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11.1 Introduction

There is a worldwide consensus to find renewable energy sources to replace fossil
fuel-based energy sources. Colombia, as many other countries, has been looking for
alternatives to broaden its energy matrix, reduce its dependence on fossil fuels, and
address its environmental concerns.

Added to the high prices of petroleum-based fuels, the use of such fuels is also
related to the high emission of greenhouse gases (GHG). With the aim of reducing
environmental problems caused by increased GHG emissions, governments have
invested in the research and development (R&D) of renewable energy, mainly from
biomass (Ottinger 2009). The use of biofuels, renewable energy sources, shows the
advantage of producing clean energy and helps to boost the economy in developing
countries providing jobs without needing to import equipment or expertise, using
local feedstock. (Haubensak and Rutherford 2011; Ottinger 2009).

According to Cortés-Marin and Ciro-Veldzquez (2011), unlike the oil industry,
the new agro-industry involves a productive chain that is correlated to different
economic sectors, especially in jobs and the development of agriculture and agri-
business. For bioenergy engenderment, sugarcane stands out due to its high photo-
synthetic and biomass production capacities and extraordinary carbohydrate
contents, which can be transformed into biofuels (Cordovés Herrera 1999; Hoang
etal. 2015). Sugarcane biomass can be used integrally for producing first-generation
(1G) ethanol from juice extraction; electricity and high-pressure steam by burning
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bagasse and straw; and second-generation (2G) ethanol from bagasse and straw. In
addition, all these productive processes can be coupled to the processes for the pro-
duction of biodiesel and other biobased chemicals in biorefineries, increasing eco-
nomic and environmental advantages (Choi et al. 2015; Daza Serna et al. 2016).
Considering this, in the sections below, this chapter focuses on some advantages
and bottlenecks that bioenergy production from sugarcane in Colombia presents.

11.2 Status of the Sugarcane Crop in the Country

Colombia is the world’s seventh greatest producer of sugarcane in terms of milled
weight (Bezerra and Ragauskas 2016) with a production of more than 23 million
metric tons per year (ASOCANA 2017), which corresponds to about 1.5% of the
global production (Bezerra and Ragauskas 2016). The country also occupies the
position of the second greatest producer in Latin America, with this production
distributed in a planting area of approximately 238,000 ha. Around 75% of this land
belongs to more than 2750 sugarcane providers, while the rest is the property of 14
sugarcane mills. This means that Colombia’s sugarcane agriculture is mostly based
on small properties, of which the size of the vast majority is smaller than 60 ha
(ASOCANA 2017).

In most countries, sugarcane is a product that can be harvested, on average,
4—6 months a year (Verheye 2010). However, Colombia is privileged to have one of
the world’s best agro-climatic conditions for sugarcane production (Londofio 2016).
The excellent combination of humidity, sunlight, temperature, and altitude in the
valley of the Cauca River, the main Colombian sugarcane-producing area, provides
the optimum conditions for full-year harvests. This leads to double sugarcane yields
per unit of land and lower fixed unit costs per unit output (estimated to be half or
even a third of those found in other countries) (Verheye 2010). Thus, the valley of
the Cauca River is considered one of the most important agro-industrial clusters in
the country (Londofio 2016). These characteristics place the Colombian sugar
industry as the global leader in productivity per unit area, as shown in Fig. 11.1. In
addition, the proximity to the port of Buenaventura contributes to the competitive-
ness of the sector by lowering the transportation costs for sugar exporting (Verheye
2010).

In Colombia, approximately 99% of the total production is located in the west
zones close to the Cauca River (Moncada et al. 2013) in a region known as the
Cauca River Valley, which extends over five departments: Cauca, Valle del Cauca,
Quindio, Risaralda, and Caldas (Vargas et al. 2017). The Cauca River Valley, having
an approximate area of 448,000 ha (Delgadillo-Vargas et al. 2016), is characterized
by intensive agriculture and high industrialization in projects related to sucrose,
energy, sugar, and bioethanol (Vargas et al. 2017; Villamizar and Brown 2016). The
sugarcane crop covers about 50% of the arable land of this region (Villamizar and
Brown 2016). Moreover, 13 out of the 14 Colombian sugarcane mills are located
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Fig. 11.1 Global sugar productivity indicator—main producing countries (tons of sugar per hect-
are). (Source: ASOCANA 2017)

in this territory, and its production has the potential of producing around
954,000 L/day of ethanol from sugarcane juice. This would represent the second
largest ethanol producer in Latin America (Bezerra and Ragauskas 2016).

In geological terms, this valley is represented by a graben-type structure and is
limited in its two flanks by regional faults that cross through the piedmont areas of
the central and western Andean mountain chains (Delgadillo-Vargas et al. 2016).
Figure 11.2 highlights the valley of the Cauca River territory, as well as its sugar-
cane mill distribution.

Although the valley of the Cauca River has the perfect conditions for sugarcane
cultivation, the region is almost at full capacity with little land for expansion, and
increases in productivity are the outcome of technology improvements and better
weather (Gilbert and Huerta 2016). The Colombian Sugar Industry Research Center
(Cenicafia), a private nonprofit company funded by donations from sugarcane mills,
develops programs in order to improve the sector, in particularly applying new seed
varieties that are better adapted to climate change and weather volatility (Cenicafia
2017a). Currently, more than 90% of the sugarcane-planted areas correspond to
varieties developed by Cenicaiia associated with the biological control of sugarcane
pests (ASOCANA 2017).
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Fig. 11.2 Valley of the Cauca River region and locations of its sugarcane mills. (Source: Cenicafia
2017b)

11.3 The Sugar Industry of the Country

In this section, a study of the sugar industry in Colombia is developed, emphasizing
the description of the sugarcane supply chain in Colombia. The evolution of the
industry over the years, in turn, shows how the sugarcane industry has evolved
under the concept of biorefineries and how this concept has affected the cane indus-
try with the introduction of sugarcane biofuels. Finally, the potential growth of this
industry in the country is also described.
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Sugarcane (Saccharum officinarum L.) requires a wet and hot tropical climate
alternating with dry periods and a great amount of light for optimal growth. For this
reason, it is cultivated in tropical and subtropical zones. Sucrose is obtained from
the juice that is extracted from the stem of the sugarcane plant. Sugar is considered
as one of the most important basic products in the world market (Sdnchez and
Cardona 2007). The world production of sugar during the period 2009/2010 was
153.4 million metric tons, whereas by 2012/2013, the increase in 24.44 million
metric tons was recorded resulting in a total of 177.84 million metric tons of sugar
production. For the 2016/2017 period, the world production of sugar is estimated to
be 170.81 million metric tons, which represents a decrease of approximately seven
million metric tons in the world market, but following the predictions realized by
the Statistics Portal, the world production of more than nine million metric tons of
sugar is expected for the period of 2017/2018 (STATISTA 2017).

Colombia is considered as one of the largest producers of sugar in the world due
to its extremely suitable agro-climatic conditions for sugarcane production. Another
factor which contributes toward higher cane production per unit area in the country
is the exemplary research and development support by the industry amounting
approximately to $40 billion annually (Vega 2017). Colombia represents an exam-
ple of optimal tropical conditions for the development of this industrial sector. In the
country, sugar mills are affiliated to the agro-industrial association of sugarcane
(ASOCANA), and Table 11.1 shows information about some of these sugar mills.
Table 11.1 shows the variety of products that these facilities have to produce sugar,
pure alcohol, energy, and compost, among others. These products are obtained after
the integral processing of the feedstock, applying the emerging concept of
biorefineries.

11.4 Sugarcane Supply Chain in Colombia

The sugar sector is mainly made up of two components: the first one is the sugar-
cane producers and the second one the sugarcane processors, i.e., sugarcane mills.
These two components make up a conglomerate or sugar cluster (Sdnchez and
Cardona 2007). According to the agro-industrial association of sugarcane
(ASOCANA) in Colombia, there are 225 thousand hectares of cane planted for
sugar, of which 25% correspond to the lands owned by sugar mills and the remain-
ing 75% to <2750 cane growers. These growers supply cane to 13 sugar mills in the
regions: La Cabafia, Carmelita, Manuelita, Maria Luisa, Mayagiiez, Pichichi,
Risaralda, Sancarlos, Riopaila-Castilla, Incauca, Providencia, Central Sicarare, and
Central Tumaco (ASOCANA 2016b). The first link in the supply chain is made up
of producers of which 78% have a university education with vast experience in sug-
arcane cultivation, achieving yields of up to 13.46 tons of sugar per hectare har-
vested (Sanchez and Cardona 2007).

The Colombian sugar sector is a large agro-industrial cluster, unique in the geog-
raphy and national economy, located in four departments (Cauca, Valle del Cauca,
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Table 11.1 Sugar mills in Colombia

Year of
Sugar mill | opening Location Products Production

La Cabaiia | 1956 Cauca Refined sugar Refined sugar: 400 tons/day
White sugar
Honey
Energy
cogeneration

Carmelita | 1965 Valle del Cauca | Refined sugar NR
White sugar
Honey
Bagasse
Cachaza

Manuelita | 1864 Palmira, Valle Sugar and Sugar, 2.600 tons/day

del Cauca sweetener Bioethanol, 250,000 liters/
Industrial sugar | semester

Biodiesel
Bioethanol
Stillage
Bagasse
Molasses
Pure alcohol

Maria 1930 Valle del Cauca | Sugar Nominal grinding of 750 tons of
Luisa cane per day

Mayaguez | 1937 Valle del Cauca | Sugar Nominal grinding of 2,450,000
Fuel alcohol tons of cane per year

Energy
cogeneration
Compost
Pichichi 1941 Valle del Cauca | Sugar

Quindio, and Risaralda). The sugar cluster includes 13 sugar mills, 12 energy
cogenerators, 6 distilleries of alcohol fuel, more than 2750 cane suppliers, 1 paper
producer (Propal), 1 sucro-chemical company (Sucroal), more than 40 food compa-
nies, 3 soft drink companies, 8 wine and liquor companies, and more than 50 spe-
cialized suppliers (Londofio Capurro 2017).

The national consumption of sugar in Colombia in 2017 was 1.67 million tons,
of which 65% corresponded to direct consumption in households and 35% to the
manufacturing of food products and beverages for human consumption. In 2017,
703 thousand tons of sugar were exported mainly to the United States, Haiti, Spain,
Peru, Ecuador, and Chile (ASOCANA 20138). In general, the sugar mills contribute
significantly to the country’s economy, not only directly but also because of the
effects which their operations generate on other sectors—through large multiplier
effects in the economy. The most important effects are on jobs, intermediate produc-
tion, tax payments, the gross domestic product (PIB—annual growth rate), and sala-
ries (ASOCANA 2016b).

Fedesarrollo (Fundacién para la Educacién Superior y el Desarrollo) presented
the results of a study on the socioeconomic impacts of the Colombian sugar sector.
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The main conclusions of the study indicate that for every job generated by the sugar
mills, 28.4 additional jobs are generated in other sectors of the economy. Due to the
manufacturing activity of the sugars mills, 265,000 jobs are generated throughout
the whole value chain (Arbeldez et al. 2010).

In Colombia, the quality of life is better and the unsatisfied population is lower,
regardless of the fact that public investment is low, in areas where sugarcane is cul-
tivated, as compared to regions where other agricultural or agro-industrial activities
are carried out. A better quality of life is reflected from higher schooling and literacy
rate and the lower mortality rate of such departments. Likewise, the departments
where cane is cultivated and destined to the sugar mills have less poverty than other
departments having other crop cultivations. The unsatisfied basic needs of the popu-
lation in the sugarcane department are below the national average (Arbeldez et al.
2010). Finally, the presence of the sugar mills makes the sugarcane department an
area of influence, which has higher income, and more prosperous.

11.5 Evolution of the Sugarcane Industry

In America, the largest producers of sugarcane are Brazil with 39.15 million metric
tons production per year, the United States with 16.5 million metric tons, and
Mexico with 6.314 million metric tons. Colombia produced 2.25 million metric tons
during the 2015/2016 period. Worldwide, Brazil is the largest producer of sugar,
whereas Colombia is ranked at the 16th place on the list (United States Department
of Agriculture [USDA] 2017c).

In Colombia, around 99% of the total production of sugarcane is located from the
valley of the Cauca River to the south of the Department of Risaralda (Moncada
etal. 2013). It is estimated that there are about 225,560 hectares planting sugarcane
in the said region.

Figure 11.3 shows the behavior of the total production of sugar in tons, the
amount of exports, and the national consumption. It is evident that there has not
been a notable variation in the production of sugar mills from 2000 to 2016.
Moreover, both the production and export of sugar have a similar behavior; how-
ever, it can be observed that the national sugar consumption has increased showing
a moderate linear growth over the years. One of the possible reasons for this behav-
ior is the growth of the national food industry.

Molasses is one of the major byproducts of sugarcane processing. It has been
used as a product by other industries for ethanol production. Figure 11.4 shows the
behavior of the production of molasses and its national consumption over time. As
can be observed, both the production and consumption of molasses have a similar
trend. Nevertheless, the national consumption was higher than the production in
2005. This can be explained because some sugar mills began to produce ethanol
using molasses as raw material. Therefore, the national increase in ethanol produc-
tion can be partially attributed to this fact.
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ASOCANA 2016a)
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Fig. 11.4 Production and national market in Colombia *The data for 2017 are preliminary, subject
to changes by the FEPA audit (Sugar Price Stabilization Fund). Source: ASOCANA 2016a)

The production of sugarcane bioethanol in Colombia began more than 10 years
ago (since 2005). Currently, there are six bioethanol production plants, which pro-
duce around 450 million liters of ethanol annually. This trend would be attributed to
public policies that sought to develop alternative sources of energy, paying attention
to the environment and rural development. Five out of the thirteen mills have distill-
eries attached to the production of fuel alcohol including Incauca, Manuelita,
Providencia, Mayagiiez, and Risaralda. Figure 11.5 shows the ethanol production
by the sugar mills.
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by the FEPA audit (Sugar Price Stabilization Fund). (Source: ASOCANA 2016a)

11.6 Sugarcane Under the Biorefinery Concept in Colombia

The sugar industry in Colombia comprises a large number of companies, both pub-
lic and private. Many of these firms use fermentation technology to obtain a range
of products on an industrial scale. Major products of such companies include etha-
nol, yeasts, and different types of acids (e.g., citric and acetic acids). Moreover,
these ventures also use molasses as a raw material to produce animal concentrate
and fertilizer. Furthermore, bagasse is used to produce paper and agglomerates for
generating steam to run mill turbines. Additionally, bagasse is also used for engen-
dering electricity for mills’ own consumption or for selling it to the electricity grid
(Moncada et al. 2013).

Thus, the concept of biorefineries for sugarcane crops is widespread in Colombia,
and many of the Colombian mills have adopted this concept to simultaneously pro-
duce sugar, fuel ethanol, and electricity, as described above. Manuelita is an exam-
ple of a biorefinery in Colombia, in which the use and valorization of by-products is
one of the main strategies.

11.7 Sugar Industry Market vs. the Biofuel Market
in Colombia

Prices for sugar and ethanol have been quite stable over the years in Colombia in the
past (Figs. 11.6 and 11.7). However, the prices for both of these products have
shown slightly different tendencies in recent years. For bioethanol, a constant rise in
the price per gallon is observed, whereas for sugar, a fluctuation in the price which
declined in 2017 was seen.
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In 2016, there was a constant decline in sugar prices worldwide (Fig. 11.8).
According to ASOCANA, a surplus of approximately 2.18 million tons has been
supplied over the last years. Moreover, different macroeconomic factors have
affected the global sugar price and market (ASOCANA 2015). In fact, the national
trading of sugar is ruled by the international behavior of economic indicators related
to this product. Therefore, sugar mills commercialize sugar to companies that export
their products based on the global price registered in international markets (Sdnchez
and Cardona 2007).

On the other hand, the national fuel market, which is regulated by political reso-
lutions, influences the price of carburant alcohol. Even so, the Ministry of Mines
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and Energy has allowed the use of E10 blends in the country due to the development
of new distillery plants in the Cauca valley (Rau and Gomez 2017). This has gener-
ated an increase in the demand and consumption of ethanol. Therefore, an increase
in the price of alcohol was observed until 2016 (Fig. 11.9). Moreover, according to
the Ministry of Mines and Energy of Colombia, for 2018, it was expected that it
would be necessary to import bioethanol as the amount of ethanol available in the
stocks was insufficient (MINMINAS 2017).
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Fig. 11.8 Cane sugar price during the year 2016 in Colombia. (Source: ASOCANA 2016a)
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11.8 Bioenergy Production from Sugarcane in Colombia

Accelerated climate change and high global energy demand require the adaptation
of renewable and sustainable alternatives of energy. In addition, the decline of oil
sources, the constant change in the price of fuels, and the current economic crisis
are reasons to search for alternative sources to obtain renewable energy. Examples
of biological materials to produce bioenergy can be cited as: wood, microbial bio-
mass, livestock manure, and agricultural residues (Waclawovsky et al. 2010).
According to El Bassam et al. (2013), there are many options to produce bioenergy
from biomass: i) thermochemical conversion (combustion, gasification, and pyroly-
sis) to produce heat, electricity, and fuels; ii) biochemical conversion (digestion and
fermentation) to generate electricity and fuels, and iii) extraction (e.g., from oil-
seeds) to yield fuels.

The annual energy generated in Colombia was approximately 6000 GWh per
month in 2016 (Unidad de Planeaciéon Minero Energética 2016). As indicated by the
Inter-American Development Bank (IDB), the demand for energy by 2040 will be
approximately 80% higher than the current one in Latin America. Among these
countries, the fastest growing demand will be for Chile and Colombia, with an
increase in consumption by 154.7% and 110.3%, respectively (Balza et al. 2016).

Sugarcane, mainly grown to produce sugar for the food industry in Colombia, is
now also being used for bioenergy production (Tew and Cobill 2008). According to
Chen and Chou (1993), the feasibility of sugarcane as an energy crop is because of
its high yields per unit land area in tropical environments (50—150 tons of cane per
hectare) with perennial growth. Additionally, sugarcane also presents a considerable
portion of biomass (around 45-50% on a dry mass basis) that can be converted into
fermentable sugars (Chen and Chou 1993). Based on the energetic potential of sug-
arcane, below are the most common applications that have emerged in the field of
bioenergy from this crop in Colombia.

11.8.1 Sugarcane in Ethanol Production

In 2015, an ethanol production of around 27 billion gallons was reported worldwide
(Renewable Fuels Associatio [RFA] 2018). The United States is the world’s largest
producer of ethanol from corn, having produced nearly 15 billion gallons in 2015
alone, followed by Brazil, which mainly uses sugarcane. In 2016, according to the
Sugar Cane Growers Association of Colombia (ASOCANA), 430 million liters of
ethanol was produced in Colombia.

For ethanol production directly from sugarcane (1G ethanol), sugarcane is har-
vested and milled. The juice (rich in sugars) is conditioned to make it more assail-
able by microorganisms during fermentation. From the fermented broth, the cellular
biomass must be separated, to then carry out the separation of ethanol (distillation)
and its subsequent dehydration through different unit operations obtaining anhydrous
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ethanol. This process can also use cane molasses, as well as other streams derived
from the process of obtaining sugar in sugar mills (BNDES and CGEE 2008). The
theoretical stoichiometric yield for this process is 0.511 g of ethanol and 0.489 g of
CO,, per 1 g of metabolized glucose. Considering the Saccharomyces cerevisiae
yeast, it has been observed that experimental and industrial levels only reach
between 87% and 95% of the theoretical yield (Vazquez and Dacosta 2007).
However, for bacteria, Zymomonas mobilis reports have been very promising, pro-
viding high ethanol production of up to 97% of the theoretical maximum yield
(Sanchez and Cardona 2008).

In order to improve productivity and counteract problems of inhibition, some
stocks have been modified by genetic engineering. Additionally, there have been
many investigations related to the integration and coupling of production stages to
reduce costs and improve the efficiency of the process.

11.8.2 Biodiesel Production

In order to integrate processes, the ethanol production described above can be used,
in situ, in the production of biodiesel by transesterification of oils. This is an inter-
esting and attractive alternative as it can reduce energy and operational costs when
the production of one of the raw materials is coupled with the same biodiesel
facilities.

Biodiesel is a key liquid biofuel to establish the demand of the transportation
sector. This biofuel can be blended and used in many different concentrations, and
as an oxygenated biofuel, it can reduce particulate matter emissions (Guarieiro et al.
2014; Amaral et al. 2017). This renewable fuel is produced by transesterification of
vegetable oils or animal fats with alcohol (methanol or ethanol), in the presence of
a catalyst (e.g., sodium hydroxide) to produce monoalkyl esters (biodiesel) and
glycerol (National Biodiesel Board 2017). The vegetable oils used for biodiesel
production are rapeseed in European Union countries, soybean in Argentina and the
United States, and palm and sunflower oils in Asia and Central American countries
(Romano and Sorichetti 2011).

The advantages of integrating the transesterification process for biodiesel pro-
duction with ethanol production in Colombia have been demonstrated by Gutiérrez
et al. (2009), who studied the production of biodiesel from palm oil integrated with
ethanol production from lignocellulosic residues and observed a reduction of 3.4%
and 39.8% in unit energy costs, as well as material and energy integration,
respectively.
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11.8.3 Sugarcane as a Source of Butanol

In recent years, interest has been shown in obtaining butanol fermentation because
it is an important chemical with many applications not only in biofuel sectors, but
also in the production of solvents, plasticizers, butylamines, amino resins, butyl
acetates, detergents, cosmetics, and vitamins (Donaldson et al. 2005). It has several
advantages over ethanol as a fuel extender or fuel substitute. It has an energy con-
tent similar to gasoline; therefore, less volume is required than ethanol to achieve
the same energy output. Butanol has a lower vapor pressure compared to ethanol
and is therefore safer during transport and for using in car engines (Qureshi et al.
2013). Butanol can industrially be produced from petroleum or through fermenta-
tion using sugarcane, employing numerous Clostridium strains.

According to Donaldson et al. (2005), five to six billion tons of butanol are pro-
duced per year worldwide. Although currently Colombia is not producing any
biobutanol, the production and demand in the world has grown dramatically over
the last year, not only as biofuel, but also for other platforms. In 2017, imports of
butanol in Colombia exceeded one million tons (Scavage 2018). On the other hand,
there are expectations of the energy sector to analyze the convenience of butanol
production from sugarcane and its subsequent blending with other fuels in the coun-
try. Biobutanol production has been studied mostly on the basis of microorganisms
and fermentations at lab scale (Montoya et al. 2000; Jaramillo Obando and Cardona
2011).

The process for biobutanol production from lignocellulosic biomass starts with a
pretreatment to hydrolyze the hemicellulose fraction, followed by an enzymatic
hydrolysis of the cellulosic fraction. Then an alcohol-producing microorganism per-
forms fermentation of the resulting sugars, and finally a separation step should be
included, recovering the product of interest. According to the literature (Jeihanipour
and Bashiri 2015; Qureshi et al. 2013; Ezeji et al. 2014; Qureshi 2014), two main
phases, namely the acid production phase and solvent production phase, can be
distinguished during the ABE fermentation by Clostridium.

The butanol production process is quite complex, which explains why biobutanol
has not played a leading role compared to other petrochemicals. However, in recent
years, due to rising environmental concerns and high and variable crude oil prices,
interest in biotechnological production of butanol has renewed. Moon et al. (2015)
studied butanol and isopropanol fermentation by Clostridium beijerinckii optinoii in
10 L batch fermentations. Mainly butanol (6.45 g L~!) and isopropanol (3.45 g L)
were produced with very little ethanol/acetone (less than 0.2 g L™!). Glucose was
not completely consumed, with a sugar utilization of 81.7%, even after 90 h fermen-
tation (Moon et al. 2015). In another study, Zhang et al. (2017) used sugarcane juice
as a substrate, obtaining concentrations of 9.9 g L~! butanol and 5.5 g L~! butyrate.
Colombia, as a promising location of sugarcane production, has the potential to
exploit biobutanol in the biofuels sector.
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11.8.4 Energy Cogeneration

Traditionally, biomass was burned to produce heat in the common combustion pro-
cess. Generation and cogeneration technologies vary according to the type of bio-
mass and the scale of the process. Gasifiers are used for direct heat application to
produce higher value energy products such as electricity.

Bagasse has a gross calorific value of 19.25 MJ kg=!' at zero moisture and
9.95 MJ kg! at 48% moisture (Cardona et al. 2010). The fact that the same cane
provides the energy for the production of sugar in the form of bagasse is a special
characteristic of the sugar industry. Sugar mills will usually cogenerate enough to
cover their needs. Nevertheless, the moisture content of sugarcane bagasse can
affect both combustion and gasification efficiencies, resulting in operational prob-
lems during the processes.

According to Rincén et al. (2014), the biomass steam turbine technology (BST)
is used to design biomass-fired cogeneration systems as the fuel source in the heat
generation processes. However, biomass integrated gasification combined cycle
(BIGCC) technology is an alternative technology.

11.8.4.1 Biomass Steam Turbine Technology

A heater, a dryer, a furnace, a steam turbine, and a water condenser comprise this
system. After being dried, the biomass is burned at high reaction rates, and the
released heat is enough to produce electricity and low-pressure steam that are used
to supply part of the chemical process heating requirements (Ilakovou et al. 2010;
Rincén et al. 2014). Figure 11.10 shows the global process.

11.8.4.2 Biomass Integrated Gasification Combined Cycle Technology

A heater, divisor, compressor, gas turbine, dryer, integrated gasification and com-
bustion system, heat recovery steam generator, water condenser, and a steam turbine
are the components of this system, in which biomass is transformed into a fuel gas
(Quintero et al. 2011; Rincén et al. 2014). Figure 11.11 shows the global process.

Deshmukh et al. (2013) obtained a net electricity generation potential of 170
kWh tc~! and 140 kWh tc~! for the BIGCC and the high-pressure steam Rankine
cycle (advanced SRC, similar to BST), respectively. However, the advanced SRC
system requires a bagasse feed rate of 50% less than the BIGCC system to meet the
demand for low-pressure factory steam.

Energy cogeneration from sugarcane bagasse is a widely used process in the
Colombian sugar industry. Normally, bagasse is burnt to generate steam and elec-
tricity (combined heat and power cycle—CHP), supplying the energy requirements
of the sugar mill. The average electrical efficiency of bagasse-based power plants in
Colombia is about 24%, while the CHP efficiency ranges between 45% and 65%
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Fig. 11.11 Biomass-integrated gasification-combined cycle cogeneration system. (1) Heater; (2)
divisor; (3) compressor; (4) primary gas turbine; (5) dryer; (6) integrated gasification and combus-
tion system; (7) heat recovery steam generator; (8) water condenser; (9) secondary steam turbine;
(10) chemical process. (Source: Reprinted by permission from Springer Nature: Springer Nature,
Rincén et al. 2014), Copyright © 2013, Springer Nature (2013)

(Gauch 2012; Zah et al. 2012). In this context, in the country, there are around 21
cogeneration plants, with an installed capacity of approximately 400 megawatts; of
which 60% correspond to sugar mills (Portafolio 2015). The sugar industry has
developed the most bioenergy in the region; the cogeneration from sugarcane
bagasse represented 30% of generation of energy in the Valle del Cauca region in

Colombia during 2015 with 270 megawatts per hour of energy cogeneration
(Gonzalez 2017).
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11.9 Capacity, Potential, and Future Perspectives

Demand for biofuels has been increasing over the past years, especially because
global energy needs have increased by approximately 70% in the last 30 years. The
transportation sector is one of the most significant sectors regarding energy con-
sumption (Cortés-Marin and Ciro-Veldzquez 2011). The main types of biofuels that
are expanding their market are ethanol and biodiesel, especially the first-generation
ones. Nonetheless, other forms are also growing, such as biogas and advanced bio-
fuels, which are the fuels made from lignocellulose biomass or woody crops, agri-
cultural residues, or waste or from nonfood cellulosic sources (Food and Agriculture
Organization [FAO] 2008). The latter ones are more convenient than the first-
generation biofuels because they are more sustainable, mainly because they dimin-
ish competition with food crops for using fertile soil and water, they have fewer
problems related to greenhouse gas emissions, and they cause less negative effects
on the biodiversity (Fiorese et al. 2013; FAO 2008). For example, according to the
US Department of Energy, corn ethanol decreases greenhouse gas emissions by
28%, while the reduction for cellulosic ethanol is around 87% (Wang 2009).

Second-, third-, and fourth-generation biofuels have been studied as more sus-
tainable alternatives to replace transportation fuels. Second-generation biofuels are
harvested from lignocellulosic feedstocks such as sugarcane biomass, whereas
third-generation fuels are those produced from algal biomass. The metabolic engi-
neering of algae for the production of biofuels is considered the fourth-generation.
It is the least known class of biofuels and is related to “‘carbon capture and storage”
technologies to contribute toward reducing GHG emissions (Alam et al. 2012; Dutta
et al. 2014; Hanney et al. 2012; International Service for the Acqusition of Agro-
biotech Applications 2007).

Advanced biofuels have many barriers to overcome yet to be viable as they
require advanced technical processes, more financial investments, and more research
to simplify their production processes. Currently, second-generation is the category
of advanced biofuels that have been extensively studied and is being commercial-
ized (Hanney et al. 2012). Despite its advantages, second-generation biofuel pro-
duction costs much more than a first-generation production system. According to
Bracmort (2015), constructing a cellulosic ethanol plant that produces 30 million
gallons per year (mgy) annually costs approximately US$ 225 million, while a plant
of corn ethanol costs US$ 80 million to produce 40 mgy. Therefore, first generation
is the main category of biofuels that is being produced around the world.

Ethanol dominates the world market as the first-generation biofuel, already
becoming a valuable substitute for gasoline for transportation fuel (Sebayang et al.
2016). Its production in 2016 was about 120 billion liters and is expected to be 137
billion liters by 2026. Around 60% of its increase may originate from Brazil. The
United States, China, and Thailand are other countries that are expected to contrib-
ute toward this expansion. Figure 11.12 shows the worldwide production of ethanol
as reported by the Organisation for Economic Co-operation and Development and
Food and Agriculture Organization (OECD/FAO 2017).
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Fig. 11.12 Production of ethanol in the world. (Source: RFA 2017)

Concerning Latin America, Brazil is the leader in ethanol production, but other
countries such as Colombia, Guatemala, Argentina, Paraguay, Jamaica, Peru, and
Tobago also contribute significantly to its production. In Latin American region,
between 2000 and 2008, the production of ethanol increased around 13% per year;
in 2009, it declined by 3%; and between 2010 and 2011, the decrease was 17%. This
considerable oscillation is associated to the increase in sugar prices, motivating the
producers to focus on the sugar production instead of bioethanol (Bailis et al. 2014).
It is expected that 20% of the global sugarcane production will be used to produce
ethanol by 2026. The main sources for ethanol production in 2014-2016 and the
prediction for 2026 are shown in Fig. 11.13.

As a first-generation fuel, bioethanol is produced from the fermentation of sug-
arcane juice and molasses, while the second-generation, cellulosic ethanol, is
obtained from bagasse and straw generated in the plant during the 1G ethanol pro-
duction process (Marin 2016). By 2026, approximately 35% of the global ethanol
production will be based on sugar crops (OECD/FAO 2017). For around 100 coun-
tries, sugarcane is the most important crop in this reference; in 2015, 26.9 million
hectares were used for its production, with a yield of 70.9 tons of fresh cane per
hectare (FAO 2015).

Brazil and India are known as the main countries that use sugarcane as the most
significant feedstock for ethanol (Sebayang et al. 2016). In 2017, the ethanol pro-
duction in Brazil was 26.2 billion liters, and it is projected to increase to 36.3 billion
liters until 2026. In the same period, India produced around 1.65 billion liters, 84%
of which was collected from molasses (OECD/FAO 2017; USDA 2017a, b). Many
countries in Latin America and Africa can also offer good prospects to increase
sugarcane ethanol production to supply the biofuel demands (Fileni 2017).

Considering the financial perspective, the price of crude oil will likely double in
the coming years, whereas the price of ethanol is predicted to remain stable. As a
result, it will lead to reduction in demand for gasoline and an increase in the demand
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Fig. 11.13 Sources of ethanol production in the world. (Source: OECD/FAO 2017)

for ethanol in developed countries (OECD/FAO 2017). The production cost of etha-
nol depends on many variables, including geopolitical factors, the availability of
raw material, and the required technology (Cortés-Marin and Ciro-Veldzquez 2011).
Ethanol from sugarcane has the lowest cost in comparison with any other source of
ethanol (BNDES & CGEE 2008); therefore, sugarcane ethanol demands may rise
considerably in the near future.

The ethanol trade is growing throughout the world and support policies for this
biofuel are being adopted, for example: policies to replace the consumption of
petroleum fuels with programs such as mandatory biofuel blends, reduction in taxes
for biofuels, and policies that boost production domestically through local producer
subsidies and import tariffs (International Trade Administration 2016; Kojima et al.
2007). According to Fileni (2017), Asia, a densely populated continent, contributes
58% toward global greenhouse gas emissions, and, consequently, ethanol is an
attractive market to develop as a solution to this problem, particularly because it can
be easily implemented. India, Indonesia, and the Philippines already have a manda-
tory mandate of ethanol blend. Africa also has a huge potential to supply ethanol as
many countries harvest sugarcane, which can be used as ethanol feedstock.

In Latin America, we find countries with available and promising land, pioneer
countries in terms of ethanol policies which make them attractive for investments in
ethanol production, especially from sugarcane. A mandate ethanol blend is imple-
mented in Argentina, Brazil, Colombia, Ecuador, Panama, Paraguay, and Peru
(Bailis et al. 2014; Fileni 2017). Table 11.2 shows the countries from these three
continents along with their ethanol blends.

According to Rau and Gomez (2017) and FedeBiocombustibles (2017b), esti-
mates indicate that in 2017 Colombia produced 450 million liters of ethanol. This
value was around 5% lower than previous years, mainly due to the weather phenom-
ena “El Nifio.” The ethanol production is supplied by seven ethanol distilleries; six
plants are able to produce bioethanol almost year-round, and one additional ethanol
facility called Bioenergy is managed by ECOPETROL with a current annual capac-
ity of 60 million liters. This new ethanol plant, which started operating in 2016, has
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Table 11.2 Ethanol blend in different countries

Country Status Ethanol %
Asia India M 5
Indonesia M 1
Philippines M 10
China (0] 10
Japan (0] 3
Thailand (0] -
Vietnam (0] 5-10
Pakistan ucC -
Taiwan ucC -
Bangladesh ucC -
Latin Argentina M 12
America Colombia M 8-10
Costa Rica M 7
Ecuador M 10
Panama M 10
Paraguay M 25
Peru M 7.8
Mexico O 2 (some cities)
Uruguay O 10
Chile ucC -
Guatemala ucC -
Africa Angola M 10
Ethiopia M 5
Malawi M 10
Mozambique M 10
South Africa M 2
Sudan M 5
Zimbabwe M 15
Kenya ucC 10
Mauritius ucC -
Nigeria ucC =
Zambia ucC -

Source: Fileni (2017)
M mandatory, O optional, UC under consideration

already started adding 113 million liters of ethanol as it strives to hit its production
capacity of 504,000 liters of ethanol per day in the short term (Wade 2017).
Figure 11.14 shows the facilities’ distribution in Colombia and their daily
capacity.

It is important to highlight that there is no production of second- and third-
generation biofuels in Colombia yet; only universities have conducted research on
biofuel production from biomass. Furthermore, Colombia does not have programs
to encourage storage or long-term stocks of biofuels. However, with the activities of
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Fig. 11.14 Distribution of ethanol facilities in Colombia. (Source: FedeBiocombustibles 2017b)

the new plant (Bioenergy), an increase in ethanol production is expected, which
should reduce the need to import ethanol to supply domestic demand, provided
there are normal conditions for sugarcane production (Rau and Gomez 2017;
ASOCANA 2017). The production of sugarcane ethanol in Colombia over the years
is illustrated in Fig. 11.15.

It is expected that the future demand for biofuels in Colombia will be greater
over the next few years to the extent that blending policies are increased. Currently,
much of the country is at an E6 blend, while central Antioquia is at E8, and three
regions bordering Venezuela do not have blending mandates while the country is
looking to raise its ethanol-blending mandate to 10% (Cortés-Marin and Ciro-
Veldazquez 2011; PROCOLOMBIA 2018; Your Renewable News 2017). Because of
a more efficient and coordinated public-private alliance, which promotes productiv-
ity and competitiveness, domestic demand for biofuels will have to be covered by
increasing the ethanol production. The continuous increase in the production of
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Fig. 11.15 Sugarcane ethanol production in Colombia. (Source: FedeBiocombustibles 2017b)

biofuels may even create a market for surpluses that could be exported
(PROCOLOMBIA 2018; Rau and Gomez 2017).

11.10 Challenges in Sugarcane Energy Production
in the Country

In recent years, one of the major challenges for most countries, including Colombia,
is to establish energy policies that prioritize the reduction of fossil fuel utilization,
increasing investments in renewable and green energy sources. In Colombia, espe-
cially in the valley of the Cauca River region, sugarcane is the biomass used as
feedstock for bioenergy production, highlighting ethanol, electricity, and high-
pressure steam (Colombo et al. 2014).

When compared to other countries, such as Brazil and the United States, bioen-
ergy production from sugarcane in Colombia is still quite low, although the
Colombian government and leaders from industries are aiming at rapidly expanding
biofuel production to improve growth in rural areas (Cremonez et al. 2015;
Gonzalez-Salazar et al. 2017).

As previously mentioned, biofuel production in Colombia, mainly ethanol, is
done in small mills and “trapiches”, and a highly vertically integrated industry with
only a few companies that manage the whole production and sugarcane processing.
Thus, another challenge is to transform the small producers into large-scale indus-
tries and/or biorefineries and implement more mechanized methods for sugarcane
harvesting, which is difficult because of the fear of generating mass
unemployment.
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Bioethanol producers also do not have a well-established biofuel distribution
chain, and consequently they need to use indirect channels. Therefore, it is a great
challenge for the bioethanol industry to offer a direct distribution chain because
producers must be ensured that the products will be transported and sold, maintain-
ing the quality standards required by the industry and the consumers. Hence, it is
necessary to create specific distribution and commercialization chains for biofuel
industries due to the particular characteristics of this market with growing demands
(Ramirez-Velasquez et al. 2012).

It is imperative for Colombia to encourage R&D technology programs that gen-
erate bioproducts at competitive levels for local demands in the short and medium
term and, for exportation in the long-term, diversifying its raw material. The
Colombian government, more specifically the Ministry of Agriculture, has signed
partnerships with other countries, e.g., the Netherlands, to develop projects that aim
at investigating practical and political tools for implementing the sustainable use of
bioenergy (The Netherlands Programmes for Sustainable Biomass 2013). It is also
necessary to implement government policies for agricultural expansion and support
of the sugarcane industry to ensure sustainable development avoiding environmen-
tal damage due to deforestation for expansion of sugarcane-planted areas, as well as
the indiscriminate use of herbicides and other chemical products (Toasa 2009).

The use of sugarcane bagasse and straw (by-products of sugar and 1G ethanol
processes) as feedstock for 2G ethanol production in mills can increase the environ-
mental friendly production of bioethanol. Enhanced output of bioethanol can be
realized by using new technologies that achieve maximum utilization of different
raw materials (Rosillo-Calle and Walter 2006; Ramirez-Veldsquez et al. 2012).
Moreover, new laws on the mandatory blend of ethanol in gasoline and tax incen-
tives have been used to expand the energy industry from sugarcane (Gonzalez-
Salazar et al. 2017). In the coming years, almost all the sugar producers from the
valley of the Cauca River will have an ethanol and biomass cogeneration plant.
According to Colombia’s National Biofuel Federation (FedeBiocombustibles
2017a), there are programs to attract investors and further expand the growth of the
biofuel industry in Colombia by following stricter environmental rules and using
new varied crops that can be more climate-adapted.

Fedebiocombustibles and ASOCANA also hope to attract growers to the East
and North of Colombia, and Ecopetrol, the largest oil and gas company in Colombia,
is developing a major biofuel project also in the East of the country. Additionally,
this industrial sector has attracted substantial foreign investment from Israeli,
American, and Brazilian companies (Gronewold 2011).

The bioethanol market could be economically competitive and shows environ-
mental benefits as using biofuels reduces greenhouse gas emissions, and therefore it
has higher sociopolitical acceptance. However, there is a need to increase the
incentives to use biofuels, such as introducing the mandatory use of non-fossil fuels
or less polluting fuels, along with punitive measures that protect the environment. In
this regard, the Colombian government has played an important role in generating a
biofuel blend program, establishing technical standards for the transportation of
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bioethanol, implementing market studies on biofuels, and diversifying its energy
matrix (Rodado 2011).

11.11 Conclusions

In recent years, environmental concerns about fossil fuels are being mitigated by
adopting renewable energy sources. Consequently, biofuels have become the focus
to supply the world’s energy demand. Sugarcane is an important biomass used for
bioenergy production. Colombia is the seventh largest grower of sugarcane. The
country has excellent agro-climatic conditions for sugarcane cultivation in its valley
of Cauca River, where most of the cane farming and sugar industry is located.
Colombia is using E6 ethanol blend, and plans to enhance its blending mandate to
10%. In order to further increase the ethanol production from sugarcane, it is impor-
tant to have more capital investments associated with socioeconomic and environ-
mental planning for renewable energy production.
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