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Abstract: Sustainable biomasses are vital to ensure preservation of the Amazon biome within the
Mato Grosso State whilst enabling energy generation for the region and its population. Here, the
potential of the elephant grass cultivar BRS Capiaçu as an alternative to replace native forest wood as
biomass for energy generation is investigated, considering the whole process from plant cultivation
to biomass characterisation in terms of productivity of green and dry mass per hectare; density,
moisture, ash, volatile and fixed carbon content, as well as higher heating value (HHV). MANOVA
indicates that the effects of plant parts and age on density and proximate analysis parameters are
influenced by the plant parts and age interaction, whereas HHV can be considered similar between
them. The cultivar BRS Capiaçu showed suitable energetic values (17,922 < HHV < 18,918 kJ.kg−1)
compared to that of native Amazon wood. Energetic results combined with cultivation outputs of
high productivity (dry mass production of 44.1 tonnes.ha−1 at 180 days) with a short cutting interval
(3 months), adaptation to the region’s climate and soil, and the possibility of cultivation in areas
currently consolidated for agriculture demonstrate the potential of BRS Capiaçu as biomass to reduce
native wood usage and deforestation rates.

Keywords: biomass; BRS Capiaçu; Amazon; elephant grass; proximate analysis; higher heating value

1. Introduction

Embedded in the Brazilian Amazon biome, the State of Mato Grosso has been fac-
ing an increasing demand for biomasses able to generate energy for its population and
industrial complex [1]. This demand has intensified in the last years with the expansion of
corn ethanol plants [2,3], which can be associated with the high corn productivity of the
region of ca. 312.5 million tons as of 2022/2023 [4]. In this regard, the use of biomass for
energy generation for corn ethanol industries has numerous advantages when compared
to fossil fuels, such as its renewable cycle and its high capacity to capture CO2 during its
development [5].

Currently, however, forest (wood) biomass, both from reforestation and the legal
suppression of native areas, is the main source of biomass for energy generation, with a
small portion being supplied by agro-industrial waste [6]. Secondly, wood biomass from
reforestation cannot keep up the growing demand for biomass. This scenario poses great
pressure and risk to the Amazon biome in terms of sustainability, as native wood is not
able to supply with the increasing need for biomass, which directly affects the biodiversity
of the exploited regions.
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Given the already established agricultural activity of the State of Mato Grosso [7,8],
which would require no further deforestation, crop biomass from agricultural sources
emerges as a renewable alternative for the use of biomass from native wood [9,10]. The
term agricultural biomass refers to a subset of biomass generated solely through agricultural
activities, e.g., the production of cereal grains, sugar crops, oilseeds, other arable crops, and
crop by-products like straw and vegetative grasses, as well as farm forestry and livestock
by-products, such as manure and animal fats [11].

For this reason, it is necessary to identify agricultural biomasses that (i) are adapted to
the region (State of Mato Grosso) in terms of soil and climate; (ii) are easy to implement;
(iii) can be grown in already consolidated agricultural areas, so that no new deforestation
would be necessary; (iv) have a high yield; and (v) are economically viable. However,
despite the existence of biomasses from sugarcane bagasse, soybean hull, cassava, acai
palm, buriti palm, and others [12], there is no established renewable crop source of biomass
matching the established criteria.

In this regard, elephant grass (Cenchrus purpureus, Synonym: Pennisetum purpureum)
is a plant that originated in Africa and has good adaptability to the tropical region in
which the Amazon is located, especially Brazil. This is due to the long process of genetic
improvement stimulated by the plant’s use in animal feed [13]. Among the varieties
developed in Amazonian countries, one that stands out is the BRS Capiaçu cultivar. It can
produce more than 50 tonnes of dry matter per hectare per year, with a high potential for
energy production due to its high fibre content, especially lignin [14]. Its low ash content,
high carbon/nitrogen ratio in the stalk and high carbon and hydrogen content make it
a potential biomass for energy use [15]. However, there is no viability study of the BRS
Capiaçu for the State of Mato Grosso.

The available studies focus either on the agricultural aspect of elephant grass (culti-
vation and productivity) [14,16] or its energetic aspects as a biomass (heating value, ash
content and volatiles) [17–19]. Moreover, regional, physiological, and botanical parameters
can greatly influence the usage of elephant grass as a fuel for generating thermal energy
through combustion [20].

In this scenario, the current study aims to investigate the potential of the BRS Capiaçu
cultivar of elephant grass as a sustainable biomass source to replace native forest biomass
in the Amazon biome of the State of Mato Grosso by taking into account the whole process
from plant cultivation to biomass characterisation. The effects of (i) using specific parts of
the plant (whole plant, stem, or leaf) and (ii) plant maturity (90, 120, 150, and 180 days)
on the characteristics of the biomass as a fuel are also taken into consideration. For this
investigation, the biomass is characterised in terms of productivity of green and dry mass
per hectare; density, moisture, ash, volatile and fixed carbon content; elemental analysis, as
well as higher heating value, considering combustion as the driver for energy generation
by the biomass so as to replicate the conditions of industries from the region.

2. Materials and Methods
2.1. Biomass Cultivation

Elephant grass (Cenchrus purpureus, cultivar BRS Capiaçu) was grown in a one-hectare
area (10,000 m2, 100 × 100 m) located in the Amazon biome at the rural area of the
Municipality of Tapurah, Mato Grosso, Brazil (latitude: 12◦19′ S; longitude 56◦26′ W,
altitude: 356 m). The soil presented sandy characteristics. According to the Köppen climate
classification, the experimental field was placed in a region with a tropical savannah climate
(Aw). This climate possesses two distinct seasons: a rainy season and a dry season. The
crop was planted on the 2nd of July, during the region’s dry season. Temperature and
precipitation data from the nearest weather station, located at the coordinates of 13◦27′ S
and 56◦40′ W, are given in Table 1.
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Table 1. Temperature and precipitation data of the region at the time of cultivation and harvest-
ing|Source: National Institute of Meteorology [21].

Month

Average
Monthly
Temperature
[◦C]

Maximum
Monthly
Temperature
[◦C]

Minimum
Monthly
Temperature
[◦C]

Total
Monthly
Precipitation
[mm]

January 27.3 35.4 19.6 0
February 27.5 35.7 21.5 0.2
March 27.9 33.6 20.7 0.2
April 29.4 34.7 17.3 0
May 23.8 35.0 5.7 0.8
June 23.9 34.8 13.2 61
July
(sowing) 24.5 35.9 12.5 0

August 25.0 37.5 10.5 8.6
September
(90 days harvesting) 27.5 38.5 16.7 44.6

October
(120 days harvesting) 26.7 37.3 19.5 170.8

November
(150 days harvesting) 25.9 36.6 14.6 90.6

December
(180 days harvesting) 25.0 33.3 20.6 275.2

The selected cultivar of elephant grass was the BRS Capiaçu. This cultivar is char-
acterised by late flowering, tall stature (plant height ≈ 4.2 m), erect clumps, leaves with
wide (width ≈ 5.2), long (length ≈ 106 cm) and green blades, a yellowish-green leaf
sheath, and a stem with a thick diameter (diameter ≈ 1.6 mm) and yellowish internodes
(length ≈ 16 cm) [14].

The soil was prepared using a plough harrow to a depth of 30 cm. Subsequently, a
proportion of four tonnes per hectare of limestone was applied to correct the pH of the
soil. After application, the limestone was incorporated using the plough harrow and then
levelled with a levelling harrow. Sowing was carried out using a disc furrower with a
spacing of one metre between rows. 150 kg.ha−1 of Monoammonium Phosphate was
distributed according to the recommendations for the crop and soil analysis [16]. The stems
were placed at the bottom of the groove and then covered with soil [22].

The crop was kept under drip irrigation with a water depth of 6.5 mm.ha−1.day−1 to
compensate for the low rainfall characteristic of the dry season of the region at the time
of sowing, ensuring full plant development. Thirty days after germination, top dressing
was applied with 50 kg.ha−1 of NPK 20-00-20. During cultivation, weed infestation was
controlled in three ways: manually (using a hoe), mechanically (using a mower attached to
the tractor), and chemically (using selective herbicides) [16].

2.2. Biomass Harvesting

After preparation and sowing, the area was divided into 16 quadrants measuring
25 × 25 m each (Figure 1). Each quadrant was labelled by its harvest age and randomly
assigned a position by drawing lots, with four repetitions per age. Elephant grass was
harvested at different times (90, 120, 150, and 180 days after sowing), i.e., 30 September,
30 October, 29 November, and 29 December, in order to assess the influence of maturity on
productivity, physical, chemical, and energy characteristics of the biomass.

The biomass was harvested manually with the aid of a machete, starting with a
minimum of six hours of sunlight, preventing humidity outside the plant from interfering
with the yield and humidity results since the mass of water condensed on the plant in the
form of dew can influence these parameters. For each planting hole, two stems of elephant
grass were planted. Mowing was carried out 2 cm above the ground, ensuring that the crop
would regrow.
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Figure 1. Elephant grass: division of 16 areas for the harvesting.

In the centre of each quadrant, a 22 m line was selected (dotted line in Figure 1),
avoiding the border lines, to circumvent interferences such as light, sunshine, and other
climatic factors. Once a line had been selected, it was cut in its entirety. For each plant age,
there were four quadrants. From each quadrant, 5 kg of each part of the grass was obtained
(whole plant, stem, and leaf), totalling 20 kg of each part.

After harvesting, each group was subjected to uniform granulometry in a Forage
Crusher (Supplier: Trapp, Model: TRF 400 Super, Location: Jaraguá do Sul, Brazil) without
a sieve. These homogenates were sent to the laboratory and subjected to different analyses,
some of which were carried out on fresh material (at the harvesting moisture) and others
on dried material.

2.3. Biomass Characterisation

A schematic representation of the characterisation of the biomass for the present study
is given in Figure 2.
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Figure 2. Schematisation of the elephant grass biomass characterisation: each process is marked in
green, and each property of the biomass is marked in orange.

The green matter yield (or productivity) YGM of the elephant grass in tonnes.ha−1

was calculated for each age by dividing the mass produced by the area harvested in the
quadrant at the harvesting moisture.
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The material and containers were weighed on a scale accurate to 0.0001 g (Supplier:
Weblabor, Model: M254Ai, Location: Monza, Italy). The density was measured considering
a fixed volume of 1.9 cm3. The water content Wc was determined using 7 g samples in
quintuplicate. The samples were weighed into ceramic containers of known mass. After
the initial weighing, the material was taken to a forced circulation oven (Supplier: Solab,
Model: SL-102, Location: Piracicaba, Brazil) at 105 ◦C for 24 h to remove all the water
contained in the samples. The water content was calculated according to the following:

Wc =
m1 − m2

m1
× 100 (1)

where m1 corresponds to the initial mass of the sample before the drying, and m2 cor-
responds to the final mass of the sample after complete drying. The water content is
expressed as a percentage on a wet basis (% w.b.).

Dry matter productivity (YDM) was calculated from the green matter yield (YGM), both
expressed in tonnes.ha−1 and the water content of the material, according to the following:

YDM = YGM × (100 − Wc) (2)

The volatile content, fixed carbon content, and ash content were determined in accor-
dance with the ASTM D1762-84 [23], considering the sample without water content. For
the volatile content Vc, the samples were heated in a muffle oven at 950 ◦C:

Vc =
m2 − m3

m2
× 100 (3)

where m2 corresponds to the initial mass of the sample before the muffle heating, and m3
corresponds to the final mass of the sample after heating. For the determination of the ash
content Ac, the samples were heated in a muffle oven at 750 ◦C for six hours:

Ac =
m3 − m4

m3
× 100 (4)

where m3 corresponds to the initial mass of the sample without water and volatiles, and m4
corresponds to the final mass of the sample after heating. Finally, the fixed carbon content
was obtained from the following:

FCc = 100 − VC − AC (5)

For the elemental analysis, the determination of nitrogen (N) content was carried out
using sulfuric digestion, whereas the method of nitric-perchloric digestion was employed
for the measurement of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
and sulphur (S).

The higher heating value (HHV) of the completely dry sample was determined in
accordance with the NBR 8633 [24]. For this purpose, a calorimeter operating in isoperi-
bolic mode was used (Supplier: IKA, Model: C-200, Location: Staufen, Germany). The
calorimeter was calibrated with benzoic acid tablets (Supplier: IKA, Type: C 723, Location:
Staufen, Germany) with a heating value of 26,460 kJ.kg−1.

3. Results and Discussion
3.1. Productivity Analysis

As shown in Figure 3, the total green matter productivity (whole plant) of elephant
grass, determined from the sum of the results of the stem and leaf yields, was 155.99, 156.00,
132.18, and 135.80 tonnes.ha−1 for the 90-, 120-, 150-, and 180-day periods evaluated, respec-
tively. Dry matter productivity went from 29.88 tonnes.ha−1 at 90 days to 35.71 tonnes.ha−1

at 120 days and 39.87 tonnes.ha−1 at 150 days, culminating in 44.10 tonnes.ha−1 at 180 days.
For the whole plant and the leaf, the highest yields were seen at the youngest ages. With
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regard to dry matter yield, this parameter grew with increasing age in the whole plant
and stem categories. The leaf showed the highest dry matter yield (13.46 tonnes.ha−1) at
90 days. When comparing leaf and stem yields at all ages studied, the highest yields were
observed for the stem.
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Figure 3. Green and dry matter yields (productivity) of the elephant grass cultivar BRS Capiaçu in
each category at 90, 120, 150, and 180 days of age.

Although the green mass yield decreased slightly after 120 days, the dry mass yield
increased steadily as the days after planting increased (plant maturity). The same trend
of increasing dry yield with increasing age was observed for other elephant grass geno-
types [25,26]. This may be associated with the decrease in water content, which went from
81.9% at 90 days to 67.7% after 180 days. One reason for this behaviour can be related to
the physiology of elephant grass. In its youngest stages (90 days), the stem and leaves are
very similar, with a high degree of humidity [27]. The reduction in green mass yield for the
whole plant and for the leaf with increasing age may be associated with the decrease in
water content associated with the ripening process [28].

The difference in green and dry mass yields observed between plant parts and grouped
according to age is related to the plant’s physiological processes, in which there is a greater
concentration of biomass in the stem compared to the leaves, both for green and dry mass,
a behaviour that becomes more pronounced with increasing age. This increase can be
associated with the process of fibre deposition that takes place in the stem of elephant grass
plants [28].

As the plant matures, in its final stages, the stem becomes more fibrous (with less
moisture), and thus, the dry mass of the plant increases. In energy terms, a greater amount
of dry mass is more desirable. However, the balance between biomass availability (waiting
time for the plant to mature) and higher dry mass productivity with greater maturity still
needs further study.

In addition, the yield of 44.1 tonnes.ha−1 after 180 days in this study is similar to the
figure of 49.75 tonnes ha−1 obtained in another study published by Pereira et al. [14] for the
BRS Capiaçu. At the same time, the current productivity is greater than the one obtained
by Vidal et al. [25] for four elephant grass genotypes (not including BRS Capiaçu), which
ranged between 19.11 and 27.58 tonnes.ha−1. These results support the understanding of
good cultivation and harvest quality.
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3.2. Proximate Analysis

The multivariate analysis of variance (MANOVA) in a 3 × 4 factorial arrangement to
explain the effect of age, plant part, and the interaction between age and plant part on the
density, as well as water, volatile, ash, and fixed carbon contents is shown in Table 2 for
two tests:

• Wilks’ lambda (test values from 0 to 1): proportion of variance on the dependent
variable that is unaccounted by the independent variables; lower values indicate a
stronger effect of independent variables on the variance of dependent variables.

• Pillai’s trace (test values from 0 to 1): effect of independent variable on depen-
dent results; values close to 1 suggest a strong effect of independent variables on
dependent variables.

Table 2. MANOVA results for the statistical assessment of the effect of age, plant part, and interaction
age/plant part on the density, water, volatile, ash, and fixed carbon contents.

Effect: Age

Test Test-Value Num DF 1 Den DF 1 F-Value p-Value

Wilks’
lambda 0.0739 12 119.3503 16.67 ~0

Pillai’s trace ~1 12 141 11.82 ~0

Effect: Plant part

Test Test-Value Num DF 1 Den DF 1 F-Value p-Value

Wilks’
lambda 0.0227 8 90 63.37 ~0

Pillai’s trace ~1 8 92 14.96 ~0

Effect: Interaction Age ∗ Plant part

Test Test-Value Num DF 1 Den DF 1 F-Value p-Value

Wilks’
lambda 0.0822 24 158.1963 6.90 ~0

Pillai’s trace ~1 24 192 4.98 ~0
1 With Num DF being the numerator degrees of freedom and Den DF being the denominator degrees of freedom.

The MANOVA suggests a significant impact of age, plant part, as well as their interac-
tion (age and plant part) on the results of density and proximate analysis (water, volatile,
fixed carbon, and ash contents). The plant part exhibits higher F-values, which might
indicate that its effect is stronger than the age and the interaction. Based on these findings
through MANOVA, the parameters previously investigated in a 3 × 4 factorial arrangement
were considered individually, giving a total of 12 different treatments and no longer three
plant parts at each of the four ages assessed. For each of the parameters of the density
and proximate analysis (water, volatile, fixed carbon, and ash contents), the average and
standard error values from the measurement of five repetitions were calculated. The water,
volatile, and fixed carbon contents are expressed in a dry basis, i.e., considering the sample
without water.

In terms of water content (Figure 4a), it was found that the 90-day whole plant and
90-day stem had the highest moisture content at harvest (81.91 ± 0.29 and
81.85 ± 0.30% w.b.), followed by the group with the 90-day leaf (79.45 ± 0.20% w.b.),
120-day leaf (78.26 ± 0.27% w.b.), and 120-day whole plant (77.84 ± 0.47% w.b.). The
average water content value for the 120-day stem (76.49 ± 0.57% w.b.) differed from
all the other treatments. The values found for the water content of the leaf at 150 days
(72.42 ± 1.33% w.b.) were similar to the stem at the same age (72.14 ± 0.83% w.b.) and the
leaf at 180 days (71.31 ± 0.57% w.b.). The water content of the whole plant at 150 days did
not differ from the whole plant at 180 days (68.70 ± 0.39 and 67.70 ± 0.48% w.b.). The stem
harvested at 180 days had the lowest average value for water content, 65.84 ± 0.46% w.b.
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In the current study, the water content in the whole plant ranged between 67.7% (180 days)
and 81.9 (90 days). The values at an earlier age are close to that of Vidal et al. [25] but lie
outside the range for the latter age. The authors have investigated eight genotypes (not
including BRS Capiaçu) of the whole plant of elephant grass, obtaining a water content
range of 40.8–76.7% for an age of 84 days and of 60.1–65.3% for an age of 168 days.
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The water content in all parts of the plants studied showed a reduction with increasing
age. This fact can be attributed to the physiology of elephant grass, which accumulates
dry matter to the detriment of water during the ripening process [28]. For use as fuel,
the presence of water in biomass is undesirable since part of its energy is used in the
evaporation of water, making this portion of energy unavailable for the desired thermal
processes [29].

Based on the review of Johannes et al. [20], a benchmark of reference parameters
containing fixed carbon content, volatile content, ash content, and higher heating value for
elephant grass is given in Table 3.

For the current study, the highest volatile content (Figure 4b) was obtained for the
180-day stem (83.60 ± 0.47%), followed by the 150-day stem (81.64 ± 0.41%). The whole
plant at 150 days (79.86 ± 0.52%) and 180 days (80.56 ± 0.42%) showed similar results.
The whole plant at 120 days had a volatile content of 78.68 ± 0.63%, a similar result to
the stem at 90 days (78.60 ± 0.46%), the stem at 120 days (78.67 ± 0.63%), and the leaf
at 180 days (77.26 ± 0.50%). Those with the lowest values were the leaves at the ages
of 90 (76.11 ± 0.46%), 120 (77.26 ± 0.50%), 150 (75.46 ± 0.41%), and the whole plant at
90 days (76.54 ± 0.29%). For the whole plant, the range between 76.54% (90 days) and
80.56 (180 days) lies within the benchmark data from Table 3, whose volatile contents
varied between 67.3 and 82.4%
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Table 3. Benchmark data of biomass parameters from elephant grass—adapted and extended from
Johannes et al. [20].

Fixed Carbon Content [%] Volatile Content [%] Ash Content [%] HVV
[kJ.kg−1]

Age
[days] Source

18.8 70.3 3.0 - - [30]
9.5 82.4 8.1 15,970 120 [31]
7.7 69.2 13.3 - - [32]
19.2 72.5 8.3 15,770 180 [33]
15.5 67.3 4.9 14,700 - [34]
- - - 18,440 180 [35]
14.2 79.2 5.9 18,520 90 [36]
16.8 69.4 3.0 18,550 - [37]

For biomasses, the presence of volatile materials is directly related to the ease of the
combustion reaction. This is because volatile materials confer high reactivity, influencing
ignition characteristics. High levels of volatile materials indicate easier ignition and a
consequent higher release of energy [38]. The fixed carbon expresses the fraction of solid
carbon in the biomass under the characteristic conditions of combustion that remain after
devolatilisation [39]. By knowing these two parameters, it is possible to design or even
adjust the operating conditions of the equipment intended for the combustion reaction of
the biomass in question [40].

For the fixed carbon content (Figure 4c), the whole plant at 90 days had an average
value of 20.01 ± 0.30%, similar to the leaf (19.62 ± 0.49%), the stem at the same age
(19.89 ± 0.40%), and the leaf at 150 days (20.52 ± 0.31%). Slightly lower results were
observed for the leaf (18.98 ± 0.42%), stem (18.39 ± 0.41%), and whole plant (18.34 ± 0.59%)
harvested at 120 days. The whole plant at 150 days (17.43 ± 0.48%) and the leaf at 180 days
(17.70 ± 0.26%) produced similar results. The stem at 150 days (16.56 ± 0.43%) and the
whole plant at 180 days (16.30 ± 0.41%) were grouped by their average values. The lowest
value for fixed carbon content was observed for stem harvested at 180 days, whose average
value was 15.06 ± 0.49%. Considering the whole plant, the fixed carbon content ranged
between 16.3% (180 days) and 20.0% (90 days). These values lie closer to the upper bound or
even outside the benchmark data from Table 3, whose values varied between 7.7 and 18.8%.

The differences observed in the volatile material and fixed carbon content between
the evaluated plant parts and ages can be explained by the plant’s physiology. During
the plant’s phenological stages, the vegetative growth phase is characterised by intense
synthesis of compounds, many of which are soluble, while others are fixed in the form
of fibrous carbohydrates [41]. Elephant grass has a perennial vegetative cycle, so at all
stages the plant is in the process of synthesising new compounds [14]. With increasing age,
the cultivar BRS Capiaçu concentrates the fatty acid content, which may justify the higher
content of volatile materials in the stem at 180 days when compared to other ages [42]. As
the fixed carbon content is determined by the difference between the total mass and the
sum of the mass of volatiles and ash, the behaviour observed was also influenced by the
physiological process of the plant synthesising compounds.

For the ash content (Figure 4d), it was found that the leaves with the highest and
lowest ages, 180 (4.50 ± 0.06%) and 90 days (4.27 ± 0.06%), showed the highest amounts of
ash, followed by leaves with 120 (3.76 ± 0.11%) and 150 (4.02 ± 0.17%) days. The 90-day
whole plant (3.45 ± 0.17%) was similar to the 180-day whole plant (3.13 ± 0.09%). The
averages for the 120-day whole plant (2.97 ± 0.16%), the stem at the same age (2.93 ± 0.30%),
and the 150-day whole plant (2.71 ± 0.05%) were then grouped together. The lowest ash
contents were observed for the stems at 90 (1.51 ± 0.06%), 150 (1.79 ± 0.03%), and 180 days
(1.34 ± 0.09%). Considering the whole plant, the ash content varied between 2.71 (150 days)
and 3.45% (90 days), making the current results close to the lower bound compared to the
benchmark data from Table 3, whose ash contents varied between 3.0 and 13.0%.
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The ash content represents the mineral content of the biomass [29]. The movement of
minerals in the plant results in their greater deposition in the leaves, which leads to higher
ash content at the leaves compared to the stem [41,43]. The ash-forming elements (e.g., P,
K, Ca, Mg, and S) contained in the biomass have a crucial role in the combustion in terms
of whether slagging, corrosion, and particle emissions could be induced [44]. Moreover,
authors have proposed a negative correlation between the ash content and the energetic
potential (HVV) of biomasses [20,40,45].

These considerations can be corroborated by the elemental analysis of N, P, K, Ca,
Mg, and S for the elephant grass, which is shown in Table 4. Here, it is possible to observe
that the elemental contents are always larger for the leaf, followed by the whole plant and
then the stem, regardless of the type of element and plant age. These findings are shown
graphically in Figure 5. The highest content is found for nitrogen, followed by potassium,
whereas calcium, magnesium, and sulphur are available in lesser content.

Table 4. Element analysis of the elephant grass.

Plant Part (Age in Days) N
[g.kg−1]

P
[g.kg−1]

K
[g.kg−1]

Ca
[g.kg−1]

Mg
[g.kg−1]

S
[g.kg−1]

Stem (90) 13.20 1.30 4.60 0.90 3.00 1.20
Whole plant (90) 15.30 1.80 8.40 1.40 3.10 1.40
Leaf (90) 21.70 2.60 14.60 2.20 2.50 1.80
Stem (120) 9.50 0.80 2.80 0.40 2.40 1.00
Whole plant (120) 13.00 1.20 6.00 1.30 2.80 1.20
Leaf (120) 18.20 2.30 11.20 2.70 3.60 1.60
Stem (150) 6.70 0.50 1.70 0.20 1.90 0.90
Whole plant (150) 10.10 0.90 3.60 1.30 2.80 1.00
Leaf (150) 14.00 1.50 7.60 3.20 4.00 1.30
Stem (180) 6.20 0.50 1.40 0.00 1.40 0.90
Whole plant (180) 8.40 0.90 3.40 1.10 2.70 1.00
Leaf (180) 11.50 1.50 5.30 3.20 5.30 1.30
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Figure 5. Correlation of the sum of ash-forming elements from elemental analysis with the ash
content of elephant grass for different plant parts and plant ages.

By taking the sum of ash-forming elements (P, K, Ca, Mg, and S) [44] from Table 4 and
correlating them with the ash content found in Figure 4, one can obtain a linear relationship
with a coefficient of determination R2 of 0.72, as seen in Figure 5.

The density measurements (Table 5) revealed an increase in this property occurring
from the leaf to the whole plant and then to the stem at all ages, with the 120-day stem
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having the highest value. Density is a property that measures the ratio of total mass to
occupied volume. In this regard, both dry matter and water mass influenced this result.
The stem is the part of the plant that concentrates most of the dry matter, which generated
the highest density values. This can be explained by the physiological process of fibrous
carbohydrate deposition in this part of the plant, which increases with age [28,46].

Table 5. Density of Cenchrus purpureus cultivar BRS Capiaçu as a function of plant parts and ages.

Plant Part (Age in Days) Density (g.cm−3)
Mean ± Standard Error

Stem (90) 247.89 ± 3.27
Stem (120) 263.15 ± 0.72
Stem (150) 217.36 ± 3.77
Stem (180) 216.84 ± 3.46
Whole plant (90) 177.78 ± 2.19
Whole plant (120) 184.52 ± 0.89
Whole plant (150) 151.05 ± 3.18
Whole plant (180) 151.89 ± 1.58
Leaf (90) 124.73 ± 3.87
Leaf (120) 128.94 ± 1.86
Leaf (150) 111.57 ± 2.13
Leaf (180) 120.00 ± 1.06

3.3. Energetic Analysis

The results from the higher heating value (HHV) from the elephant grass cultivar BRS
Capiaçu for different plant parts and ages are given in Table 6. There was no effect of plant
part (F = 0.03; p = 0.95), age (F = 0.55; p = 0.62), or the interaction plant part * age (F = 0.16;
p = 0.94) on the HHV.

Table 6. Higher heating values of the elephant grass cultivar BRS Capiaçu as a function of plant parts
and ages in descending order.

Plant Part (Age in Days) Higher Heating Value (kJ.kg−1) Ratio
HVV/HVVmax

Whole plant (90) 18,918 1.000
Leaf (90) 18,917 1.000
Stem (180) 18,500 0.978
Stem (120) 18,352 0.970
Stem (150) 18,352 0.970
Leaf (120) 18,337 0.969
Whole plant (150) 18,300 0.967
Whole plant (120) 18,282 0.966
Stem (90) 18,151 0.959
Leaf (150) 18,074 0.955
Whole plant (180) 18,001 0.952
Leaf (180) 17,922 0.947

The low variation of the HHV independent of plant part or age can be quantified by
dividing the lowest value of HHV (17,922 kJ.kg−1, leaf, 180 days) by the highest HHV value
18,918 kJ.kg−1, whole plant, 90 days), which leads to a value of 94.7%, i.e., a variation of less
than 5%. This suggests that BRS Capiaçu can deliver a relatively high energy output from
an early growth stage, enabling efficient energy production early in its biomass cycle and
maximising energy output and economic viability while reducing the time and resources
required for cultivation and harvesting.

In comparison, Rocha et al. [40] obtained HVVs of 18,110 kJ.kg−1 and 18,160 kJ.kg−1

for the genotypes Napier and Cameroon, respectively. Taking into account the benchmark
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values in Table 3, which varied between 14,700 and 18,550 kJ.kg−1, the HVVs obtained in
the current study are located in the upper bound.

4. Comparative Evaluation of Elephant Grass Cultivar BRS Capiaçu as an
Alternative Biomass

Green mass productivity expresses the crop’s agronomic potential, while dry mass pro-
ductivity is linked to the biomass’s energy potential [47]. When considering BRS Capiaçu
as a possible alternative for native forest biomass, the results obtained in this work indicate
that considering a dry matter yield of 44.1 tonnes.ha−1 and two harvests per year (180-day
cycle), BRS Capiaçu can reach a dry matter productivity of 88.20 tonnes.ha−1.year−1. This
value can be higher than the estimated production of native forest biomass in the Amazon
region, which varies according to the vegetation type, ranging from 20.1 tonnes.ha−1 (wood-
land savanna) to 254.8 tonnes.ha−1 (old-growth terra firme forest) [48] with the advantage
of generating no extra deforestation. Eucalyptus, which is widely established as a refor-
estation tree in the Mato Grosso State, was selected as a second benchmark for comparison.
The productivity of eucalyptus was reported as 20.7 [49] and 60.0 tonnes.ha−1.year−1 [50].

In addition to the annual productivity, BRS Capiaçu has another advantage, namely
its periodicity. While the elephant grass allows a cutting cycle of up to 180 days, the mature
forest has periods of more than 3 decades [46,49]. In the same sense, the waiting period
for the first cut of eucalyptus ranges between 7–8 years [49]. This is due to the fact that
elephant grass has high rates of conversion of atmospheric carbon into biomass, higher
than most crops, including forest biomass [51].

In terms of production, BRS Capiaçu also has the advantage of being a perennial
cultivar that does not require annual sowing. In this sense, the environmental impact of in-
troducing the cultivation of this elephant grass cultivar is reduced, as it can be implemented
in consolidated agricultural regions without deforestation of native forests.

The results obtained in this work for proximate analysis (water, volatile, fixed carbon,
and ash content) of the cultivar BRS Capiaçu revealed that it has characteristics similar to
forest biomass typical of the Amazon region, with emphasis on stem harvested at 180 days.
These results demonstrated the similarity of this cultivar to high-density timber species
with good energy characteristics [52–56].

The relatively lower density values found for the cultivar BRS Capiaçu are not compa-
rable to the densities of eucalyptus and wood from Amazonian forest regions [57]. This
point highlights the ability of timber plant species to concentrate energy through the densi-
fication of carbon in their structures, a process that takes years to materialise. Grass, on
the other hand, concentrates large amounts of carbon but without densifying it, which
generates large volumes. Artificial densification, such as the production of briquettes or
pellets, could be a strategy to make the use of this material even more viable in logistical
terms [58] since the transport of low-density materials substantially increases the cost
of operations [59].

The energy concentrated in elephant grass, measured by the material’s higher heating
value, demonstrates its potential for energy use. The range of higher heating value between
17,922 and 18,600 kJ.kg−1 obtained is similar to that of eucalyptus (e.g., 18,500–19,222 [60].
From an energy point of view, the BRS Capiaçu is competitive with native wood from the
Amazon. These energetic values can be lower than those typical for species native to the
Amazon region, which are generally higher than 19,000 kJ.kg−1 [52–54], but they come
from the BRS Capiaçu cultivar that at the same time does not lead to deforestation and
is renewable.

From an economic perspective, studies revealed that elephant grass ash can be used
for other applications capable of generating added value [61,62]. In addition, elephant
grass can also be used for animal feeding, whereas native Amazon wood does not allow
this possibility. Finally, due to its low complexity in terms of machinery (allowing sowing
and harvesting by hand) and faster return on investment (from 3 months after planting),
elephant grass might present economic advantages over native wood.
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It is important to highlight that the current findings are limited to the Amazon biome
within the State of Mato Grosso, thus confined to the tropical savanna climate. Moreover,
the productivity was not optimised to the best sowing period and can vary according to
the rain in a given year.

5. Conclusions

In the current study, the potential of the elephant grass Cenchrus purpureus cultivar
BRS Capiaçu as a sustainable alternative biomass source for energy generation to replace
native forest wood within the Amazon biome of the Mato Grosso State was investigated.
The biomass was characterised in terms of the productivity of green and dry mass per
hectare; density, moisture, ash, volatile and fixed carbon content, as well as higher heating
value. The effects of plant age (90, 120, 150, and 180 days) as well as plant part (leaf, stem,
or whole plant) were taken into consideration.

The cultivar BRS Capiaçu has shown great adaptability to the region’s soil and climate
conditions. Its physical, chemical, and energy parameters have demonstrated qualitative
attributes to be strategically considered as a feedstock for use in biomass combustion heat
generation systems. In addition, the cultivar BRS Capiaçu is a perennial plant (not requiring
annual replanting) and can be grown in areas that are currently consolidated for agriculture,
which reduces the pressure to deforest new agricultural regions. MANOVA has revealed
that in terms of effect, plant age, plant part, and their interaction impacted the density, as
well as water, volatile, ash, and fixed carbon contents.

From an energetic perspective, the cultivar BRS Capiaçu showed suitable energetic
values (17,515 < HHV < 18,918 kJ.kg−1) compared to that of native Amazon wood. High
productivity (dry mass yield of 44.0 tonnes.ha−1) and the possibility of a short cutting
interval (3 months) can be added to this energetic factor. All these factors combined suggest
the high suitability of cultivar BRS Capiaçu as a biomass alternative within the Amazon
biome in the Mato Grosso State. The environmental benefits of replacing native forest
biomass with the cultivar BRS Capiaçu can be significant, especially when taking into
consideration its potential for reducing deforestation rates in the Amazon and carbon
cycling parameters.
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