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Abstract. Batch trials were carried out to evaluate the Biochemical Methane Potential (BMP) of
61 different substrates collected from agricultural farms and industrial sites in Estonia. Tests were
performed in 500 mL plasma bottles at 36°C. The highest methane yield from all tested substrates
was obtained from unconsumed dairy products (557 =101 L kg' VS) while the lowest was
obtained from animal slurries (238 L kg! VS +42). From tested energy crops, foxtail millet
achieved the highest methane yield (320 L kg!' VS). Silages from different crops presented
methane yields from 296 +31 L CHs kg! VS to 319+ 19 L CHs kg! VS. The influence of
chemical composition and kinetic rate constants (k) on methane potential was analyzed.
Anaerobic digestibility of selected agro-industrial substrates was markedly influenced by their
organic content, i.e. total proteins and lignin concentrations. Rate constants were found to
correlate negatively with hemicellulose, cellulose and lignin (p < 0.05). Results from this study
suggest that an appropriate characterization of the chemical composition of the substrates is
important not only for predicting BMP and the kinetics rates, but also for identifying possible
inhibitors during the anaerobic digestion process. Results on the BMP and national availability
of studied substrates indicate that herbal biomass and agro-industrial residues are promising
substrates for biogas production in agricultural biogas facilities in Estonia.

Key words: Biogas, Biomass, Biochemical Methane Potential, Kinetic rate, Agro-industrial,
Wastes.

INTRODUCTION

Climate change mitigation is a matter of great interest worldwide, in which
renewable energy systems have gained high interest due to their low carbon footprint
and high environmental sustainability. Energy from biomass stands at the fourth largest
energy source in the world, due to resource availability in rural and urban areas and
pollution reduction in the case of municipal solid waste (Frank et al., 2016). Data on the
energy potential of different organic substrates have been widely studied, resulting in
more efficient reactors with process and inhibition control (Munoz et al., 2015).
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However, bioreactors with incorporated instrumentation, control and automation are
very rare in developing countries, due to economic and training skills limitations.

Research projects in northern European countries have extensively study biomass
availability, chemical characteristics and its influence on the energy potential to identify
substrates with high potential for the energy industry. Among the most suitable
substrates are forestry and agricultural residues, sewage and industrial organic
wastewater, municipal solid wastes and livestock and poultry slurries (Gissen et al.,
2014).

Several studies have been conducted on the assessment and comparison of biogas
and methane potential of different substrates at different experimental scales (lab, bench,
pilot and industrial scale). However, few studies have been conducted on the comparison
of different biomass residues and its relation between the chemical composition and the
bioenergy potential. Those studies usually report data on no more than 10 different
substrates. Correlation of methane potential with different parameters of biomass
composition have widely been studied. Results obtained have consolidated predictive
models of specific methane yields from different sources of biomass. The most studied
correlations between methane yield and chemical composition of biomass are cellulose,
hemicellulose, crude fat, acid detergent lignin (ADL), acid detergent fiber (ADF)
(Herrmann et al., 2016). However, results from those studies are limited to: 1) few
datasets mainly from residual biomass and 2) correlations between methane yield of
different substrates ratios or samples of the same crop species.

Studies from different protein-rich substrates have shown to have great potential
for methane production. Unfortunately, high concentration of such materials may cause
anaerobic digestion instability due to the release of ammonia nitrogen (NH;3-N).
Ammonia, which is released from the degradation of amino acids during acidogenesis,
has been identified as a common inhibitor for different microorganisms involved during
the anaerobic digestion process, in which the most sensible are the methanogens (Yuan
& Zhu, 2016). Low methane yields have been attributed to insufficient ammonia
nitrogen (500 mg L") due to low microbial activity and buffering capacity, while
excessive concentration (> 5,000 mg L) may result in biogas inhibition (Yenigiin &
Demirel, 2013).

Anaerobic degradation of biomass is reduced by enfolded cellulose and
hemicellulose in lignin. This is explained by limited accessibility of particulate substrate
by microorganisms during the hydrolytic phase (Herrmann et al., 2016). The synthesis
of complex polymers is fundamental for enzyme penetration and efficient
biodegradation during all steps of anaerobic digestion: hydrolysis, anaerobic
fermentation and methanogenesis.

Nutrients are categorized as micronutrients (also known as trace elements) and
macro-nutrients. It is very important to check nutrient concentration at first to avoid poor
performance of anaerobic digestion or biogas inhibition. Trace elements are one of the
significant factors for micro-organisms growth and activity as they play an essential role
for many physiological and biochemical processes. Lack of understanding of metabolic
behavior of trace element requirements of methanogens could result in low methane
yields, acidification and process instability during anaerobic digestion of energy crops.
Therefore, proper nutrient concentrations in the digester is important for enhancement
of methane and biogas production and process stability. Poor management of process
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control could derivate in high concentration of trace elements in the digestate triggering
possible toxicity risks during its disposal and/or utilization as biofertilizer.

Degradation rate of compounds can be described by a means of a differential kinetic
equation. Methane prediction of a specific substrate can be achieved by knowing the
biodegradation kinetics. The first order kinetic constant (k) represents a measure of
biodegradability rate. The higher the k value, the higher the biodegradability of the
substrate in the digestate.

In Estonia, there is estimated an area of around 286 thousand hectares of abandoned
agricultural land that can be considered for cultivation of energy crops and around 128
thousand hectares of semi-natural grasslands (Astover et al., 2008). The calculated
theoretical herbal biomass production is up to 2 billion tons per year (Roostalu & Melts,
2008). In Estonia, there are other agro-industrial sources of biomass that can also be
considered for the production of biogas, such as fermentation slops from brewery
industry, unconsumed milk products, grain mill residues, etc. Nowadays, Estonia has 18
biogas plants, in which 5 are based on agro residues.

The novelty of the present research study stands on the correlation analysis of
dataset obtained from the chemical composition of 61 different agro-industrial residues
and its relation with the methanogenic potential and the kinetic rate constants. The aim
of'this study is to evaluate methane yield of the main agro-industrial substrates of Estonia
and to identify main chemical parameters that affect methane yield.

MATERIALS AND METHODS

Inoculum

The inoculum was collected from an anaerobic reactor from a facility located at
Tallinn, Estonia. The reactor works as part of a wastewater treatment plant (Estonia).
Sludge samples collected were gently stirred and filtered with a 2 mm mesh to remove
large particles. For the trials, the sludge was previously incubated for one week at
mesophilic temperature (36 °C) under a headspace of N»/CO, (80:20) for degasification
(consumption of residual organic matter). The main characteristics of the inoculum were
as follows: total solids (TS) 22.1 gL', suspended solids (SS) 15.7 gL', volatile
suspended solids (VSS) 598 g kg SS.

Feedstock

Based on biomass availability, 61 substrates were collected from different locations
(agricultural farms and industrial sites) in Estonia. The substrates selected were: energy
crops (jerusalem artichoke with and without flowers, sunflower collected at 2 different
periods, hemp collected at 2 different periods, Amur silvergrass, energygrass and millet),
silages (grass, maize, alfalfa, timothy grass and red clover), hay, animal slurries (cattle
and pig) and agro-industrial residues such as brewery residues (distillery slops) and grain
mill residues (aspiration dust, bran and flour) and unconsumed milk products. For the
case of energy crops, i.e. silage and hay samples, they were conditioned by milling to
achieve particles size of 1 mm. All samples were stored in plastic boxes in a fridge at
4 °C before use.
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Experimental procedure

The Biochemical Methane Potential (BMP) test performed in this study was based
on a modified version of the guidelines described by Owen et al. (1979). The experiment
was carried out in triplicate using 575 mL plasma bottles containing 150 mL of inoculum
(in-reactor biomass concentration 7.26 g VSS L") and 0.3 g TS of each substrate.
Distilled water was added to reach an effective volume of 200 mL. A set of 3 bottles
without substrate were prepared for each batch to study the methane production of
inoculum (blank test). Previous work (Luna del-Risco et al., 2011) has indicated that
inoculum collected from Tallinn wastewater treatment plant is sufficient in providing
the nutrients necessary for operating a successful BMP test and thus no additional
nutrient medium was added. The bottles were closed and the headspace was flushed with
N»/CO; (80:20). Test bottles were incubated at 36 °C in a set of Mermet isothermal
chambers. Samples were incubated for up to 78 days, and stirred manually twice a day.
Biogas production and gas composition were determined periodically. Cumulative
methane yield was calculated as the sum of methane produced over the incubation period
minus the methane yield in blank test. Biogas production was expressed at standard
conditions (0 °C, 1 atm.) per kilogram of TS or VS of substrate added to the test.

The rate of degradation of substrates was assumed to follow the first—order kinetics
as done by Gunaseelan (2009). Methane production was modeled by fitting the
experimental data with the first-order decay rate model (Eq. 1) in GraphPad 5.0.

B = Bua[1 —exp (-k1)], (1)

where B is the cumulative methane yield (L kg' TS or L kg'! VS) at time t (days);
Buax is the maximum methane yield (L kg' TS or L kg' VS) and k is the first-order
decay rate constant (1 d).

Analytical methods

Substrates were analyzed for pH, total solids (TS), volatile solids (VS), total
organic carbon (TOC), total nitrogen (TN), neutral detergent fiber (NDF), acid detergent
fiber (ADF), lignin (ADL), calcium (Ca), phosphorus (P), magnesium (Mg) and
potassium (K). pH was measured by a Sentron 1001pH to check samples. TS was
measured by drying substrates for 24 hours at 105 °C and VS by incineration at 550 °C
for 2 hours. TOC was determined by catalytically-aided platinum 680 °C combustion
technique (Shimadzu TOC-V), TN was determined by copper catalyst Kjeldhal method
using a Kjekltec Auto 1030 and total proteins (TP) were calculated by multiplying total
nitrogen values by a factor of 6.25 (TP = TN*6.25) in the case of plant biomass and by
a factor of 6.38 for milk proteins (Merrill & Watt, 1955, Merrill & Watt, 1973). NDF
and ADF were determined using a Foss Tecator Fibertec 1020. Lignin was determined
as described by AOAC 973.18 method. On the basis of NDF, ADF and ADL analysis,
hemicellulose (NDF-ADF) and cellulose (ADF-ADL) concentrations were calculated as
proposed by Van Soest et al. (1991). Ca, P and Mg were determined using a Fiastar 5000
following the o-Cresolphthalein complexone method (Connerty & Briggs, 1966), the
stannous chloride method (ISO/DIS 15681-1, 2001) and the titan yellow method
(Heaton, 1960), respectively. Total fat and proteins concentrations of unconsumed milk
products were taken from the manufacturer.
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Biogas production was measured by pressure increase in test bottles using a
calibrated pressure transducer (0—4 bar, Endress & Hauser), equipped with needle and a
valve to avoid gas leakages during measurements.

Methane content was analyzed chromatographically using a gas chromatograph
(CP-4900 MICRO-GC, Varian Inc., Palo Alto, CA 94304) that was equipped with an
ultra-low volume thermal conductivity detector (TCD) and two columns (molecular
sieve 5A and Porapak Q), with the former for analyzing gaseous hydrogen (H>), oxygen
(02), methane (CHy), carbon monoxide (CO), and nitrogen (N>), and the latter for carbon
dioxide (CO»). The operating conditions for the micro-GC were 10 s for stabilization,
100 ms for sample injection, 30 s for sampling, 120 s for running, and &8s for
backflushing. The temperatures for the sampling line, columns, and the injector were set
at 50, 80, and 110 °C, respectively. Argon at a pressure of 4.2 kg cm™ was used as the
carrier gas and its flow rate was automatically controlled by the micro-GC. Methane
yield was expressed as normal L (273 K and 1,013 mbar) per kg of VS (kg!' VS).

Statistical analysis

The dependence of methane potential, (i.e. highest cumulative methane yield
achieved in the BMP test, and rate constant values, k) on the chemical composition of
substrates was studied by correlation analysis. Statistical analyses were performed with
STATISTICA version 8.0.360.0 (Statsoft, Inc.) using the Shapiro—Wilk's test for
normality. Correlation analysis was done by calculating Pearson’s correlation
coefficients (r) and their significance levels p. p-values below 0.05 were regarded as
significant.

RESULTS AND DISCUSSION

Chemical composition of substrates

Results on the chemical composition of substrates analyzed are presented in
Tables 1, 2 and 3. Due to a wide variety of substrates from different sources, a specific
set of analyses were considered for each group independently. Lack of information for
some parameters was due to errors in the chemical characterization.

Overall, results obtained in this study are consistent with the findings of other
authors. Chemical composition of silages and hay (Tables 1 and 2) is very similar to that
reported by Amon et al. (2007) and Dinuccio et al. (2010). Concentrations of macro and
micro-nutrients found in this study (Table 1) are similar to the findings of Balezentiené
& Mikulioniené (2006) for timothy silages (P:2.8 gkg!TS; Ca:2.1 gkg!TS;
Mg: 0.4 gkg! TS; K: 27.1 g kg'! TS). Organic content and fiber concentrations found in
animal slurries (Table 2) appear to be consistent with the findings of Thygesen et al.
(2014). Chemical composition of energy crops (Table 2) is within the same range of that
found by other authors (Mursec et al., 2009; Klimiuk et al., 2010; Pakarinen et al., 2011;
Uusitalo et al., 2014). Chemical composition of unconsumed dairy products and selected
agro-industrial residues (Table 3) was similar to the results from Dubrovskis et al. (2009)
and Dinuccio et al. (2010).
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Table 1. Chemical composition of different silages from Estonia

2 2
_ = E Z =Z 2 & _E % & a a
< < I Ew  E» g2 P B E; E;
+~ —_— = an
=2 2 2 8 Cud 223 =23 9028 =2 8 S= 3 CRZEVIC R
Grass silage 4 314 6.7 927 05 114 92 219 159 ND - ND - 2.55 0.3 6.11 0.8 144 0.15 245 1.8
Maizsilage 3 174 0.6 952 0.5 985 85 266 377 ND - ND - 1.97 04 482 03 1.59 0.19 148 09
Silage mix* 19 294 8.6 92.0 1.8 147 25 178 42 ND - ND - 2.81 0.5 922 23 195 03 235 49
Hay 4 913 04 937 1.5 99.2 16 272 535 354.6 39 58 21 ND - ND - ND - ND -

n: number of samples tested for same substrate (each sample was analyzed in triplicate); * Mixture of different ratios of grasses and legumes silages;
Mix rate not specified; ND: Not Determined.

Table 2. Chemical composition of animal slurries, some energy crops and hay from Estonia

TS

SD

VS

Hemicellulose Cellulose

Lignin

Substrate n %) (%) SD (g ke TS) SD (¢ ke TS) SD (¢ kg TS) SD
Animal slurries

Pig slurry 1 7.0 2.7 79.4 2.8 145 18 104 12.5 72 5.8
Cattle slurry* 9 7.8 2.8 78.2 3 107 13 167 7 112 10
Energy crops

Jerusalem Artichock 2 21.4 1.3 95 4 49.8 7 234.6 36 53.8 5
Sunflower 2 25.8 1.5 89 2.4 62.4 15 307 47.1 80 39
Energy grass 1 27.2 1.6 93 3.1 273.3 20 378.5 32.1 96.5 4.9
Hemp 2 30.2 0.9 94 6 107 1.6 544 8 79.5 11.4
Amur Silvergrass 1 36.4 2.1 95 4.8 301 15 420 21.6 70 12.8
Foxtail millet 1 22 1.3 92 6.2 316 32 330 15.4 53.4 8.7

n: number of samples tested for same substrate (each sample was analyzed in triplicate); * TN = 4.32 (0.34) g kg! TS.
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Biochemical Methane Potential (BMP) and Kkinetic rate constants

BMP and kinetics rates constants obtained in this study were compared with similar
studies conducted in countries such as Finland, Denmark, Sweden, Hungary, Austria,
among others.

BMP results are grouped according to their origin and presented in Table 4.
Cumulative methane yields for grass silage, maize silage and mix silage were
319 L CHs kg' VS, 307 L CHs kg VS and 296 L CH4 kg!' VS, respectively. In a study
conducted by Lehtomaki et al. (2008), they obtained a methane yield of grass silage of
300-372 L CH4 kg! VS. Those results are consistent with our findings.

For maize silage, Pobeheim et al. (2010) found methane potentials ranging from
295 to 370 L CH4 kg!' VS. Our results from methane yield of hay (286 L CHs kg! VS,
Table 4) are similar to the result from Kaparaju et al. (2002) who found a value of
270 L CHs kg' VS. Cattle and pig slurry presented a methane potential of
238 +42 L CHskg' VS and 317 L CHs kg!' VS, respectively. Vedrenne et al. (2008)
found methane potential for pig slurry of 175-350 L CHs kg! VS. For cattle slurry, a
methane potential of 243 L CH4 kg VS was found in the study conducted by Steffen et
al. (1998). Results on the methane potential of studied energy crops are presented in
Table 4. Heiermann et al. (2009) found an average methane potential of
280+30 L CHskg' VS and 297+ 108 L CHskg! VS for hemp and Jerusalem
artichoke, which are in agreement with the results of this study (289 L CH4 kg' VS and
310 L CH4 kg!' VS, respectively). For sunflower, Antonopoulou et al. (2010) found a
methane potential of 260 L kg!' VS, slightly lower than the value measured in this study
(296 L CH4 kg! VS).

Pokoj et al. (2010) studied amur silver grass and obtained a methane potential of
210 L kg'! VS which is much lower than the result from this study (317 L CH4 kg™ VS).
Similarly, the methane yield of millet (323 L CH4kg!' VS) was lower than those
observed by Mahamat et al. (1989) (257 L CH4 kg!' VS). This variation on the methane
potential of sunflower, amur silver grass and millet could be explained by differences in
harvesting time or chemical composition. For energy grass (Szarvasi-1), Janowszky &
Janowszky (2002) have reported methane potential of 300-350 L CH, kg VS, slightly
higher than the value of this study (290 L CH, kg VS).

To our knowledge, only few studies on dairy derived products have been conducted
on the methane potential of unconsumed milk products (whey, expired milk, poor quality
industrial leftovers). The authors have found a study conducted by Alkanok et al. (2013),
in which results from dairy product wastes obtained was 350 L CH4 kg™! VS. Dinuccio
et al. (2010) found a methanogenic potential of 501 L CH4 kg VS for whey. This result
appears to be within the same range of our findings (480-660 L CH, kg!' VS).

For grain mill residues, the methane yield observed in this study
(328 L CH4 kg! VS) was much higher than the results reported by Dubrovskis et al.
(2009) who obtained a methane yield of 130 L CHs kg VS from grain mill wastes. This
variation can be explained by the difference in the chemical composition of the substrate.
Methane potential of distillery slops (358 L CH4 kg VS, Table 4) was in the same range
as the results obtained by Steffen et al. (1998) for fermentation slops (338 L CHs kg! VS).

To characterize the conversion rate of selected substrates during anaerobic
digestion, kinetic rate constants k£ were calculated and the values obtained are shown in
Table 4. Kinetic rate constants are key elements to quantify the speed of substrate
biodegradation.
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Table 3. Chemical composition of unconsumed milk products and selected agro-industrial residues

Q 72]

~ S _ — ~ 5~ ~

»n 2w ) »n s wn n
Substrate < S T g T 8 ? - T & T _H

s s Q2 &, X £F Y 2
= £ 8 2 8 E=2 § 2= § S= § J2 § f= § Ef= 3

Unconsumed Cheese* 3 364 17.1 98 1.6 ND - ND - ND - ND - 334 200 495 234
Unconsumed Milk 4 1.7 9 9 02 ND - ND - ND - ND - 295 53 277 63
Grain mill residues 3 86 6 92 22 415 41 3131 96 140 64 50.7 10 ND - ND -
Distillery slops 2 75 28 92 14 455 50 ND - ND - ND - ND - ND -
n: number of samples tested for same substrate (each sample was analyzed in triplicate); ND: Not Determined; *: includes sour cream.
Table 4. Kinetic rate constants are key elements to quantify the speed of substrate biodegradation
Substrate n CHskg!' TS SD CHs L kg!' VS SD kd! SD
Grass silage 4 296 19 319 19 0.172 0.02
Maiz silage 3 292 21 307 21 0.150 0.02
Silage mix* 19 272 31 296 31 0.230 0.05
Hay 4 268 33 286 33 0.086 0.01
Pig slurry 1 252 21 317 21 0.139 0.13
Cattle slurry 9 186 42 238 41 0.092 0.04
Jerusalem Artichocke 2 294 4 310 7 0.179 0.02
Sunflower 2 262 8 296 15 0.154 0.04
Energy grass 1 270 17 290 19 0.061 0.06
Hemp 2 272 9 289 11 0.095 0.01
Amur Silvergrass 1 300 32 317 38 0.064 0.06
Foxtail millet 1 296 27 323 29 0.101 0.10
Unconsumed Cheese** 3 644 60 658 56 0.260 0.07
Unconsumed Milk 4 478 24 481 24 0.344 0.03
Grain mill residues 3 300 38 328 49 0.160 0.03
Distillery slops 2 331 35 358 33 0.131 0.03

n: number of samples tested for same substrate (each sample was analyzed in triplicate); * Mixture of different ratios of grasses and legumes silages. Mix rate not
specified; ** Includes sour cream.
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The fastest kinetic rate constant was found for unconsumed milk products
(0.344 £0.03 d"') while the slowest was found for energy grass (0.061 d'). As for
agricultural biomass, k for grass silage, maize silage, silage mix and hay varied between
0.086 and 0.230 d'. Chynoweth et al. (1993) found conversion rate constants for
different ensiled substrates (millet, energycane, napiergrass) ranging from 0.072 to
0.106 d'. In the case of animal slurries, k values for pig slurry were higher than for cattle
slurry. Conversion rate constant for cattle manure (0.092 d-!, Table 4) is similar to the
result from Sanchez et al. (2000) who found a value of 0.086 + 0.004 d.

As for energy crops, the highest k value was found for Jerusalem artichoke
(0.179 £ 0.02 d!). This variation between the kinetic rates obtained could be explained
by the concentration of the lignocellulosic fraction of the substrates. For agro-industrial
substrates, the lowest rate was found for distillery slops (0.131 = 0.03 d!). In a study
conducted by Jiménez et al. (2004) on the anaerobic digestion of untreated molasses, a
conversion rate constant of 0.14 d' (9g COD added) was found. Conversion rates of
unconsumed dairy products (0.260-0.344 d!, Table 4) were slightly lower than results
obtained by Najafpour et al. (2009) for cheese whey (0.358 d!). Different chemical
composition of the substrates could explain the difference in the rates. All results are
explained by the influence of biomass composition with the biodegradation rate.
Substrates with high concentrations of compounds such as lignin will result in process
slow-down. In our results, chemical composition variance between cattle and pig slurry
can explain the difference on the kinetic rates.

Correlations between chemical composition and BMP

Correlations between the cumulative methane production (in L CHs kg™ TS) and
the methane production rate constant with the chemical characteristics of substrates are
presented in Table 5 and Figs 1 to 4.

Table 5. Pearson’s correlation of cumulative methane yields and kinetic rate constants with the
chemical composition of agro-industrial substrates

. Cumulative methane yield Kinetic rate constant

Variable n
r p r p

TS 60 -0.168 0.221 -0.109 0.413
VS 60 0.785 <0.001* 0.033 0.8
TOC 7 0.36 0.427 0.425 0.401
Total Proteins 37 0.767 <0.001* 0.249 0.136
Fats 7 0.365 0.421 -0.139 0.765
Hemicellulose 45 0.343 0.029* -0.514 <0.001*
Cellulose 20 -0.1 0.722 -0.505 0.023*
Lignin 18 -0.917 <0.001* -0.789 0.008*
P 26 -0.473 0.016* 0.741 <0.001*
Ca 26 -0.563 0.002* 0.702 <0.001*
Mg 26 0.059 0.771 0.513 0.007*
K 26 -0.613 <0.001* 0.764 <0.001*

* Statistically significant correlations (p < 0.05).

Among the different chemical parameters, only VS, total proteins, hemicellulose,
lignin, P, Ca and K showed significant influence on the methane yield as single
independent variables (Table 5). As expected, one of the main parameters influencing
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methane yield was organic matter, i.e. VS content, whose correlation with methane
production was significantly positive. Proteins, at optimal concentrations, are also
known to stimulate methane formation positively and therefore high methane yield can
be attained from substrates rich in proteins (Nielfa et al., 2015).
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Figure 1. Pearson's correlation between methane yield and chemical parameters (p < 0.05). 95%
confidence intervals are presented in dash lines. Y-axis values may vary compared with others.

In the case of biomass fiber composition, hemicellulose correlated positively with
methane production (p < 0.05), although the correlation was poor. For cellulose, no
significant correlation was found. Previous studies confirm that cellulose and
hemicellulose can be bioconverted into methane and carbon dioxide during anaerobic
digestion. However, degradation rate of cellulose depends mainly on whether it is lignin-
incrusted or in a crystalline form (Klimiuk et al., 2010). Lignin content presented a strong
negative correlation with methane production. Our results appear to be consistent with
the findings of other authors (Klimiuk et al., 2010; Triolo et al., 2011; Pecorini et al.,
2016).

Macronutrients (P, Ca, and K) were only measured for silages and their Pearson’s
correlations with methane yield were found negative and statistically significant. P and
Ca are known for being essential for metabolic reactions and growth of anaerobic
bacteria, but they can become toxic when present in high concentrations (Van Langerak
et al., 1998; Chen et al., 2008). In our study, concentrations of these elements in the
biomass were not excessively high to provoke a negative effect on methane production.
So, it can be assumed that variations on the chemical composition of crops samples such
as grasses, silages and hay and its different ratios affected the methane yield and
therefore attributed for the negative correlation obtained.
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Figure 2. Pearson's correlation between methane yield and chemical parameters (p < 0.05). 95%
confidence intervals are presented in dash lines. Y-axis values may vary compared with others.
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Figure 3. Pearson's correlation between methane production rate constant and chemical
parameters (p < 0.05). 95% confidence intervals are presented in dash lines. Y-axis values may
vary compared with others.
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Figure 4. Pearson's correlation between methane production rate constant and chemical
parameters (p < 0.05). 95% confidence intervals are presented in dash lines. Y-axis values may
vary compared with others.

Accumulation of mineral elements in plants depends on soil properties, cultivation
and fertilization, climate, harvesting time as well as plant properties (Juknevicius &
Sabiené, 2007). Various plant species have a different ability to accumulate mineral
elements, therefore content of Ca, P and K can differ significantly in different crops,
especially between legume and grass species (Balezentien¢ & Mikulioniene, 2006).
Concerning the methane production rate constant (k), positive correlations (p < 0.05)
were only found for P, Ca, Mg and K (Table 5, Figs 3 and 4). These results suggest that
P and light metal ions enhance the speed of the anaerobic biodegradation process. The
most rapid bioconversion of studied substrates occurred in the tests with unconsumed
milk products which contained high amount of proteins. In contrast, Figs 3 and 4 showed
that high concentration of lignocellulosic material (hemicellulose, cellulose and lignin)
in the substrate, resulted in low rate of methane production.

CONCLUSIONS

This study confirmed that studied Estonian substrates are suitable for bioenergy
production by means of anaerobic digestion. Methane potential from unconsumed milk
products should be considered for its integration into the Estonian energy market for
bioenergy production. However, special attention on inhibitors control shall be
considered from this kind of biomass to avoid process failure. Herbal biomass such as
energy crops, silages, and hay presented also relatively high biochemical methane
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potential. Due to their high availability in Estonia, these substrates could be considered
as potential source for biogas production in rural areas, and be considered as suitable co-
substrates to animal slurries to increase biogas yield. As biogas is produced mainly from
landfills and sewage sludge, methanisation of agro-industrial wastes could represent a
potential effort to reach the established goal to cover 3% of transport energy use by 2020.

Correlation of chemical composition parameters identified lignin with the highest
influence on specific methane yields. Methane yield decreases when lignin content and
fibre fractions increases. Although, anaerobic digestion of agro-industrial wastes is
extensively used in countries such Denmark, Germany, Austria, Sweden, in Estonia the
utilization of such substrates in anaerobic digestion plants have not been widely applied.
The results of this study positively highlight the bioenergy potential of studied substrates
for the Estonian renewable energy mix.
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