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In the described study, the relationships between the percentage and 
structure of selected lignocellulosic components and the efficiency of their 
anaerobic digestion and the quality of the produced biogas were analyzed. 
This research included various lignocellulosic raw materials. The biogas 
efficiency and quality tests were carried out according to DIN standard 
38 414-8 (1985) and VDI standard 4630 (2016). Multiple TAPPI standards 
and the Seifert method were used to determine the chemical composition 
of the lignocellulose materials. Lignin structure analysis was performed 
using Fourier transform infrared spectroscopy. Wide-angle X-Ray 
scattering analysis was used to determine the degree of crystallinity of 
cellulose. The biogas was positively correlated with C=O and the syringyl 
to guaiacyl ratio, and negatively correlated with the crystalline structure of 
cellulose, lignin, cellulose, and extractives. In addition, methane was 
positively correlated with holocellulose and extractives and negatively 
correlated with the crystalline structure of cellulose, cellulose, substances 
soluble in NaOH, and the OH groups. The found independent features 
accounted for 86.0% of the biogas variability and 68.0% of the methane 
variability. 
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INTRODUCTION 
 

The global energy sector currently has to reconcile three trends, i.e., the growing 

demand for energy, the depletion of natural/fossil fuel resources, and increasingly stringent 

standards for energy production and environmental protection. The reasons for the need to 

reduce the use of fossil fuels are discussed in Panahi et al. (2019). In light of EU directive 

2108/2001, it is important to increase the use of renewable energy in terms of global energy 

production. Considering various alternative energy sources, biomass is a highly desirable 

renewable raw material and can play a significant role in the energy generation sector 

(Tursi 2019). 

Lignocellulosic biomass has a huge energy potential. Nevertheless, it is used to a 

rather small extent in terms of anaerobic digestion for biogas production. The use of 

lignocellulosic biomass, e.g., annual and perennial plants, for energy purposes depends on 
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its chemical composition and physical properties. The chemical composition of various 

types of biomasses as well as the changes that they undergo due to anaerobic digestion 

have been described by various authors (Mulat et al. 2018; Stachowiak-Wencek et al. 2018; 

Waliszewska et al. 2018; Stachowiak-Wencek 2019a,b; Waliszewska et al. 2019). The 

limitation on the use of lignocellulosic biomass for the production of biogas seems to be 

the considerable lignin content, which only slightly decomposes under oxygen-free 

conditions (Pu et al. 2013; Ragauskas et al. 2014, Theuretzbacher et al. 2015; Mulat et al. 

2018). 

This is important because maintaining anaerobic conditions is essential to the 

operation of a biogas plant. However, lignocellulosic biomass is a biological material 

composed of many components, primarily carbohydrates, which are more readily 

biodegradable under anaerobic conditions than lignins. However, the effect of their 

percentage or structure on anaerobic digestion is not well known. The availability of 

cellulose to microorganisms and the degree of its degradation to glucose play a key role in 

methane fermentation (Michalska and Ledakowicz 2012). In lignocellulosic raw materials, 

this availability is difficult because cellulose is surrounded by both hemicelluloses and 

lignins. Hemicelluloses are short, branched, amorphous five- and six-carbon polymers, and 

are more susceptible to hydrolysis than cellulose (Castro et al. 1994). 

During the fermentation of lignocellulosic biomass, in which there are difficulties 

in terms of the level of decomposition of high-molecular organic substances, appropriate 

technological treatment of the charge is often applied. There are several groups of methods 

that biomass can be subjected to, i.e., mechanical, thermal-pressure, chemical, and 

biological treatments (Witaszek et al. 2015; Aftab et al. 2018; Kamusoko et al. 2019; 

Cheah et al. 2020; Tabatabaei et al. 2020a,b). These methods change the chemical 

composition of the biomass, the structure of the lignins and cellulose, the degree of 

crystallinity, and the polymerization of cellulose, as well as changes in the physical 

parameters, e.g., the surface area, size, and volume of the pores (Pu et al. 2013). However, 

the importance of extractives in this process has not been recognized. This issue, briefly 

described in the literature, is extremely important from the point of view of the possibility 

of increasing the efficiency of biogas production from lignocellulosic raw materials. 

In order to maintain the continuity of biogas plant operations, as well as high 

economic efficiency, it is necessary to use various raw materials in the fermentation 

process. In the management of a biogas plant, it may be helpful to quickly and reliably 

estimate the yield potential of biogas and methane based on the use of developed empirical 

models. The basic information enabling the development of empirical models is data on 

the chemical composition of the biomass and experimental values of the biogas yield 

(Dandikas et al. 2014). In the literature, numerous empirical models designed to estimate 

various raw materials can be found. 

Amon et al. (2007) developed the methane energy value model based on maize 

silage. They estimated the results of digestive experiments in terms of methane recovery 

from crude protein, crude fat, cellulose, and hemicellulose. In turn, Triolo et al. (2011) 

developed a model for energy crops, e.g., grass, maize, and straw, or for manure. Their 

research showed that the potential of biomethane primarily depended on the lignin content. 

A statistical model to predict the potential of biomethane from lignocellulosic materials 

was also developed by Thomsen et al. (2014). The full model for predicting biomethane 

potential, includes the four biomass components, i.e., cellulose, hemicellulose, lignin, and 

residuals. Correlation between the biogas yield and the chemical compositions of energy 

crops was also discussed by Dandikas et al. (2014). They found that the biogas yield was 
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significantly negatively correlated with acid detergent lignins. In addition, they showed 

that apart from lignins, only hemicelluloses seemed to cause a significant difference in the 

biogas yield. 

The methane energy models require further validation and refinement, which is of 

great practical importance. Determining the potential biogas yield from different types of 

biomasses can help manage biogas plant more efficiently. Moreover, previous publications 

did not include pretreated raw materials. The pretreatment methods are designed to increase 

the susceptibility of the raw materials to degradation as well as the fermentation efficiency 

and are increasingly used. 

The aim of this study was to develop models that allow the estimation of the biogas 

efficiency and its methane content, based on the chemical composition of the raw material. 

 

 

EXPERIMENTAL 
 

Materials 
Three species of miscanthus (Miscanthus x giganteus, Miscanthus sacchariflorus, 

and Miscanthus sinensis), two varieties of sorghum (Sorghum bicolor and Sorghum 

saccharatum), two varieties of poplar [Poplar (AF16), Poplar (HYBR.275)], and maize 

straw were used to develop biogas and methane yield models. All the raw materials were 

collected in Poland. The miscanthus and sorghum were harvested in two periods, during 

and after vegetation. The poplar varieties included in the research came from two different 

plantations. The plantation poplar wood and corn straw were chemically pretreated. 

Treatments with H2SO4 and NaOH were applied according to the method described by 

Stachowiak-Wencek et al. (2019a).  

 

Methods 
Anaerobic digestion 

Anaerobic digestion was conducted under the procedure described in DIN standard 

38 414-8 (1985) and VDI standard 4630 (2016). It was performed in a 21-chamber 

biofermentor (Department of Biosystems Engineering, Poznań University of Life Sciences, 

Poznań, Poland) whose schematic is presented in Lewicki et al. (2013). Glass chambers 

(capacity 2 dm3) with the material were placed in water at a temperature of 39 C ± 1 C 

in mesophilic conditions. The samples were tested in triplicate. 

The material was treated with an inoculum, which was taken from an agricultural 

biogas plant. The following properties of the inoculum were determined as follows: the 

chemical composition was determined according to TAPPI methods such as for samples of 

raw material [TAPPI T9 wd-75 (2015), TAPPI T 223 cm-01 (2001), the Seifert method 

(Seifert 1956), TAPPI T 222 om-06 (2006), TAPPI T 204 cm-07 (2007), and TAPPI T 212 

om-02 (2007)], the pH was determined according to PN-EN ISO standard 9963-1 (2001), 

the ammonium nitrogen concentration was determined according to standard PN-73/C-

04576/02 (1973), the dry matter content was determined according to PN-EN standard 

12879 (2002), and the mineral substances were determined according to TAPPI standard 

T 211 om-07 (2007). The inoculum contained the following: 29.7% holocellulose, 32.4% 

cellulose, 6.6% pentosans, 48.9% lignins, 5.8% extractives, 64.9% substances soluble in 

1% NaOH, 8.8% substances soluble in cold water, and 13.9% substances soluble in hot 

water. The concentration of ammonium nitrogen was lower than 2.5 g/dm3. The dry matter 
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content in the aqueous inoculum solution amounted to approximately 2.7% to 2.9%, of 

which approximately 28% to 30% was minerals. The pH was approximately 7. 

The digested residue was divided using a Büchner funnel into two fractions, i.e., 

solid and liquid. The solid fraction of digested pulp was initially dried in a drying apparatus 

at a temperature of 50 °C, and conditioning was later continued for 10 d under laboratory 

conditions (at temperatures of 22 °C ± 1°C). Digested pulp prepared in this way was then 

chemically analyzed. The biogas yield and methane content are shown in Table 1. 

 

Table 1. Biogas Yield from the Analyzed Types of Lignocellulosic Biomass and 
its Methane Content 
 

Lignocellulosic Biomass Biogas Efficiency (m³/Mg) Methane Content (%) 

Miscanthus x giganteus 
during*** 373.6 (18.5) 53.7 

after**** 404.8 (11.1) 52.2 

Miscanthus sacchariflorus 
during*** 434.8 (10.8) 53.1 

after**** 462.0 (0.3) 47.4 

Miscanthus sinensis 
during*** 410.9 (12.2) 52.9 

after**** 481.6 (6.8) 48.4 

Sorghum bicolor 
during*** 689.1 (16.4) 51.2 

after**** 504.3 (10.3) 51.2 

Sorghum saccharatum 
during*** 592.0 (54.2) 52.1 

after**** 519.3 (8.8) 51.6 

Poplar (AF16) 

control 279.1 (14.7) 56.5 

1% NaOH 350.0 (6.7) 46.5 

3% NaOH 291.7 (17.0) 46.5 

3% H2SO4 68.1 (17.6) 18.9 

7% H2SO4 51.3 (6.3) 0.0 

Poplar (HYBR.275) 

control 397.8 (5.8) 53.6 

1% NaOH 351.2 (17.1) 45.9 

3% NaOH 326.8 (8.5) 44.4 

3% H2SO4 100.5 (11.8) 26.5 

7% H2SO4 88.7 (5.9) 0.8 

Corn straw 

control 455.0 (13.8) 52.0 

1% NaOH 496.0 (5.7) 51.0 

3% NaOH 340.0 (12.1) 58.0 

3% H2SO4 195.0 (10.4) 38.0 

7% H2SO4 111.0 (14.2) 50.0 

*** During the vegetation 
**** After the vegetation 
***** Standard deviation value is given in brackets 
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Table 2. Chemical Composition of the Tested Types of Lignocellulosic Biomass 

Lignocellulosic Biomass 
Lignin 

(%) 
Holocellulose 

(%) 
Cellulose 

(%) 
Pentosans 

(%) 
Extractives 

(%) 
NaOH 

(%) 

Miscanthus 
x giganteus 

during*** 
17.9 

(0.92)** 
74.0 (0.25) 

45.1 
(0.31)* 

24.0 (0.38) 10.6 (1.12) 
43.3 

(0.28) 

after**** 
24.5 

(0.14)** 
82.7 (0.20) 

46.8 
(0.62)* 

23.7 (0.38) 2.9 (0.05) 
29.8 

(1.12) 

Miscanthus 
sacchariflorus 

during*** 
18.4 

(0.09)** 
72.0 (1.19) 

40.3 
(0.37)* 

24.4 (0.16) 13.3 (0.13) 
47.8 

(0.65) 

after**** 
20.0 

(0.02)** 
70.0 (0.43) 

44.8 
(0.19)* 

24.7 (0.26) 2.9 (0.41) 
35.6 

(0.13) 

Miscanthus 
sinensis 

during*** 
17.9 

(0.20)** 
74.0(1.14) 

41.3 
(0.31)* 

23.9 (0.17) 10.3 (2.46) 
45.3 

(0.20) 

after**** 
19.1 

(0.25)** 
69.1 (0.17) 

44.6 
(0.14)* 

24.2 (0.37) 3.5 (0.57) 
34.5 

(0.43) 

Sorghum 
bicolor 

during*** 
15.4 

(0.17)** 
66.5 (0.87) 

42.6 
(1.83)* 

24.2 (0.30) 9.6 (2.35) 
48.6 

(0.25) 

after**** 
16.9 

(0.06)** 
65.3 (0.67) 

38.4 
(0.55)* 

20.9 (1.50) 38.5 (2.23) 
64.4 

(0.09) 

Sorghum 
saccharatum 

during*** 
14.5 

(0.08)** 
70.5 (1.58) 

39.9 
(0.94)* 

25.8 (1.05) 14.4 (1.99) 
50.4 

(0.15) 

after**** 
16.6 

(0.39)** 
63.4 (0.58) 

41.3 
(2.00)* 

24.7 (0.19) 11.5 (0.64) 
48.7 

(0.25) 

Poplar 
(AF16) 

control 
24.9 

(0.11) 
74.8 (0.07) 

40.1 
(0.17) 

22.3 (0.45) 2.9 (0.24) 
24.1 

(0.25) 

1%NaOH 
24.7 

(0.12) 
70.9 (0.26) 

48.9 
(1.15) 

21.8 (0.28) 1.0 (0.06) 
6.8 

(0.19) 

3%NaOH 
25.5 

(0.35) 
71.5 (0.22) 

53.2 
(0.56) 

18.4 (0.46) 0.8 (0.08) 
3.1 

(0.06) 

3%H₂SO₄ 
31.1 

(0.22) 
64.7 (0.33) 

52.6 
(0.60) 

14.4 (0.54) 2.8 (0.08) 
26.0 

(0.27) 

7%H₂SO₄ 
33.2 

(1.07) 
64.6 (0.28) 

56.1 
(0.40) 

10.1 (0.18) 3.0 (0.49) 
22.2 

(0.38) 

Poplar 
(HYBR.275) 

control 
21.9 

(0.39) 
78.2 (1.14) 

46.2 
(0.95) 

21.4 (0.55) 2.1 (0.39) 
21.3 

(0.16) 

1%NaOH 
20.4 

(0.16) 
75.4 (2.09) 

56.8 
(1.37) 

21.5 (0.30) 0.9 (0.20) 
4.0 

(0.19) 

3%NaOH 
20.1 

(0.18) 
75.4 (3.63) 

57.7 
(0.23) 

20.3 (0.41) 0.8 (0.19) 
3.7 

(0.19) 

3%H₂SO₄ 
26.7 

(1.25) 
69.0 (0.21) 

58.2 
(0.62) 

11.4 (0.39) 3.1 (0.31) 
27.0 

(0.03) 

7%H₂SO₄ 
28.3 

(0.14) 
70.0 (0.19) 

62.4 
(0.33) 

6.9 (0.20) 3.0 (0.23) 
23.8 

(0.22) 

Corn straw 

control 
17.9 

(0.22) 
66.1 (0.70) 

38.3 
(0.14) 

31.1 (0.84) 7.3 (0.61) 
48.8 

(0.30) 

1%NaOH 
3.8 

(0.36) 
89.9 (0.15) 

56.3 
(0.11) 

37.0 (1.65) 1.97 (0.11) 
13.8 

(0.12) 

3%NaOH 
2.1 

(0.07) 
94.8 (0.17) 

64.7 
(0.53) 

28.9 (0.13) 1.4 (0.03) 
3.6 

(0.12) 

3%H₂SO₄ 
25.7 

(0.40) 
76.2 (0.69) 

64.8 
(0.35) 

12.1 (0.42) 7.8 (1.54) 
40.8 

(0.66) 

7%H₂SO₄ 
27.0 

(0.17) 
75.6 (0.06) 

67.4 
(0.08) 

8.0 (0.30) 9.3 (1.22) 
41.7 

(0.28) 

*  Results have been published in Waliszewska et al. (2018); ** ibid. (2019); 
*** During the vegetation; **** After the vegetation; ***** Standard deviation in brackets 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Stachowiak–Wencek et al. (2021). “Biogas yield,” BioResources 16(4), 7086-7100.  7091 

Gravimetric method  

The raw materials were ground in a laboratory mill (Pulverisette 15). The 

holocellulose, cellulose, pentosans, and lignin contents were determined according to 

TAPPI standard T9 wd-75 (2015), the Seifert method (Seifert 1956), TAPPI standard T 

223 cm-01 (2001), and TAPPI standard T 222 om-06 (2006), respectively. The extractive 

substances and the substances soluble in 1% NaOH were analyzed according to TAPPI 

standard T 204 cm-07 (2007) and TAPPI standard T 212 om-02 (2007), respectively. All 

analyses were repeated three times for each examined sample set. Table 2 presents the 

chemical composition of the tested types of lignocellulosic biomass. 

 

Fourier transform infrared spectra (FTIR), X-ray diffraction, and lignin acetylation 

The structure spectroscopy analysis was performed via FTIR. The FTIR spectra of 

the researched materials were recorded with an Alpha FTIR spectrometer (Bruker Optics 

GmbH, Ettlingen, Germany). These measurements were performed on the pellets obtained 

during the homogenization of approximately 200 mg of anhydrous potassium bromide 

(KBr) with 2 mg of the investigated material, which was subsequently pressed under 10 

MPa pressure. During the measurements, the pellets were scanned within the range of 4000 

to 400 cm-1 with a resolution of 4 cm-1. All FTIR spectra were performed three times and 

particular indicators were determined based on their average.  

Fourier transform infrared spectroscopy absorbance graphs were used to calculate 

the content of the carbonyl groups (C=O, A1710/A1510), the numerical relations between 

the syringyl and guaiacyl monomers (S/G, A1325/A1267), and the ratio of aliphatic to 

aromatic rings (Al/Ar, A2930/A1510) (Fan et al. 2012; Sandford et al. 2013). 

The crystallinity of the cellulose was analyzed using the averages of the wide-angle 

X-ray scattering (WAXS) analysis using Cu Kα radiation at 30 kV and 25 mA anode 

excitation. The X-ray diffraction pattern was recorded for the angles from the range of 2Θ 

= 10° to 30° in the step of 0.04°/3 s. The diffraction pattern showed three peaks at 2Θ = 

15°, 17°, and 22.7°, which were assigned to cellulose. Deconvolution of the peaks was 

performed via the method proposed by Hindeleh and Johnson (1971), which was improved 

and programmed by Rabiej (1991). After separation of the X-ray diffraction lines, the 

crystallinity index (CrI) of the wood after chemical treatment was calculated by comparison 

of the areas under the crystalline peaks and the amorphous curve, as shown in Eq. 1, 

𝐶𝑟𝐼 = (
𝑃𝐾

𝑃𝐴+𝑃𝐾
) ∙ 100 [in %]                                                       (1) 

 

where PA is the area of the amorphous part, PK is the total area of the maxima coming from 

the crystalline part, and CrI is the degree of crystallinity of the repeat (%). 

Determination of the hydroxyl (OH) groups in the lignins was performed via 

acetylation, according to Lin and Dence (1992). 

The results of the FTIR analysis (C=O, S/G, and Al/Ar), the determination of 

hydroxyl groups (OH), and the X-ray diffraction are presented in Table 3. 

 

Statistical analysis 

The normality of the distributions for the studied traits, i.e., biogas, methane, 

crystalline structure of cellulose, lignins, holocellulose, cellulose, pentosans, extractives, 

soluble in 1% NaOH, OH, C=O, S to G ratio, and Al to Ar ratio), were tested using Shapiro-

Wilk’s normality test (Shapiro and Wilk 1965). In addition, a multivariate analysis of 

variance (MANOVA) was performed.   
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Table 3. OH Groups, C=O Groups, Syringyl to Guaiacyl Ratio (S/G), Aliphatic to 
Aromatic Ratio (Al/Ar), and the Degree of Crystalline of Cellulose in the Tested 
Raw Materials 

Lignocellulosic Biomass OH (%) C=O 
S to G 
Ratio  

Al to Ar 
Ratio 

Crystalline Structure 
of Cellulose (%) 

Miscanthus 
x giganteus 

during*** 0.49 1.07 0.59** 0.54** 61.0* 

after**** 0.74 0.80 0.66** 0.47** 64.0* 

Miscanthus 
sacchariflorus 

during*** 0.55 1.00 0.53** 0.99** 60.0* 

after**** 0.63 0.81 0.65** 0.85** 58.0* 

Miscanthus 
sinensis 

during*** 0.46 1.07 0.38** 0.83** 63.0* 

after**** 0.55 1.07 0.49** 0.61** 62.0* 

Sorghum 
bicolor 

during*** 0.63 0.90 0.59** 0.74** 58.0* 

after**** 0.65 1.02 0.64** 0.73** 59.0* 

Sorghum 
saccharatum 

during*** 0.39 0.89 0.57** 0.61** 54.0* 

after**** 0.29 0.86 0.61** 0.54** 55.0* 

Poplar (AF16) 

control 0.74 0.36 0.85 0.50 62.0 

1% NaOH 0.74 0.30 0.96 0.50 63.0 

3% NaOH 0.75 0.23 1.06 0.48 69.0 

3% H2SO4 0.77 0.38 0.84 0.51 65.0 

7% H2SO4 0.77 0.39 0.83 0.51 65.0 

Poplar (HYBR.275) 

Control 0.79 0.45 0.77 0.49 62.0 

1% NaOH 0.75 0.28 0.97 0.48 64.0 

3% NaOH 0.76 0.24 1.03 0.48 70.0 

3% H2SO4 0.78 0.44 0.76 0.48 66.0 

7% H2SO4 0.78 0.44 0.76 0.49 67.0 

Corn straw 

control 0.67 0.78 0.50 0.43 55.0 

1% NaOH 0.92 0.61 0.69 0.54 56.0 

3% NaOH 1.18 0.44 0.07 0.24 59.0 

3% H2SO4 0.66 0.74 0.50 0.43 55.0 

7% H2SO4 0.66 0.73 0.57 0.42 54.0 

*  the results have been published in Waliszewska et al. (2018) 
** the results have been published in Waliszewska et al. (2019) 
*** during the vegetation 
**** after the vegetation 

 

Next, one-way analyses of variance (ANOVA) were carried out to determine the 

effects of the raw materials on the variability of the examined traits, for each trait 

independently. The correlations between all observed traits were assessed on the basis of 

Pearson’s correlation. The analysis of the relationships between biogas and methane 

(independently) and the other examined traits (lignins, holocellulose, cellulose, crystalline 

structure of cellulose, pentosans, extractives, soluble in 1% NaOH, OH, C=O, S to G ratio, 

and Al to Ar ratio) were carried out with the use of the multivariate regression analysis. 

The selection of traits was done by using a forward-backward stepwise, multiple linear 

regression with a probability into and out of the model of 0.05. The analyses were 
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conducted for biogas and methane separately. The coefficients of determination were used 

to measure how the model fit the data. All the analyses were conducted using the GenStat 

(Version 18, VSN International, Hemel Hempstead, United Kingdom) statistical software 

package. 

 

 

RESULTS AND DISCUSSION 
 

Biogas Yield Potential and the Chemical Composition 
The tested raw materials were characterized by the differentiated biogas yield, 

which varied widely, i.e., from 51.3 to 689.1 m3/mg (Table 1). In addition, the methane 

content in the obtained biogas significantly differed, i.e., from 0% to 56.5% (as shown in 

Table 1). The visible different chemical composition of the analyzed biomasses deserves 

attention (as shown in Table 2). Greater percentage differences were detected for lignins, 

pentosans, extractives, and substances soluble in 1% NaOH. The lignin content ranged 

from 2.1% to 33.2%, the pentosan content ranged from 6.9% to 37.0%, the extractive 

content ranged from 0.8% to 38.5%, and the content of the substances soluble in 1% NaOH 

ranged from 3.1% and 64.4%. For that last chemical component, i.e., substances soluble in 

1% NaOH, the differentiation was the biggest. Smaller differences were stated for 

holocellulose and cellulose, i.e., 63.4% to 94.8% and 38.3% to 67.4%, respectively. In 

Table 3, the structural feature of the chemical components of wood are presented. The 

hydroxyl and carboxyl groups content ranged from 0.29 to 1.18 and from 0.23 to 1.07, 

respectively. In each tested material, the percentage of crystal structure in cellulose was 

greater than 50%. 

 

Correlations Between the Observed Traits 
The results of the MANOVA indicated that all the raw materials were significantly 

different with regards to all the 13 quantitative traits (Wilk’s  = 0.00000006316; F7;67 = 

51.30; and p-value less than 0.0001). The results of the analysis of variance for the 13 

quantitative traits showed variability of the tested raw materials at a significance level of α 

= 0.01 (Table 4). 

The correlation analysis indicated statistically significant correlation coefficients 

for 57 out of 78 of the coefficients. A total of 24 out of 57 significantly correlated pairs of 

traits were characterized by positive correlation coefficients (as shown in Table 5 and Fig. 

1). The biogas yield showed positive correlation coefficients with seven traits. The most 

important were the correlation coefficients of the biogas yield with the percentage of 

pentosans and in terms of the structural features, the C=O groups content. This is confirmed 

by the fact that the carbonyl groups identified via FTIR are assigned to the ketone, ester, 

or carboxylic groups in the hemicelluloses and not from the lignins (Zhang et al. 2019). In 

addition, methane showed positive correlation coefficients with six traits, with the strongest 

trait being the percentage of pentosans, with the content of carboxyl groups only being 

slightly lower. It is worth noting there were strong positive correlations between the 

amount of methane and the extractives content, and the substances soluble in a 1% NaOH 

solution. 
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Table 4. Mean Squares from Analysis of Variance for Observed Traits 

Source of Variation Raw Materials Residual 

Degrees of freedom 7 67 

Biogas 171316*** 13193 

Methane 741.6** 189.6 

Crystalline structure of cellulose 187.097*** 3.958 

Lignin 236.03*** 31.76 

Holocellulose 254.88*** 35.08 

Cellulose 482.37*** 40.36 

Pentosans 131.1** 42.03 

Extractives 388.61*** 27.34 

NaOH 1985.7*** 128.8 

OH 0.21016*** 0.01166 

C=O 0.789752*** 0.008944 

S to G ratio 0.3483*** 0.01557 

Al to Ar ratio 0.22953*** 0.00389 

** p-value less than 0.01 
*** p-value less than 0.001 

 

 
Fig. 1. Heatmap for the linear Pearson’s correlation coefficients between the observed traits (red 
indicates a strong positive correlation and blue indicates a strong negative correlation) 
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Table 5. Correlation Coefficients Between all Pairs of Observed Traits 

Trait 
Biogas 
Yield 

Methane 
Yield 

Crystalline 
Structure of 
Cellulose 

Lignin Holocellulose Cellulose Pentosans Extractives NaOH OH C=O 
S to G 
Ratio 

Methane 
Yield 

0.72***            

Crystalline 
Structure of 
Cellulose 

-0.45*** -0.45***           

Lignin -0.7*** -0.64*** 0.46***          

Holocellulose 0.04 0.37*** -0.08 -0.55***         

Cellulose -0.68*** -0.44*** 0.2 0.18 0.41***        

Pentosans 0.8*** 0.71*** -0.37** -0.82*** 0.37** -0.53***       

Extractives 0.36** 0.22 -0.4*** -0.18 -0.33** -0.44*** 0.05      

NaOH 0.37*** 0.19 -0.6*** -0.05 -0.46*** -0.56*** 0.05 0.77***     

OH -0.39*** -0.19 0.31** -0.11 0.61*** 0.6*** -0.03 -0.44*** -0.7***    

C=O 0.56*** 0.39*** -0.57*** -0.33** -0.16 -0.54*** 0.31** 0.62*** 0.86*** -0.66***   

S to G Ratio -0.29* -0.33** 0.61*** 0.56*** -0.33** 0.07 -0.32** -0.29* -0.47*** 0.06 -0.65***  

Al to Ar Ratio 0.45*** 0.16 -0.1 -0.07 -0.37*** -0.6*** 0.2 0.44*** 0.53*** -0.55*** 0.59*** -0.1 

* P<0.05; ** P<0.01; *** P<0.001 
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Relationship between Biogas and Methane and the Other Investigated 
Traits 

Using a multivariate regression analysis, an analysis of the relationship between 

biogas and methane yield and the other investigated features, i.e., the percentage of 

cellulose crystalline structure, lignin, holocellulose, cellulose, pentosans, extractives, 

substances soluble in a 1% NaOH solution, OH groups, C=O groups, and the ratios of S to 

G and Al to Ar, was performed. Characteristics of the significant traits on biogas and 

methane are presented in Table 6. 

 
Table 6. Characteristics Significantly Affecting the Biogas and Methane Yield  

Parameter 
Biogas Yield (y1) Methane Yield (y2) 

Estimate t-Statistic Estimate t-Statistic 

Constant 1030 6.43*** 108.1 3.32** 

Crystalline structure of cellulose (x1) -4.87 -2.26* -1.281 -3.91*** 

Lignin (x2) -16.30 -12.42*** ns  

Holocellulose (x3) ns  1.357 6.94*** 

Cellulose (x4) -7.72 -7.03*** -1.007 -6.86*** 

Pentosans (x5) ns  ns  

Extractives (x6) -2.52 -2.05* 0.561 2.64* 

NaOH (x7) ns  -0.493 -3.40** 

OH (x8) ns  -33.77 -3.40** 

C=O (x9) 215.2 4.26*** ns  

S to G ratio (x10) 319.5 5.33*** ns  

Al to Ar ratio (x11) ns  ns  

Percentage variance accounted 86.00% 68.00% 

ns - not significant 

 

The biogas yield was positively determined by the C=O content and the S to G 

ratio, and negatively determined by the crystalline structure of cellulose, lignin, cellulose, 

and extractives. These six independent traits accounted for 86.00% of the biogas variance. 

The methane yield was positively determined by other parameters, i.e., by the percentage 

of holocellulose and extractives as well as negatively determined by the cellulose content 

and its crystalline structure, percentage of substances soluble in a 1% NaOH solution, and 

OH groups. These six independent traits accounted for 68.00% of methane variance. 

The analysis showed that the methane yield depends on the content of 

holocellulose, extractives, and cellulose, the degree of cellulose structure order, the amount 

of substances soluble in a 1% NaOH solution, and the OH group content. The regression 

equation developed by Amon et al. (2007) for maize silage shows that the methane yield 

depends on the nutrient content of the raw material, i.e., the crude protein, crude fat, 

cellulose, and hemicellulose contents. The model developed by Triolo et al. (2011) for 

energy crops, e.g., grass, maize, and straw, or animal manure shows that the lignin 

concentration is the strongest predictor of the biochemical potential of methane for all types 
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of biomasses. However, Dandikas et al. (2014), on the basis of the feed analysis of various 

energy crops, found that the biogas yield was significantly negatively correlated with the 

percentage of lignins. They showed that statistically, apart from the amount of lignins, only 

the hemicellulose content seemed to be important in terms of the differences in biogas 

yield. According to Dandikas et al. (2014), the model of Triolo et al. (2011) indicated a 

stronger influence of lignins. 

 

 

CONCLUSIONS 
 

1. Both the biogas and methane yields were determined by six significantly 

influencing characteristics. For the yield of biogas, model (1) was obtained, shown 

in Eq. 2, 

y1 = 1030 - 4.87x1 - 16.3x2 - 7.72x4 - 2.52x6 + 215.2x9 + 319.5x10         (2) 

2. For the yield of methane, model (2) was obtained, shown in Eq. 3, 

y2 = 108.1 - 1.281x1 + 1.357x3 - 1.007x4 + 0.561x6 - 0.493x7 - 33.77x8     (3) 

3. The correlations between the observed traits showed that the biogas and methane 

yield was strongly positively correlated with the pentosans content in the raw 

materials. However, the analysis of multi-traits did not confirm this correlation.  

4. For evaluation of biogas potential of biomass, there is a need to use both the analysis 

of the correlation between the observed features and the analysis of multi-features.  

5. Specific, independent traits of biomass accounted for 86% of the biogas variance 

and 68% of the methane variance. 

 

The results presented supplement the missing knowledge showing the impact of the 

chemical properties of the lignocellulosic materials on the biogas yield. These results are 

of great practical importance and are important for the energy industry as well as for global 

and national climate policy. 
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