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Abstract: The main objective of the paper was to determine the ligno-cellulose quality and calorific
value of switchgrass Panicum virgatum L. The impact of nutrition treatments (pre-sowing soil humic
amendment HA and /or NPK, with annual dose of N on both the treatments, and untreated control UC)
and years were evaluated as main effects within a pilot experiment with seven cultivars tested during
2018-2022. Two data sets of acid detergent fiber (ADF), acid detergent lignin (ADL), crude cellulose
(CE), hemicellulose (HEM), neutral detergent fiber (NDF), and high heating value (HHV) were
evaluated, the primary one in terms of quality content and the secondary one in terms of quality yield.
The average ADF content of the switchgrass was 43.94% (range 30.15-50.91), while the average contents
of ADL, CE, HEM, NDF, and HHV were 9.21% (6.02-12.41), 34.73% (17.98-40.08), 30.49% (21.34-38.41),
74.43% (59.20-81.15%), and 17.206 k] g_1 (16.579-17.799), respectively. An adequate value of ADF
yield was 4.17 Mg ha—1 (0.01-29.31), while for ADL, CE, HEM, NDF and HHV this was 0.79 Mg
ha~1(0.00-5.39), 3.37 Mg ha~! (0.01-23.92), 2.79 Mg ha~! (0.01-17.66), 6.96 Mg ha~! (0.01-46.93), and
1.466 hGJ ha—! (0.003-10.603), respectively. In terms of the both quality sets the cultivar was confirmed
to be the most important factor followed by the year, with nutrition having the least impact. This
impact order of the main effects was valid for each of the parameters. Moreover, in terms of quality
yield the formation of homogeneity groups corresponded with dry matter yield and therefore with
the order of cultivars (EG 1101 > BO Master > EG 1102 > Kanlow > Alamo > Carthage > NJ Ecotype),
the years (2021 > 2020 > 2022 > 2019 > 2018), and the treatments (HA > NPK > UC).

Keywords: switchgrass; calorific value; ligno-cellulose quality; heavy soils; mineral fertilization;
leonardite; low input

1. Introduction

Biomass for energy production continues to be one of the main sources of renewable
energy in the EU, with a share of almost 60% [1]. Bioenergy production has become an
acceptable alternative to the use of fossil fuels, and plants grown for energy use have thus
penetrated agricultural land, especially marginal soils.

Switchgrass (Panicum virgatum L.) is a crop that can be used for bioenergy production.
Switchgrass is a forage and energy crop that belongs to C4 crops, as it has low nutritional
requirements and creates a high biomass yield, even on infertile and marginal land [2-5].
It follows that production of switchgrass biomass will not compete with food production
in terms of cultivable land use, because switchgrass is grown on marginal lands. The
traditional use of this plant was related to soil conservation and forage production [6].
Marginal lands are characterized as having little or no agricultural importance with poor
soil qualities, making them unsuitable for food production. Therefore, switchgrass is
important as an energy source on account of its characteristic superiorities of high yield,
strong adaptability, and no direct competition with food crops [7].
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Cellulose and hemicellulose are the major polysaccharides of plant cell walls. Lignin
comprises a substantial portion of the grass secondary cell wall and essentially fills the
pores between the polysaccharides [8]. As plants mature, the wall composition shifts
from almost no lignin to 20-30% lignin. High content of lignin is especially undesirable
in the biomass used as bioenergy feedstock for methane and lignocellulosic bioethanol
production [9]. Since 1991 this grass has also been used in Canada for thermal conversion
(electricity and heat) and ethanol and paper pulp production [10]. Many reasons justify
the use of this plant as an energy crop, such as its high biomass productivity, low nutrient
requirement, low production costs, high water-use efficiency, large range of geographic
adaptations, and high potential for carbon sequestration in soil [11]. Studies conducted
by [12] showed an enhancement of germination of four switchgrass populations by the
application of three concentrations of humic acids isolated from three different composts.
Schmer et al. [11] showed that cultivated switchgrass, with respect to wild switchgrass,
doubles the quantity of cellulose produced, with significant benefits in terms of biofuel and
energy production.

The aim of this study was to determine the ligno-celullose quality and calorific value
of switchgrass, with nutrition treatments, years, and cultivars statistically evaluated within
a small-scale pilot open-field experiment conducted under continental climate conditions of
Central Europe. Within the work, two equal aspects of quality were followed. The primary
one was the content-basis quality and a the secondary one was the yield-basis quality.

2. Materials and Methods
2.1. Pilot Screening Trials during 2018-2022

Agronomically designed small-scale open-field pilot screening with seven cultivars of
newly introduced switchgrass Panicum virgatum L. was established and carried out within
the internal capabilities of NPPC-VUA in Michalovce, during 2018-2022. The site was
located on the Eastern Slovakian Lowland under a moderate continental central European
climate, and in a locality with heavy soil and semi-arid to semi-humid conditions.

The cultivars of EG 1101 (H1), BO Master (BO), EG 1102 (H3), Kanlow (K), Alamo
(A), Carthage (C), and NJ Ecotype (N]) were tested in the experiment, and three nutrition
treatments were followed: pre-sowing (i/HA) soil humic preparation HUMAC Agro in the
ameliorative dose of 1000.0 kg ha™!, (ii/NPK) basic nutrition with a dose of 220.0 kg ha™!
NPK (the annual dose of 70 kg ha™ N was applied to both treatments (HA, NPK)), and
(iii/UC) untreated control. The experimental layout was a randomized block design. The
trial was established in the spring of 2018 and ran until 2022. The crop phytomass was col-
lected and quality analyses were also performed in 2018-2022, despite the low switchgrass
yield in the establishment year (2018). A more detailed description of the screening trial
in terms of trial site, nutrition treatments, agronomy, weather and soil conditions, plant
material, biometric parameters, and collection of plant samples is presented in a former

paper [13].

2.2. Laboratory Analyses

Collection of switchgrass green phytomass samples was timed to optimal harvest
maturity in terms of crop development, and occurred regularly between 20 and 30 Septem-
ber, whereas the crop was not desiccated before harvest. The samples were analyzed in
the laboratory of NPPC-VUA Michalovce, with standard methodology used regarding
followed quality indicators: acid detergent fiber (ADF), neutral detergent fiber (NDF), and
acid detergent lignin (ADL) were determined according to the European standard EN ISO
13906 /2008 [14] by extraction the following systems: Fiber extractor-Fibertest, Model F-6
and Cold Extraction Unit, Model EF-6 (Figure 1a,c). Hemicellulose (HEM) was calculated
as the difference between NDF and ADF concentration, crude cellulose as the difference
between ADF and ADL, and lignin as ADL corrected for ash concentration. Combustion
heat and high heating value (HHV) were determined by the IKA C 5000 calorimetric system
(Figure 1b,d), in accordance with STN standard ISO 1928 [15].
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Figure 1. Fiber extractor—Fibertest (a,c) and calorimetric system IKA C 5000 (b,d) captured during
the analyses.

2.3. Statistical Methods

A total of 672 original quality data were evaluated (7 cultivars x 6 parameters X
3 treatments X 2 quality terms), exactly half in terms of quality content and half in terms
of quality yield. A primary data set consisted of 336 quality content data, whereas each set
of the data was an average of two analytical repetitions (classical twin laboratory analyses,
with 672 authentic analyses performed). A secondary set of 336 data was generated in
terms of quality yield (quality profit) and a simple equation was used:

quality yield = quality content x crop yield

where quality content (%, or k] g 1) concerning each of the six quality parameters and the
crop yield in DM yield (Mg ha~!) were applied.

Multi-factorial ANOVA was applied to identify significant factors having influence
on quality variability using Statgraphics 15.2.14, and each of the quality parameters was
evaluated within both data sets.

Moreover, trend analyses were also performed. These were logarithmic in terms of
quality content and linear in terms of quality yield and are presented in accordance with the
higher reliability achieved. For this purpose another 315 sets of biometric data were applied
as independent variables. These complementary parameters (crop yield, plant height, and
dry matter content at harvest) were the subject of the former paper ([13]). Finally, the
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cultivar order based on the average DM yield achieved, as used in the tables, is listed in the
results of the former paper.

3. Results
3.1. Mean Values and Main Effects

Total average ADF content of the switchgrass was 43.94%, ADL 9.21%, CE 34.73%,
HEM 30.49%, NDF 74.43%, and HHV 17.206 k] g~ !, with ADF ranging from 30.15 to
50.91%, ADL from 6.02 to 12.41%, CE from 17.98 to 40.08%, HEM from 21.34 to 8.41%,
NDF from 59.20 to 81.15%, and HHV from 16.579 to 17.799 k] g~!. An adequate value of
ADF yield was 4.17 Mg ha—!, ADL 0.79 Mg ha~!, CE 3.37 Mg ha~!, HEM 2.79 Mg ha~ !,
NDF 6.96 Mg ha~!, and HHV 1.466 hGJ ha~!, while ADF ranged from 0.01 to 29.31 Mg
ha~!, ADL from 0.00 to 5.39 Mg ha™!, CE from 0.01 to 23.92 Mg ha~!, HEM from 0.01 to
17.66 Mg ha~!, NDF from 0.01 to 46.93 Mg ha~!, and HHV from 0.003 to 10.603 hGJ ha~!
(Figure 2). In terms of quality content, the influence of the cultivars was generally the most
significant effect, followed by years, and finally by nutrition, with the least impact (Table 1).
The effect was similar in terms of quality yield, excluding, however, HHV yield which had
the most significant effect of the nutrition (Table 2).

3.2. Levels of Main Effects
3.2.1. Quality Content

Statistical evaluation of levels of the main effects showed the formation of differenti-
ated homogenous groups (Table 3, Figure 3), whereas

e the cultivars were accompanied by the highest proportion of differentiated homoge-
neous groups concerning calorific indicator HHV, while to a lesser extent concerning
all ligno-cellulose indicators (ADF and NDF);

e the years were accompanied by a medium proportion of differentiated homogeneous
groups, while to a lesser extent concerning HEM and NDEF;

e the nutrition was accompanied by the smallest proportion of differentiated homoge-
neous groups.

3.2.2. Quality Yield

Similar evaluation of the levels of the main effects on homogenous groups forming
(Table 4, Figure 3) showed that

e  cultivars were accompanied by a high proportion of differentiated groups, while

O the highest average values of each indicator always belonged to EG 1101 (the
cultivar with the highest DM yield);

O the lowest average values of each indicators always belonged to NJ Ecotype
(the cultivar with the lowest DM yield);

O the groups followed the cultivars in DM yield order: EG 1101 > BO Master >
EG 1102 > Kanlow > Alamo > Carthage > NJ Ecotype (21.15, 12.48, 8.14, 7.70,
6.34,4.47, and 2.89 Mg ha™! DM, respectively, when ranking average yield);

e  years were accompanied by the creation of four groups with a scheme identical to the
crop increasing productivity in general, while

O the highest average values of each indicator were always achieved in 2021 (the
year with the highest DM yield);
O the lowest average values of each indicators were always achieved in 2018 (the

establishment year with the lowest DM yield);

O the groups followed the years by DM yield order: 2021 > 2020 > 2022 > 2019 >
2018 (19.13,12.44,7.73,5.41, and 0.40 Mg ha—1 DM, respectively, when ranking
average yield);

e nutrition treatments were accompanied by the creation of three groups with a scheme
identical to the crop increasing productivity in general, while
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O the highest average values of each indicators were always achieved with HA
(the treatment with the highest DM yield);
O the lowest average values of each indicators were always achieved with UC

(untreated control with the lowest DM yield);

O the groups followed the nutrition treatments by DM yield order HA > NPK
> UC (13.69,9.19, and 4.19 Mg ha—1 DM, respectively, when ranking average
yield).

Table 1. Parameters of statistical analyses of variance for main effects for data set of quality content.

Main ADF ADL CE HEM NDF HHV
Source
F- p- F- p- F- p- F- p- F- p- F- p-
10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value
Cultivars 1 49.63  0.0000 1 17.63  0.0000 1 70.54  0.0000 1 10.65  0.0000 3 0.98 0.4438 1 12.44  0.0000
Years 2 8.85 0.0003 2 2.54 0.0841 2 5.51 0.2080 2 3.70 0.0265 1 57.23  0.0000 2 8.34 0.0005
Nutrition 3 1.48 0.1945 3 1.30 0.2672 3 1.44 0.0000 3 0.25 0.9572 2 2.55 0.0839 3 10.09 0.0000
IO—impact order, an order based on F-ratio; ADF and HHV—indicators of ligno-cellulose quality and calorific
value.
Table 2. Parameters of statistical analyses of variance for main effects for data set of quality harvested.
Main ADF ADL CE HEM NDF HHV
Source
F- p- F- p- F- p- F- p- F- p- F- p-
10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value 10 Ratio  Value
Cultivars 1 23.39  0.0000 1 22.18  0.0000 1 2346  0.0000 1 2448  0.0000 3 12.62  0.0000 3 12.86  0.0000
Years 2 17.05  0.0000 2 18.32  0.0000 2 16.59  0.0000 2 17.24  0.0000 1 24.01 0.0000 2 17.68  0.0000
Nutrition 3 12.32 0.0000 3 11.50 0.0000 3 12.38 0.0000 3 12.80 0.0000 2 17.28 0.0000 1 24.13 0.0000

IO—impact order, an order based on F-ratio; ADF and HHV—indicators of ligno-cellulose quality and calorific
value.

3.3. Impact of Plant Height, DM Yield and DM Content

Figure 4a—f show dependencies of quality content and yield on plant height, dry
matter (DM) yield and DM content at harvest. Within the subfigures, logarithmic (a—c) or
linear (d—f) trends are presented, while trends are regularly logarithmic in terms of quality
content and linear in terms of quality yield. All subfigures (a—f) are optimized to show
whole data cluster; the reliability index is also displayed.

In terms of quality content it was characteristic that the evaluated dependencies had a
weak reliability with logarithmic courses being suitable, when

e R ranged between 0.0150 and 0.2609 for the effect of ADL, HEM, NDF, and HHV on
plant height;

e R2 ranged between 0.006 and 0.1777 for the effect of ADL, HEM and HHV on DM
yield;

e R2 ranged between 0.0495 and 0.2281 for the effect of all the indicators on DM content
at harvest;

with exception of the middle effects of ADF and CE on plant height, with R? values
of 0.457 and 0.4327, respectively, as well as the effects of ADF, CE, and NDF on DM yield,
with the R? values of 0.4549, 0.5153, and 0.4087, respectively. However, logarithmic courses
were also suitable.



Agronomy 2023, 13,1854

6 of 17

content, % or kJ g1

amount, Mg ha or hGJ ha?

mH1
mBO
mH3
mK
BA

NJ

50
40
30
20
10

H1
mBO
mH3
mK
A
mC
mNJ

min. max.

34.72
30.15
31.72
30.39
34.88
36.39
36.85

min.

0.13
0.02
0.01
0.02
0.05
0.01
0.01

ADF, %
50.91
50.69
48.65
49.15
48.89
48.86
48.76

||||..
max.
ADF, t ha-1
29.31
20.84
14.55
13.53
8.28
4.34
3.46

aver.

44.41
44.01
42.42
44.30
43.40
44.14
44.88

LT T
aver.

9.83
5.78
3.71
3.60
2.87
2.04
1.35

min.

6.59
6.70
7.21
6.42
6.02
6.23
7.39

min.

0.03
0.00
0.00
0.01
0.02
0.00
0.00

HEREN
max.

ADL, %
11.76
12.05
11.57
12.41
11.99
10.53
11.37

-
max.

ADL, t ha-1
5.39
3.38
2.88
2.79
1.80
0.84
0.68

aver.

8.94
9.12
9.17
9.45
9.22
8.76
9.81

aver.

1.81
1.07
0.76
0.70
0.56
0.39
0.27

w1
min. max.

24.75
21.42
20.15
17.98
22.89
26.34
25.55

min.

0.10
0.01
0.01
0.01
0.03
0.01
0.01

CE, %
39.44
39.60
39.02
39.67
39.73
40.08
39.18

||||..

max.

CE, t ha-1
23.92
17.46
11.67
10.74
6.49
3.51
2.78

aver.

35.47
34.89
33.25
34.85
34.18
35.39
35.08

(@)

aver.

8.02
4.70
2.95
2.90
231
1.65
1.07

(b)

m
HEM, %
2286 3841
2263 3452
2134 | 37.33
21.60 | 34.68
2605  34.69
2620 33.99
2263 34.69
Illl..
min. max.
HEM, t ha-1
015 | 17.66
002 | 14.34
001 872
003 | 9.30
004 | 559
001 | 3.16
001 | 213

aver.

30.90
29.96
30.90
30.09
30.57
30.61
30.38

aver.

6.59
3.87
2.48
2.33
1.98
1.38
0.91

59.37
63.10
59.20
61.44
63.28
62.59
65.45

min.

0.28
0.03
0.02
0.05
0.09
0.01
0.03

NDF, %
80.60
79.71
79.85
81.15
78.70
79.14
80.34

‘III'I
max.
NDF, t ha-1
46.93
35.18
23.27
22.83
13.87
7.51
5.58

aver.

75.32
73.98
73.33
74.40
73.97
74.76
75.27

Ill.l-
aver.

16.42
9.65
6.19
5.93
4.86
3.42
2.25

17.130
16.864
17.069
16.783
16.579
16.736
17.039

min.

ui: M 1w IIIII ||I|| |II|| R NEEERNC NNAER
in. max. min. max. min. max.

HHV, k) g-1
17.507
17.783
17.473
17.544
17.340
17.435
17.799

HHV, hGJ ha-1

0.07
0.01
0.00
0.01
0.02
0.00
0.01

10.60
7.82
5.23
511
3.09
1.68
1.24

aver.

17.309
17.231
17.262
17.160
17.042
17.044
17.397

3.45
2.03
1.32
1.25
1.02
0.72
0.47

Figure 2. Minimum, maximum, and average values of quality indicators—quality content, in % or k] g~ ! (a), and quality yield, in Mg ha™! or hGJ] ha~! (b); according
to cultivars EG 1101 (H1), BO Master (BO), EG 1102 (H3), Kanlow (K), Alamo (A), Carthage (C), and NJ Ecotype (N]).
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Table 3. Homogenous groups (H) and parameters of statistical analyses of variance for data set of quality content within levels of main effects, quality indicators in
% (ADF, ADL, CE, HEM, and NDF) or in ] g~! (HHV).

Main ADF ADL CE HEM NDF HHV
Source
H LS LS H LS LS H LS LS H LS LS H LS LS H LS LS
Mean Sigma Mean Sigma Mean Sigma Mean Sigma Mean Sigma Mean Sigma
cultivars
1?51 a 44411 0.6617 b 8.941 0.3000 a 35.469 0.6467 a 30.903 0.7313 a 75.315 0.7406 ab 17,309 41.88
Mzger ab 44.015 0.6617 ab 9.123 0.3000 ab 34.891 0.6467 a 29.964 0.7313 a 73.978 0.7406 bc 17,231 41.88
1]%;2 b 42.424 0.6617 ab 9.169 0.3000 c 32.255 0.6467 a 30.903 0.7313 a 73.327 0.7406 17,262 41.88
Kanlow a 44.303 0.6617 ab 9.453 0.3000 ab 34.850 0.6467 a 30.092 0.7313 a 74.396 0.7406 cd 17,160 41.88
Alamo ab 43.401 0.6617 ab 9.217 0.3000 ab 34.184 0.6467 a 30.571 0.7313 a 73.971 0.7406 d 17,042 41.88
Carthage ab 44.144 0.6617 b 8.759 0.3000 a 35.385 0.6467 a 30.611 0.7313 a 74.755 0.7406 d 17,044 41.88
Nt]y];zo- a 44.885 0.6617 a 9.806 0.3000 a 35.079 0.6467 a 30.384 0.7313 a 75.268 0.7406 a 17,398 41.88
years
2018 c 37.036 0.5759 a 10.423 0.2535 c 26.512 0.5466 b 29.329 0.6181 c 66.365 0.6259 C 17,043 35.40
2019 a 46.052 0.5759 a 10.194 0.2535 b 35.858 0.5466 b 29.126 0.6181 b 75.178 0.6259 b 17,244 35.40
2020 a 46.151 0.5759 b 8.923 0.2535 ab 37.228 0.5466 b 28.720 0.6181 b 74.871 0.6259 b 17,186 35.40
2021 a 46.162 0.5759 bc 8.559 0.2535 a 37.603 0.5466 a 32.045 0.6181 a 78.207 0.6259 a 17,387 35.40
2022 b 44.301 0.5759 C 7.95 0.2535 ab 36.351 0.5466 a 33.231 0.6181 a 77.531 0.6259 b 17,172 35.40
nutrition
HA a 44.390 0.4332 a 9.417 0.1964 a 34.974 0.4234 b 29.619 0.4788 ab 74.010 0.4848 b 17,182 27.42
NPK a 44.944 0.4332 ab 9.363 0.1964 a 35.580 0.4234 ab 30.379 0.4788 a 75.323 0.4848 a 17,295 27.42
UucC b 42.487 0.4332 b 8.849 0.1964 b 33.637 0.4234 a 31.471 0.4788 b 73.958 0.4848 b 17,143 27.42

H—homogenous group (ANOVA used to determine which means were significantly different at the statistical 95.0% confidence level, P = 0.05); HA, NPK, and UC—the nutrition
treatments. The letters a b ¢, and d indicate homogeneous groups according to the ANOVA procedure for main effects at 0.05 significance level.
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the ANOVA procedure for main effects at 0.05 significance level.
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Table 4. Homogenous groups (H) and parameters of statistical analyses of variance for data set of quality yield within levels of main effects; quality indicators in Mg
ha~! (ADF, ADL, CE, HEM, and NDF) or in GJ] ha~! (HHV).

Main

ADF ADL CE HEM NDF HHV
Source
H LS LS H LS LS H LS LS LS LS H LS LS H LS LS
Mean  Sigma Mean  Sigma Mean  Sigma Mean  Sigma Mean  Sigma Mean  Sigma
cultivars
1]%;1 a 9.828 0.8171 a 1.812 0.1503 a 8.016 0.6676 a 6.594 0.5366 a 16.422  1.3474 a 367.89  29.891
Mzger b 5.775 0.8171 b 1.073 0.1503 b 4.702 0.6676 b 3.872 0.5366 b 9.647 1.3474 b 216.18  29.891
1?8;2 bc 3.707 0.8171 bc 0.757  0.1503 bc 2.950 0.6676 bc 2.485 0.5366 bc 6.191 1.3474 bc 141.05  29.891
Kanlow  bced 3.598 0.8171 bed 0.695 0.1503 bed 2.903 0.6676 cd 2.335 0.5366 bed 5.933 1.3474 bed 13342  29.891
Alamo cd 2.872 0.8171 cd 0.561 0.1503 cd 2.312 0.6676 cd 1.983 0.5366 cd 4.856 1.3474 cd 108.67  29.891
Carthage cod 2.036 0.8171 cd 0.389 0.1503 cd 1.647 0.6676 cd 1.383 0.5366 cd 3.419 1.3474 cd 76.62 29.891
Nt]y ];ZO_ 1.346 0.8171 d 0.272 0.1503 d 1.074 0.6676 d 0.907  0.5366 d 2.253 1.3474 d 50.42 29.891
years
2018 d 0.145 0.6906 d 0.043 0.1293 d 0.101 0.5642 d 0.109 0.4535 d 0.254 1.1388 d 6.84 25.262
2019 c 2.590 0.6906 c 0.570 0.1293 d 0.202 0.5642 c 1.541 0.4535 c 4.132 1.1388 c 93.52 25.262
2020 b 5.706 0.6906 b 1.088 0.1293 b 4.618 0.5642 b 3.722 0.4535 b 9.428 1.1388 b 214.71  25.262
2021 a 8.967 0.6906 a 1.660 0.1293 a 7.307 0.5642 a 6.027  0.4535 a 14994  1.1388 a 33342  25.262
2022 c 3.422 0.6906 c 0.609 0.1293 c 2.813 0.5642 bc 2.571 0.4535 c 5.993 1.1388 c 13313 25.262
nutrition

HA a 6.314 0.5349 a 1.208 0.1002 a 5.106 0.4370 a 4.209 0.3513 a 10.524  0.8821 a 236.82  19.568
NPK b 4.284 0.5349 b 0.823 0.1002 b 3.460 0.4370 b 2.878 0.3513 b 7.161 0.8821 b 159.78  19.568
ucC c 1.901 0.5349 c 0.352 0.1002 c 1.549 0.4370 c 1.295 0.3513 c 3.196 0.8821 c 72.37 19.568

H—homogenous group (ANOVA used to determine which means were significantly different at the statistical 95.0% confidence level, P = 0.05; HA, NPK, and UC—the nutrition
treatments. The letters a b ¢, and d indicate homogeneous groups according to the ANOVA procedure for main effects at 0.05 significance level.
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Figure 4. Logarithmic dependence of quality content on plant height (a), dry matter yield (b), and dry matter content at harvest (c), and linear dependence of quality

yield on plant height (d), dry matter yield (e) and dry matter content at harvest (f), according to ligno-cellulose (ADF and NDF) and calorific value (HHV) indicators.
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In agreement with the weak reliability of quality content, weak reliability was also
achieved concerning the dependencies of quality yield on DM content at harvest, whereas
R? ranged from 0.1015 to 0.1384 when logarithmic trends were applied and ranged from
0.1049 to 0.1414 within linear trends, so both the trend courses were similar to those of
adequate content logarithmic ones. In contrast to the quality content, the adequate trend
courses of quality yield were typical of

e  middle reliability within the indicators’ dependence on plant height, while

O R? ranged from 0.3311 to 0.4721 under logarithmic courses and from 0.3441to
0.5059 under linear courses;
O the highest reliability was recorded for HHV (logarithmic 0.4721, linear 0.5059);

e  strong reliability within the indicators” dependence on DM yield with
O R? ranging from 0.9784 to 0.9999 under linear courses, while

. middle reliability was recorded with R? of 0.3441-0.5059 under loga-
rithmic courses, which was, therefore, less relevant for ligno-cellulose
indicators (ADF and NDF)

. there was strong reliability with R? of 0.9999 for the calorific indicator
HHYV despite the logarithmic course being applied.

4. Discussion
4.1. Ligno-Cellulose Quality

The study provided data on chemical composition and calorific value of seven switch-
grass cultivars, that were fertilized differently. In the trial, depending on the cultivar,
nutrition, and years, the neutral detergent fiber (NDF) of switchgrass ranged from 59.20
to 81.15%, the acid detergent fiber values from 30.15 to 50.91%, the acid detergent lignin
from 6.02 to 12.41%, the cellulose from 17.98 to 40.08%, and the hemicellulose from 21.34 to
38.41%. The results obtained for chemical composition of the switchgrass biomass were
comparable to those reported in the literature [16-25].

The composition of carbohydrates, as well as the concentration of lignin in the biomass,
depended on the switchgrass cultivars. Cultivar EG 1102 had the highest cellulose and
hemicellulose content with an average of 35.469% and 30.903%, respectively, and cultivar
NJ Ecotype had the highest lignin content with an average of 9.806% compared to all other
cultivars analyzed in this study.

The chemical composition of different switchgrass cultivars has been assessed by
many authors. Brown et al. [26] evaluated the composition of three switchgrass cultivars
(Cave-in-Rock, Carthage, Shawnee) from four reclaimed sites in West Virginia. Biomass
quality traits differed among cultivars. Neutral detergent fiber (NDF) ranged between 76.9
and 84.0% and acid detergent lignin (ADL) between 5.1 and 6.4%. Cave-in-Rock had the
highest concentrations of NDF and ADL, while Carthage had the lowest. The switchgrass
of Blackwell cultivar had higher NDF and ADF values trials conducted by Corleto et al. [27].
Authors conducted a 3-year trial at three different locations in southern Italy to assess yields
and quality of 23 perennial grasses; among them was the Blackwell switchgrass cultivar.
The highest NDF values in the switchgrass were 73.0% and the highest ADF values in the
Sorghum almum was 4.0%, while the higher ADF values were also in the switchgrass (40%).

High values of quality parameters of switchgrass at three different localities were also
recorded by Xu et al. [28]. NDF values ranged from 72.1 to 80.4%, ADL values ranged from
7.7 t0 10.5%, CE values ranged from 36.6 to 42.1%, and HEM values from 28.7 to 30.7% in
the second year of growth.

Serapiglia et al. [19] cultivated nine cultivars of switchgrass on one prime and two
marginal sites in New Jersey. The results showed that biomass composition was affected
by cultivar type and by growing location. Cultivar Timber 3 had the highest cellulose
content averaging 50.5% and cultivar Cave-In-Rock 3 had the highest lignin content with
an average of 14.1% compared to all other cultivars analyzed in this study. The upland
cultivars, Cave-In-Rock 3, Carthage 3, and High Tide 4, had lower cellulose content and



Agronomy 2023, 13,1854

12 0of 17

greater lignin content compared to the lowland cultivars. Hemicellulose content was
significantly different by location but not by cultivar. Madakadze et al. [29], in a two-
year field study carried out on a free-draining sandy clay loam, evaluated changes in
biomass composition of different cultivars of switchgrass. The maximum values of ADF
and NDF were 64.8% and 84.9% for Cave-in-Rock, 66.9% and 86.5% for Pathfinder, and
66.2% and 86.1% for Sunburst. These results indicate that switchgrass has potential as a
good biomass crop.

Amaleviciute-Volunge et al. [23] compared the chemical composition of seven types
of perennial grass. Each perennial herbaceous plant species had a different chemical
composition. For switchgrass, the average value of neutral detergent fiber was 70.49%,
the average value of acid detergent fiber was 39.9%, the average value of cellulose was
34.2%, the average value of hemicellulose was 30.54%, and the average value of lignin 5.7%.
Results of our research are similar to these data on the chemical composition of switchgrass.

Oginni et al. [20,21] determined the chemical composition (cellulose, hemicellulose,
and lignin) of the switchgrass cultivars (Bomaster and Kanlow) tested. The cellulose
content was between 34.44 and 36.27%, the hemicellulose content was between 28.84 and
31.56%, and the lignin content was between 8.84 and 9.27% for the samples tested. Higher
contents of monitored parameters were found in the Kanlow cultivar compared to the
Bomaster cultivar.

Production of biomass for biofuel seeks to maximize lignocellulose yields. Sanderson
and Wolf [30] compared lignocellulose content in two cultivars of the switchgrass grown
in two localities. No differences were found in lignocellulose content of Alamo and Cave-
in-Rock cultivars at Blacksburg. At Stephenville, Alamo had a greater concentration of
lignocellulose than did Cave-in-Rock. Yan et al. [31] studied four cultivars of switchgrass
(Alamo, GA993, GA992, and Kanlow) for differences in their chemical constituents. The
results demonstrated that the lignin content in the four switchgrass cultivars was different.

Aurangzaib et al. [32] found that lowland ecotypes (Kanlow and Alamo) usually
have higher cellulose and hemicellulose content, whereas upland ecotypes (Cave-in Rock,
Blackwell, and Trailblazer) produce higher lignin concentrations. Many studies have
reported differences among switchgrass cultivars in ligno-cellulosic composition [26,33],
while others have shown similarities among cultivars [30].

Chemical composition of the biomass even depended on the plant harvest year. The
concentrations of cellulose and hemicellulose in the recent harvest years were significantly
higher and concentration of lignin decreased compared to the first harvest year. Butkuté
et al. [9] recorded similar results. Parameters in the switchgrass in the first harvest year
ranged from 32.5 to 34.7% for cellulose, from 22.8 to 28.4% for hemicellulose, and from
60.8. to 67.9% for lignin. In the second harvest year, the concentration these parameters
was higher (cellulose 36.4-40.7%, hemicellulose 22.9-27.7%, and lignin 66.1-72.7%). High
lignin concentration in switchgrass biomass in the second harvest year showed its great
suitability for solid biofuel production.

Zhang et al. [34] evaluated chemical composition of the switchgrass (Alamo cultivar).
They found a significant and positive correlation between the cellulose (CE) and acid
detergent fiber (ADF) content in the switchgrass biomass (R = 0.959).

4.2. Calorific Value

In our experiments, depending on the cultivar, nutrition, and year, the calorific value
of switchgrass ranged from 16.579 to 17.799 MJ kg~!. Our results are comparable to
other published works on calorific values of biomass. According to Giannoulis et al. [35],
the switchgrass in their eighth growing year achieved a remarkable dry biomass yield
characterized of an average calorific value 17.3 MJ kg~!. Multiplying the heating value
by the dry yield of switchgrass biomass produced, Giannoulis et al. [35] found that the
production of energy per hectare ranged from 162.0 to 241.0 G] ha™!.

Our results showed a significant difference in calorific values between different
cultivars, different years, and the nutrition of the switchgrass. According to the treat-
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ments, the highest values of combustion heat (HHV) were found for cultivars NJ Eco-
type (17.398 M] kg’l) and EG 1101 (17.309 MJ kg’l) and the lowest for cultivars Alamo
(17.042 MJ kg~ ') and Carthage (17.044 M] kg~ !). At the lowest yields of the cultivar NJ
Ecotype, despite the highest value HHYV, the lowest yield of the quality parameter HHV
was achieved (50.42 GJ ha~!). High values of HHV and yield were achieved with cultivar
EG 1101 and, therefore, the yield of the quality parameter HHV (367.89 GJ ha~!) was the
highest with this cultivar.

A wide range of energy yield was also recorded in the study of Hoagland et al. [36].
The thermal energy yield of switchgrass ranged from 60.0 to 230 G] ha~! across growing
season and treatments. For both years, there was a significant effect of harvest timing
on thermal energy yield, with mid-fall harvests having greater energy yield than spring
harvests.

According to the study of Pilon and Lavoie [17] the switchgrass of cultivar Cave-
in-Rock had an average calorific value 19.5 MJ kg~!. Amabogha et al. [37] compared
the calorific value of eight types of crops (sunflower (Helianthus annuus), Indian mustard
(Brassica juncea), soybean (Glycine max), willow (Salix spp.), poplar (Populus spp.), switch-
grass (Panicum virgatum), buckthorn (Typha latifolia), and silver grass (Miscanthus sinensis).
Sunflower and silver grass emerged as the two best candidates for bioenergy production
while soybean and switchgrass had the lowest performance. Calorific value data ranged
from 17.25 to 20.46 M] kg_l. Florine et al. [38] found that heating values (HHV) in 26 grass
species, including the switchgrass, ranged from 17.69 to 19.46 MJ kg~!. Mani et al. [39]
found that switchgrass had a higher calorific value than wheat straw, barley straw, or
corn stems.

Biomass-based energy production requires crops with a high yield output along with
high biomass qualities. Optimum fertilizing of perennial crops will make it possible to
achieve higher yields. In a study based on data collected from a field trial between 2002
and 2012, Igbal et al. [40] evaluated the yield and quality performance of miscanthus
and switchgrass using different nitrogen fertilization regimes (0 kg ha~!, 40 kg ha~!, and
80 kg ha~!). The authors found that dry matter production of both crops increased with
increasing nitrogen dose. Hoagland et al. [36] determined the effect of different nitrogen
fertilizer doses (0, 56, 112, 168, and 224 kg ha—1) and harvest timing (mid-fall, late-fall, and
spring) on dry matter yield and switchgrass quality. Results showed a positive response of
switchgrass to N fertilizer, with no yield gain abovel12 kg ha~! of N. Energy content of
switchgrass was not significantly affected by the management.

The effect of different nitrogen fertilization regimes on the yield and the qualitative
composition of the switchgrass biomass was also investigated by Mulkey et al. [41], Lemus
et al. [42], Mohammed et al. [43], Seepaul et al. [44], Tang et al. [45], and Lee et al. [46].

Saidur et al. [47,48] reported that the heating value correlated well with the lignin
content of the lignocellulosic biomass. Higher lignin content in plants usually means
higher heating value which makes lignin an important constituent of plants’ biochemical
composition. They also recorded similar results to those of Amaleviciute-Volunge et al. [49]
when they analyzed the relationship between the heating value and chemical composition
of the biomass and found a strong correlation between the heating value and acid detergent
lignin (ADL) 0.548 ** (p < 0.01).

4.3. Impact of the Humic Amendment

Small differences in HHV values were found between the fertilization variants. The
highest HVV value was found with NPK fertilization (17.295 M] kg’l) and the lowest in the
untreated control (17.143 MJ kg~ !). However, energy production per hectare ranged widely
from 72.37 to 236.82 G] ha~!. The yield of the qualitative parameter HHV (236.82 G] ha™!)
was the highest when the pre-sowing soil humic preparation Humac AGRO was used.
Higher HHYV yield in GJ ha™ with this fertilization was related to higher switchgrass yield.

A number of studies report that compost HAs possess bioactive effects on various
herbaceous plants and that plant response can differ depending on compost type and
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chemical and physico-chemical properties of compost HA. The use of compost as a soil
amendment produces direct and indirect positive effects on soil fertility and plant growth
attributable especially to the HA fraction [50-52]. Traversa et. al. [12] found that significant
beneficial effects were produced by any HA on switchgrass germination and early growth
as a function of the population tested and the HA dose. These results suggest a possible use
of compost as soil amendment in areas where switchgrass grows naturally or is cultivated.
This is also in accordance with our former results [53-56] where the bioactive effects of HA
affected growth of dedicated crops, crop height, and dry matter yield, which, consequently,
also increased the qualitative indicators. Within the experiments, the highest average
values of each quality profit indicator (ADF, ADL, CE, HEM, and NDF in Mg ha—1; HHV in
GJ ha~!) was always achieved always under humic treatment and had a significant impact.

5. Conclusions

Ligno-cellulose quality and calorific value of switchgrass vary with cultivar, manage-
ment practices, and environmental conditions. Based on small-plot open-field stationary
screening of seven selected cultivars, the impact of pre-sowing nutrition treatments (soil-
applied humic ameliorative amendment, high NPK basic dose, and low-input untreated
control), and years mainly affected acid detergent fiber (ADF), acid detergent lignin (ADL),
crude cellulose (CE), hemicellulose (HEM), neutral detergent fiber (NDF), and high heating
value (HHV). Two aspects of quality were evaluated in the study. The primary aspect
was the content-basis quality (% or k] g~1), which is considered to be a general indica-
tor of phytomass quality, and the secondary one dealt with yield-basis quality (kg ha™!
or GJ ha™!). This is important to processors as it impacts the area required to create a
sustainable supply-chain for a processing plant.

In terms of quality content, the influence of the cultivars was generally the most
significant factor (valid for all indicators excluding NDF), and even with the influence of
the years as factor was higher than the influence of the nutrition treatments. Similarly, in
terms of quality yield the cultivars were confirmed to be the most important factor (mainly
because of the great differences in phytomass yield provided by conventional and newly
bred cultivars), followed by years and then by nutrition, with the least impact. That impact
order was valid for each of ligno-cellulose indicators (excluding NDF), while the impact of
nutrition was the most important factor concerning HHV.

Despite the fact that nutrition seemed to be the least important factor in general,
differences between the nutrition treatments were significant in terms of quality yield,
while the highest values of all the indicators, ligno-cellulose, and calorific value were
achieved under soil-applied humic ameliorative amendment (HA > NPK > UC). This issue
could be a subject of closer morphological study, however this result is an important one
now, and is equal to the cultivar ranking of EG 1101 > BO Master > EG 1102 > Kanlow >
Alamo > Carthage > NJ Ecotype according to the DM yield and quality yield.

Moreover, the influence of plant height, dry matter (DM) yield, and DM content
at harvest on quality were also evaluated by trend analyses, mainly with logarithmic
and linear courses. In terms of quality content, it was characteristic that the evaluated
dependencies had a weak reliability in general, with only some exceptions of the middle
ones within the impact of plant height and DM yield on ADF and CE content. Despite the
weak reliability of the relationships, increased DM content at harvest seemed to have a
decreasing effect on HEM content, but was neutral or positive with respect to the other
quality content indicators. A weak reliability was achieved concerning dependencies in
terms of quality yield on DM content at harvest, but middle to high reliability was typical
within all the impacts of DM yield and plant height on the quality yield, while it was valid
for all indicators of ligno-celullosic quality and calorific value. Therefore, both plant height
and DM yield are good indicators of quality yield of ligno-cellulose and energy yield, while
DM content at harvest appeared to be optimal at 40-50%, although this requires more data
in order to be evaluated more precisely.
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