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Abstract 
The biggest challenge facing in sugar-energy plants is to move towards the biorefinery concept, without 
threatening the environment and health. Energy cane is the state-of-the-art of smart energy crops to provide 
suitable whole-raw material to produce upgraded biofuels, dehydrated alcohol for transportation, refined sugar, 
yeast-fermented alcoholic beverages, soft drinks, silage and high-quality fodder, as well as to cogenerate heat 
and bioelectricity from burnt lignocellulose. We, accordingly, present fuzzy c-means (FCM) clustering algorithm 
interconnected with principal component analysis (PCA) as powerful exploratory data analysis tool to wisely 
classify hybrids of energy cane for production of first-generation ethanol and cogeneration of heat and 
bioelectricity. From the orthogonally-rotated factorial map, fuzzy cluster I aggregated the hybrids VX12-0277, 
VX12-1191, VX12-1356 and VX12-1658 composed of higher contents of soluble solids and sucrose, and larger 
productive yields of fermentable sugars. These parameters correlated with the X-axis component referring to 
technological quality of cane juice. Fuzzy cluster III aggregated the hybrids VX12-0180 and VX12-1022 
consisted of higher fiber content. This parameter correlated with the Y-axis component referring to 
physicochemical quality of lignocellulose. From the PCA-FCM methodology, the conclusion is, therefore, 
hybrids from fuzzy cluster I prove to be type I energy cane (higher sucrose to fiber ratio) and could serve as 
energy supply pathways to produce bioethanol, while the hybrids from fuzzy cluster III are type II energy cane 
(lower sucrose to fiber ratio), denoting potential as higher fiber yield biomass sources to feed cogeneration of 
heat and bioelectricity in high temperature and pressure furnace-boiler system.  
Keywords: alternative clean energy sources, exploratory data analysis, FCM algorithm, fiber-rich biomass, PCA 

1. Introduction 
Brazil ranking first in the sugarcane production worldwide, followed by India, and the People’s Republic of 
China. In this continental-scale tropical country, sugarcane fields extend for roughly 10 million hectares as 
recorded from Major Crops Bulletin issued regularly by Ministry of Agriculture, Livestock and Supply (MAPA). 
The state of São Paulo is the main sugarcane growing area, holding over fifty-percent of domestic production of 
bioethanol from cane juice. However, as new crop lands emerge due to industrial decentralization, sugarcane 
mill plants, biorefineries and distilleries extensively move from Southeast to Midwest and Northeast, where 
biotic and abiotic factors make sugar-energy sector planning difficult and expensive. Stress-tolerant genotypes 
are necessary to help sugarcane producers to mitigate external agents influencing productive yield and 
technological quality of sugar and biomass fields (Goldemberg et al., 2014; Defante et al., 2018). 

Energy cane is the hybrid (Saccharum officinarum L. × S. robustum L. × S. spontaneum L.) from backcrossing 
between elite and wild species. Because of its improved morphophysiological traits such as larger canopy 
composing of large-size green leaves and deeper root system, energy-cane is higher efficient in CO2 fixation and 
mineral uptake from substantial soil depths, growing quicker than sugarcane crop in drylands. Apart from its 
characteristics of wider adaptability to harsh environments, larger commercial cycle and greater land-use, 
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energy-cane has larger productivity of fiber-rich biomass. All these strengths contribute to energy cane to be one 
of the seemingly simplest and wisest renewable energy supply pathways to help sugar-energy plants to move 
towards the flexi-factory concept, without destroying the environment (Matsuoka et al., 2012; Koodaruth et al., 
2014; Matsuoka et al., 2014). 

Energy cane can be type I or type II. Type I is qualitatively and quantitatively closer to sugarcane crop, with a 
higher sucrose to fiber ratio and viability for production of biomass-to-solid, biomass-to-liquid and 
biomass-to-gaseous fuels, dehydrated alcohol for transportation, refined sugar, yeast-fermented alcoholic 
beverages, soft drinks, hydrolyzed silage and high-quality fodder. Type II has lower sucrose to fiber ratio, 
suitable low moisture lignocellulose to cogenerate heat and electricity in high temperature and pressure 
furnace-boiler system, as well as low-pressure steam for distillation of fuel and sugar cooking (Santchurn et al., 
2012; Gouy et al., 2015; Ceccato-Antonini et al., 2017). Exploratory data analysis (EDA) tools such as principal 
component analysis and fuzzy c-means clustering algorithm could accurately classify genotypes of energy cane 
expected to supply sugar, ethanol and electricity markets into the next years. 

Principal component analysis (PCA) is the oldest data analysis method used to reduce the dimensionality of 
larger data sets, while preserving as much variability as possible into orthogonally-rotated subsets or components 
without the presence of correlated variables. Fuzzy c-means (FCM) clustering algorithm is fuzzy logic-based 
unsupervised system for classification and recognition of patterns, well known for its simplicity and efficiency. 
However, it shows a trend to fall into local minima as weakness. Hybridization or optimization with other EDA 
approaches is necessary to apply successfully FCM, regardless scientific field (Nayak et al., 2015; Jolliffe & 
Cadima, 2016). The scientific study by Gouy et al. (2015) on the effects of S. spontaneum L. introgression level 
on the sugarcane crop yield performance and its impact on the productivity in radiation and thermal conditions 
proved cluster analysis can robustly discriminate energy cane from sugarcane. The scientific study by Rao et al. 
(2016) on the mega-environments and two-tables methods for sugarcane yield studies described PCA algorithm 
is one of the most reliable EDA tools to generate insights from genotype-environment relationship and its impact 
on phenotype. Mansoori et al. (2016) reported FCM can classify powerfully genotypes developed in salinity and 
nutrient uptake environments.  

We, accordingly, present FCM-PCA approach as powerful exploratory data analysis tool to accurately classify 
hybrids of energy cane for production of first-generation ethanol and cogeneration of heat and bioelectricity. 

2. Method 
2.1 Location 

We performed the cultivation of hybrids of energy-cane in the experimental field at Caeté sugarcane mill plant, 
located in the municipality of Paulicéia, state of São Paulo, Brazil, within 2015/16, 2016/17 and 2017/18 
growing seasons. The soil of the area is eutrophic yellow-red Latosol, with sandy-loamy texture. According to 
Koppen-Geiger classification system, regional climate is Aw, with predominantly dry winters and rainy 
summers. 

2.2 Hybrids of Energy Cane 

The Brazilian biotechnological company Biovertis/Granbio kindly donated one-month-old seedlings of the 
hybrids VX12-0046, VX12-0180, VX12-0201, VX12-1022, VX12-1191, VX12-1356 and VX12-1658. 

2.3 Acclimation 

Acclimation facility consisted of an arch-type greenhouse, 6 m sides, constructed with a cover consisting of a 
one-layer transparent plastic film, with 50% light transmittance. Its interior contained polyethylene 20 L pots 
filled with sun-dried and sieved Latosol, then planted with 0.2 m-height seedlings. Crop irrigation was three 
times a week for two months.  

2.3 Experimental Planning 

A randomized block design consisted of carrying out five 100 m length × 13.5 m width experimental plots 
served as replications for each hybrid. 

2.4 Soil Preparation and Crop Transplanting 

Soil preparation consisted of applying 2.0 t ha-1 dolomitic limestone and 0.6 t ha-1 NPK fertilizer to respectively 
improve acidity and natural fertility. Two months from soil amendment, a sugarcane planter machine 
transplanted four-month-old seedlings into standardized plots composed of ten 100 m-length planting furrows 
spaced at 1.5 m apart from each other. At the first and second ratoon seasons, fertilization management followed 
the technical recommendations of Raij et al. (1986). 
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Table 1. Descriptive analysis of technological quality of cane juice and physicochemical quality of hybrids of 
energy-cane classified through principal component analysis-linked fuzzy c-means clustering algorithm as 
renewable resources for production of first-generation ethanol and co-generation of heat and bioelectricity 

Hybrid Type Application 
Soluble solids 
% cane juice 

Sucrose 
% cane juice 

Purity  
% cane juice 

Reducing sugars 
% cane juice 

VX12-0277 

I Bioethanol 

16.20 12.50 77.30 01.00 

VX12-1191 15.60 12.00 77.00 01.00 

VX12-1356 17.10 12.90 75.30 01.10 

VX12-1658 15.60 11.40 73.10 01.15 

Mean±standard deviation  16.10±00.70 12.20±00.65 75.70±01.90 01.10±00.05 

Coefficient of variation; %  04.40 05.30 02.55 07.10 

VX12-1022 
II Bioelectricity 

15.85 11.50 72.60 01.20 

VX12-0180 13.80 09.40 67.95 01.30 

Mean±standard deviation  14.80±01.45 10.45±01.50 70.30±03.30 01.25±00.10 

Coefficient of variation; %  09.80 14.20 04.70 05.70 

VX12-0201 
I Unqualified 

12.35 07.30 59.10 01.60 

VX12-0046 14.30 09.65 67.40 01.30 

Mean±standard deviation  13.30±01.40 08.50±01.70 63.25±05.90 01.45±00.20 

Coefficient of variation; %  10.35 19.60 09.30 14.60 

  
Water content 
% cane bagasse

Fiber  
% cane bagasse

Productive yield of sugar 
kg t-1 cane 

Productivity of biomass
t ha-1 

VX12-0277 

I Bioethanol 

08.05 24.80 86.60 84.60 

VX12-1191 08.40 22.80 86.50 87.20 

VX12-1356 08.20 24.10 90.60 90.40 

VX12-1658 10.00 24.10 81.20 95.50 

Mean±standard deviation  08.70±00.90 23.95±00.80 86.20±03.90 89.40±04.70 

Coefficient of variation; %  10.40 03.50 04.50 05.25 

VX12-1022 
II Bioelectricity 

11.00 26.00 79.90 84.30 

VX12-0180 18.30 26.20 66.00 82.40 

Mean±standard deviation  14.65±05.20 26.10±00.15 72.95±09.80 83.35±01.35 

Coefficient of variation; %  35.20 00.55 13.50 01.60 

VX12-0201 
I Unqualified 

24.10 14.10 58.10 81.40 

VX12-0046 23.20 13.20 72.45 81.60 

Mean±standard deviation  23.65±00.65 13.65±00.65 65.30±10.15 81.50±00.15 

Coefficient of variation; %  02.70 02.70 15.55 00.20 

 

The hybrids W181456, W179460 and W179458 grown by Rao et al. (2007) yielded 8.9, 9.3 and 9.8% soluble 
solids. Kim and Day (2011) and Matsuoka et al. (2012) reported soluble solids content in cane juice of energy 
cane ranged as low as 9.4 to upwards 11.0%. The authors argued total soluble solids content vary drastically 
depending on genotype, weather conditions and soil fertility, crop management, extend of industrial procedures 
by sugarcane mill plants, and type of technological analysis. Indeed, the hybrids of energy cane defuzzified as 
alternative clean energy sources to produce first-generation ethanol were technologically superior than those 
referenced. 

The scientific study by Milanez et al. (2015) on the public policies and competitive impact of second-generation 
ethanol in the biofuels market reported 8.9% sucrose in energy cane samples. Kim and Day (2011) and 
Ceccato-Antonini et al. (2017) assessed 9.6 and 12.1% sucrose, respectively. The authors emphasized sucrose to 
fiber ratio is the foremost parameter to categorize energy cane, consistent with this study, in which Euclidian 
metric measured greater distances between the contents of sucrose and fibers of the hybrids from the fuzzy 
clusters I and III.  

The clones VG11-X1 and VG11-X2 grown by Ceccato-Antonini et al. (2017) yielded 20.3% and 13.8% fiber, 
respectively. Rao et al. (2007) and Kim and Day (2011) found higher contents of 24.5% and 26.1% fiber, 
respectively, in agreement with this study. Fibers refer to secondary metabolites which play pivotal role as 
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Other important linear associations were purity positively correlated with sucrose and productive yield of 
fermentable sugars, but negatively with reducing sugars. Therefore, the higher the sucrose to soluble solids ratio, 
the richer the cane juice and the larger the productive yield of sugar of hybrids of energy cane. However, the 
higher the monosaccharides to sucrose ratio, the poorer the technological quality as in the case of the hybrids 
from fuzzy cluster II. In agreement with this work, other scientific studies reported significant correlations 
between soluble solids, sucrose, purity, reducing sugars and moisture (Silva et al., 2008; Audilakshimi et al., 
2010; Khan et al., 2012).  

4. Conclusion 
The conclusion is, therefore, the hybrids VX12-0277, VX12-1191, VX12-1356 and VX12-1658 prove to be type 
I energy cane (higher sucrose to fiber ratio) and could serve as renewable energy supply pathways to produce 
bioethanol, while the hybrids VX12-0180 and VX12-1022 are type II energy cane (lower sucrose to fiber ratio), 
denoting potential as higher fiber yield biomass sources to feed cogeneration of heat and bioelectricity in high 
temperature and pressure furnace-boiler system. 
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