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A b s t r a c t

The aim of this study was to determine the possibility of increasing the efficiency of biogas 
production from perennial grasses by their co-fermentation with maize or waste from the agro-
food industry. Biomass of miscanthus, Spartina, switchgrass, and big bluestem was harvested on 
October (second harvest, autumn regrowth) and ensiled. Silages were made also from sugar beet 
pulp and particular grasses mixed with maize or apple pomace in the weight ratio of 50:50. The 
silages produced were of good quality. The methane fermentation of silages from grasses blended 
with maize or particular waste enabled achieving from a few to several dozen percent higher 
biogas production compared to the mono-fermentation of grass silages. It was concluded that co-
digestion of perennial grass silages with apple pomace or beet pulp is an useful method for post-
production waste utilization. Moreover, using perennial grasses for biogas production as blends 
with maize affords an opportunity for the partial replacement of maize as the main substrate 
with no loss of biogas and methane yield.

Introduction

Agricultural biogas is produced as a result of methane fermentation of 
raw materials of plant or animal origin, derived mainly from the agro-food 
industry. Most of the crops with a high biogas potential constitute a group 
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of the so-called strategic raw materials and their wider use for energy pro-
duction may affect the balance of the food production chain (Gołaszewski 
2011, Rama et al. 2013). Therefore, perennial plants that are not foodstuffs 
nor feedstuffs, are becoming increasingly important in renewable energy 
production. The reason behind that is that maize silage, which is nowa-
days used as a basic substrate for biogas production, is going to be repla-
ced by cheaper and easily accessible organic waste from the agro-food 
industry. An increasing role of agro-food waste in renewable energy pro-
duction is due to the fact that using this kind of substrate for biogas pro-
duction is also a means of waste management and that it fits into the cir-
cular economy trend that is currently in force in the EU.

The efficiency of biogas production in a given installation may be incre-
ased through various solutions, like e.g.: using a specially designed system 
for fermentation bulk mixing (Yadvika et al. 2004), controlling the concen-
tration of ammonia throughout the process (NielseN and aNgelidaki 
2008), adding micronutrients to increase the activity of microflora in the 
fermentation tanks (Demirci and Demirer 2004) or to manipulate basic 
process parameters such as temperature, retention time, and degree  
of substrate disintegration (Yadvika et al. 2004). New methane fermenta-
tion systems are being developed, the aim of which is to maximize biogas 
production through the use of modern solutions in the construction of fer-
mentation tanks (Ndegwa et al. 2008, kaparaju et al. 2009).

Another way to increase the efficiency of biogas production is to fer-
ment properly composed blends of different substrates, i.e. using the 
co-fermentation process (GelegeNis et al. 2007). Co-fermentation offers 
multiple advantages, like e.g. enrichment of the fermentation bulk with 
additional nutrients, improvement of carbon to nitrogen ratio (C/N), and 
attenuation of the negative impact of inhibitors (Dubrowskis et al. 2012). 
As a result, an increase in daily biogas production can be obtained from 
the unit volume of the reactor and an increase in methane content in bio-
gas (SosNowski et al. 2003). Optimization of batch parameters (e.g. dry 
matter content) and an increase of the amount of bioavailable carbon, 
makes co-fermentation superior over mono-fermentation, as it enables the 
processing of a wider range of substrates which cannot be used as mono-
substrates, e.g. due to their low biogas potential, tendency to undergo bio-
chemical conversion in a different direction than methane fermentation, 
or the presence of fermentation inhibitors (Myczko et al. 2011). 

The increase of methane content in biogas and daily biogas production 
was observed by Kacprzak et al. (2009) who in their study co-fermented 
two and three different substrates. As a result of co-fermentation of silage 
from maize and wheat grain, they produced 33 dm3 of biogas/day. The 
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addition of glycerin to these substrates enabled a daily increase in biogas 
production to 55 dm3. The use of grass silages in the form of co-substrates 
in a mixture with slurry is also a very good way to utilize animal feces, 
which due to their low methanogenic potential cannot be used as mono-
substrates in biogas installations (Fugol and Szlachta 2010). Murphy et 
al. (2013) agrees with Xie et al. (2011), that the addition of slurry to grass 
silage stabilizes the pH value in the digester, counteracts the inhibiting 
effect of ammonia, increases the content of micronutrients, and optimizes 
the C/N ratio of fermentable bulk.

This study aimed to determine the possibility of increasing the effi-
ciency of biogas production from perennial grasses through their co-fer-
mentation with maize or waste from the agro-food industry.

Materials and Methods

Materials

The following perennial grasses were used in the study: miscanthus 
(Miscanthus sinensis x giganteus JM Greef & M. Deuter), Spartina (Spar-
tina pectinata Bosc ex Link), switchgrass (Panicum virgatum L., variety 
Dacotah), and big bluestem (Andropogon gerardii L., variety Bison). Bio-
mass was harvested in October (the second harvest, autumn regrowth) at 
the collection of energy crops located in Skierniewice (central Poland), 
belonging to Department of Agriculture and Biology of the Warsaw Uni-
versity of Life Sciences (SGGW). Maize (Zea mays L., variety Ulan V270) 
originated from the Agricultural Experimental Station SGGW in Żelazna 
and was harvested on October. After harvesting, the biomass was cut into 
1–2 cm pieces (using a forage harvester so as to reflect the conditions that 
exist in an industrial environment) and ensiled in barrels (10 kg per bar-
rel, in triplicate). Biomass was compacted very thoroughly, no head space 
was left. 

Fresh pomace was obtained from an agro-food processing plant located 
in the Mazovian Voivodship, while beet pulp was obtained from a sugar 
factory in Glinojeck. The beet pulp and the pomace were ensilaged in bar-
rels (in triplicate). Silages were made also from particular grasses blended 
with maize or apple pomace in the weight ratio of 50:50. 

All barrels were filled completely, tightly closed, and stored at room 
temperature for 3 months. During the ensilaging process (lactic acid fer-
mentation), the resulting gas was removed by the valves located on barrel 
closures.
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Analytical methods

After 3 months of storage, the barrels were opened and chemical para-
meters of the silages were analyzed. Dry mass (DM) and organic dry mass 
(ODM) contents of ensiled biomass were determined according to Polish 
Standards PN-EN 12880 and PN-EN 12879, respectively. Chemical com-
ponents of grass and maize silages were determined by NIRS method with 
a NIRFlex N-500 spectrometer according to the Polish Standard PN-EN 
ISO 12099. Parameters of silages from waste (beet pulp and apple poma- 
ce) were analyzed by classical methods: mono sugars were determined  
by the Luff-Schoorl method, crude fiber content was determined according 
to the Polish Standard PN-ISO 5498:1996, and protein content was de- 
termined using the Kjeldahl method. In all silages, pH value was determi-
ned with the potentiometric method and the content of organic acids was 
determined with the enzymatic method using UV tests (r-Biopharm, Ger-
many).

Anaerobic fermentation

Biogas production from the ensiled plant material was analyzed in 
batch anaerobic digestion tests (BMP tests), in 1.3 L fermenters (glass 
bottles with special construction). 5 g of the substrate and 100 mL of the 
inoculum (content of secondary digester from an agricultural biogas plant 
after five days of incubation at 39°C to completely decompose the remain-
ing organic matter) were added to each fermenter (in triplicate). The con-
trol assays were also prepared by adding 100 mL of the inoculum into the 
fermenters but without the substrate. The fermenters were encapped 
with measuring heads of OxiTop® Control (WTW, Germany) pressure 
monitoring system, flushed with N2 to remove the air from the headspace, 
and incubated in a thermostatic cabinet on mixing platforms (WTW, Ger-
many). During methane fermentation, an increase of biogas pressure was 
measured and saved every day by manometric sensors in measuring Oxi-
Top® heads. Anaerobic digestion was conducted at 39°C for at least 30 
days until plateau has achieved. At the end of the fermentation process, 
data was wirelessly transmitted (infrared) from the measuring heads to 
the OxiTop® OC 110 (WTW, Germany) controller and then transferred to 
a PC and processed in Excel program. Volume of the gas pressure was 
converted into the amount of biogas (in moles) using the ideal gas equa-
tion: 
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     pV = nRT (1)
where: 
p – pressure [Pa]
V – reactor capacity [m3]
T – temperature [K]
R – universal gas constant 8,31 [J· (mol K)-1]
n – number of moles.

The amount of biogas was then converted into the volume of biogas 
referring to normal conditions (1013.25 hPa, 273.15 K) and expressed in 
cubic meters [N m3]. The amount of biogas produced from the inoculum 
itself (control assays) was subtracted from the amount of biogas obtained 
from the tested substrates. 

 Biogas composition was analyzed using a gas analyzer (COMBI-
MASS®GA-m, Germany).  

Statistical analysis

The analysis of variance (ANOVA) was performed, after checking if 
the data meet the assumption of ANOVA (normality of distribution and 
equality of variance). In the case of significant differences between parti-
cular mean values, a post hoc analysis was performed (Tukey test). For all 
results, the level of significance was set at 0.05. The analysis was perfor-
med using Statistica 8.0 (Statsoft, Poland).

Results

The chemical composition of silages made from particular grasses was 
presented in Table 1.

Table 1 
Chemical composition of silages made from perennial grasses or maize 

Material DM
 [%]

ODM
[% DM]

Protein
[% DM]

Crude 
fibre

[% DM]

Mono 
sugars
[% DM]

pH
Organic acids
[g kg-1 DM]

lactic acetic
Maize 28.4±0.50 94.5±0.50 9.9±0.60 23.8±0.40 6.7±0.30 3.9±0.00 11.6±0.21 1.9±0.10

Miscanthus 23.5±0.30 93.0±1.18 13.3±0.33 27.6±0.36 3.5±0.34 5.3±0.06 44.0±8.70 4.0±0.14
Spartina 35.7±0.62 93.8±1.68 10.1±0.32 29.4±0.50 2.7±0.21 5.2±0.03 2.5±0.42 2.2±1.62

Switchgrass 35.5±0.47 94.4±0.85 10.1±0.53 28.8±0.21 6.1±0.41 4.9±0.05 18.4±2.63 10.8±2.44
Big bluestem 28.8±0.50 94.0±0.66 11.1±0.39 28.6±0.60 5.9±0.07 5.2±0.07 15.8±3.87 6.1±2.02
± standard deviations
DM – dry mass
ODM – organic dry mass
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Maize silage was of good quality, it had a low pH value (under 4.2) and 
no butyric acid – being an indicator of the spoilage processes (data not 
presented). Thus, the excellent usefulness of maize for ensiling was confir-
med (KhaN et al. 2015). 

Silages from perennial grasses were also of good quality, as evidenced 
by a lack of molds and butyric acid (data not presented) – Table 1. 

Silages from beet pulp and apple pomace had low pH values, with no 
signs of molds growth (Table 2). The characteristics of beet pulp silages 
(with reference to the content of lactic acid exceeding acetic acid content 
and the lack of butyric acid) was similar to that of beet pulp silages presen-
ted by dulcet et al. (2011). 

Table 2 
Characteristics of ensiled waste from the agro-food industry

Material DM 
[%]

ODM
[% DM]

Protein
[% DM]

Crude fiber
[% DM]

Mono 
sugars
[% DM]

pH
Organic acids
[g kg-1 DM]

lactic acetic

Apple 
pomace 33.2±0.50 98.0±0.10 6.3±0.02 72.0±0.90 1.9±0.20 3.4±0.00 16.8±0.50 5.8±0.25

Beet 
pulp 17.2±0.50 96.5±0.60 4.2±0.10 18.7±0.25 0.4±0.03 4.0±0.00 8.1±0.45 0.3±0.12

± standard deviations
DM – dry mass
ODM – organic dry mass

A new solution, proposed in this paper, is to ensile the blends of peren-
nial grasses with waste from the agro-food industry or with maize. Silages 
made from blends of perennial grasses and maize had lower pH values 
than the silages made only from the grasses. In contrast, silages made 
from blends of particular perennial grass with apple pomace had lower pH 
values than the silages made only from particular grass, and were charac-
terized by a delicate smell of acetic acid, the content of which in silages 
was higher than that of lactic acid (Table 3). The higher content of acetic 
acid compared to the lactic acid resulted probably from decomposition of 
pentosanes (e.g. xylan) by heterofermentative lactic acid bacteria. Pento-
sanes built of xylose or arabinose are constituents of hemicellulose, the 
content of which in lignocellulose biomass amounts to 20-35% (Liu et al. 
2008).

In this study, a high biogas yield was obtained from grass silages, i.e.: 
from 445.7 m3 Mg-1

ODM (Spartina) to 622.8 m3 Mg-1
ODM (miscanthus) – 

Figure 1. The content of methane in biogas ranged from 54.6 to 55.1%. In 
turn, maize silage enabled gas production at 737.8 m3 Mg-1

ODM (data not 
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presented in Figure 1) with 55% methane content. piątek et. al. (2016) obta-
ined comparable results of biogas yield from Spartina (404.5 m3 Mg-1

ODM) 
and big bluestem (546.6 m3 Mg-1

ODM), while from miscanthus they achie-
ved less biogas yield (487.9 m3 Mg-1

ODM). Biogas yield from grass silages 
in this study was comparable with the biogas yield from maize silages 
(456.6–599.7 m3 Mg-1

ODM) reported by vervaereN et. al. (2010) or Kli-
miuk et. al. (2010). 

Table 3 
Chemical composition of silages made from a mixture of perennial grasses and maize  

or apple pomace

Grass pH DM 
[%]

ODM
[% DM]

Lactic acid
[g kg-1 DM]

Acetic acid
[g kg-1 DM]

Grass + maize (50:50)

Miscanthus 4.9±0.06 29.0±0.50 93.6±0.15 13.4±1.85 0.8±0.26

Spartina 4.8±0.00 32.4±0.42 93.5±0.06 13.4±2.78 0.5±0.25

Switchgrass 4.8±0.06 33.5±0.31 94.2±0.26 12.5±4.37 0.3±0.15

Big bluestem 4.6±0.06 30.9±0.35 93.4±0.44 17.9±4.12 0.3±0.06

Grass + apple pomace (50:50)

Miscanthus 3.9±0.00 28.6±0.50 93.4±0.36 11.1±1.27 14.1±2.35

Spartina 3.9±0.06 35.6±0.15 93.0±0.36 11.0±2.35 39.0±7.38

Switchgrass 3.9±0.06 36.2±0.80 94.1±1.06 7.1±2.21 37.6±1.93

Big bluestem 3.8±0.06 33.3±0.80 93.9±1.06 12.5±2.21 15.3±1.93
± standard deviations
DM – dry mass
ODM – organic dry mass

Fig. 1. Biogas production (mean values and ± standard deviations) from silages made of perennial 
grasses through mono- and co-fermentation with maize or agro-food waste
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As a result of co-fermentation of silages made from blends of perennial 
grasses with maize or apple pomace or grass silages blended with ensiled 
beet pulp, in most cases a significant increase in biogas yield was observed 
in comparison to the mono-fermentation of grasses (P ≤ 0.05). The co-fer-
mentation process of silage from grasses with maize resulted in from 5.5 
(blends with miscanthus) to 65.8% (blends with big bluestem) significantly 
higher biogas production compared to the mono-fermentation of particular 
perennial grass (Figure 1). Co-fermentation did not affect the percentage 
of methane in biogas, which in the case of fermentation of blends ranged 
from 53.9 to 58.4%.

In the case of co-fermentation of grasses ensiled with apple pomace, 
the increase in biogas yield in comparison to grasses mono-fermentation 
was from 1.9 (blends with miscanthus) to 25% (blends with switchgrass). 
In the case of ensiled blends of apple pomace with big bluestem, a reduc-
tion in biogas yield was observed compared to the mono-fermentation of 
the grass, but the difference was not significant (Figure 1). Methane con-
tent in biogas produced from the blends of particular grass and apple 
pomace ranged from 55.6 to 56.5%.

In the case of co-digestion of ensiled grasses with ensiled beet pulp, an 
increase in biogas yield was also observed in relation to the mono-fermen-
tation of particular grass silages. The increase in biogas yield in the co-fer-
mentation process was the lowest in the case of the blend of beet pulp and 
miscanthus (by 5.7%) and the highest in the case of the blend of beet pulp 
and switchgrass (16.8%) – Figure 1. Methane content in biogas from the 
blends of particular grasses and beet pulp was in the range of 55.5–57.6%.

The co-fermentation of silages from the grasses with maize or waste 
caused no significant changes in methane content in biogas as compared to 
methane content in biogas obtained as a result of the mono-fermentation 
of particular grass species.

Discussion

After harvesting the biomass should be preserved, mainly via the ensi-
ling process. The quality of silage is of great importance to the methane 
fermentation process. The use of spoiled and moldy silages affects the 
reduction of biogas production (Kalač 2011). Perennial warm-season gras-
ses, such as miscanthus, may be difficult to ensile due to their little-solu-
ble carbohydrates and a high buffering capacity (dos saNtos et al. 2013). 
For this reason, demonstrating that perennial grasses are susceptible to 
ensiling is in this case a valuable observation. 



Intensification of Biogas Production in the Process of Co-Fermentation... 241

Ensiling is an excellent means to preserve quickly spoiling waste from 
the agro-food industry. Beet pulp is a difficult to store substrate. Due to 
the high content of sugars, it is an excellent medium for microorganisms 
development during storage, e.g. in heaps, which results in the loss of 
sugars and the overall technological value of beet pulp. Alcoholic fermen-
tation may occur during beet pulp storage, as it was reported by Fugol 
and Pilarski (2011). The use of spoiled beet pulp for biogas production 
resulted in the loss of control over the methane fermentation process and, 
as a consequence, in its inhibition. Apple pomace is also a quickly spoiling 
substrate due to the high content of water (up to 73%) and easily fermen-
table sugars, which causes the rapid development of microorganisms and 
alcoholic fermentation (Kumider 1996). This paper confirms the useful-
ness of the ensiling process for preservation of this kind of waste.

A new solution, proposed in this paper, is to ensile the blends of peren-
nial grasses with waste from the agro-food industry or with maize. Ensi-
ling the blends of different substrates brings many benefits, for example 
when one of the raw material has too low dry matter content. The ensiling 
of plants with dry matter content below 28% may result in a large amount 
of leachate appearing during storage of silage and thus in energy losses (in 
the case of storing silages e.g. on piles while the emerging cell juice is 
discharged to the sewage). The addition of a substrate with a higher dry 
matter content is aimed at absorbing effluent cell juice (Myczko 2011). In 
this study, the silage made from miscanthus biomass had a low dry matter 
content (23.5%), which could cause the appearance of leachate during pro-
longed storage. In the silage made from the mixture of miscanthus and 
maize or apple pomace, the dry matter content increased (to 29 and 28.6% 
respectively). 

In this study, co-fermentation of grass silages with maize or agro-food 
waste increased biogas production compared to the mono-fermentation of 
grass silages. This may be due to a better carbon to nitrogen ratio during 
co-digestion. The excessive carbon to nitrogen ratio occurs during an ana-
erobic digestion process of crop materials, especially lignocellulosic bio-
mass (zhoNg et al. 2012). Agro-food waste, such as beet pulp or apple 
pomace, as an external nitrogen and a source of nutrients, is responsible 
for new quality of feedstock obtained and thus for higher biogas produc-
tion compared to the mono-fermentation of perennial grasses. 

The co-fermentation of lignocellulosic biomass with easily biodegrada-
ble material increased biogas yield also in the study described by YaNg  
et al. (2009). As a result of the mono-fermentation of Spartina alterniflora 
358.5 m3 Mg-1

ODM of biogas were produced, while during the co-fermenta-
tion of the mixture of spartina with potato waste in a mass ratio of 4:1 
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and 6:1, biogas production reached 433.6 and 460.1 m3 Mg-1 ODM, respec-
tively. Analyses of structural changes of Spartina alterniflora after anae-
robic digestion indicated that the co-digestion improved hemicellulosic 
degradation. 

In another work apple pomace or maize silage was co-fermented with ensi-
led lignocellulosic biomass of knotweed bohemica (Reynoutria × bohemica Chr-
tek & Chrtkova). As a result of mono-fermentation of knotweed 327 m3 Mg-1

DM 
of biogas was obtained, while co-fermentation with maize or apple pomace 
resulted in biogas production increase to 650.6 and 494.3 m3 Mg-1

DM 
respectively (kupryś-caruk et. al. 2014).

Conclusion

The co-fermentation of ensiled lignocellulosic biomass of perennial 
grasses with maize or waste from the agro-food industry is a way to incre-
ase biogas yield compared to the mono-fermentation of grasses. The use of 
the proposed blends of ensiled materials for biogas production brings many 
benefits, including: waste management and the possibility of partial repla-
cement of maize silage with perennial grass silage with no loss of biogas 
and methane yield. Study results indicate that ensiled perennial grasses 
can be alternative sources of biogas and may be successfully used as sub-
stitutes or supplements to the main substrates used in agricultural biogas 
plants based on maize silage.
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