producers could explore the
production of other value-added products such as syrup. In case sweet sorghum
production is taken to the pan stage, the syrup resultant from this process
can be destined to the food industry (liquid sweetener) and pharmaceutical
companies.

With respect to electricity production, it was shown that sweet sorghum is
able to produce more bagasse than needed for the plant’s own consumption.
Despite the increase in bagasse production, which is related to the high fibre
content in sweet sorghum (Table 5.1), the total steam generation is slightly 2%
higher than sugarcane. This can be explained by the fact that the LHV of sweet
sorghum bagasse is lower than sugarcane’s (Table 5.1), i.e, less energy can be
extracted from the same amount of mass. For instance, for scenario S-ElSS ,
the sugar mill consumed around 9% more bagasse than scenario S-ElSC to
meet the sugar mill steam requirements. The high bagasse consumption is also
attributed to the highly energy-demanding evaporation process, which requires
a lot of steam to concentrate sweet juice to the desired ◦Brix. For example, a
sugar mill processing sweet sorghum (S-ElSS) feeds to the evaporation system
7% less clarified juice than a factory processing sugarcane (S-ElSC) and it only
requires 10% less steam to concentrate it to the desired concentration (Table
5.8).

Finally, the main conclusion that can be drawn from this section is that
although several studies highlight the potential of sweet sorghum for ethanol
production, the results from this work prove that sweet sorghum must also be
seen as a viable feedstock for electricity production. The use of sweet sorghum
bagasse for electricity generation reports higher yields than a CHP plant using
sugarcane bagasse ( S-ElSS ; Table 5.8).
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5.2.2 Cost assessment

The economic performance and profitability of electricity from sugarcane and
sweet sorghum bagasse has been evaluated and compared for an installed ca-
pacity of 42.5 MW. In order to illustrate the results for a sugar mill processing
sugarcane/sweet sorghum bagasse (S-ElSC , S-Et-ElSC , S-ElSS , S-Et-ElSS , Et-
ElSS , J-ElSS), the cost (CoE) and profit (PoE) of electricity was varied in
terms of the crop yield. For the integrated scenario (SS-SC ), CoE and PoE
were varied in terms of sweet sorghum yield, while the costs associated to a
given sugarcane yield remained constant. Under this scheme, the lowest yield
achievable for sugarcane was assumed to be 40 t ha−1 and the maximum yield
140 t ha−1. With respect to ethanol production, the economic performance
of sorghum-based ethanol has been evaluated and compared for an installed
capacity of 120 000 L day−1.
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5.2.2.1 Integrating sweet sorghum into a sugar mill CHP plant al-
ready generating process heat and power

The results of the economic study for all considered scenarios for a power plant
already generating heat and electricity are presented in Figure 5.6.
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Figure 5.6: Cost and profit of electricity generation from sugarcane and sweet
sorghum bagasse in a CHP plant already generating heat and electricity.

As can be seen from Figure 5.6, for a sugarcane yield of 100 t ha−1, the
CoE and PoE of sugarcane bagasse is 3.22 ¢US$ kWh−1 and 8.27 ¢US$ kWh−1,
respectively. Meanwhile, for a sweet sorghum yield of 49 t ha−1, the CoE and
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PoE of sweet sorghum bagasse is 3.56 ¢US$ kWh−1 and 7.93 ¢US$ kWh−1,
respectively. From these results, it can be seen that producing electricity from
sweet sorghum would cost 10% more than the electricity from sugarcane.

Trends of improvement are observed for the integrated scenario (SC-SS).
For example, assuming a sweet sorghum yield of 49 t ha−1, a sugar mill
could produce electricity from bagasse between 4.37 ¢US$ kWh−1 and 3.22
¢US$ kWh−1. This production would report to the sugar mill a PoE between
7.12¢US$ kWh−1 an 8.27 ¢US$ kWh−1. Despite this electricity still would cost
more than using solely sugarcane, note that for a fixed sugarcane yield of 103
t ha−1, high yielding varieties of sweet sorghum (> 62 t ha−1) could produce
electricity at lower prices than a sugar factory just firing sugarcane bagasse.

The increase in the cost of sorghum-based electricity with respect to sugar-
cane is related to differences in LHV and agricultural activities cost. The effect
caused by the difference in LHV was discussed in the previous section. With
respect to the agricultural activities cost, it was observed that the establish-
ment of the plantation and fungicide application are the most cost-consuming
ones, accounting for 48% of the total inputs.

Based on data presented in Table 5.4, it is estimated that producing sweet
sorghum (33.15 US$ t−1) under Central American conditions costs 21% more
than sugarcane (25 US$ t−1). Loading and transport costs to the sugar mill
are included in the aforementioned value. It should be pointed out that sweet
sorghum production cost was estimated considering that the land for cultivation
is rented. For those cases where sweet sorghum is grown on land owned by the
sugar mill and the loading and transportation costs are not considered, sweet
sorghum cost would fall to 30.30 US$ t−1. The major advantage of sugarcane
with respect to production costs is that it can be replanted every 5 years, while
sweet sorghum has to replanted every year, increasing the crop costs along
the project lifetime (First term - equation 5.1). Despite of this, the results
presented in this section reveal that sweet sorghum bagasse electricity can be
produced at competitive prices compared with other studied feedstocks. For
example, van den Broek et al. (2000) reports that a sugar mill can produce
electricity from biomass for 6.82 ¢US$ kWh−1, while a power plant burning oil
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can do it for 8.13 ¢US$ kWh−1.
Finally, for the integrated scenario (SC-SS), the electricity cost generation

from bagasse, as calculated in this study, is 101% lower compared to the results
obtained in the scenarios discussed above. As a consequence of extending the
operation period in 2 months to process sweet sorghum, a sugar mill could
sell about one-third more electricity to the national grid. This improvement
activity will result in an increase of annual revenue from energy sales. For
instance, a CHP plant firing sorghum bagasse during off-season (2 months)
could obtain an average revenue of US$ 3 798 929 for a crushing rate of 6 500
t day−1 (132 kW t−1 - scenario Et-ElSS).
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5.2.2.2 Integrating sweet sorghum into a new sugar mill CHP plant

For the case where a new CHP plant has to be built to generate process heat
and power, the results obtained for CoE and PoE from sugarcane and sweet
sorghum bagasse are displayed in Figure 5.7.
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Figure 5.7: Cost and profit of electricity generation from sugarcane and sweet
sorghum bagasse in a new CHP plant.

As can be seen from Figure 5.7, a sugar mill can produce electricity from
sugarcane bagasse (103 t ha−1) for 6.00 ¢US$ kWh−1, while a plant processing
sweet sorghum (49 t ha−1) for 6.34 ¢US$ kWh−1.
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For the integrated scenario (SC-SS), considering a sweet sorghum yield of
49 t ha−1, a sugar mill could produce electricity from bagasse between 5.76
¢US$ kWh−1 and 4.61 ¢US$ kWh−1. Note that the benefits of sweet sorghum
integration are more evident under this scheme due to the sugar mill would be
able to produce more electricity in a year, reducing the effect of the investment
cost over the cost of electricity. For example, for a sugarcane yield of 103 t
ha−1 and a sweet sorghum yield of 49 t ha−1, the cost of electricity decrease
from 6.00 ¢US$ kWh−1 to 4.77 ¢US$ kWh−1.
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5.2.2.3 Integrating sweet sorghum into a sugar mill distillery

The results for the cost (CoEt) and profit (PoEt) of ethanol from sugarcane
and sweet sorghum are presented in Figure 5.8. Here, the cost of ethanol is
presented as a function of sweet sorghum yield.
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Figure 5.8: Cost and profit of ethanol production from sweet sorghum in a sugar-
cane mill.

As mentioned in previous sections, in CA, ethanol is produced from a residue
of the sugar process (C-molasses). In this context, the cost of growing and
harvesting sugarcane does not need to be taken into account when calculating
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the cost of producing ethanol. Therefore, the first term of equation 5.2 is always
zero for molasses-based ethanol.

Results in in Figure 5.8 indicate that a sugar mill distillery can produce
ethanol from sugarcane molasses for 4.55 ¢US$ L−1, which exactly corresponds
to the value reported by the Palo Gordo sugar mill (Mena, 2013). The same
results could be expected for CoEt from sweet sorghum molasses as this value
only depends on the distillery costs.

In case ethanol is produced from the direct use of sweet juice (Et-ElSS), for a
sorghum yield of 49 t ha−1, a sugar mill distillery could produce ethanol from
sorghum for 44.97 ¢US$ L−1. For the integrated scenario (SC-SS), a sugar
mill could produce ethanol at an average price of 24.76 ¢US$ L−1. Despite
producing ethanol from sweet juice is expensier than cane molasses, processing
sweet sorghum varieties above 35 t ha−1 could still be profitable for a sugar
mill.

5.2.2.4 Sensitivity analysis

Three sensitivity analyses are performed here using the information generated
in the previous section. By comparing to the sugarcane scenario, these analy-
ses determine the impact of the changes in crop yield, installed capacity, low
heating value, land cost, discount rate and transportation distance on the cost
of electricity and ethanol from sweet sorghum. All analyses have been con-
ducted assuming as reference values the data presented in Table 5.4 for both
sugarcane and sweet sorghum. That is, sugarcane yield of 103 t ha−1, sweet
sorghum yield of 49 t ha−1, discount rate of 6.5%, net installed capacity of 42.5
MW, etc.

The maximal and minimal percent changes relative to the results of the
base case are plotted in Figure 5.9, Figure 5.10 and Figure 5.11.
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With respect to electricity production, looking at the overall results it can
be inferred that the cost of electricity from bagasse is most sensitive to crop
yield, installed capacity and LHV.

If the installed capacity of the CHP plant was 52 MW, the CoE from
sorghum bagasse would fall from 3.56 ¢US$ kWh−1 to 3.22 ¢US$ kWh−1 and
decrease from 3.38 ¢US$ kWh−1 to 3.04 ¢US$ kWh−1 for SC-SS scenario. The
same trend occurs in the case where a new CHP plant is built, the cost of
electricity from sorghum bagasse slumps from 6.34 ¢US$ kWh−1 to 5.46 ¢US$
kWh−1, while for the integrated scenario (SC-SS), the value of CoE drops from
4.77 ¢US$ kWh−1 to 4.16 ¢US$ kWh−1.

With respect to the crop yield, it can be seen that an increase in the yield
of sorghum varieties results in better economic performance. For instance, if
sorghum yields increase by 25% (starting from the reference yield of 49 t ha−1),
the value of CoE falls to 3.24 ¢US$ kWh−1 for a CHP plant already generating
electricity from bagasse. This trend is also observed in scenario SC-SS, where
the cost of electricity slumps from 3.51 ¢US$ kWh−1 to 3.23 ¢US$ kWh−1. In
the case where a new CHP plant has to be built, the cost of electricity from
sorghum bagasse decreases from 6.34 ¢US$ kWh−1 to 6.02 ¢US$ kWh−1, while
for the integrated scenario, a CHP plant could produce electricity firing bagasse
for 4.62 ¢US$ kWh−1.

On the other hand, as can be seen from Figure 5.9b the impact of land cost,
discount rate and distances of transfer over CoE is relatively low. Meanwhile,
for the scenario when electricity is generated in a new CHP plant (Figure
5.10b), variables such as the discount rate are crucial in the attractiveness of
sweet sorghum projects.

If it is considered that the land dedicated to cultivation is owned by the
sugar mill, the cost of producing electricity from sugarcane would be 3.14 ¢US$
kWh−1 (103 t ha−1). Meanwhile, for a CHP plant processing sorghum bagasse
(49 t ha−1), the cost of electricity falls from 3.56 ¢US$ kWh−1 to 3.47 ¢US$
kWh−1, and for the integrated scenario to 3.30 ¢US$ kWh−1. The same trend
occurs in the case where electricity is generated in a new CHP plant, a sugar
mill firing sorghum bagasse could produce electricity for 6.25 ¢US$ kWh−1,
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while for scenario SC-SS, the value of CoE is 4.69 ¢US$ kWh−1.
Significant impacts over the cost of electricity are obtained when the dis-

tances of transfer are over 100 km. Under this conditions, the cost of electricity
increases from 3.56 ¢US$ kWh−1 to 4.14 ¢US$ kWh−1 for a sugar mill firing
sorghum bagasse, while for scenario SC-SS, the value of CoE raises from 3.38
¢US$ kWh−1 to 3.94 ¢US$ kWh−1. The same trend occurs in the case where
electricity from bagasse is generated in a new CHP plant, a sugar mill pro-
cessing sorghum could produce electricity for 6.92 ¢US$ kWh−1, while for the
sugarcane/sweet sorghum system, the value of CoE increases from 4.77 ¢US$
kWh−1 to 5.33 ¢US$ kWh−1.

With respect to the discount rate, the cost of generating electricity in a
sugar mill that already has a power plant is not affected by significant changes
in the discount rate. Meanwhile, the reverse situation occurs when electricity
from bagasse is produced in a new CHP plant. By increasing the discount rate
to 20%, for a sugar mill firing sweet sorghum bagasse, the value of CoE raises
from 6.34 ¢US$ kWh−1 to 9.14 ¢US$ kWh−1. Meanwhile, for the integrated
scenario (SC-SS), the cost of electricity from bagasse increases from 4.77 ¢US$
kWh−1 to 6.18 ¢US$ kWh−1.

With respect to ethanol production, it can be seen from Figure 5.11 that
the variables that influence the most the cost of ethanol are the same that
affected CoE.

If the installed capacity of the distillery was 210 000 L day−1, the CoEt
from sorghum would drop from 44.97 ¢US$ L−1 to 43.01 ¢US$ L−1, and slump
from 24.76 ¢US$ L−1 to 22.81 ¢US$ L−1 for SC-SS scenario.

With respect to the crop yield, it can be seen that an increase in the yield
of sorghum varieties could also help to increase the revenue of the sugar mill
from selling ethanol. For instance, if sorghum yields increase by 25% (starting
from the reference yield of 49 t ha−1), the value of CoEt falls to 37.81 ¢US$
L−1. This trend is also obtained for scenario SC-SS, where the cost of ethanol
slumps from 24.76 ¢US$ L−1 to 21.18 ¢US$ L−1.

With respect to the land cost (Figure 11b), if it is considered that the
cultivation land is owned by the sugar mill, the cost of producing ethanol from
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sorghum would be 42.89 ¢US$ L−1, while for the integrated scenario (SC-SS)
the value of CoEt would drop to 23.72 ¢US$ L−1.

Again, the greatest effects are seen when the distances of transfer are over
100 km. Under this conditions, the cost of ethanol from sorghum would rise to
58.27 ¢US$ L−1, while for the integrated scenario (SC-SS), the values of CoEt
would increase from 24.76 ¢US$ L−1 to 31.41 ¢US$ L−1.

Finally, it is observed from Figure 11b that significant changes on the dis-
count rate do not affect the cost of ethanol. Further, for both of the studied
cases, i.e., electricity and ethanol production, minimal changes were observed
in CoE and CoEt when no investments are made during the project lifetime.
Also, the smaller changes in the discount rate are connected with the short
rotation cycle of sweet sorghum, which enables the sugar mill to produce more
bagasse or ethanol in a year than a sugar mill processing only sugarcane.

5.3 Conclusions

The results obtained in this study reveal that sweet sorghum is an attractive
low-cost option among the feedstocks currently under study in CA to produce
electricity and ethanol. The analysis presented here was carried out for CA
conditions, but the approach can be easily applied to other countries to assess
the technical and economic feasibility of any sugar crop processed by a sugar
factory.

Compared to other regions, CA has a long historical background of pro-
ducing sugar. In this context, sweet sorghum can take advantage of the sugar-
power-ethanol infrastructure and experience of local sugarcane millers. This
paper proposes to process sweet sorghum, one month before, and one month af-
ter the sugarcane season. Under such scheme, an efficient maintenance program
should be considered due to the increase in the operation period will shorten
the schedule of seasonal maintenance, and thus leading to possible mechanical
failures during the crushing season.

The findings of the techno-economic analysis highlight that sweet sorghum
can compete with respect to energetic and economic performance with sugar-
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cane. The simulations performed using data of the Montelimar and Palo Gordo
sugar mills demonstrate the enhancement of the electricity yield (kW t−1) using
sweet sorghum as raw material. For example, under scenario S-ElSS , a sugar
mill CHP plant could produce 112 kW t−1, while a sugar mill oriented only to
cogeneration could produce 143 kW per tonne of sorghum crushed. Further,
the findings from the economic analysis show that scenario SC-SS, which cou-
ples sugarcane with CHP production from sweet sorghum during off-season,
improves the profitability of the sugar mill. In this context, a sugar mill could
produce electricity from bagasse for an average of 3.79 ¢US$ kWh−1 in a CHP
plant that is already generating heat and power, as compared to 3.22 ¢US$
kWh−1 for electricity from a sugar mill using sugarcane bagasse as the only
fuel. In case a new CHP plant has to be built, a sugar mill could produce
electricity from bagasse for an average of 5.18 ¢US$ kWh−1, as compared to
6.00 ¢US$ kWh−1 from a sugar mill processing only sugarcane. With respect
to ethanol production, a distillery can produce ethanol for 24.76 ¢US$ L−1.
Note that despite for some scenario presented in this work the cost of electric-
ity and ethanol from sweet sorghum is higher than sugarcane’s, by extending
the operation in 2 months, sweet sorghum would help the sugar mill to obtain
extra revenue from power and ethanol sales.

The key variables determining the cost of electricity and ethanol are the
installed capacity of the processing plant and crop yield. These variables are
target for further research, especially sweet sorghum properties, as it was seen
in the sensitivity analysis that any change in the crop yield or LHV had a di-
rect influence in the attractiveness of sweet sorghum projects. It should also be
noted that this paper does not considered the production of sugar from sweet
sorghum feasible due to technical difficulties and low sugar production yields.
Unless the purity of sweet sorghum could be increased either by mixing with
sugarcane juice or genetic enhancement of sweet sorghum varieties, sugar pro-
duction is discarded in short-term. Sweet sorghum juice may be used for syrup
production, however, this does not insure producers that sorghum-based syrup
could be easily commercialized in the CA markets. In this instance, consumer
reactions to sorghum syrup consumption should be further investigated.



218 Chapter 5

Notation

Cz= ethanol conversion factor [L/kg of TRS];
Cinst= distillery installed capacity [L/d];
CoE = cost of electricity [US$/kWh];
CoEt = cost of ethanol [¢US$/L];
dr = discount rate ;
ecci = cost of energy crop cost item i [$/ha] ;
edcj = cost of ethanol distillery cost item [US$] ;
fyld(y) = binary figure (0 or 1) to indicate wether the energy crop is harvested
in year y;
fe(y) = binary figure (0 or 1) to indicate wether power is produce in year y (h);
fi(y) = number of times per hectare that cost item i occurs in year y in the
plantation;
fj(y) = number of times that cost item j occurs in year y in the power plant;
it = number of energy crop cost items with different time pattern;
jt = number of power plant cost items with different time pattern ;
LHVbagasse= Low Heating Value of bagasse (kJ/kg)
LHVdb = low heating value on dry basis of bagasse as fired [GJ/t];
lf = load factor [h];
n = total number of years in the project lifetime;
Op = number of hours per year the plant is operated [h];
ppcj = cost of power plant cost item [US$] ;
PE= electricity selling price [¢US$/kWh]
PET= anhydrous ethanol selling price [¢US$/L]
Pnet = net installed electric capacity of the power plant [MWe];
PoE= profit of electricity per KWh [¢US$/kWh]
PoEt= profit ot ethanol per L of EtOH [¢US/$L]
rot = harvest rotation cycle [yr];
TRSf= total reducing sugars per tonne of feed [kg of TRS/t of feed];
yld = average anual yield of energy crop [t/ha/yr] ;
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Appendices

5.A Sugar production process

The process of making sugar from sugarcane consists of the following stages
(partly based on EPA (1995); Hugot (1986)):

• Cane preparation. After harvesting, cane is transported from the fields to the
sugar mill where it is weighed and processed at automated cane-receiving sta-
tions. A machine led by a series of rotating knives, shred the cane into pieces
before entering the milling process. During this stage, hot water is sprayed
onto the sugarcane to remove dirt and other field debris.
•Milling. The shredded pieces of sugarcane travel on a conveyor belt through a
series of tandem roller mills in order to extract the juice from the pulp. The ex-
traction is maximised by leaching the cane with water in a counterflow system.
This process is known as “imbibition”. A mixture of juice extracted typically
from the first and second stage milling is filtered through a cloth filter before
boiling. As the juice travels through the filter, solids such as dirt or particles of
cane are removed. Then, the juice is mixed with filtered juice coming from the
vacuum filters, and the resultant is known as “mixed juice”. The fibrous waste
(pulp) that remains is known as “bagasse” and it is used as fuel in the mill
boiler furnaces. The steam generated in the boilers is used to power turbines
to generate process heat and power.
• Clarification. The mixed juice resulting from the milling process is fed to a
liming tank, where carbon dioxide and lime milk are added to the incoming
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flow. As the carbon dioxide travels through the mixture it forms calcium car-
bonates, which attracts non-sugar debris (fats, gums, and wax) from the juice,
and precipitates them for easy removal. Then, the juice is heated to the boiling
point using vegetable steam before entering the subsidation stage. The heating
process is usually made in 2 stages until the juice reaches 105 ◦C.
• Subsidation. The impurities precipitated are separated in clarifiers in order
to obtain clean juice known as “clarified juice”. The muddy juice which settles
at the bottom of the clarifiers contains approximately 10% of sucrose. This
mud is filtered in vacuum filters and the filtrate is recycled back to the system.
The typical retention time of juice in the clarifier is about 2-3 hours. As this
happens, there is an appreciable temperature drop in the process; hence, the
juice is heated again to obtain a temperature of about 105 ◦C. The outcoming
flow is known as “thin juice”. The mud or filtercake that remains is known as
“cachaza” and it is used for animal feed or composting.
• Evaporation. The resulting juice from the subsidation process contains about
75% of water. This water is eliminated by passing the juice through a multiple
effect vacuum evaporation unit, where it boils at a low temperature and begins
to evaporate. The juice is concentrated from 15 ◦Brix4 (◦Bx) to around 62
◦Bx, forming a thick, brown juice known as “thick juice”. The evaporated wa-

ter from the juice in the different effects of the evaporation system is known as
“vegetable steam”. Part of this steam is bled from evaporators for juice heating
and crystallization process. This is the major steam consumption section of the
sugar mill.
• Crystallization. The thick juice coming from the evaporation stage goes into
vacuum pans where it is evaporated until it reaches supersaturation. At this
point, the crystallisation process is initiated by “seeding” or “shocking” the
solution. The mixture of liquor and crystals is known as “massecuite”. When
the volume of massecuite reaches the capacity of the pan, the evaporation is
allowed to proceed until the final massecuite is formed. The content of the
vacuum pan is called “strike”. There are normally 3 vacuum pans namely “A”,
“B” and “C”.
• Centrifuging. The massecuite from the pan stage is sent to the centrifuges,
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where the sugar crystals are separated from the molasses. There are separate
centrifugal machines for “A”, “B” and “C” massecuites. The molasses sepa-
rated out from this stage is an excellent raw material for ethanol production.
The dried product is raw sugar, still inedible.
• Drying and packing. The moist crystals obtained from the centrifugal ma-
chines contain about 1% surface moisture. Sugar drying is carried out at low
temperatures using rotatory or fluidized bed driers. By the time sugar exits the
dryer it only contains 0.1% surface moisture. Finally, sugar is graded according
to crystal sizes and then packed in bags.



222 Chapter 5

5.B Energy and mass balance for a sugar mill

The sugar mill employs heaters across the process to heat the alkalized, clarified
and thick juice. The plant incorporates 4 heaters for heating the alkalized
juice (ḞJa) exiting the liming tank from 62 ◦C to 105 ◦C before entering the
clarification stage (Figure 5.12). Once the clarification process is over, the
juice (ḞJc) exits the clarifiers at a temperature of 90 ◦C, and is heated to a
temperature of 112 ◦C before entering the evaporation system (Figure 5.12).
Finally, the sugar mill incorporates 1 heater to heat the thick juice (Ḟth) from
51 ◦C to 85 ◦C before entering the crystallization stage (Figure 5.13).
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Qi,j = Ui Ai,j ∆TLMi,j
(5.3)

Ḟvi,j =
(
Ḟj Cpj (Tinj − Toj )

)/
λj (5.4)

This energy balance is responsible for determining the amount of vapor
required (Ḟvi,j

) by the heat exchanger. The subindex i refers to the number
of heaters (1 to 4 for the alkalized juice heaters, 1 to 2 for the clarified juice
heaters and 1 for thick juice heaters) and the subindex j to the fluid entering
the heaters (Ja, Jc and th).

With respect to the evaporation stage, this is operating between 129 ◦C, as
the temperature of exhaust steam, and 51 ◦C, as the temperature corresponding
to the vacuum obtainable. The inlet temperature of the thin juice (ḞJc

) is 112
◦C and the desired concentration of the thick juice is 67 ◦Bx.
The approach to calculate the steam requirement (Ḟv) and the amount

of water evaporated (ẇ) in the multiple-effect evaporation system consists on
solving the following set of simultaneous algebraic equations:

Ḟvλv = ẇ1λ1 − ḞJc
CpJc

(TinJc
− T1) + Q̇loss,i (5.5)

(ẇ1 − ε̇1)λ1 = ẇ2λ2 − (ḞJc − ẇ1) Cp2 (T1 − T2) + Q̇loss,i (5.6)

(ẇ2 − ε̇2)λ2 = ẇ3λ3−

(ḞJc
− ẇ1 − ẇ2) Cp3 (T2 − T3) + Q̇loss,i (5.7)

(ẇ3 − ε̇3)λ3 = ẇ4λ4−

(ḞJc
− ẇ1 − ẇ2 − ẇ3) Cp4 (T3 − T4) + Q̇loss,i (5.8)

(ẇ4 − ε̇4)λ4 = ẇ5λ5−

(ḞJc − ẇ1 − ẇ2 − ẇ3 − ẇ4) Cp5 (T4 − T5) + Q̇loss,i (5.9)

ẇ1−N =
N∑

i=1
ẇi (5.10)

The mass flows and steam required for the evaporation process are estimated
by imposing a heat balance across each effect individually, and a material bal-
ance over the hole system. For example, for vessel 1, the heat exchanger of the
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evaporator known as “calandria” receives exhaust steam (Ḟv) at a pressure of
0.165 MPa (Pv), while thin juice (ḞJc) enters vessel 1 at a temperature of 112
◦C (TinJc

). As the process takes place, water is evaporated from the juice,
increasing the concentration of the solution. The total amount of water evap-
orated during this process is denoted by ẇ1, where part of this vapor (ε̇1) is
used to satisfied the steam demand of the heaters (Figure 5.13). On this basis,
the flow rate of liquor leaving vessel 1 at a temperature T1 can be defined as
ḞJc
− ẇ1, while the steam used for the subsequent vessel can be expressed as

ẇ1− ε̇1. As can be seen from Figure 5.14, the heat transmitted from the vapor
to the juice across vessel 1 corresponds to the latent heat of vaporization of
steam (λ1). Thus, all the steam used for this process is transformed into con-
densate (blue line - Figure 5.13). The heat loss from the evaporator is defined
as Q̇loss,i. In this section all pressures will be expressed in MPa gauge values.
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Note that in order to solve the set of non-linear equations the amount of
steam (ε̇1, ε̇2, ε̇3, ε̇4) required by the heaters, vacuum pans, etc., has to be
calculated first.

The inlet and outlet flows of the pan floor are presented in Figure 5.14.
Although it is a simplified diagram, it reflects accurately the crystallization
process at the pan stage.

The material balance resulting from Figure 5.14 is responsible for the de-
termination of the proportion of syrup, massecuite and molasses generated
through the crystallization process. On the other hand, the steam required
(ε̇2,V P ) for the vacuum pans can be assessed by imposing a heat balance over
the hole system.

ε̇2,V P = ε̇2,V PA
+ ε̇2,V PB

+ ε̇2,V PC
(5.11)

ε̇2,V Pi
= Q̇V Pi

∗ k ∗m (5.12)

equation 5.11 expresses the total steam consumption at the pan stage, where
the terms with a subscript “A”, “B” and “C” represent the steam necessary by
each vacuum pan to carry out sucrose crystallization. The amount of vapour
required by each pan is given by equation 5.12, where the term Q̇V Pi

represent
the quantity of syrup produced in the ith vacuum pan. The coefficient k is
another term associated with the steam consumption calculation. It represents
the ratio of steam consumption with the theoretical quantity of water to be
evaporated from the syrup. Values for coefficient k for massecuite A, masse-
cuite B, massecuite C, third strike and seed were set at 1.10 (Hugot, 1986),
1.15 (Hugot, 1986), 1.20 (Hugot, 1986), 1.50 (Chávez, 2013) and 1.30 (Chávez,
2013), respectively. It has been considered a batch operation factor (m) of 1.17
(Chávez, 2013).

The main parameters of the CHP plant are shown in Figure 5.15.
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The methodology to determine the potential electricity production of a
sugar mill CHP plant is described here:

Ḃ = (Ṁ/24) (b/100) (5.13a)

ḂT A = Ḃ (βA/100) (5.13b)

βA = 100− βS (5.13c)

equation 5.13a expresses the total bagasse production in kg/h that can be
obtained from sugarcane or sweet sorghum, while equation 5.13b represents the
total bagasse available (BT A) for steam production once the bagasse for boiler
start-ups has been subtracted.

ḂT GHP
= ḞvSM

(
1/X

)
(5.14)

X = (ηboiler LHVbagasse)/(hHP − hfw) (5.15)

ḂT GCON
= ḂT A − ḂT GHP

(5.16)

equation 5.14 and equation 5.16 state the amount of bagasse required by
CEST in order to supply process steam and power to the sugar mill. The term
X refers to the boiler evaporation coefficient.

TSRT Gx
= 3600/(hin − ho) (5.17)

ASRT Gx = TSRT Gx/ηT Gx (5.18)

GT Gx = ḞT Gx (1/ASRT Gx) (5.19)

equation 5.17 can be used to determine the Theoretical Steam Rate (TSR)
for CEST, where hin − ho corresponds to the theoretical enthalpy drop. The
Approximate Steam Rate (ASR) for CEST expressed in kg of steam per kWh
is defined by equation 5.18, where ηT Gx

is the stage efficiency. The total power
generation GT that can be obtained from CEST is given by the sum of the
powers from the extraction and condensing modules.
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Notation

A= heat transfer area [m2];
ASRT Gx

=approximate steam rate of turbogenerator at x conditions [kg/kWh];
b= fraction of bagasse in sugarcane/sweet sorghum;
Ḃ= bagasse production [kg/h];
Cp= specific heat [kJ/kg K];
e = boiling point elevation ;
Eprocess= total electricity consumption by the sugar mill [kWh];
Esale=total electricity production available for sale [kWh];
Ḟ=mass flux [kg/h];
GT Gx= electricity generation by the turbogenerator at x conditions [kWh]
GT= total electricity generation by the turbogenerator [kWh]
h= enthalpy [kJ/kg]
Ṁ = crushing rate [t/d];
Pr= Purity
Q̇i,j=heat transfered in the heater i with a working fluid j [kW]
Q̇loss,i= heat loss from effect i
Rvi

=ratio of steam requirements of the ith process or equipment per tonne of
feed crushed [kg/t of feed]
REsale= ratio of electricity sale per tonne of feed [kWh/t];
TSRT Gx= theoretical steam rate of turbogenerator at x conditions [kg/kWh];
T= temperature [◦K];
Tri= ith turbine that requires high pressure steam [kg/h]
U= overall heat transfer coefficient [kW/m2K];
X= boiler evaporation coefficient [kg steam/kg bagasse];
x=high pressure or condensing steam conditions;

Greek letters

βA= fraction of bagasse available;
βS= fraction of bagasse for start-ups of the plant;
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∆TLMi,j
= log mean temperature difference in the heater i with a working fluid

j;
ε̇= vapor bleeding if effect i;
λ= vaporization enthalpy [kJ/kg];
η= efficiency;
ẇi= water removed in effects i [kg/h];
ẇ1−N= total water removed by evaporation [kg/h];

Subindex

al= wash water for filter
A,B,C=vacuum pan A, B and C
b= bagacillo
Br= brix
cc= clarified mud
CON= condensing steam conditions
e= inlet
fw= feed water
HP= high pressure steam conditions
i= ith process or equipment
in= inlet
j= fluid
Ja= alcalized juice
Jc= clarified juice
Jd= mixed juice
Jf= filtered juice
l= lime milk
p= pol
tj= thick juice
m= massecuite
ml= molasses
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o= outlet
OF= off-season;
s= sugar
SM= sugar mill
tc= filter cake
ts= third strike
T= total
TA= total available;
TG= turbogenerator
v= steam
V P= vacuum pan
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Notes

1Pol: refers to the apparent sucrose content expressed as a mass percent
measured by the optical rotation of polarized light passing through a sugar
solution.

2Data updated to 2013 - 4.9 ¢US$ kWh−1 (1999).

3Data updated to 2013 - 5.8 ¢US$ kWh−1 (1999).

4Brix: refers to the sugar content of an aqueous solution.
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CHAPTER

SIX

Conclusions

This PhD thesis presents an study about the technical and economic feasi-
bility of small-medium scale energy systems based on biomass. This chapter
summarizes the main conclusions and findings obtained in Chapter 2 to 5.

In Chapter 2, the impact of switching from a system dependent on tradi-
tional biomass to a centralized system using low-carbon technologies is evalu-
ated. The system selected for study proposes to provide an improved house-
hold cooking fuel (i.e., LPG), replacing fuelwood, while at the same time;
this fuelwood is used to produce modern energy carriers in centralized com-
bustion/gasification plants. The model developed here estimates the net re-
duction of CO2 emissions that could be obtained by displacing fuelwood and
introducing modern biomass taking into account the CO2 released not only in
the production, collection, transport, pre-treatment and conversion of biomass
but also the anthropogenic CO2 emissions caused by shifting to other fuels to
meet basic energy needs. In this study, two thermochemical technologies were
explored based on their inherent characteristics, (1) biomass combustion and
(2) biomass gasification. It is estimated that the net CO2 reduction that could
be obtained by replacing traditional biomass with 10 MW combustion and 0.3
MW gasification power plants is 203 kg C/t-B and 304 kg C/t-B, respectively.
Further, a sensitivity analysis for the net reductions of CO2 emissions reveals
that the main factor influencing the net reduction of CO2 is technology effi-
ciency.

The reasons why some regions are still highly dependent on traditional
biomass vary from lack of financial resources, low quality of institutions to
corruption. Nevertheless, the switch from traditional biomass to modern energy
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carriers in biomass cursed countries must not only be seen as a way to reduce
CO2 emissions but also to avoid indoor pollution and energy poverty. Based
on the demand of fuelwood and industrial roundwood in 2050, it is projected
that if all bioenergy (ecological potential) is used as modern biomass, Latin
America & Caribbean could achieve a net CO2 reduction of 72 Mt of C (264
Mt of CO2) or 84 Mt of C (264 Mt of CO2) by the deployment of combustion
and gasification power plants, respectively.

It was also identified that despite some policy measures have been designed
to increase renewable energy in Central America (CA), most of these coun-
tries are under a biomass curse using around 86% of regional biomass for do-
mestic cooking and space heating. One of the main challenges in addressing
the deployment of modern biomass systems in CA is refining the downstream
segments of the biomass value-chain (e.g., engineering companies, manufac-
turing equipment, and system integration). Energy systems in developing
regions dependent on traditional biomass provide a field of opportunity for
different sectors, especially for developers in the manufacturing process and
investors/stakeholders in the clean cooking sector. For example, assuming that
traditional biomass consumption is an indicator of unmet demand for more
efficient fuel, it can be stated that there is a market of sufficient size equivalent
to 50% of the population in CA who lack access to improved cooking fuels and
stoves.

Chapter 3 performs an assessment of the potential in biomass resources
available in Central America and most suitable technologies to transform this
biomass. In this context, a resource-focused approach has been used to deter-
mine the key biomass resources in the region. The consumption of renewable
energy carriers in CA highlights two main problems: (1) lack of resource di-
versification and (2) low process efficiency. The renewable energy mix of this
region is mainly based on hydropower and traditional biomass. However, ex-
cessive and unsustainable use of hydro can lead to severe social and environ-
mental problems such as biodiversity destruction and forced resettlement of
nearby communities, while unsustainable use of traditional biomass is linked
to deforestation and forest degradation.
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The most promising biomass feedstocks in Central America are residues
based; animal (manure), forest and agricultural origin. The gross energetic
potential of biomass (manure, forest residues and agricultural residues) in CA
amounts annually to 250 PJ, which is equivalent to 34% of primary energy
supply in the region. Following this assessment, a Multi-Actor Multi-Criteria
Decision-Making (MCDM) method is used to evaluate the technologies that
could be used to efficiently realize the biomass potential by application of dif-
ferent thermochemical technologies (combustion, pyrolysis and gasification) for
conversion of bioenergy into different energy carriers. 22 parameters that range
from technical, economic, environmental to socio-political aspects were consid-
ered for this analysis. It is concluded that in the short term promoting and
implementing improved cooking stoves (ICSs) will give the largest improvement
in the efficiency of biomass use, whereas on the long term small combustion
plants seems to be the best choice for transforming CA’s biomass into a clean
and sustainable energy carriers, boosting economy and industrial development.
The scale of future biomass systems in CA will depend on the biomass avail-
ability in rural areas, assuming that low cost biomass such as locally grown
crops, farming residues or forest residues can be used as a fuel (as oppose to
more costly refined biomass which can be transported over longer distances).

According to the study, the resulting annual savings on fuelwood by the
introduction of ICSs are in the 4 Mt to 8 Mt range (59-113 PJ). The net
economic savings during the first year of implementation of ICSs, including
the investment cost of the cooking stoves, vary between 19 US$/stove and 152
US$/stove. In the energy efficiency context, it is key that traditional biomass
consumers have access to reliable information regarding the performance of a
new technology. Only consumers capable of accessing and understanding the
available information regarding the capabilities of the new system will be able
to evaluate in a conscious way the trade-off between the current cost and the
future benefits of improving energy efficiency. Other alternatives technologies
to ICSs are the so-called Advanced Cooking Stoves (ACSs), which provide a
better reduction of emissions/pollutants due to improved combustion efficiency.
However, these units are still at an early stage of commercialization.
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In Chapter 4 the introduction of sweet sorghum into the biomass portfolio
of Central America is evaluated by using a demand-driven approach. The result
is a set of three scenarios depending on various type of land resources: sweet
sorghum grown on cropland, sweet sorghum grown on sugarcane land and sug-
arcane intercropped with sweet sorghum grown on sugarcane land. According
to a number of studies sweet sorghum is a potential feedstock for the production
of ethanol, using the same technology of sugar mills. The approach for process-
ing sweet sorghum in sugar mills aims at attaining a higher productivity, while
sugarcane production is unaffected. Ethanol produced from sugar crops can
be used as fuel in petrol powered engines. In this context, the sorghum-based
ethanol to launch an ethanol program in Central America is estimated based
on the envisaged ethanol production potential from sweet sorghum and data
regarding fuel consumption in CA. This calculation is made assuming that the
level of cane-based ethanol exports and ethanol demand for industrial use keep
constant. The system selected for study also evaluates the potential production
of electricity that could be obtained if sweet sorghum bagasse is burnt in the
combined heat and power plants of sugar mills.

Results indicate that by growing sweet sorghum on 5% of CA’s cropland,
sorghum could supply around 10% of region’s electricity demand. Thus, Central
America could increase its CHP share of electricity supply from 4.4% to 5.6%.
The increase in renewable electricity production would allow countries such as
Guatemala, Honduras and Nicaragua to reduce fossil fuel bills by USD$ 13, 10
and 20 million, respectively. Further, it is concluded that the ethanol produced
from sweet sorghum during off-season can help to implement and maintain
a sustainable ethanol program in the region that does not only depend on
sugarcane. Sweet sorghum would allow distilleries to easily supply the ethanol
required to implement an E5 or ED3 program. Central America could produce
about 387 million liters of ethanol by growing sweet sorghum on 5% of its
cropland. This ethanol production would help the region to reduce fossil fuel
bills by USD$ 517 million by using ethanol-gasoline blends or USD$ 463 million
by using ethanol-diesel blends.

Although several sectors had criticized the production of energy carriers
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from energy crops for posing a threat to food security, under the scenarios
considered in this work for bioenergy, sweet sorghum will not affect food supply.
The bet on energy plantations such as sweet sorghum can be an opportunity
to promote the local agricultural industry, increase energy security and reduce
greenhouse gas emissions.To enable this potential there is need of a strong
political back up for the implementation of relevant policies and laws (especially
for biofuels) that catalyze the investments on sweet sorghum projects for the
production of refined energy carriers.

Chapter 5 investigates the technical feasibility and economic performance of
a sugar mill with a CHP plant and distillery to transform sweet sorghum to elec-
tricity and ethanol. A process simulation and a cost model were developed to
evaluate the performance of sweet sorghum integration. The techno-economic
model runs using data collected from an existing sugar mill and distillery in
Central America.

In the CA context sweet sorghum production is a more expensive option
compared to sugarcane. It is estimated that the cost of producing sweet
sorghum under Central American conditions is 33.15 US$ t−1, while the cost
for sugarcane is 25 US$ t−1. Loading and transport costs to the sugar mill are
included in the aforementioned values.

System calculations reveal that sweet sorghum is an attractive low-cost
option among the feedstocks currently under study to produce electricity and
ethanol in CA, while reducing carbon emissions produced from fossil fuel use
during the off-season of the sugar mills. The use of sweet sorghum bagasse for
electricity generation reports higher yields than a CHP plant using sugarcane
bagasse (S-ElSS). Taking into account both technical and economic issues the
most promising scenario is when sugarcane and sweet sorghum are processed
on a same year. If it is assumed a sweet sorghum yield of 49 t ha−1, a sugar
mill could produce electricity from bagasse between 4.37 ¢US$ kWh−1 and 3.22
¢US$ kWh−1. The installed capacity of the CHP plant and distillery as well
as the properties of sweet sorghum (especially the crop yield) are the most
important factors influencing the costs of electricity and ethanol. For a fixed
sugarcane yield of 103 t ha−1, high yielding varieties of sweet sorghum (> 62 t
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ha−1) could produce electricity at lower prices than a sugar factory just firing
sugarcane bagasse. Furthermore, results indicate that a sugar mill operating 2
months during off-season could obtain an average revenue of US$ 3 million for
a crushing rate of 6 500 t/d. In case a new CHP plant is built, a sugar mill
operating under the integrated scenario would have a payback period of 4.49
years, as compared to 7.47 years for a sugar mill using sugarcane bagasse as
the only fuel.

It is concluded that although several studies highlight the potential of sweet
sorghum for ethanol production, the results from this study prove that sweet
sorghum must also be seen as a viable feedstock for electricity production,
especially in regions that already have a high level of of understanding of some
thermochemical processes to transform bagasse efficiently. Important technical
limit on the use of sweet sorghum in sugar mills is the low levels of sucrose
in sweet sorghum. Thus, for those cases where sucrose crystallization is not
feasible, producers could explore the production of other value-added products
such as syrup, which can be destined to the food industry (liquid sweetener)
and pharmaceutical companies.
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