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h i g h l i g h t s

� Potential of pure stand forbs as substrates for biogas production is emphasised.
� Cutting strategy influenced biogas yields and chemical compositions.
� NIRS as a successful tools for predicting biogas yield and plants compositions.
� Inclusion of forbs in grassland may potentially lead to higher methane production.
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a b s t r a c t

This study investigated the potentials of forbs; caraway, chicory, red clover and ribwort plantain as sub-
strates for biogas production. One-, two- and four-cut systems were implemented and the influence on
dry matter yields, chemical compositions and methane yields were examined. The two- and four-cut sys-
tems resulted in higher dry matter yields (kg [total solid, TS] ha�1) compared to the one-cut system. The
effect of plant compositions on biogas potentials was not evident. Cumulative methane yields (LCH4 kg�1

[volatile solid, VS]) were varied from 279 to 321 (chicory), 279 to 323 (caraway), 273 to 296 (ribwort
plantain), 263 to 328 (red clover) and 320 to 352 (grass-clover mixture), respectively. Methane yield
was modelled by modified Gompertz equation for comparison of methane production rate. Near infrared
spectroscopy showed potential as a tool for biogas and chemical composition prediction. The best predic-
tion models were obtained for methane yield at 29 days (99 samples), cellulose, acid detergent fibre, neu-
tral detergent fibre and crude protein, (R2 > 0.9).

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Forb, a herbaceous flowering dicotyledonous plant; often sown
in organic grasslands to improve herbage mineral content and
increase biodiversity (Elgersma et al., 2013; Pirhofer-Walzl et al.,
2011). Forbs are also used as forage crops for livestock (Marley
et al., 2014) and some species are used in traditional medicine
(Pirhofer-Walzl et al., 2011). In Denmark, forbs are planted
together with grass-clover mixtures to improve the ecosystems
and sustainability of the grasslands (Søegaard et al., 2011).
Søegaard et al. (2011) reported that including forbs in grassland
could increase the biodiversity without affecting the dry matter
yield. The results indicated that plant species greatly influenced
the growth, competitiveness and herbage quality of forbs. Chicory,
caraway and ribwort plantain were the main competitors as the
plant yields were high when sown with grass-clover mixture.
Besides, caraway has higher digestibility of organic matter than
grassland mixture and other forbs.

Plants such as reed canary, wheat straw and miscanthus have
been investigated for biogas potentials (Kaparaju et al., 2010;
Klimiuk et al., 2010; Oleszek et al., 2014; Seppälä et al., 2009) how-
ever, forbs are less exploited. The knowledge concerning the biogas
potentials from forbs is essential as it may further increase the
beneficial value of the plant species. Thus, the examination of bio-
gas potentials from chicory, caraway and ribwort plantain is the
main highlight in the present study. Red clover and grass-clover
mixture are also tested for biogas production, mainly for compar-
ison purposes with chicory, caraway and ribwort plantain. Forbs
are usually grown as part of a mixture with other plant species
in grasslands, but in this study we first focus on examining the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2015.08.154&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2015.08.154
mailto:Radziah.Wahid@eng.au.dk
http://dx.doi.org/10.1016/j.biortech.2015.08.154
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


R. Wahid et al. / Bioresource Technology 198 (2015) 124–132 125
biogas potentials from pure stand forbs. In addition, the influence
of cutting strategy on dry matter yield, chemical composition
and biogas yield were evaluated as plants were cut at three differ-
ent strategies. Cutting strategy is an important factor as it can
influence the compositions of the plants, which may lead to differ-
ences in organic matter digestibility and fibre composition which
may, in turn, affect biogas yields (Mähnert et al., 2005). The per-
spective is to produce biomass for energy in combination with
flowering species in the mixtures, which may be obtained by per-
forming fewer cuts per year than the traditional four to five cuts
per year. Besides, fewer cuts will allow forbs to produce flowers
as the nectar is important to feed the pollinators in grasslands.
Thus, it is important to investigate the biogas potential of individ-
ual species under different cutting regimes. It is hypothesised that
systems with only one or two cuts per year display only a limited
decline in gas yields on a per-hectare basis compared to a four cut
strategy, thus lowering the costs per unit biogas produced.

This study also investigated the potential of near infrared spec-
troscopy (NIRS) as a tool to predict chemical composition and bio-
gas yield of the plant samples. NIRS is a spectroscopic method
using the infrared region of the electromagnetic spectrum (800–
2500 nm) (Doublet et al., 2013). Generally, tedious experimental
procedures are followed to measure chemical compositions such
as carbon, nitrogen, lignin, cellulose and hemicelluloses of plants
and batch test anaerobic digestion is initiated to measure the bio-
gas potentials (Doublet et al., 2013). These laboratory tests are time
consuming (the biogas batch test typically takes 30–90 days) and
requires sample preparation which contrast to NIRS, as the latter
requires no sample preparation and is a fast and easy method
(Kandel et al., 2013a; Krapf et al., 2011). Principally, chemical com-
positions and biogas yield were predicted by NIRS based on the
spectra produced from the samples. The complex organic matter
such as carbohydrate, protein and fats inside the samples created
their own blueprints, allowing quantification of chemical composi-
tions and biogas yield using NIRS (Mayer et al., 2011). Thus, we
hypothesise that NIRS can predict biogas potentials across plant
species with widely different characteristics.
2. Methods

2.1. Field experiment

Pure stand of chicory (Cicorium intybus L.), caraway (Carum carvi
L.), ribwort plantain (Plantago lanceolata L.) and red clover (Tri-
folium pratense L.) and grass-clover mixture (perennial rye-grass
(Lolium perenne L.), red and white clover (Trifolium repens L.) were
planted in existing fields experiments at Research Center Foulum,
Aarhus University, Tjele, Denmark in 2011. The experimental plots
were located in a dairy crop rotation experiment of Aarhus Univer-
sity at Foulum (9� 340 E, 56� 290 N), with mean annual rainfall of
770 mm and mean annual temperature of 7.7 �C. Since 1987 the
site has had intensive dairy farming with grassland-arable crop
rotations (Eriksen et al., 1999, 2004). The soil is classified as a typ-
ical hapludult with 6.4% clay, 8.5% silt, 44% fine sand, 39% coarse
sand and 1.6% carbon. The plants were sown at 25 kg ha�1 in plot
of 1.5 � 10 m, with three replicates each. Plots were managed
without application of fertilizer and the samples used in this study
were harvested in 2013 (second year harvest). In 2012, only two
cutting strategies were implemented (one- and four-cut system),
while in 2013, three cutting strategies were applied (one-, two-
and four-cut system). Cutting strategy one; plants were harvested
once in October (1/1), cutting strategy two; plants were cut twice,
July (1/2) and October (2/2), and cutting strategy three; plants
were harvested four times, May (1/4), July (2/4), August (3/4)
and October (4/4). For red clover, it was only possible to establish
two cutting strategies (one- and four-cut system). The plots were
cut at 7 cm stubble height using a Haldrup plot harvester (J. Hal-
drup a/s, Løgstør, Denmark). During the experiment, the weather
data was recorded daily.

2.2. Biomass preparation

Forbs and clover grass mixture were dried in a 60 �C oven for
48 h before grinding to 0.8 mm particle size using a Foss mill (FOSS
CyclotecTM 1093). The dried powder was stored and sealed in air-
tight bottles under ambient temperature for further usage; compo-
sition analysis, biogas test and NIRS analysis. The VS of samples
were analysed following the procedure described by (APHA, 2005).

2.3. Sample analysis

2.3.1. Biogas
Inoculum was collected from a mesophilic post digester at the

full-scale biogas plant in Research Centre Foulum, Aarhus Univer-
sity, Denmark. Inoculum was stored 3 weeks at 35 �C to ensure
the biogas production from inoculum was minimised. The inocu-
lum was filtered using a manual sieve to remove the larger parti-
cles. The average TS and VS of the inoculum were 3.4% and 2.4%
respectively.

The batch test was done as described by (Møller et al., 2004).
Firstly, the dried plant materials for the three field replicates were
pooled. About 200 g of inoculum was added in each 500 mL infu-
sion bottle, followed by the addition of substrate with a ratio of
1:1 (VSsubstrate:VSinoculum) in three replicates. A control with only
inoculum was included. The bottles were incubated at 35 �C for
90 days. The measurement of biogas volume was done by inserting
a needle connected to a tube with inlet to a column filled with
acidified water (pH < 2) through the butyl rubber. The biogas pro-
duced was calculated by the water displaced until the two pres-
sures (column and headspace in bottles) were equal. Biogas
compositions were analysed by using gas chromatography
(7890A, Agilent Technologies, USA). Methane produced from each
sample was corrected by subtracting the volume of methane pro-
duced from the inoculum control. The resulting specific methane
yields were normalised to standard conditions (gas volume cor-
rected to 0 �C and 1.013 bar).

2.3.2. Composition analysis
Cellulose, hemicelluloses and lignin composition of the plant

samples were determined by measuring the value of acid detergent
fibre (ADF), neutral detergent fibre (NDF) and acid detergent lignin
(ADL) of the plant. Cellulose was calculated as the difference
between ADF and ADL, hemicelluloses as the difference between
NDF and ADF. The analysis followed the Van Soest method (Van
Soest et al., 1991). Ash was determined after combustion at
525 �C for 6 h and nitrogen (N) content in forbs and grass-clover
mixture was analysed following the Dumas method. Crude protein
(CP) was calculated as 6.25 � N (Elgersma et al., 2013). All samples
were analysed in duplicate.

2.3.3. NIRS spectra acquisition
For standardisation, dried plant samples used in batch test and

chemical compositions analyses were also used for NIRS analysis.
The dried sample was loaded into a glass tube until the powder
filled three quarter of the tube. The surface of the tube was cleaned
and placed into a rotating powder sampler that was attached to the
NIRS spectrometer. The samples were scanned using a Bomem QFA
Flex Fourier Transform Spectrometer fitted with an InAs detector
(Q-interline A/S, Copenhagen, Denmark). Each sample was scanned
256 times using 32 cm�1 resolutions. The models for biogas and
methane prediction were built by using both triplicates (99 data



126 R. Wahid et al. / Bioresource Technology 198 (2015) 124–132
samples) and average values (33 data samples) from batch test.
Models based on chemical compositions were built using only
the individual 33 samples.

2.4. Data analysis

Data collected from the experiment were calculated and further
analysed by using online Pearson correlation and ASSISTAT version
7.7 beta. A description of the Pearson correlation can be found in
(Wessa, 2012) and for the ASSISTAT software in Silva and
Azevedo (2006).

The methane yield production at 90 days was modelled by fit-
ting the experimental data to a modified Gompertz model (Eq. (1)):

y ¼ A expf� exp½lme=Aðk� TÞ þ 1�g ð1Þ
where y = cumulative methane yield (LCH4 kg�1 VS); A = maximum
methane production potential (LCH4 kg�1 VS); lm = methane pro-
duction rate (LCH4 kg�1 VS d�1); e = Euler’s constant, 2.71828183;
k = the lag phase period or the minimum time required to produce
methane (days); T = time (days) (Lo et al., 2010).

The analysis was performed in Microsoft excel using the solver
feature. From the modified Gompertz model, methane production
rate (lm) and lag phase (k) were determined. Squared correlation
coefficient (R2) was used to evaluate the precision of the model
fit. Statistical analysis was estimated using ANOVA (factorial
experiment) and carried out through ASSISTAT software.

For NIRS analysis, the prediction models were developed using
The Unscrambler software, version 9.8, (CAMO Software A/S, Oslo,
Norway). Models were based on partial least squares (PLS) regres-
sion for single parameter prediction – PLS1 with full leave-one-out
cross validation procedure. The entire spectral range measured by
the spectrometer was 1990–15,599 cm�1. After removing the noise
regions, the spectral range was reduced from 3718 cm�1 to
8000 cm�1, and this range is hereafter referred to as raw data. Var-
ious pre-processing treatments; multiplicative scatter correction
(MSC), standard normal variate (SNV), baseline offset and Sav-
itzky–Golay derivative were applied to the raw data to reduce
the baseline variation and enhanced spectral features. The quality
of each model was evaluated based on the coefficient of determina-
tion (R2) and the root mean square error of cross validation
(RMSECV). High R2 and low RMSECV is desirable in the model. Resid-
ual prediction deviation (RPD) was also calculated and details were
explained in Raju et al., 2011.
3. Results and discussion

3.1. Dry matter yields, TS and VS content

The characteristics of the forbs and grass-clover mixture used in
this study are summarised in Table 1. As observed, the grass-clover
mixture had the highest average DM yield followed by red clover,
ribwort plantain/caraway and chicory. The average DM yields of
chicory, caraway and ribwort plantain were varied from 2523 to
3024 kg ha�1 (cut 1/1), 4489 to 5777 kg ha�1 (cut 1/2 and 2/2)
and 3907 to 5793 kg ha�1 (cut 1/4, 2/4, 3/4 and 4/4). Elgersma
et al. (2013) observed higher average DM yield of chicory
(9960 kg ha�1) and ribwort plantain (8416 kg ha�1) while, the
average DM yield of caraway was comparable to this study. In
the previous study, the average DM yields were estimated based
on the DM yields of forbs harvested in 2009 and 2010 (first and
second harvesting year) over four cuts. The forbs were cut in
May, July, August and October; comparable to the present study.
These harvesting periods corresponded with the standard grass
harvesting time of a four-cut strategy in Denmark (Elgersma
et al., 2013).
The average DM yields of forbs and grass-clover mixture were
elevated when cutting strategy two and three were implemented.
For chicory, ribwort plantain and grass-clover mixture, average DM
yields were higher when the plants were harvested twice. It was
observed that when forbs (except caraway) and grass-clover mix-
ture were cut four times, the average DM yield and TS content from
the July harvest was greater than May, August and October harvest.
This observation possibly related to the weather conditions
(Fig. 1); high temperature (16.7 �C) and high mean global radiation
(21 MJ mm�2), and low precipitation (16.9 mm) were examined in
July 2013 compared to other months. In contrast, plants harvested
in May 2013 had lowest average DM yield and TS due to late spring
and low April temperature (5.1 �C). The VS content of the plants
varied from 85% to 94% of the DM.
3.2. Chemical compositions

The C and CP content, and fibre compositions (cellulose, hemi-
celluloses and lignin) of forbs and grass-clover mixture were
shown in Table 1 and Fig. 2a–e. From the results, it was observed
that the plants from first harvest of one- and two-cut system con-
tained lower CP content than plants from first harvest of four-cut
system. As reported by Kamalak et al. (2005) and Buxton (1996),
the percentage of CP in alfalfa, white and red clover, and tumble-
weed hay (stem and leaf) decreased with advancing maturity and
the result in the present study was in agreement with this observa-
tion. Besides, the CP content was also lower when the plants were
cut in July 2013 in four-cut system. For C content, only small vari-
ations were observed (41–46%) when different cutting strategies
were applied.

Generally, fibre content of forbs and grass-clover mixture was
higher when yield and morphological stage of the plants increased.
This explained higher fibre content of plants from the first harvest
of one- and two-cut systems than the other harvest time. In the
four-cut system, variations in fibre compositions of the plants were
pronounced and this probably because of the weather conditions
during growth. High temperature and high global radiation in July
2013 might be the reason for the high fibre content at the second
cut. Fibre content in first harvest of four-cut system was lower due
to temperatures lower than normal in April 2013. In addition, low
average DM yield in May 2013 caused low NDF values for the
plants. Nevertheless, the observation was diverse for grass-clover
as the first cut had higher fibre content compared to third and forth
cut. Perennial rye grass is a monocotyledon while the forbs are
dicotyledon. Monocotyledon plant consists of higher NDF content
than dicotyledon plant. During the first cut, the percentage of
perennial rye grass in the mixture was higher (82%) than second
(68%), third (30%) and forth (37%) cut. This clarified high content
of fibre during the first cut as the major proportion of the mixture
is perennial rye grass. Concerning cellulose and hemicelluloses,
ribwort plantain had lower content than other forbs and grass-
clover mixture and thus a reduced methane yield (Table 1). As
expected, grass-clover mixture contained more cellulose and
hemicelluloses, and less lignin content, causing higher production
of methane than the forbs.

The relationship between cellulose vs. hemicelluloses, cellulose
vs. lignin and hemicelluloses vs. lignin of forbs and grass-clover
mixture were correlated by Pearson correlation coefficient. In gen-
eral, a positive correlation between cellulose and lignin was
observed for forbs (except caraway) with R2 values higher than
0.7. Cellulose content increased linearly with the increment in
hemicelluloses content and this was true for all samples except
chicory. The relationship between hemicelluloses and lignin was
only pronounced in red clover where a positive correlation with
R2 > 0.8 was observed. Nevertheless, no specific trend was



Table 1
Characteristics of forbs and grass-clover mixture at different cutting period.

Species Cutting
strategy

Harvest
date

Cumulative methane
yield* (LCH4 kg�1 VS)

Biogas yield*

(LCH4 kg�1 VS)
Dry matter yield
(kg ha�1)

Total solid
(TS)

Volatile Solid
(VS)

Crude protein
(CP)

Carbon
(C)

29 days 90 days 29 days 90 days

Chicory Cut 1/1 10/10/2013 245 ± 5d 279 ± 10b 472 ± 12c 539b ± 18 2695 ± 851 27 ± 4 88 ± 1 7 43.2
Cut 1/2 12/7/2013 294 ± 8ab 321 ± 19a 576 ± 15ab 625a ± 36 3386 ± 1049 19 ± 2 88 ± 2 6.3 44.3
Cut 2/2 10/10/2013 275 ± 6c 301 ± 6ab 539 ± 17b 586ab ± 16 1103 ± 780 22 ± 2 89 ± 0 7.9 43.2
Cut 1/4 29/05/2013 287 ± 12abc 308 ± 20ab 549 ± 21b 583ab ± 33 1042 ± 164 12 ± 1 87 ± 0 24.4 43.1
Cut 2/4 12/7/2013 304 ± 4a 326 ± 6a 597 ± 9a 636a ± 11 2113 ± 1134 20 ± 2 87 ± 5 8.5 43.2
Cut 3/4 20/08/2013 276 ± 4bc 299 ± 9ab 545 ± 8b 583ab ± 16 522 ± 360 15 ± 1 88 ± 0 12.1 42.3
Cut 4/4 8/10/2013 291 ± 2abc 313 ± 3ab 578 ± 11ab 614a ± 5 230 ± 189 18 ± 2 88 ± 0 13.3 42.4

Caraway Cut 1/1 10/10/2013 270 ± 9b 311 ± 12b 459 ± 17b 531 ± 20b 2523 ± 197 35 ± 7 94 ± 0 7.8 45.8
Cut 1/2 12/7/2013 291 ± 2a 323 ± 4ab 558 ± 9a 619 ± 11a 4450 ± 902 24 ± 1 93 ± 0 7.8 45.5
Cut 2/2 10/10/2013 219 ± 3c 308 ± 9bc 488 ± 7b 615 ± 16a 716 ± 313 18 ± 3 88 ± 0 16.7 43.1
Cut 1/4 29/05/2013 296 ± 6a 348 ± 10a 577 ± 20a 653 ± 12a 3128 ± 58 11 ± 1 88 ± 0 17.8 42.3
Cut 2/4 12/7/2013 234 ± 9c 279 ± 17c 448 ± 20b 518 ± 31b 1749 ± 733 19 ± 1 91 ± 0 10.5 43.7
Cut 3/4 20/08/2013 191 ± 8d 304 ± 10bc 459 ± 11b 618 ± 10a 394 ± 280 17 ± 1 86 ± 1 17.3 43.1
Cut 4/4 8/10/2013 227 ± 11c 302 ± 11bc 496 ± 39b 601 ± 30a 522 ± 385 18 ± 3 87 ± 1 17.1 42.7

Ribwort plantain Cut 1/1 10/10/2013 255 ± 5a 290 ± 8 476 ± 11ab 539 ± 14 3024 ± 955 35 ± 1 90 ± 0 12.7 43.8
Cut 1/2 12/7/2013 259 ± 6a 295 ± 11 493 ± 13a 556 ± 23 4187 ± 765 21 ± 2 93 ± 0 7.9 43.8
Cut 2/2 10/10/2013 260 ± 3a 296 ± 9 496 ± 4a 557 ± 12 1590 ± 551 25 ± 4 90 ± 0 12.1 43.5
Cut 1/4 29/05/2013 243 ± 6ab 276 ± 14 476 ± 13ab 528 ± 25 1449 ± 275 11 ± 1 87 ± 0 22.2 41.7
Cut 2/4 12/7/2013 251 ± 3ab 289 ± 6 481 ± 6ab 546 ± 9 2831 ± 421 20 ± 1 92 ± 0 8.8 43.9
Cut 3/4 20/08/2013 236 ± 6b 273 ± 12 455 ± 13ab 516 ± 22 782 ± 662 19 ± 1 90 ± 0 12.9 43.4
Cut 4/4 8/10/2013 210 ± 13c 289 ± 9 442 ± 31b 555 ± 4 561 ± 384 21 ± 4 90 ± 0 13.5 42.9

Red clover Cut 1/1 10/10/2013 238 ± 5b 263 ± 10b 420 ± 9b 465 ± 18b 5294 ± 642 43 ± 12 94 ± 0 13.5 46
Cut 1/4 29/05/2013 293 ± 7a 328 ± 4a 544 ± 21a 599 ± 15a 2357 ± 355 12 ± 0 91 ± 0 24.5 44.7
Cut 2/4 12/7/2013 278 ± 10a 306 ± 17a 527 ± 22a 572 ± 33a 3176 ± 1328 19 ± 3 93 ± 0 14.9 44.5
Cut 3/4 20/08/2013 275 ± 1a 309 ± 2a 509 ± 5a 564 ± 5a 1228 ± 184 15 ± 1 92 ± 0 22.4 45.4
Cut 4/4 8/10/2013 284 ± 7a 316 ± 13a 513 ± 11a 564 ± 21a 1097 ± 47 18 ± 0 92 ± 0 25 46

Grass-clover mixture
(red, white clover and
rye-grass)

Cut 1/1 10/10/2013 281 ± 6b 320 ± 6b 505 ± 11c 575 ± 11c 4709 ± 384 34 ± 5 94 ± 0 12.5 45.3
Cut 1/2 12/7/2013 305 ± 4a 331 ± 8ab 587 ± 4ab 633 ± 12ab 6143 ± 181 31 ± 2 95 ± 0 6.7 44.5
Cut 2/2 10/10/2013 305 ± 10a 333 ± 11ab 569 ± 27ab 615 ± 28abc 2407 ± 355 22 ± 2 91 ± 0 15.7 44.3
Cut 1/4 29/05/2013 315 ± 4a 352 ± 10a 603 ± 12a 657 ± 11a 2923 ± 128 13 ± 1 91 ± 0 18.1 43.5
Cut 2/4 12/7/2013 315 ± 9a 342 ± 10ab 592 ± 22ab 636 ± 25ab 3082 ± 827 22 ± 0 93 ± 0 12.2 44.4
Cut 3/4 20/08/2013 297 ± 9ab 324 ± 13b 550 ± 13bc 593 ± 18bc 1156 ± 103 15 ± 1 90 ± 0 22 44.8
Cut 4/4 8/10/2013 308 ± 3a 338 ± 2ab 576 ± 15ab 622 ± 12abc 1185 ± 211 18 ± 1 90 ± 0 20.2 44.8

± represents standard deviation; methane and biogas yield deviation are based on batch test replicates while, harvest yield, TS, VS, CP and C is based on plot replicates.
* Means followed by different letter, a–din the row differ by Tukey test at 0.05 of probability.
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Fig. 1. Climate conditions during harvesting period at Foulum, Viborg Denmark.
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observed (cellulose vs. hemicelluloses, cellulose vs. lignin and
hemicelluloses vs. lignin) when all samples were examined in the
same curve.

3.3. Specific methane yield

Methane production from forbs and grass-clover mixture
after 90 days anaerobic digestion are presented in Table 1 and
Fig. 3a–e. From Table 1, cumulative methane yields of the
plants after 90 days anaerobic digestion varied from 279 to 326
LCH4 kg�1 VS (chicory), 279 to 348 LCH4 kg�1 VS (caraway), 273
to 296 LCH4 kg�1 VS (ribwort plantain), 263 to 328 LCH4 kg�1 VS
(red clover) and 320 to 352 LCH4 kg�1 VS (grass-clover mixture).
The methane yield of grass-clover mixture and forbs deviates
slightly; suggesting differences of pure stand and mixture samples.
Moreover, the amount of methane produced by caraway and
chicory were comparable with red clover.

Fig. 3a, d and e shows methane yield curves for chicory, red clo-
ver and grass-clover mixture. A clear trend illustrating plants har-
vested with the one-cut system had a lower methane yield than
two- and four-cut systems. This can be explained by the late har-
vesting period (October 2013) during one-cut system which
increased plant maturity. As reported by Dien et al. (2006), the
amount of lignin in the cell wall increases linearly with plant
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Fig. 3. Specific methane yield of (a) chicory, (b) caraway, (c) ribwort plantain, (d) red clover and (e) grass-clover mixture (up to 90 days).
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maturity. High lignin content in the plant hinders hydrolysis of lig-
nocellulosic materials (Prochnow et al., 2009); causing difficulties
for hydrolytic bacteria to hydrolyse polysaccharide into soluble
molecules of sugar. This limits degradation of forbs and grass-
clover mixture and causes low production of methane during
anaerobic digestion. Kandel et al. (2013b) and Massé et al. (2010)
observed decreased methane production as reed canary grass and
switchgrass maturity (respectively) was increased.

The results were diverse for caraway and ribwort plantain
(Fig. 3b and c) as the differences in methane production rate were
evident. It is interesting to observe variation in specific methane
yield of these forbs. Thus, the experimental data was correlated
with modified Gompertz models (Table 2). From the models,
methane production rate, lm (LCH4 kg�1 VS d�1) and lag phase, k
(day) were estimated. The statistical data showed significant dif-
ferences in lm for forbs and grass-clover mixtures except red clo-
ver at different cutting period. The differences in k were only
pronounced for caraway and ribwort plantain. In general, degrada-
tion of digested materials was faster when plants were harvested
for the first time in the two-cut system. This observation might
be due to high content of NDF as a result of high temperature
and high global radiation during the growth period. In addition, lig-
nin content was less compared to plants harvested in the one-cut
system. Nevertheless, no specific trend correlating methane pro-
duction rate with fibre compositions of forbs and grass-clover mix-
ture at different cutting periods was found.

3.4. Methane yield per hectare

The potential of pure stand forbs as feedstock for anaerobic
digestion in a biogas plant in terms of methane production per
ha was estimated. Methane yield per hectare of forbs and grass-
clover mixture at three cutting managements are shown in Fig. 4
and Table 1. Chicory, ribwort plantain and grass-clover mixture
had higher methane yield per hectare when the two-cut system
was applied, while the four-cut system of caraway led to 7% higher
methane yield per ha than the two-cut system. As expected,
methane yield per hectare increased when red clover was har-
vested four times. Although red clover and grass-clover mixture
were greater in methane yield per hectare, if considering produc-
tion of biogas from a forb–grass mixture, higher methane produc-
tion is expected. Thus, for the forbs, the hypothesis that a two-cut
strategy may be performed without major gas yield decline was
confirmed. The hypothesis was confirmed for none of the species
with a one-cut strategy.

3.5. NIRS analysis

The reference data used for NIRS analysis are tabulated in
Table 3 while, the models with best validation statistics are sum-
marised in Table 4. High R2 and RPD and a low RMSECV values
were the indicator to measure the success of prediction. As
observed, the application of pre-processing data treatment on
raw data improved most of the models. In general, the best pre-
dictions of methane and biogas were obtained when triplicates
samples (99 data) were used instead of individual 33 samples.
The best prediction of methane and biogas models were achieved
at 29 days using 99 samples, with R2 of 0.93 and RPD of 4.91
(methane) and with R2 of 0.86 and RPD of 2.57 (biogas). The
results from this study was found higher than reported by
Kandel et al. (2013b) and Raju et al. (2011). The differences
might due to variations in reference data, sample types and
homogeneity. Kandel et al. (2013b) analysed smaller reference
data than Raju et al. and the present study (69 vs. 95 and 99
samples) and the mass of material used for each NIRS analysis
and the surface area scanned was greater in this study than in
these two previous studies, potentially increasing the representa-
tivity of the samples. In addition, Kandel et al. investigated only



Table 2
Parameters of the mathematical adjustments, modified Gompertz.

Samples Modified Gompertz

lm (LCH4kg�1VSd�1)* k (d)* R2

Chicory
Cut 1/1 12.24 ± 0.91c 0.00 ± 0.00 0.982
Cut 1/2 16.75 ± 1.25ab 0.02 ± 0.04 0.992
Cut 2/2 15.65 ± 0.63bc 0.00 ± 0.00 0.991
Cut 1/4 19.66 ± 2.50a 0.52 ± 0.34 0.996
Cut 2/4 18.25 ± 0.67ab 0.01 ± 0.02 0.994
Cut 3/4 15.37 ± 0.55bc 0.00 ± 0.00 0.992
Cut 4/4 17.44 ± 1.04ab 0.00 ± 0.00 0.993

Caraway
Cut 1/1 13.19 ± 0.60b 0.00 ± 0.00d 0.977
Cut 1/2 15.97 ± 0.33a 0.21 ± 0.17d 0.994
Cut 2/2 8.63 ± 0.02d 2.73 ± 0.10b 0.996
Cut 1/4 12.03 ± 0.41c 0.35 ± 0.15d 0.996
Cut 2/4 9.41 ± 0.38d 1.50 ± 0.35c 0.993
Cut 3/4 7.38 ± 0.14e 4.83 ± 0.38a 0.993
Cut 4/4 8.55 ± 0.54d 0.89 ± 0.81 cd 0.996

Ribwort plantain
Cut 1/1 13.32 ± 1.05a 0.00 ± 0.00b 0.987
Cut 1/2 12.09 ± 0.30ab 0.25 ± 0.30b 0.995
Cut 2/2 12.12 ± 0.39ab 0.42 ± 0.09b 0.994
Cut 1/4 11.05 ± 0.36bc 0.46 ± 0.34b 0.994
Cut 2/4 11.14 ± 0.21b 0.77 ± 0.06ab 0.995
Cut 3/4 9.74 ± 0.13c 1.05 ± 0.28ab 0.994
Cut 4/4 8.19 ± 0.24d 3.05 ± 2.13a 0.993

Red clover
Cut 1/1 13.56 ± 0.93 0.00 ± 0.00 0.982
Cut 1/4 14.44 ± 1.15 0.00 ± 0.00 0.993
Cut 2/4 14.94 ± 0.65 0.02 ± 0.03 0.993
Cut 3/4 13.85 ± 0.14 0.00 ± 0.00 0.990
Cut 4/4 13.39 ± 0.20 0.00 ± 0.00 0.993

Grass-clover mixture
Cut 1/1 14.91 ± 0.72bc 0.00 ± 0.00 0.978
Cut 1/2 17.63 ± 0.63a 0.00 ± 0.00 0.993
Cut 2/2 18.17 ± 0.86a 0.00 ± 0.00 0.990
Cut 1/4 14.16 ± 0.57c 0.00 ± 0.00 0.996
Cut 2/4 18.26 ± 1.08a 0.00 ± 0.00 0.992
Cut 3/4 16.67 ± 0.47ab 0.00 ± 0.00 0.992
Cut 4/4 16.11 ± 0.92abc 0.07 ± 0.12 0.994

± Represents standard deviation.
⁄ Means followed by different letter, a–ein the row differ by Tukey test at 0.05 of
probability.
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Fig. 4. Methane yield per hectare of forbs and grass-clover mixture at three cutting strate
strategy was not established.
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one species and Raju et al. used mostly mixed species, whereas
the present study consists of pure stand species and a mixture.
The pure stand species may have their own spectral signature
that allow variations and easier to model using NIRS. Reduced
homogeneity of the non-dried samples during the methane yield
batch tests may also have contributed to less well-fitted model as
reported in Raju et al.

Chemical compositions of forbs and grass-clover mixture were
also model by NIRS. It was observed that R2 and RPD values var-
ied from 0.73 to 0.96 and 1.90 to 4.91. The reference data used in
this study had an extensive range of chemical composition
(except C) as plants were harvested at the three cutting strate-
gies. This explains good models with R2 > 0.70 when NIRS was
used to model the chemical compositions. The NDF, ADF and
CP models predicted was comparable with Berardo (1997) as R2

was higher than 0.90. In the Berardo (1997) study, 140 samples
of white clover were evaluated to predict ADF, NDF, ADL and
CP. However, the ADL model in present study has lower R2 value
(0.73) than in the previous study (0.83). This may be explained
by the reference samples used in Berardo (1997), which had
wider range as white clover was collected from two different
locations for a period of 5 years.

The performance of models predicting biogas and methane
yields based on fibre compositions were also evaluated in this
study. The best prediction of biogas was obtained from lignin, with
R2 of 0.32, while R2 of 0.25 for methane predicted by ADF, NDF and
lignin. This observation was parallel with Triolo et al. (2011) who
found lignin to be the greatest predictor for biochemical methane
potential (BMP) of energy crops, although a much better correla-
tion was found with R2 > 0.76. Triolo et al. used grass, maize and
straw with different harvest time to model BMP by fibre fractions.
The study confirmed that BMP was dependent on lignin concentra-
tion and fibre fractions could be use to predict BMP and biodegrad-
ability of biomass. In contrast, prediction of methane potential by
NIRS was better in the present study than models using fibre frac-
tions for prediction. Kandel et al. (2013a) suggested that spectral
data from NIRS may contain additional information of the plant
materials beside lignin, cellulose and hemicelluloses. This
explained better performance of NIRS models as compared to mod-
els solely based on chemical compositions.
ort Plantain Red clover Grass-clover
mixture

gies (one, two and four-cuts per growing season). For red clover, plot with a two-cut



Table 3
Characteristics of the samples – biogas, methane and chemical compositions.

Number of
data samples (n)

Minimum Maximum Mean Standard deviation

Methane (29 days) 99 184.00 324.77 269.86 32.50
Methane (90 days) 99 254.91 362.78 308.88 23.61
Biogas (29 days) 99 406.80 617.10 519.82 53.23
Biogas (90 days) 99 450.27 666.57 582.26 47.33
Methane (29 days) 33 190.72 315.44 269.86 32.33
Methane (90 days) 33 262.59 351.66 308.80 22.23
Biogas (29 days) 33 419.76 605.77 521.81 53.11
Biogas (90 days) 33 465.03 656.80 582.25 44.97
Cellulose 33 14.13 43.65 25.45 7.02
Hemicellulose 33 17.04 55.37 33.79 10.68
Lignin 33 1.17 11.67 4.61 2.58
NDF 33 19.18 65.60 38.40 12.56
ADF 33 16.26 54.89 30.07 9.35
Carbon 33 41.70 46.04 43.92 1.14
Crude protein 33 6.26 25.05 14.30 5.70

Table 4
Validation statistics of PLS1 model.

Models Number of
data samples (n)

Treatment Number of principle
component

RMSECV R2CV RPD (SD/RMSECV)

NIR?methane (29 days) 99 SNV 4 8.61 0.93 3.77
NIR?methane (90 days) 99 SNV 8 12.39 0.72 1.91
NIR? biogas (29 days) 99 No-treatment 11 20.31 0.86 2.57
NIR? biogas (90 days) 99 De-trend 7 23.28 0.76 2.03
NIR?methane (29 days) 33 Savitzky–Golay 4 21.63 0.57 1.49
NIR?methane (90 days) 33 Baseline 4 16.57 0.46 1.34
NIR? biogas (29 days) 33 SNV 2 42.57 0.38 0.76
NIR? biogas (90 days) 33 SNV 6 33.81 0.45 1.33
NIR? cellulose 33 MSC 10 2.20 0.90 3.19
NIR? hemicellulose 33 De-trend 9 4.06 0.86 2.63
NIR? lignin 33 De-trend 5 1.24 0.78 2.08
NIR? NDF 33 SNV 6 3.12 0.94 4.03
NIR? ADF 33 MSC 2 2.83 0.91 3.30
NIR? carbon 33 Baseline 11 0.60 0.73 1.90
NIR? crude protein 33 Baseline 11 1.16 0.96 4.91
ADF, NDF and lignin? biogas 33 Raw data 1 39.63 0.25 –
ADF, NDF and lignin?methane (90 days) 33 Raw data 1 19.91 0.22 –
Lignin? biogas 33 Raw data 1 37.65 0.32 –
Lignin?methane (90 days) 33 Raw data 1 20.10 0.21 –
NDF and lignin? biogas 33 Raw data 1 39.90 0.24 –
NDF and lignin?methane (90 days) 33 Raw data 1 20.65 0.16 –
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4. Conclusions

Cutting strategy has much greater influence on methane yield
per ha than plant species. For chicory, plantain and caraway, gas
yields in a two-cut system proved similar to those in a four-cut sys-
tem on an area basis with the perspective of lowering costs per
cubic meter of methane produced. Chemical compositions of the
plants varied with respect to plant species, plant maturity and cli-
mate conditions. NIRS predictions of cellulose (RPD = 3.19), hemi-
celluloses (RPD = 2.63), ADF (RPD = 3.30), NDF (RPD = 4.03) and
CP (RPD = 4.91) were good. The gas yields were best predicted dur-
ing the short term, although prediction at 90 days digestion is
acceptable.
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