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Abstract: One viable option for meeting global energy demand is the creation of biofuels from plant
species that demonstrate high biomass productivity and good energy characteristics. In this study,
growth was evaluated using plant height (PH), the production of green (GB) and dry biomass (DB),
and the energy quality of leaves, pods, and stems, considering apical and basal sections of maralfalfa
plants at 28, 60, 90, and 140 days after applying a uniformity cut (AUC). The variables were analyzed
with correlation tests and variance analyses (ANOVA) using a factorial array design; in addition,
Tukey tests were performed. A steady increase in PH (72 to 239 cm) was found. The highest yield
of stems was at 90 AUC (41,362 kg/ha) for GB and 140 days AUC (6331 kg/ha) for DB, and a high
correlation was observed between PH and stem biomass production for both the GB (r = 0.91) and
DB (r = 0.93). There was a strong correlation between higher heating value and DB from the apical
stratum (r = 0.99) and the basal stratum (r = 0.97). Maralfalfa shows high biomass productivity and
high energy production in short growth periods.

Keywords: bioenergy; fixed carbon; higher heating value; plant height; proximate analysis

1. Introduction

Biomass is the only alternative energy source capable of supplying solid, liquid, and
gaseous substitutes for fossil fuels [1,2]. For decades, wood has been the preferred source of
biomass. However, public concerns about the environmental consequences of deforestation
have forced researchers to look for different sources of biomass [3]. In addition, criticism
suffered by first-generation biofuels (food-versus-fuel conflict) has led to the search for
second-generation biofuels that do not have this controversy [4].

Perennial grasses such as maralfalfa (Cenchrus purpureus (Schumach.) Morrone) are
native to Africa [3], and their use has expanded to tropical and subtropical areas around the
world as feed for livestock [3,5,6]. However, due to their upright growth habit, energetic
varieties, height, and rapid growth rate, they have drawn attention as feedstock for the
biofuel industry [2,7]. Biomass from grasses can be transformed into heat for electric gener-
ators through direct combustion [2]. Using biomass from perennial crops is advantageous
because it can also provide ecosystem services [2,8,9].

Grasses from the C. purpureus species have the world’s most significant biomass
production potential [7]. Wild elephant grass dry matter yield (DMY) has ranged from 7 to
11 tha~! at the first harvest [1]. Previous research [10] has reported that maralfalfa reached
its highest DMY (39.0 t ha~') in a single harvest when allowed to regrow for 100 days
in a temperate climate. In a study performed in a subhumid tropical climate, its DMY
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was 37.29 tha~! at 151 days [11]. However, this DMY could be considered the baseline
for the C. purpureus species. Other reports have stated that the DMY can vary from 50 to
67 tha—![12,13].

In recent years, biomass densification has extended; hence, the production of pellets
and briquettes has increased [14-16]. In this case, biomass from maralfalfa is a promising
alternative for producing pellets for residential and industrial use [17]. Biomass feedstocks
intended for combustion should possess some quality characteristics, such as high calorific
value, adequate carbon-nitrogen ratio, and low moisture, ash, and nitrogen content [18-20].
In this regard, the ash content of C. purpureus biomass is a characteristic with contrasting
results. Some research has shown that its ash content varies from 3.1 to 4.7% [16,17], being
less than 7%, and therefore, it complies with international standards [21]. However, a few
studies have found ash contents of 10.51% and up to 17.50% [22,23].

High ash content in biomass is not desirable because of the creation of chemical
compounds that, at elevated temperatures, are detrimental to metallic surfaces, and the
buildup of residues will increase [24]. Leaf blades may increase ash accumulation in
biomass compared to the high fiber portion from shoots [25]. Management of a biofuel
crop (cutting age of different plant strata and components) could improve its biomass
quality [12]. Hence, the objective of this study was to evaluate the productivity and quality
of maralfalfa biomass obtained at different cutting dates, plant strata, and structures.

2. Materials and Methods
2.1. Characterization of the Study Area

The field study was carried out at 23°59'21” N, 104°37'33"” W, at an altitude of 1880 m.
The soil was predominantly loam (sandy or clay; Kastafiozem), with a capacity for interme-
diate moisture retention, a medium depth, a slope of 0 to 2%, a pH of 7.9, and low organic
matter content, phosphorus, and nitrogen. The climate of the studied region is temperate
and semi-arid, with rainfall in the summer (BS; Kw (w) (e)), an average annual temperature
of 17.4 °C, and extreme temperature variations throughout the day and the year [26,27].

2.2. Agronomic Management

The biomass of maralfala was obtained from a plantation established in 2017. A
uniformity cut was applied in July 2021 to control the phenological age of the plants. The
experimental plot consisted of six rows, each 76 m long and 0.81 m apart. After the unifor-
mity cut, fertilization occurred at a dose of 180-80-50 for nitrogen (N), phosphorus (P;Os),
and potassium (K,O), respectively, by using urea (46-00-00, respectively), diammonium
phosphate (18-46-00, respectively) and potassium chloride (00-00-60, respectively).

2.3. Variables Evaluated in the Field

From July to November, the morpho-physiological variables were evaluated monthly,
such as the increase in plant height (PH) and accumulation of fresh (FB) and dry biomass
(DB) at the level of strata (basal and apical) and organ (stem, leaf, and pod). In addition, the
daily values of maximum and minimum temperatures were recorded [28,29], as was rainfall
during the evaluation period. Then, the average (maximum and minimum) temperatures
and accumulated rainfall were calculated in five-day periods (Figure 1).
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Figure 1. Averages for the maximum and minimum temperatures and accumulated rainfall in
five-day periods at INIFAP-CEVAG-Durango, México [28,29].

The mean value for the maximum temperature from June to November was 28 °C and
the minimum 13 °C, while the accumulated precipitation reached 786 mm. However, the
minimum temperature was maintained at acceptable levels for maralfalfa until October
(>10 °C), and from the last week of that month to November, the minimum temperatures de-
creased to levels that will reduce the growth and development of some grasses (<10 °C) [30].
In addition, the accumulated rainfall decreased during October (<40 mm), influencing the
observed response in biomass yield and quality.

2.4. Sampling Method

Four cluster biomass samplings were performed at 28, 60, 90, and 140 days after
uniformity cutting (AUC). Three replicates were performed on each sampling date, and
individual plots were established in sites without prior sampling in which the maralfalfa
population also showed full competition among plants. First, each plant was divided into
apical and basal strata, determined based on the fourth node of the dominant stem. Then,
the stems and leaves were dissected in each stratum and separated into the blade (limbo)
and foliar sheath. Each sample consisted of all the plants (6 to 7) within a sampling plot.
The sampling plots consisted of two rows that were 2.00 m in length, with a separation of
0.81 m (3.24 m?).

Samples from each stratum and organ were placed in paper bags and weighed on a
(£ 0.01 g) scale to obtain the fresh weight. Then, they were introduced into a drying stove
at 60 °C, where they were left for several days (5 to 10) until they reached a constant weight
(dry weight). The data was used to estimate the yield of fresh and dry biomass per hectare
(ha™1).

2.5. Proximate Analysis and Energy Characterization

The dried samples of maralfalfa were milled in an SM 300 apparatus at a particle size
of 2 mm. The ground sample was passed through several sieves to separate the portion
between the sieves of 40 and 60, which was later used in laboratory analyses. Chemical
tests included immediate analyses in which moisture content was determined from each
sample in an oven for four hours at 105 £ 2 °C, and the ash content was determined using
the UNE-EN 14774-3 method [31]. The volatile compounds were determined based on EN
18123, and the fixed carbon was determined by calculating the difference from 100 with
moisture content, ash, and volatile matter fraction values. In addition, the calorific value
was evaluated using the calorimetric pump, following UNE-EN 14918.



Energies 2023, 16, 448

40f12

2.6. Statistical Analysis

The data obtained were used to determine relationships between variables by using
a correlation analysis, and a variance analysis (ANOVA) was also performed under a
randomized complete design with a factorial arrangement with two strata (basal and
apical), three organs (stem, leaf, and sheath), and three replications. When significant
differences were observed between strata and among organs, a Tukey test (p < 0.05) was
applied for the multiple comparisons of the means. For the correlations, ANOVA, and
mean comparison, the software SAS v. 9.4 was used [32].

3. Results and Discussion
3.1. Plant Height

The maralfalfa plants” heights rose steadily as the number of days AUC increased.
Thus, they grew from 72 cm at 28 days to 239 cm at 140 days AUC. The highest correlation
was between plant height and biomass accumulation in the stems of the apical stratum,
for both fresh (r = 0.91) and dry (v = 0.93) measurements. At the lower strata, there was a
significant correlation between plant height and fresh biomass (r = 0.67) and dry biomass
(r = 0.94) at the basal part of the stem. The rest of the plant structures showed lower
correlations between plant heights and fresh and dry biomass accumulations. There was
also a positive correlation between plant height and the calorific value in the apical stratum
(r = 0.99) and basal stratum (7 = 0.97). The height of a plant showed a relationship with
variables related to the productivity and quality of biomass, with variations between strata
and organs. These variations were correlated to the lignification of biomass in an acropetal
direction [10,25].

3.2. Biomass in Apical Stratum

The plants showed a low accumulation of fresh biomass in the stems at the beginning
of the sampling period, and this was surpassed by the leaves at the first two cutting dates,
although it showed values similar to those obtained in the leaf sheaths from which its
separation was difficult (Figure 2). From the third cutting age (90 days AUC), the biomass
in the stems increased significantly, exceeding that of the leaves and sheaths. The highest
value of fresh stem weight was recorded at an age of 90 days AUC (38,771 kg ha—'), and it
then decreased to 29,167 kg ha~! at the last sampling date performed at the age of 140 days
AUC.

—e— Stem - -k - Blade - B= Sheath
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Days After Uniformity Cut

Figure 2. Fresh biomass accumulation in different organs of the apical stratum of maralfalfa plants
harvested at different cutting dates. The weight values with equal letters in each stratum of the plant
were statistically similar (p < 0.05).
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The dry biomass accumulation in the apical stems was low at the first sampling dates
compared to that of the other structures, and it was surpassed by leaves and pods at the
first two cutting ages (Figure 3). Then, at the third cutting (90 days AUC), the weight was
similar (5215 kg ha~!) between the stems and leaves, which exceeded that of the foliar
sheaths (1944 kg/ha). Only at the fourth cutting age (140 days AUC) was the dry biomass
higher in stems (5451 kg/ha), and so it exceeded those of the leaves (4362 kg ha—1) and
sheaths (1461 kg ha—!) due to the senescence and fall of these plant organs during autumn.
The highest dry stem weight (5451 kg ha~!) was at 140 days AUC due to the accumulation
of photoassimilates that remobilized from the senescent leaves and sheaths. In addition,
the apical stratum of the plants dominated the regular increase in leaf length [33].
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Figure 3. Dry biomass accumulation in different organs of the apical stratum of maralfalfa plants
harvested at different cutting dates. The weight values with equal letters in each stratum of the plant
were statistically similar (p < 0.05).

3.3. Biomass in the Basal Stratum

The biomass in the basal stems was significantly higher at 60 days AUC compared
to those of the leaf blades and sheaths (Figure 4). The highest biomass yield of stems
took place at 90 days AUC (41,362 kg ha~!), when decreased biomass levels occurred
in the leaves and sheaths due to the senescence and loss of these organs in the basal
stratum as the development of the maralfalfa progressed. The dry biomass of the basal
stems (6331 kg ha~!) significantly exceeded that of the dry matter present in the leaves
and sheaths of the basal part of the plant (Figure 5). In this stratum, the highest yield was
observed at 140 days AUC due to the accumulation of photoassimilates from the apical
leaves, which showed the highest photosynthetic activity. The lignification of the basal part
of the stem was necessary for favoring the ascending growth of the plant [34].
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Figure 4. Fresh biomass accumulation at different organs of the basal stratum of maralfalfa plants
harvested at different cutting dates. The weight values with equal letters in each stratum of the plant
were statistically similar (p < 0.05).
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Figure 5. Dry biomass accumulation at different organs of the basal stratum of maralfalfa plants
harvested at different cutting dates. The weight values with equal letters in each stratum of the plant
were statistically similar (p < 0.05).

3.4. Total Biomass

The highest accumulation of fresh total biomass (123,379 kg ha~!) was at 90 days AUC
(Figure 6), and a considerable decrease was observed at 140 days AUC. This decrease was
because of the loss of moisture in plant tissues, which was due to the natural senescence
of the leaves and basal sheaths, reducing their water content. In addition, some leaves
and pods were detached from the plants and caused a reduction in total biomass at the
age of 140 days AUC. For total dry biomass, the highest value (19,828 kg ha—!) was also
recorded at the age of 90 days AUC, with the lowest value (19,206 kg ha™!) at the end of
the sampling period (140 days AUC) because of the accumulation of photoassimilates that
remobilized from the blades and senescent sheaths.
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Figure 6. Total fresh and dry biomass accumulation in maralfalfa plants harvested at different cutting
dates.

3.5. Proximate Analysis
3.5.1. Volatile Material

The volatile material was higher in the stems. Values ranged from 66.0% to 72.7% in
the apical stratum, while in the basal stratum, they varied between 66.9% and 70.8%. In
the blades and sheaths, volatile material values ranged between 61.4% and 67.2% for all
strata and ages (Table 1). At 60 days AUC, a significant statistical difference was observed
for the interaction between strata and organ, with the highest value at 140 days AUC,
which was related to the modification in the response of the organs between strata, which
was primarily influenced by the effect of the changes in the phenological development
and accumulation-remobilization of minerals and processed substances (photoassimilates).
The above strengthened the suggestion to cut the maralfalfa for energy purposes after
140 days AUC, and separation of leaves and sheaths from the stems was necessary to reach
values of volatile compounds according to the 69.4 to 85.4% intervals recorded for other
biofuels, including wood pellets and briquettes [17,35,36]. Volatile compounds concentrate
a high proportion of biomass calorific value [37]; therefore, maralfalfa may be an option for
bioenergy generation.

Table 1. Analysis of variance of proximal biomass analyses results for different strata and organs of
maralfalfa (Cenchrus purpureus (Schumach.) Morrone) on different days after uniformity cut.

Source of Degree of Volatile Material o . o Higher Heating
Variation Freedom (%) Ash (%) Fixed Carbon (%) Value M]J kg—1)
28 days AUC !
Stratum (S) 1 0.8 NS. 0.1 NS 0.1 NS 0.1 NS
Organs (O) 2 27.0** 0.6 N'S: 61.0 ** 1.2 NS
Sx0 2 25NS 0.6 NS 42 NS 0.5NS
Error 12 2.1 0.3 34 0.5
CV (%) 2.3 6.5 9.7 4.8
60 days AUC
Stratum (S) 1 5.8 * 0.1 NS 8.7% 0.5 **
Organs (O) 2 32.0** 2.3% 42.2 ** 0.9 **
Sx0O 2 10.8 ** 0.1 NS 5.8*% 1.2**
Error 12 1.3 0.4 1.3 0.1
CV (%) 1.7 7.3 6.0 14
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Table 1. Cont.

Source of Degree of Volatile Material o . o Higher Heating
Variation Freedom (%) Ash (%) Fixed Carbon (%) Value M]J kg—1)
90 days AUC
Stratum (S) 1 32.5% 0.1 Ns. 25.0 ** 0.6 NS
Organs (O) 2 27.0% 0.8 NS 33.9* 16.3 **
SxO 2 4.8 NS. 1.2 NS 8.0 NS 1.0*
Error 12 6.1 0.3 5.8 0.3
CV (%) 3.8 6.9 12.1 3.6
140 days AUC
Stratum (S) 1 20.9* 0.6* 8.3 NS 2.2 %*
Organs (O) 2 110.7 ** 2.5** 155.6 ** 11.9 **
SxO 2 0.2 NS 0.4 NS 0.5 NS 2.1 %
Error 12 3.7 0.2 4.0 0.1
CV (%) 2.9 5.2 10.5 24
1, after uniformity cut; N.S.: non-significant; * significant (p < 0.05); ** highly significant (p < 0.01).
The leaf sheaths located in the apical parts showed constant increases in volatile
compounds at all sampling dates (63.1% to 67.2%) (Table 2), whereas the leaves of the basal
parts showed constant variation, reaching their maximum values at 140 days AUC (64.7%).
The leaves and leaf sheaths showed low levels of volatile materials, which was related to
their anatomy and low capacity to store processed substances. Volatile material values
were lower than those reported in other studies on maralfalfa (72.3-77.9%) [38], primarily
due to climatic differences in the evaluation period and the late start of our experiment,
which influenced the lignification and other morpho-physiological processes influenced by
the decreases in temperature and water availability recorded in Durango during autumn.
Table 2. Average values of proximal biomass analyses in different strata and organs of maralfalfa
(Cenchrus purpureus (Schumach.), Morrone) on different days after uniformity cut.
Volatile Material o . o Higher Heating
Stratum Structure (%) Ash (%) Fixed Carbon (%) Value (MJ kg 1)
28 days AUC *
Stem 66.0 2 8.0 16.4P 155
Apical Leaf 64.1b 7.9 20.62 15.4
Sheath 63.1P 7.8 2042 14.8
Stem 66.9 8.3 144° 15.1
basal Leaf 63.6° 7.2 2092 16.2
Sheath 61.4° 8.3 2172 14.9
60 days AUC
Apical Stem 67.52 8.72 16.6°B 15724
Structure (ST) Leaf 66.9Pb 83ab 1852 16.62
S x ST Sheath 64.5° 750 20.6° 155°
basal Stem 69.12 892 16004 16328
asa Leaf 63.2° g.2ab 21.82 15.4°
CV (%) Sheath 632" 7.6 22172 151P
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Table 2. Cont.

Volatile Material o . o Higher Heating
Stratum Structure (%) Ash (%) Fixed Carbon (%) Value (M] kg*l)
90 days AUC
Apical Stem 68.134 8.3 17.3P 16.22
Structure (ST) Leaf 66.0 P 8.4 19.12 13.8°¢
S x ST Sheath 66.0 P 7.8 20.02 15.8b
basal Stem 67.52B 8.9 17.1P 16.82
Error Leaf 62.2b 7.4 2354 12.8¢
CV (%) Sheath 62.4b 8.2 2272 15.1P
140 days AUC
Apical Stem 72.73A 894 132°¢ 16424
Leaf 64.4b 7.7b 2282 14.7 ¢
t t T
Structure (ST) Sheath 67.2b 7.9b 19.3b 161
basal Stem 70.828B 9.12 139°¢ 17.1aB
Error Leaf 62.4b 7.7b 2442 13.2°¢
CV (%) Sheath 64.7b 89a 21.02 14.7°

* after uniformity cut, different letters in the same column represent significant statistical differences (p < 0.05)
between the strata () and plant organs @b).

3.5.2. Ash

Statistical equality was observed for ash content at both 28 and 90 days AUC, while at
60 days, significant differences occurred (p < 0.05) between the structures, and at 140 days
AUC, between the plant strata (p < 0.05) and organs (p < 0.01) (Tables 1 and 2). The ash
content was higher in the stems, especially in the basal stratum of the plants (8.3 to 9.1%),
although at the end of the evaluation period (140 days AUC), the stems of the apical strata
also showed high ash levels (Table 2). The results confirm that in the basal parts, there
is a constant accumulation of elaborated compounds, such as hemicellulose (15 to 30%),
cellulose (40 to 60%), and lignin (10 to 30%) [36], due to the need to provide structural
support to the plant, which was reflected in the high ash content in the basal strata of the
stems, which gradually advanced in an acropetal direction.

The leaves and sheaths showed a variable ash level throughout the study period,
with slight differences between strata and occasional significant superiority between plant
organs. The recording of maximum values at the end of the evaluation period (140 days
AUC) was due to the temporary accumulation of minerals and processed substances, their
subsequent remobilization to other parts of the plant, and new culms in formation.

The results showed that leaves temporarily accumulate minerals and photoassimilates,
which move to other plant organs and growing stems [39,40]. The ash content was in the
ranges obtained in other studies on maralfalfa, in which values between 5.2 and 9.7% were
recorded [38,41]. The high ash content limits the direct utility of maralfalfa biomass as a
biofuel, although using it as pellets decreases ash formation (3.1%) [17].

3.5.3. Fixed Carbon

Fixed carbon was significantly lower in the stems of both strata, at all cutting ages,
with values of 13.2 to 17.3% (Tables 1 and 2), with the lowest levels occurring at the end
of the study (13.2 to 13.9%). In contrast, the leaves and sheaths showed highly significant
levels of fixed carbon, with values ranging between 18.5% and 24.4%. In the sample from
90 days AUC, it was observed that the fixed carbon registered significant differences for the
stratum-organ interaction, which was related to the variation in the response of the organ
between plant strata, caused primarily by the production of photoassimilates and their
remobilization to accumulation structures and growing points. The fixed carbon levels
were low, even at the highest point recorded in the stems of both strata (90 DCU), where
values close to 25% were observed and located within the range established for wheat straw
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(18.3-29.9%) [42], and they overpassed those observed in maralfalfa for different cutting
dates (16.7 to 19.2%) [17,38,41].

The leaves of both strata showed high levels of fixed carbon at 28 days AUC (from 20.6
to 20.9%). This content gradually increased between cutting dates, especially in the apical
parts, where it reached values between 22.8 and 24.4%, primarily because this is where
carbon fixation occurs for the photosynthetic process. In the case of basal blades, slightly
higher fixed carbon values were observed in contrast to the apical ones, primarily due to
the storage and remobilization of photoassimilates to the growing points of the apical parts
and other growing stems in the same plant [39,40].

The sheaths of the basal parts showed high levels of fixed carbon compared with those
of the apical parts, although, only at 60 days AUC, significant differences were registered
between the plant strata (Tables 1 and 2). The sheaths of the apical stratum showed fixed
carbon reduction as the development of the plant progressed, and so the lowest value
recorded in the last sampling performed was at 140 days AUC, with 19.3%. This response
was also related to the constant removal of photoassimilates from the apical parts to other
organs of the same stem and to other growing stems within the same plant.

3.5.4. Higher Heating Value

The higher calorific values were similar between plant strata and organs at 28 days
AUC, with values between 14.8 and 16.2 MJ kg~ !. In the subsequent cutting dates (60
and 90 days AUC), there were significant differences (p < 0.01) between the strata and
plant organs. The statistical differences were observed only between organs on the third
cutting date (90 days AUC). Variations in composition of tissues in each organ are the
cause of differences in calorific values. The stems showed gradual increases in the higher
heating values, reaching the highest levels at 140 days AUC, being significantly higher
(16.4 to 17.1 M] kg’l) compared to the leaves (13.2 to 14.7 MJ kg’l) and sheaths (14.7 to
16.1 MJ kg 1). At that cutting date, the blades and sheaths of the apical stratum showed
higher heating values than the basal stratum. The blades showed significantly lower levels
of heating values in comparison to the stems and foliar sheaths. From the second cutting
date (60 days AUC), the basal stems showed higher calorific values than the apical ones
due to the higher levels of lignification [43]. The higher heating values were similar to
those obtained for maralfalfa (16.6 MJ kg ') in other studies previously carried out at the
same site [17].

4. Conclusions

The height of maralfalfa plants positively correlates with biomass yield and quality.
Total dry biomass yield reached its highest point at 90 days AUC. The highest dry biomass
accumulation in both strata occurred in the stems at 140 days AUC. At the last sampling
date, the stems recorded the highest volatile material concentrations and higher heating
values compared to the leaf blades and sheaths. However, ash content was also highest in
the stems. These findings indicate that the harvest of maralfalfa biomass for fuel purposes
should occur at 140 days AUC. In addition, leaf blades and sheaths should be separated
from the stems to reach higher heating values. Ash content limits the direct use of maralfalfa
biomass, but further processing it into pellets and briquettes could be beneficial.
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