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1    . INTRODUCTION

According to Eurostat (Ganea et al., 2012) the primary production of  
renewable energy within the EU-27 in 2009 was 6200 PJ – an 18.3% share 
of  total primary energy production. During the same year in Estonia 
it was 36 PJ and 20.8%, respectively. The most important renewable 
source in the EU-27 was biomass and waste, accounting for 67.7% of  
primary renewables production in 2009. In Estonia bioenergy primary 
production from biomass (about 35 000 TJ from solid biofuels and 105 
TJ from biogas) represented 97.7% of  primary renewables production 
in 2009. The expected production of  bioenergy in the European Union 
should reach 5821 PJ by 2020 (Scarlat et al., 2013). To help meet this 
target Estonia will have major problem with transport fuels, as the local 
biofuels production is diminutive (Ganea et al., 2012; Hamelinck et al., 
2012). According to oral information from the Ministry of  Economic 
Affairs and Communications it is planned to produce these fuels in part 
from biomass via electricity and biomethane production.

There are two methods commonly used in producing bioenergy: power/
heat generation and transportation fuels (McKendry, 2002a). To date 
wood and peat are mainly used for heat generation, but recently their 
use in combined heat and power plants has increased in Estonia (Truuts, 
2013). So far only a small amount of  the energy produced by heating 
plants and combined heat and power plants is generated from herbaceous 
biomass or its residues in Estonia (Statistics Estonia, 2014a). However, in 
future greater demand and potential for agricultural bioenergy feedstock 
is predicted (Hoogwijk et al., 2005) due to wood resources exhaustion or 
limitation due to other industries (Prins, 2010; CEPI, 2011). Moreover, 
increased use of  wood for bioenergy would increase the price of  the 
traditional fuelwood (Sirgmets et al., 2012).

In bioenergy production it is important to use only the best technologies 
and consider environmental benefi ts and impacts (Zah et al., 2007; Muench 
and Guenther, 2013). Hence, resource effi ciency principles are pointed 
in the new renewable directive by European Commission (European …, 
2009) and the European Environment Agency report (2013). One of the 
under-utilised potential agricultural sources of bioenergy feedstock, which 
has only recently been given attention (Tonn et al., 2010; Hensgen et al., 
2012; Corton et al., 2013; Herrmann et al., 2013), is the biomass obtained 
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from semi-natural grasslands. This herbaceous biomass is available 
almost without competition from the food market and has relatively 
small negative environmental impact but a large potential for increasing 
ecological improvements (Ingram et al., 2008; Tilman et al., 2009).

Semi-natural grasslands (e.g. alvars, alluvial/fl oodplain meadows, coastal 
meadows, wooded meadows etc.) have been formed and shaped by 
extensive human activities, mainly grazing and mowing (Krall et al., 
1980). Throughout Europe, including Estonia, the area of  semi-natural 
grasslands has decreased considerably during the last century (Bakker, 
1989; Van Dijk, 1991; Kukk and Kull, 1997; Poschlod et al., 2005; Kukk 
and Sammul, 2006). For biodiversity maintainance, it is important that 
semi-natural grasslands are managed continuously using extensive 
methods (one late cut and without seeding, fertilisation) (Kirkham et al., 
1996; Hansson and Fogelfors, 2000; Schaffers, 2002; Luoto et al., 2003; 
Kleijn et al., 2009).

The biomass potential from semi-natural grasslands depends on local 
conditions. For instance, Tilman et al. (2006) reported that low-input 
high-diversity grasslands could provide a reasonable amount of energy 
in the USA. On the other hand, Steubing et al. (2010) assumed that 
herbaceous biomass from extensive meadows and mountain pastures in 
Switzerland had only limited bioenergy potential. In Estonia the area of 
semi-natural grasslands was 303 000 ha in 1981 (Aug and Kokk, 1983), 
but in 2006 semi-natural grasslands were estimated to cover only 130 
000 ha (Kukk and Sammul, 2006). Currently in Estonia management of 
about 25 000 hectares of semi-natural grasslands is subsidised (Estonian 
Environment Information Centre, 2011) and according to the Nature 
Conservation Agenda the target is to achieve maintenance of 45 000 
hectares of semi-natural grasslands by 2020 (Estonian Ministry of the 
Environment, 2012). Current nature conservation policy in the EU and 
subsidy systems promote the expansion of the area covered by semi-natural 
habitats (Sammul et al., 2008), however, many countries are facing great 
diffi culties with consuming the biomass from these grasslands due to 
its low forage value (Isselstein et al., 2005; Rösch et al., 2009). Therefore 
fi nding an alternative use of biomass from semi-natural grasslands has 
become a challenging option especially in combining nature conservation 
and energy production. The main limitation of this approach is the 
heterogeneous quality of biomass from semi-natural grasslands. There 
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are only a limited number of studies available quantifying bioenergy 
characteristics of herbaceous biomass from semi-natural grasslands and 
investigating the factors by which these are infl uenced. Therefore the 
current thesis presents an additional effort to improve the knowledge in 
order to promote wider use of this biomass. To give a better overview 
of the topic before future application by different stakeholders the focus 
of the studies is on the most promising semi-natural grassland types and 
on differences by plant functional groups typical in these grasslands.
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2.     REVIEW OF THE LITERATURE

2.    1. Classifi cation of  studied semi-natural grasslands

Semi-natural grasslands, defi ned as traditional grasslands formed by long 
extensive agricultural land use (haymaking or grazing) and inhabited by 
native species, are usually biodiversity-rich ecosystems (Pigott and Walters, 
1954; Veen et al., 2009). This continuum has been divided into different 
types according to their edaphic conditions and dominating plant species. 
Based on the literature three types of  Estonian semi-natural grasslands were 
selected for the current study representing the most widespread type under 
intensive use, most productive type with additional alluvial sediments and 
the priority habitats type due to its high biodiversity (Krall et al., 1980; Aug 
and Kokk, 1983; Kukk and Kull, 1997; Sammul et al., 2000). Therefore a 
short background description of  each of  these types is given. 

According to the literature, of the three grassland types, dry to mesic 
meadows had the one of the largest area in Estonia (Aug and Kokk, 1983; 
Kukk and Sammul, 2006). These meadows are woodless boreo-nemoral 
grasslands and occur under different water regime and soil types, have 
arisen from forests and are widespread in more intensively managed 
areas (Krall et al., 1980). Based on Habitats Directive this type belongs 
to semi-natural dry and mesophile grasslands with Natura 2000 codes 
6210 and 6270 (Paal, 2007).

Alluvial/fl oodplain meadows are periodically fl ooded on the river plains 
(Aavik et al., 2009) and are important habitats for several breeding and 
migratory birds (Kuresoo, 2004). According to Krall et al. (1980) they 
are differentiated by water-table and soil type. Based on the Habitats 
Directive these meadows belong to Northern boreal alluvial meadows 
with Natura 2000 code 6450 (Paal, 2007). Compared with other grassland 
types these meadows are more productive, but relatively poor in terms 
of plant species (Krall et al.,1980; Aug and Kokk, 1983).

Wooded meadows are sparse natural stands with a regularly mown or 
grazed herb layer (Kukk and Kull, 1997). Wooded meadows are important 
habitats with high number of plant species (Sammul et al., 2008), locally 
this can be more than 50 per one square meter (Kull and Zobel, 1991; 
Kukk and Kull, 1997; Sammul and Kukk, 2013). These meadows 
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were widespread traditional semi-natural ecosystems, mostly used for 
haymaking (Kukk and Kull, 1997; Sammul et al., 2000). According to 
Paal (2007) wooded meadows belong to mesophile grasslands category 
with Natura 2000 code 6530.

2.    2. Functional groups in semi-natural grasslands

Grasses predominate in most grassland functional typologies (Walker 
and Peet, 1983; Donath et al., 2004; Winkler and Herbst, 2004; Roukos et 
al., 2011), even though legumes and forbs may contribute in some cases 
more than half  of  the biomass (López-Mariño et al., 2000; Michaud et al., 
2011). According to Aug and Kokk (1983) grasses dominate in Estonian 
semi-natural grasslands with different edaphic conditions. Grassland 
botanical composition changes over time and is primarily infl uenced 
by environmental factors (Bobbink et al., 1989; Silvertown et al., 1994; 
Vázquez de Aldana et al., 2000; Spehn et al., 2002) and by management 
(Poptcheva et al., 2009; Neuenkamp et al., 2013). Legumes and forbs 
dominate in botanical composition in mesic grassland (Bedia and Busqué, 
2013) and in different grasslands despite the mowing (Mikhailova et al., 
2000). A high proportion of  legumes and forbs can be found in dry to 
mesic boreo-nemoral grasslands (Aug and Kokk, 1983). The higher share 
of  legumes may be a result of  the availability of  specifi c key elements 
(e.g. P) (Spehn et al., 2002). The contribution of  sedges increases after 
regular mowing (Poptcheva et al., 2009; Neuenkamp et al., 2013) and 
after no management, rushes and tall herbs may become dominating in 
wet grasslands (Poptcheva et al., 2009). Sedges and rushes are typical in 
wetland where they usually gain the most from seasonal fl ooding and 
high groundwater levels (Rogers, 2003; Donath et al., 2004; Dwire et al., 
2004; Neuenkamp et al., 2013). Sedges are prevalent in fen meadows and 
rushes in coastal meadows (Aug and Kokk, 1983).

2.3. P    roductivity of  semi-natural grasslands

The yield of herbaceous biomass is usually measured as semi-natural 
grassland productivity with agronomic relevance (Tallowin and Jefferson, 
1999). The most important criteria when considering the supply of biomass 
from grasslands for bioenergy is to achieve the highest possible energy 
yield per hectare (McKendry, 2002b; Neitzke, 2002; Prade et al., 2011).
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The yield of  herbaceous biomass dry matter from different agriculturally 
unimproved semi-natural grasslands in lowland Britain (fi rst cut in 
June or July) ranges from 1.5 DW t ha-1 to 6.0 DW t ha-1 (Tallowin 
and Jefferson, 1999). Biomass yield from protected grasslands in the 
USA ranges from 0.5 DW t ha-1 to 5.7 DW t ha-1 (Jungers et al., 2013). 
The herbaceous biomass yield in Estonia varies from 0.6 DW t ha-1 to 
3.4 DW t ha-1 depending on semi-natural grassland type and its plant 
community (Aug and Kokk, 1983). The herbaceous biomass yield is 
higher in wet species-rich alpine Nardus stricta grasslands (4.1 DW t ha-1) 
than in mesic grasslands (2.2 DW t ha-1) with signifi cant intra- and 
interannual variability within a rangeland of  northern Spain (Bedia and 
Busqué, 2013). In Germany the herbaceous biomass yield of  species-rich 
grasslands decreases from 3.5 DW t ha-1 to 0.2 DW t ha-1 with increasing 
shrub encroachment (Kesting et al., 2009). In different types of  German 
semi-natural grasslands of  the same region the biomass yield may vary 
from 2.6 DW t ha-1 to 6.7 DW t ha-1 according to the moisture gradient 
(Tonn et al., 2010). High biomass yield can be obtained from German 
extensively managed grass and sedge rich fl ooded meadows (4.1-5.5 DW 
t ha-1) (Donath et al., 2004) or sedge (Caricetum acutae community) and 
tall forb (Filipendulo-Geranietum palustris community) fl ooded meadows 
(about 10.0 DW t ha-1) (Neuenkamp et al., 2013) or from Estonian 
abandoned coastal grasslands dominated by Phragmites australis (6.5 DW 
t ha-1) (Sammul et al., 2012). It has been reported that functional group 
and fertilisation had strong impact on biomass production in prairie 
grasslands in the USA (Jarchow et al., 2012).

The average energy yields from biomass of semi-natural grasslands in 
Germany vary between 37 and 128 GJ ha-1 (Tonn et al., 2010). Higher 
biomass energy yields can be obtained from different dedicated energy 
crops like poplar (173-259 GJ ha-1), willow (187-280 GJ ha-1), switchgrass 
(139 GJ ha-1) and miscanthus (222-555 GJ ha-1) (McKendry, 2002b). The 
average summer energy potential of Estonian reed canary grass (Phalaris 
arundinacea) cultivated as dedicated bioenergy crops is estimated to be 92 
GJ ha-1 (Heinsoo et al., 2011). In Lithuania the energy potential of the 
same energy crop swards that have been fertilised with N is 115-130 GJ 
ha-1, and that of the mixture with Galega orientalis and Lupinus polyphyllus 
without fertilisation is 95-153 GJ ha-1 (Jasinskas et al., 2008). It has been 
reported that the presence of legumes in a mixture resulted in increased 
energy yield in German fl oodplain meadow (Khalsa et al., 2012). 
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Beside the infl uence of  biomass yield on the energy potential of  an 
area, the energy conversion method is an important factor that has a 
signifi cant impact on energy output (Kreuger et al., 2011a; Pakarinen 
et al., 2011; Prade et al., 2011). For instance, biomass energy yield of  
Cannabis sativa is estimated to be about 300 GJ ha-1, the average methane 
energy output of  the same crop is assessed to be 136 GJ ha-1 (Kreuger 
et al., 2011a). In Finnish weather conditions the energy potential 
via anaerobic digestion for Zea mays, Cannabis sativa and Vicia faba is 
reported to be 187 GJ ha-1, 108 GJ ha-1 and 122 GJ ha-1 and ethanol 
energy yield for these crops is estimated to be 112 GJ ha-1, 122 GJ ha-1 
and 76 GJ ha-1, respectively (Pakarinen et al., 2011). Some studies have 
revealed that the energy content of  different functional groups were in 
the same range (Neitzke, 2002). However, other authors have reported 
that even different species of  a particular functional group might have 
variable energy content (Bovolenta et al., 2008). It can be assumed that 
biomass calorifi c value depends on the ratio of  different plant tissues in 
the mixture (Baxter et al., 2014).

2.4. Ch    emical composition of  herbaceous biomass

The most problematic issue regarding herbaceous biomass conversion to 
bioenergy is the large variability in its chemical content (Prochnow et al., 
2009a;b). Results from grassland studies have revealed that the biomass 
structural carbohydrates increases with advancing vegetation stages 
(Tallowin and Jefferson, 1999; Amon et al., 2007). Chemical composition of 
biomass may also differ by functional group (Tonn et al., 2010; Archimède 
et al., 2011; Jarchow et al., 2012; Khalsa et al., 2014). A higher hemicellulose 
content in grasses and sedges with lower lignin content compared with 
legumes and other forbs, has been demonstrated by Bovolenta et al. (2008). 
Cellulose concentration in legumes is signifi cantly higher than in grasses 
(Jarchow et al., 2012).

In general, grasses from semi-natural grasslands include less nitrogen than 
legumes and forbs of the same area (García-Ciudad et al., 1997; Winkler 
and Herbst, 2004). Also the concentration of S, K, Ca, Mg and ash are 
found to be lower in graminoids (Poaceae, Cyperaceae and Juncaceae) than in 
forbs (both legumes and non-leguminous dicotyledonous plants) (Tonn 
et al., 2010). These latter groups have higher ash concentrations than the 
monocotyledonous plant species (Pirhofer-Walzl et al., 2011). Typically 
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ash content is associated with the concentration of minerals in plant 
organs (Monti et al., 2008) and dicotyledonous plants tend to accumulate 
greater quantities of minerals compared with monocotyledonous plants 
(García-Ciudad et al., 1997; Pirhofer-Walzl et al., 2011).

2.5. Bioma    ss criteria for combustion

If combustion is chosen as the energy conversion method, certain 
requirements for substrate quality become important. In general, 
herbaceous biomass has higher ash and lower carbon concentration 
than woody biomass (Llorente and García, 2006). Typically, a higher C 
concentration is considered to be in correlation with higher heating value 
(Tillman, 1978; Friedl et al., 2005; Sheng and Azevedo, 2005), as each 
extra 1% of ash is assumed to decrease the heating value by 0.2 MJ kg-1 
(Cassida et al., 2005). If the combustion process is not regulated for burning 
herbaceous biomass, increased ash and alkali metal (especially K, P, S 
and Cl) contents can result in slagging, corrosion and fouling of the 
boiler ( Jenkins et al., 1998). High concentrations of chlorine, nitrogen 
and sulphur in fuels can increase greenhouse gas emissions (Obernberger 
et al., 2006). It is reported that other forbs in forage mixtures increase 
mineral concentrations of herbaceous biomass (Pirhofer-Walzl et al., 2011). 
In order to decrease the content of minerals relevant for combustion, 
the late harvest of herbaceous biomass or mineral leaching may be 
reasonable (Tonn et al., 2010; Hensgen et al., 2012; Tonn et al., 2012). The 
concentration limits for N and S to avoid NOx and SOx emissions are 
assumed to be 6 g kg–1 DM and 2 g kg-1 DM, respectively and corrosion 
can be avoided with emissions lower than 1.0 g S kg-1 DM and 1 g Cl 
kg–1 DM (Obernberger et al., 2006).

2.6. Biomas    s criteria for anaerobic digestion

For anaerobic biogas digestion, in general a high content of easily 
biodegradable compounds in biomass is favoured (Klimiuk et al., 2010). 
Biodegradation of lignocellulosic feedstock under anaerobic conditions is 
diffi cult to achieve and the attempts result in low biogas yield (Klimiuk 
et al., 2010; Triolo et al., 2012; Li et al., 2013). Too high (critical level 100 
g lignin kg–1 volatile solids (Triolo et al., 2012)) a concentration of lignin 
in biomass is considered to be unfavourable for methane potential. It has 
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been demonstrated, that feedstock-specifi c methane yield of highland 
vegetation had been in correlation with its protein content (Amon et al., 
2007). However, too high contents of protein or N in feedstock can form 
ammonium, thus inhibiting methane production (Pakarinen et al., 2012). 
Since biomass chemical compositions differ between the functional groups 
(Bovolenta et al., 2008; Archimède et al., 2011; Jarchow et al., 2012; King 
et al., 2012; Khalsa et al., 2014), the plant community species proportions 
may have an impact on the biogas potential (Herrmann et al., 2013). It is 
reported that mixed-species feedstock with high grass content tends to have 
higher sugar content which is more easily digestible than forb-dominated 
feedstock, thereby resulting in higher saccharifi cation yields (Garlock et al., 
2012). Although biomass with a high ratio of sedges/rushes is suggested to 
be less suitable for biogas production (Herrmann et al., 2013), one South 
American species of this group (Schoenoplectus californicus ssp. Tatora) has been 
found to be a promising co-substrate for biogas production (Alvarez and 
Lidén, 2008). Some studies have revealed ensiling to increase the methane 
yield of different grasses (Herrmann et al., 2011; McEniry et al., 2014) and 
therefore additives (like Sil-all) are suggested for promoting methane yield 
(Vervaeren et al., 2010).
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3. AIMS OF TH    E STUDY

The main goal of this thesis is to evaluate the energy potential of 
herbaceous biomass from semi-natural grasslands. The study hypotheses 
were following:

 � The biomass yield depends on semi-natural grassland type and it 
increases during summer (I-IV);

 � The proportion of  different functional groups (grasses, legumes, 
sedges/rushes and other forbs) depends on semi-natural 
grassland type (III-IV);

 � The biomass chemical composition and calorifi c value varies by 
functional groups (III-V);

 � Chemical composition of  biomass changes during summer (IV);

 � Methane potential varies by functional groups and pre-treatment 
of  biomass has an impact on methane potential (V);

 � The energy output from anaerobic digestion of  biomass from 
semi-natural grasslands is comparable with that obtained from 
combustion (II). 
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    4. MATERIAL AND METHODS

    4.1. Study sites

The study was carried out across different locations in Estonia (Papers 
I-V) (Figure 1), in the areas where the particular semi-natural grassland 
type was typical. For site selection, the database of  semi-natural grasslands 
from the Estonian Seminatural Communities’ Conservation Association 
was used. According to its data all the selected meadows had been managed 
without any seeding or additional fertilisation and had been mowed once 
per year.

Figure 1. Location of study sites in Estonia (alluvial meadows in circle, dry to mesic in 
square and wooded meadows in triangle).

The study sites belonged to alluvial meadows (NATURA 2000 habitat 
type Northern boreal alluvial meadows, code 6450), dry to mesic 
meadows (Semi-natural dry grasslands and scrubland facies on calcareous 
substrates, code 6210, and Fennoscandian lowland species-rich dry to 
mesic grasslands, code *6270) or wooded meadows (Fennoscandian 
wooded meadows, code *6530).
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In 2007 the fi eldwork included sampling from nine (Papers I and II) 
alluvial/fl oodplain meadows, six (Papers I and II) dry to mesic meadows 
and four (Papers I and II) wooded meadows (Table 1). For the following 
years the fi eldwork was carried out in fi ve (Paper III), four (Paper IV) and 
two (Papers II and V) meadows per semi-natural grassland type (Table 1).

Table 1. Studied sites in different years.

Grassland 
type

Site 
No

Location 2007 2008 2010 2010/2011
N=17 N=5 N=9 N=3

Alluvial 
meadow

1 58.421330 N, 24.991280 E X X X

2 58.412986 N, 26.476356 E X X X

3 58.756133 N, 23.839411 E X

4 58.456450 N, 25.148036 E X

5 58.563708 N, 26.283892 E X X

6 58.392767 N, 25.309222 E X X

7 58.414672 N, 26.229022 E X X

8 58.544828 N, 26.233042 E X

9 58.546497 N, 26.273786 E X X X

10 58.555844 N, 26.293242 E X X

11 58.768581 N, 23.887675 E X

Dry to 
Mesic 
meadow

12 58.434114 N, 23.690944 E X X X

13 59.524550 N, 25.885686 E X X

14 58.422769 N, 26.234425 E X X

15 57.991145 N, 26.335167 E X

16 59.482508 N, 26.587178 E X X X

17 58.713872 N, 23.796933 E X

18 58.593436 N, 23.853367 E X X

19 58.424369 N, 26.232278 E X X

20 59.519864 N, 25.857975 E X X

Wooded 
meadow

21 58.717764 N, 23.774239 E X X

22 58.707775 N, 26.185653 E X X

23 58.585094 N, 23.570083 E X X X

24 59.227306 N, 27.322510 E X X X

25 58.537392 N, 24.070689 E X X X

26 58.761392 N, 26.205728 E X X

27 58.460920 N, 21.999380 E X



22

    4.2. Biomass collection and yield estimation

In each study year fi eldwork was largely undertaken in the fi rst half of July 
(Papers I-V) (Table 1), to imitate the typical harvest time of these areas, 
where earlier management is not suggested (and sometimes not allowed) 
due to nature conservation restrictions. To study seasonal dynamics in 
2010 the fi eldwork was also performed from June to August (Paper IV).

For biomass sampling in each site 17 plots (area=0.18 m2) (Papers I and II) 
and fi ve (Paper III) or nine (Paper IV) circular plots (area=0.07 m2) were 
used (Table 1). The plots were located along a transect with the distance 
between the plots of at least 30 m (Papers I and II), 10 m (Paper III) or 20 
m (Paper IV). The transects for the study of seasonal dynamics were situated 
parallel to each other in a north-south direction at about 20 m apart in fi eld 
areas where there were no noticeable environmental gradients (Paper IV). 
In alluvial meadows however the transects were situated perpendicular to 
the nearby river (Paper IV). In order to standardise the biomass collection 
and to take into account the whole biomass potential of particular area we 
cut the herbaceous plants rooted inside the circle manually with scissors at 
ground level and stored the herbaceous biomass in mini-grip bags (Papers 
I, II and V) or in paper bags (Papers III and IV). During the fi rst study 
year all biomass samples were weighted to determine wet weight (Papers 
I and II) and fi ve samples per site were transported to the lab. A linear 
correlation was calculated between dry and wet weight for each grassland 
type studied in order to estimate the biomass dry weight of the rest of 
the plots of that particular grassland type (Paper I). The dry weight (DW) 
of all samples that were transported to lab (Papers I-IV) was determined 
after drying in an oven for 48 h at 80 °C.

The harvested herbaceous biomass from fi ve plots (Paper III) or three 
plots (every third in the transect) (Paper IV) of each meadow was manually 
sorted into four different functional groups: grasses (Poaceae), sedges/
rushes (Cyperaceae and Juncaceae), legumes (Fabaceae) and non-leguminous 
broadleaved forbs (hereafter called as “other forbs”).

For biochemical methane potential studies, total biomass (Paper II) and 
biomass of each functional group (Paper V) was collected randomly 
from 3 plots (5 m2) of each studied meadow (Table 1). The material was 
transported to the lab in mini-grip bags where the same amount of 
particular functional group biomass from both sites of the same grassland 
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type was mixed together. About 50 g of raw material per functional group 
and grassland type was oven dried at 60 °C and stored afterwards in a 
dark room at room temperature.

4.    3. Chemical analysis

Analyses of  structural carbohydrates and protein in herbaceous biomass 
(Table 2) were carried out according to standardised methods (AOAC, 
1990) in the Laboratory of  Plant Biochemistry of  the Estonian University 
of  Life Sciences using following methods (AOAC, 1990):

 � neutral detergent fi bre NDF (Papers I, II and IV) by The 
Determination of  Neutral Detergent Fibre in Feed (Tecator 
ASN 3434); 

 � hemicellulose (HE) (Paper V) by The Determination of  
Neutral Detergent Fibre in Feed (Tecator ASN 3434) and The 
Determination of  Acid Detergent Fibre in Feed (Tecator ASN 
3436);

 � lignin (L) (Papers IV and V); by Fiber (Acid detergent) and 
Lignin in animal Feed;

 � cellulose (CE) (Paper V) by The Determination of  Neutral 
Detergent Fibre in Feed (Tecator ASN 3434), The Determination 
of  Acid Detergent Fibre in Feed (Tecator ASN 3436) and Fiber 
(Acid detergent) and Lignin in animal Feed;

 � total protein (TP) (Paper I) by Protein (Crude) Detemination in 
Animal Feed: Copper Catalyst Kjeldahl Method.

The following methods in the Laboratory of  Plant Biochemistry of  the 
Estonian University of  Life Sciences for analysing different chemical 
elements in biomass (Table 2) were used (AOAC, 1990): 

 � calcium (Ca) (Papers I, II, IV and V) by Determination of  Calcium 
in Kjeldahl Digest by Fiastar 5000 (AN 5260), o-Cresolphthalein 
Complexone method (ISO 3696);

 � magnesium (Mg) (Papers I, II, IV and V) by Determination 
of  Magnesium by Fiastar 5000 (ASTN 90/92), Titan Yellow 
method;
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 � nitrogen (N) (Papers II and V) by Protein (Crude) Detemination 
in Animal Feed: Copper Catalyst Kjeldahl Method;

 � phosphorus (P) (Paper V) by Determination of  Phosphorus in 
Kjeldahl Digest by Fiastar 5000 (AN 5242), Stannous Chloride 
method (ISO/FDIS 15681);

 � potassium (K) (Papers I, II and IV) by Potassium and/or Sodium 
in Plants, Flame Photometric Method);

 � ash (Papers I and II) by Ash of  Animal Feed.

Table 2. Variables analysed from herbaceous biomass samples.

Paper Year Samples Treatment Variables analysed

I 2007 Total biomass Raw material CV, NDF, TP, Ca, Mg, K, ash

II 2007/
2010

Total biomass Raw material BMP, CV, DM, VS, NDF, N, 
Ca, Mg, K, ash

III 2008 Grasses
Legumes
Sedges/rushes
Other forbs

Raw material CV, C, N, Cl, S, ash

IV 2010 Grasses
Legumes
Sedges/rushes
Other forbs

Raw material NDF, L, C, N, S, Cl, ash, Ca, 
Mg, K

V 2011 Grasses
Legumes
Sedges/rushes
Other forbs

Raw material
Silage

BMP, DM, VS, CE, HE, L, N, 
P, Ca, Mg, K

Total nitrogen (N), carbon (C), sulphur (S) (Table 2) were determined by 
using a dry combustion method on a varioMAX CNS elemental analyser 
(ELEMENTAR, Germany) in the laboratory of the Department of Soil 
Science and Agrochemistry of the Estonian University of Life Sciences 
(Papers III and IV). The concentrations of ash and chloride (Cl) were 
measured according to standardised methods (EVS-EN ISO 10304-1, 
2009) in the laboratory of the Tartu Environmental Research Ltd (Papers 
III and IV).

Total dry matter (DM) for biochemical methane potential (BMP) studies 
(Papers II and V) were determined by drying the biomass and inoculum 
at 105 °C for overnight and volatile solids (VS) were measured after 
feedstock incineration at 525 °C for 2 h (APHA, 1998).



25

Calorifi c value (CV) of  total biomass (Papers I and II) was measured 
with an IKA WERKE Calorimeter System C 5000 in the laboratory of  
the Department of  Forest Industry of  the Estonian University of  Life 
Sciences. Calorifi c value of  functional groups (Paper III) were measured 
using a bomb calorimeter e2K (Digital Data Systems (Pty) Ltd, South 
Africa) in the laboratory of  the Tartu College of  Tallinn University of  
Technology.

4.    4. Biomass pre-treatment

For BMP estimations a small-scale simulation of  silage processing was 
carried out (Paper V). For this purpose the fresh biomass was chopped 
using a commercial universal food chopper (Robert Bosch Hausgeräte 
GmbH, Germany) for about 30 s to achieve a particle size of  12…30 
mm. About 300 g of  raw chopped biomass was inoculated and mixed 
with commercially available biological additive Sil-All (Alltech Inc., 
Nicholasville, KY, USA) at the recommended rate of  0.02 g kg-1 
fresh biomass. Sil-All additive: Lactobacillus plantarum (2.50×1010 CFU 
g-1), Pediococcus acidilactici (1.95×1011 CFU g-1), Pediococcus pentosaceus 
(5.00×1010 CFU g-1) and Lactobacillus salivarius (5.00×109 CFU g-1), 
enzymes: α-amylase (9 000 BAU g-1), cellulase (150 CMC g-1), β-glucanase 
(2 500 IU g-1), xylanase (3 750 IU g-1), dextrose, sipernat, sodium 
aluminosilicate (2%) and ponceau red (up to 50g). After this procedure 
the biomass was divided into three equally mixed subsamples (100 g 
each) which were then vacuum-sealed into 195×290 mm plastic bags by 
vacuum packaging machine (Laica S.p.A, Italy). These plastic bags were 
stored at 15 °C for 109 days in a dark room to provide our experiment 
with silage.

4.5. Bioche    mical methane potential

Biochemical methane potential (BMP) of  herbaceous biomass (Table 
2) was measured in a batch experiment with three replicates of  mixed 
biomass per grassland type (Paper II) and from each functional group and 
grassland type in the Laboratory of  Bio- and Environmental Chemistry 
in the Estonian University of  Life Sciences. All measurements were 
carried out simultaneously. Before the BMP experiment the samples of  
openly stored biomass (“hay”) (Papers II and V) and half  of  the ensilage 
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biomass (“silage”) (Paper V) were dried and milled to achieve particles of  
about 1 mm length for a better contact between the herbaceous biomass 
and inoculum. The remaining silage samples were used in the experiment 
without drying, but cutting this material manually to particles ranging 
from 1 to 10 mm length, to evaluate the effect of  silage pre-treatment 
(“raw silage”) (Paper V). 

Before the experiment the inoculum, that had been obtained from the 
mesophilic anaerobic reactor of  Paljassaare Wastewater Treatment Plant 
in Tallinn, was sieved (1mm) and preincubated at a temperature of  
between 36 and 37 °C for two (Paper II) or three (Paper V) days. About 
0.28 g VS of  feedstock was added to the mixture of  water (50 ml) and 
inoculum (150 ml) into serum bottles (575 ml) at a substrate and inoculum 
ratio of  1:6 in terms of  VS added (Papers II and V). Such high inoculum 
ratio was used to prevent the accumulation of  volatile fatty acids and 
acidic conditions (Angelidaki et al., 2009). Before closing the bottles with 
rubber stoppers and aluminium cap, the bottles were fl ushed with a mix 
of  N2 (20%) and CO2 (80%) for ten minutes. The bottles were incubated 
at 36 °C for 46 (Paper II) or 45 (Paper V) days in Memmert isothermal 
chambers. During this time the volume of  gas produced was measured 
ten times. Gas composition was analyzed with a gas chromatograph 
(Micro GC (Varian CP-4900)). Before each measurement the pressure 
in each bottle was noted and after each measurement manual mixing of  
the substrate was carried out. Methane yield was expressed as norm m3 
(273 K and 1013 mbar) per kg of  VS (kg-1 VS).

4.6. Data anal    ysis

Statistical analyses and correlations were performed with the software 
package SAS 9.1 or 9.2 (SAS Institute Inc., Cary, NC, USA). In principle 
in all analyses the class factors (grassland type, functional group, BMP 
feedstock, summer month etc) were assumed to be fi xed factors and 
therefore the statistics were performed with General Linear Models 
tools. For the comparison of  functional group proportions by grassland 
type (Paper III) or functional group proportion between grassland types 
or months (Paper IV), the square-root arc-sin transformation of  the 
percentage from the total dry biomass (arcsin %-2) data was applied before 
any tests. All analyses started with uni- or multivariable ANOVA models. 
If  any class factors revealed signifi cant differences between classes for 
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post-hoc detailed analyses the Tukey´s Honestly Signifi cant Difference 
test (HSD) was used for unbalanced or small datasets (Paper I-III) or 
Ryan-Einot-Gabriel-Welsch Multiple Range test (REGWQ) for larger 
balanced datasets (Papers II-V). Signifi cance of  difference between 
numeric variables in the regression models were detected with GLM 
Multiple Linear Regression test (MLR) Type I SS hypothesis. Co-variation 
of  different chemical characteristics was studied with the Least Square 
Means test (LSM) (Papers I and II). Signifi cance of  different chemical 
compounds on methane yield, was detected with GLM Multiple Linear 
Regression test (MLR) Type III SS hypothesis and the best model was 
selected after elimination of  non-signifi cant factors on methane yield 
(Paper V). The confi dence level of  all analyses was set at 95%.
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5. RESULTS

5.1.     Biomass yie    ld of  semi-natural grasslands

The total herbaceous biomass yield depended on grassland type (Papers 
I-IV) (Table 3). The average fresh weight of  herbaceous biomass in 
the studied alluvial meadows was twice as large as that in the dry to 
mesic meadows and wooded meadows (Papers I-II). The biomass 
from wooded meadows had signifi cantly higher water content (78%) 
compared to those from alluvial (69%) and dry to mesic meadows (68%) 
(Paper II).

Table 3. Average dry weight of  biomass with the standard error (S.E.) of  the mean 
value in different semi-natural grassland types in July of  2007, 2008 and 2010 and 
precipitation (Pptn) and average temperature (Temp) of  three month (April, May and 
June (According to Statistics Estonia, 2014b) (modifi ed from papers I, III and IV).

Year Alluvial meadow Dry to mesic 
meadow

Wooded meadow Pptn Temp

N g m-2 ± S.E. N g m-2 ± S.E. N g m-2 ± S.E. mm ºC

2007 153 572.2 ± 17.5 102 257.4 ± 17.2 68 161.1 ± 7.2 150.6 10.8

2008 75 730.1 ± 34.2 75 354.8 ± 22.6 75 192.4 ± 10.6 166.0 10.5

2010 36 870.6 ± 63.2 36 391.9 ± 30.0 36 255.8 ± 23.3 170.4 10.7

Mean 657.8 ± 17.7 314.4 ± 13.1 193.2 ± 7.4

The average dry weight of  herbaceous biomass yield among the semi-
natural grassland types studied in Estonia in July 2007, 2008 and 2010 
was the highest in alluvial meadows followed by dry to mesic meadows 
and wooded meadows (Papers I-IV) (Table 3). During the study period 
from June to August in 2010, the average dry weight of  herbaceous 
biomass per area increased signifi cantly only in alluvial meadows (Paper 
IV) (Figure 2).
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Figure 2. Average dry weight of  biomass in different semi-natural grassland types 
during the study period in 2010 (N=36). Vertical bars indicate the standard error of  
the mean value (Paper IV).

5    .2. The share of  functional groups in different semi-natural 
grassland types

The statistical analyses revealed that the proportion of  a particular 
functional group in the total biomass depended signifi cantly on grassland 
type (Table 4).

Table 4. Average proportion of  the different functional groups by semi-natural 
grassland types. Statistically signifi cant differences between arcsin %-2 of  functional 
groups are indicated by different letters (modifi ed from papers III and IV).

Functional 
group

Year N Alluvial 
meadow

Dry to mesic 
meadow

Wooded 
meadow

Grasses 2008 25 22.4b 57.9a 30.5b

2010 36 22.1b 61.5a 30.9b

Sedges/rushes 2008 25 29.8a 10.2b 7.6b

2010 36 39.1a 6.8b 13.6b

Legumes 2008 25 0.5b 7.4a 1.3b

2010 36 1.9b 11.0a 1.0b

Other forbs 2008 25 47.4b 24.0b 60.6a

2010 36 36.9b 20.7b 54.5a
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The contribution of  other forbs group in the total herbaceous biomass 
was signifi cantly larger in wooded meadows than in alluvial or dry to 
mesic meadows (Papers III and IV). The contribution of  sedges/rushes 
was signifi cantly larger in alluvial meadows than in other grassland types 
(Papers III and IV). The share of  both grasses and legumes in dry 
to mesic meadows was signifi cantly larger than in alluvial or wooded 
meadows (Papers III and IV). Only a small share of  total herbaceous 
biomass belonged to legumes in other grassland types (Table 4).

    5.3. Chemical characteristics of  biomass in functional groups

The statistical analyses revealed no signifi cant differences in chemical 
content and calorifi c value in any particular functional group between 
the grassland types studied (MANOVA p>0.05) (Papers III-V). 
Therefore we were able to amalgamate the data from different grassland 
types to analyse the differences in concentrations of  different chemical 
elements and calorifi c value by functional group. The statistical analyses 
identifi ed signifi cant differences in calorifi c value (Paper III) and all 
studied chemical characteristics except S by functional group (Papers 
III-V) (Table 5).

Table 5. Different chemical characteristics and calorifi c value by functional groups. 
The statistically signifi cant differences in mean value of  each parameter by functional 
groups are indicated with different letters (n.s. - not signifi cant) (modifi ed from papers 
III-V).

Year Characteristics N Functional group

Grasses Sedges/
rushes

Legumes Other 
forbs

2011 Cellulose (g kg-1 DM) 6 336.15a 302.27b 291.93bc 259.77c

2011 Hemicellulose (g kg-1 DM) 6 286.18b 323.93a 92.48c 78.73c

2011 Lignin (g kg-1 DM) 6 54.78b 50.58b 95.57a 95.58a

2010 N (g kg-1 DM) 9 13.42b 14.14b 25.40a 15.60b

2010 S (g kg-1 DM) 9 1.80n.s. 1.88n.s. 1.48n.s. 1.60n.s.

2010 Cl (g kg-1 DM) 9 0.99a 0.73b 0.27d 0.43c

2010 Ash (g kg-1 DM) 9 69.44ab 61.89b 65.56b 79.89a

2010 K (g kg-1 DM) 9 13.71b 13.81b 11.90b 17.80a

2010 Ca (g kg-1 DM) 9 3.83c 6.16c 15.93a 13.03b

2010 Mg (g kg-1 DM) 9 1.57b 1.77b 3.45a 3.99a

2008 CV (MJ kg-1) 6 16.9ab 17.2a 17.1a 16.5b
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The concentration of  NDF was higher in grasses and sedges/rushes 
than in legumes and other forbs (Paper IV). The highest cellulose 
concentration was obtained for grasses and hemicellulose concentration 
for sedges/rushes (Paper V). The same functional groups had signifi cantly 
lower lignin concentration than legumes or other forbs (Papers IV and 
V) (Table 5).

According to statistical tests, the average N concentration in legumes 
was signifi cantly higher than in other functional groups (Papers III-V) 
(Table 5). Among other non-metals studied, S concentration was found 
to be similar in all functional groups (Papers III and IV), but statistically 
signifi cant differences in Cl concentration between functional groups 
were detected. The highest Cl concentration was found in grasses 
followed by sedges/rushes, other forbs and legumes (Paper IV) (Table 
5).

Both the concentrations of  ash and K in other forbs were signifi cantly 
higher than in legumes and sedges/rushes (Paper IV) (Table 5). The 
other forbs and legumes contained signifi cantly more Ca and Mg than 
grasses and segdes/rushes (Papers IV and V) (Table 5). The other forbs 
had lower calorifi c value than sedges/rushes and legumes (Paper III).

    5.4. Seasonal dynamics of  biomass chemical composition

Chemical composition of  biomass varied between the dates samples 
were harvested. According to statistical analyses the harvest time had a 
signifi cant impact on lignin, N and Ca concentrations in biomass (Paper 
IV) (Table 6). 

The average biomass lignin concentration increased signifi cantly from 
June to August. The average Ca concentration in biomass increased 
signifi cantly from July to August and the average N concentration was 
signifi cantly higher in June than in later months.
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Table 6. Different chemical characteristics in functional groups during summer in 2010 
(n=3 per functional group & month). The statistically signifi cant differences between 
mean values of  each characteristic by harvest time are indicated with different letters 
(modifi ed from paper IV).

Characteristic Month Functional group Mean

Grasses Sedges/rushes Legumes Other forbs

Lignin June 41.80 35.13 97.10 103.93 69.50b

July 52.17 49.33 107.80 109.00 79.60ab

August 64.30 62.13 104.43 126.17 89.30a

N June 13.90 16.20 28.80 16.80 18.91a

July 12.13 13.33 23.40 15.40 16.10b

August 14.23 12.93 24.00 14.70 16.50b

Ca June 3.28 4.75 12.46 11.40 7.97b

July 3.72 6.01 16.46 12.41 9.67b

August 4.48 7.65 18.87 15.27 11.57a

    5.5. Methane production of  biomass from different functional 
groups

Ensiling did not have any signifi cant impact on feedstock specifi c 
methane yield in our BMP experiment (Paper V). The average methane 
yield tended to be higher in hay samples (0.30 m3 CH4 kg-1 VS) compared 
to silage samples (0.29 m3 CH4 kg-1 VS1), although these differences were 
signifi cant only for days 25 and 38 (Paper V) (Figure 3).

In the same BMP experiment, methane yield varied across functional 
groups (Paper V). In both silage and hay feedstock, the average methane 
yield after the fi rst two days of  the experiment was higher in legumes and 
other forbs compared to that in grasses and sedges/rushes. At the end of  
the BMP experiment the methane potential of  hay was signifi cantly higher 
in sedges/rushes (0.33 m3 CH4 kg-1 VS1) than in other forbs (0.27 m3 CH4 
kg-1 VS1) (Figure 4). The methane yield of  both grasses and legumes (0.32 
m3 CH4 kg-1 VS and 0.31 m3 CH4 kg-1 VS1, respectively) was not signifi cantly 
different from other groups. The highest silage methane potential was 
measured in grasses (0.33 m3 CH4 kg VS1) followed by sedges/rushes 
(0.30 m3 CH4 kg-1 VS1) and legumes (0.28 m3 CH4 kg-1 VS1). The lowest 
methane yield was detected in other forbs silage samples (0.26 m3 CH4 
kg-1 VS).
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Figure 3. Cumulative methane yield of  different feedstock (n=36). Vertical bars indicate 
the standard error of  the mean value and only statistically signifi cant differences in 
methane yield between feedstock by day are indicated with different letters (Paper V).

Figure 4. BMP of hay and silage by different functional groups (n=9). Vertical bars 
indicate the standard error of the mean value and the statistically signifi cant differences 
are indicated with different letters (Paper V).

5.    6. Energy potential of  semi-natural grasslands

Different semi-natural grassland types revealed variable energy potential 
(Papers II and III) (Figure 5). Moreover, the energy potential depended 
on the energy conversion method used (Paper II).
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Figure 5. Energy potential per hectare by semi-natural grassland type using different 
bioenergy production options (Paper II).

The average calorifi c values were 18.6 kJ g-1, 18.4 kJ g-1 and 18.1 kJ g-1 
for dry to mesic, alluvial and wooded meadows, respectively (Paper II). 
Based on the average dry weight and the calorifi c value of  total biomass 
(Paper II) or biomass of  different functional groups (Paper III) it was 
possible to calculate the energy potential of  the grassland types studied 
(Figure 5). The highest energy potential per area was found in alluvial 
meadows followed by dry to mesic meadows and wooded meadows. 
The ratio of  the functional groups with higher calorifi c value (legumes, 
sedges/rushes) in total biomass of  studied grassland types was relatively 
small and therefore, in general, the contribution of  different functional 
groups into energy potential corresponded to their ratio in total biomass 
(Paper III).

The average methane yield was approximately the same for wooded and 
dry to mesic meadows and after 46 days the average cumulative methane 
yield was almost 0.30 m3 CH4 kg-1 VS in both cases (Paper II). The 
lowest average methane yield (0.27 m3 CH4 kg-1 VS) was measured for 
biomass from alluvial meadows. The calculated area-specifi c methane 
yield and theoretical energy potential through anaerobic digestion were 
1375 m3 CH4 ha-1 (55 GJ ha-1) in alluvial meadows, 792 m3 CH4 ha-1 (31 
GJ ha-1) in dry to mesic meadows and 514 m3 CH4 ha-1 (20 GJ ha-1) in 
wooded meadows (Paper II).
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The theoretical energy yield obtainable through combustion is higher 
than that available through methane production. Via anaerobic digestion 
it is possible to achieve less than 60% of  energy available for combustion 
(Paper II).
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6. D    ISCUSSION

6.1.     Biomass yield of  semi-natural grasslands (I-IV)

In Estonian conditions the highest biomass yield can be obtained 
from alluvial meadows. Alluvial meadows were the only grassland type 
where the biomass yield increased between June and July (30%). The 
same trend for those months has been recorded for biomass from 
unmanaged grassland of  tall sedges swamp (Tonn et al., 2010). Such 
an increase in production during July from alluvial grasslands can be 
caused by a late start to the growing season due to fl ooded ground. 
The biomass yield of  alluvial meadows was comparable with the mid-
summer yield of  reed canary grass (Phalaris arundinacea) cultivated as a 
bioenergy crop in Estonia (Heinsoo et al., 2011) or herbage yield from 
semi-natural grasslands in central Germany (Wachendorf  et al., 2009) 
Moreover, the biomass yield in alluvial meadows in our studies is higher 
than that from different alluvial grassland communities in the fl oodplain 
of  the River Rhine (Donath et al., 2004). One of  the reasons for high 
average dry biomass weight in alluvial meadows is the occurrence of  
alluvial sediments, accompanying frequent fl oods. There are several 
reports indicating, that herbaceous biomass production increased 
considerably with fl ooding (Ihse et al., 1997) and higher yield of  forage 
can be found from alluvial plots compared with upland plots (Muir and 
Alage, 2001). This hypothesis has also been confi rmed with the study 
results demonstrating that total N content in soil of  fl oodplain meadows 
is higher than that in wooded meadows (Niinemets and Kull, 2003).

However, this general pattern regarding highest yields from alluvial 
meadows does not always follow. For example, in our study the alluvial 
meadow with the poorest yield had less biomass per square meter than 
the most productive mesic meadow. This can be explained by the fact 
that various grasslands with quite different edaphic characteristics can 
be classifi ed within the dry to mesic meadows’ type. Therefore, a mesic 
meadow on humid and fertile soils may have a larger biomass production, 
compared with some alluvial meadows. In contrast, dry to mesic 
meadows with very low biomass production are comparable with some 
wooded meadows situated on more fertile soils with light conditions 
similar to dry to mesic meadows. Nevertheless, in general the lowest 
herbaceous biomass yield was obtained from wooded meadows. This 
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can be explained by the lower amount of  light available for growth and/
or competition for nutrients with trees and bushes in wooded meadows. 
It has been reported earlier that canopy shading had a negative effect on 
herbaceous biomass production (Bates et al., 2000; Kesting et al., 2009). 
In open woodland, lower herbaceous biomass production was found to 
be a result of  competition with trees for nutrient resources from soil 
(Cubera et al., 2009). Within an Estonian wooded meadow the growth 
of  the herbaceous layer along a productivity gradient was assumed to be 
co-limited by light and nitrogen (Kull et al., 1995).

If  we compare biomass yield from particular grassland types over 
different years, we can fi nd, that the average dry weight of  herbaceous 
biomass depended upon harvest year. It is presumed that this variation 
was enhanced by differences in precipitation between these three years. 
However, differences in the annual dataset of  studied grasslands do not 
enable us to carry out full statistical tests to confi rm this hypothesis. 
An analogous infl uence of  annual weather on herbaceous biomass yield 
in multi-species grassland has been reported from Denmark (Pirhofer-
Walzl et al., 2011). 

6.2.     The share of  functional groups in semi-natural grassland 
types (III, IV)

Our results revealed that the contribution of  different functional 
groups in total biomass depended on semi-natural grassland type. In 
alluvial meadows, sedges/rushes being typical wetland inhabitants, are 
the group that commonly gains the most from seasonal fl ooding and 
high groundwater levels (Rogers, 2003; Dwire et al., 2004). As reported 
by many other researchers (Mikhailova et al., 2000; Winkler and Herbst, 
2004; Michaud et al., 2011), dry to mesic meadows were dominated by 
grass species. The proportion of  legumes in our dry to mesic meadows 
was in the same range with that found in Russian natural and semi-
natural grasslands (Mikhailova et al., 2000) and German semi-natural 
dry calcareous grassland (Winkler and Herbst, 2004). Compared to 
other grassland types, the higher proportion of  legumes in dry to mesic 
meadows may be a result of  the availability of  specifi c key elements 
(e.g. P) (Spehn et al., 2002). In wooded meadows the dominant functional 
group was other forbs, which indicates that this functional group copes 
with the changing light conditions (resulting from tree shading) better 
than other groups.
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6.3.     Biomass characteristics for combustion (I-IV)

N concentration in all the functional groups studied was above the 
critical level (6 g N kg–1DM) for higher NOx emission suggested by 
Obernberger et al. (2006) and for direct combustion only a mixture of  
grassland biomass with wood with less N should be recommended if  
no air fi lters for boilers are available. Another option is to use special 
multicyclone boilers, but in this case pilot combustion experiments 
with mixtures of  herbaceous biomass with wood or peat are required 
beforehand.

Some studies have revealed that the concentration of  S could vary by 
sites or cuts (Tonn et al., 2010; Pirhofer-Walzl et al., 2011) and that S 
concentration is dependent on plant phenological stage and its availability 
in local growth substrates (El-Nashaar et al., 2009). In our study, S 
concentrations in the biomass of  all functional groups were of  similar 
values and close to the limit for S below which SOx emissions is assumed 
to be negligible, but exceeded about twice the value which may cause 
corrosion (<2.0 g kg-1 DM and <1.0 g kg-1 DM, respectively (Obernberger 
et al., 2006)). Such results can be explained by selection of  study sites, 
since S availability varies according to the growth substrate. We found 
that monocotyledonous plants contained more Cl than dicotyledonous 
plants, which is in agreement with Tonn et al. (2010). Seasonal changes in 
Cl concentration should occur during plant maturation according to El-
Nashaar et al. (2009), but in our study this hypothesis was only confi rmed 
by calculated Cl concentration in total biomass, which increased during 
the study period. The critical value of  Cl concentration for combustion 
(1 g Cl kg–1 DM), stated by Obernberger et al. (2006) to avoid corrosion 
or HCl emissions, was surpassed only by grasses in August, and hence 
in dry to mesic meadows, that are rich in grasses, biomass harvesting in 
July should be recommended to avoid corrosion. 

Ash characteristics are widely reported to be critically important in 
herbaceous biomass combustion. Our results correspond to the results 
of  other studies revealing that dicotyledonous plant species have higher 
ash concentration than monocotyledonous plant species (Tonn et al., 
2010; Pirhofer-Walzl et al., 2011). Typically ash content is associated 
with the concentration of  minerals in plant organs (Monti et al., 2008) 
and dicotyledonous plants tend to accumulate greater quantities of  
minerals compared with monocotyledonous plants (García-Ciudad et 
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al., 1997; Pirhofer-Walzl et al., 2011). In our experiment the highest ash 
and K concentrations were determined from other forbs, Ca and Mg 
concentrations were highest in legumes and other forbs group, whilst 
seasonal increase from July to August was detected only for Ca.

6.4.     Biomass characteristics for methane production (I, II, IV, V)

Many studies have shown total fi bre compounds concentration in 
herbaceous biomass to increase during the growing season (Bovolenta 
et al., 2008; Allison et al., 2012). The results of  our study confi rmed 
this only in case of  lignin. On the other hand, the concentration of  
fi bre compounds has been demonstrated to depend on functional 
group (Bovolenta et al., 2008; Khalsa et al., 2012; King et al., 2012). In 
our study the grasses and sedges/rushes groups contained more NDF 
and less lignin than legumes and other forbs. A high NDF concentration 
in grasses and sedges/rushes with higher cellulose and hemicellulose 
concentration and lower lignin concentration than in legumes and other 
forbs has also been demonstrated in the literature (Bovolenta et al., 2008). 
A high concentration of  lignin in biomass is considered to be critical for its 
biodegradability and methane yield (Triolo et al., 2012; Li et al., 2013). In our 
study the lignin content surpassed that critical level for methane potential 
(100 g kg-1 VS (Triolo et al., 2012)) in other forbs in July and therefore use 
of  late harvested biomass with a high proportion of  other forbs may be 
problematic for methane production when using the wet fermentation 
processes. In contrast, biomass from alluvial and dry to mesic meadows, 
largely comprising monocotyledonous plants contributing a high ratio 
of  cellulose and hemicellulose has potential as a feedstock for methane 
production.

It has also been demonstrated, that feedstock-specifi c methane yield of  
highland vegetation is positively correlated with protein content (Amon et 
al., 2007). The concentration of  N declines through the growing period and 
dicotyledonous plants tend to contain more N than monocotyledonous 
plants (Pirhofer-Walzl et al., 2011). Our results revealed that N concentration 
was the highest in legumes throughout the summer despite the decline in 
July and that the calculated N concentration in total biomass decreased 
from June to July. Hence, both the proportion of  functional groups and 
harvest time should be taken into account when planning to use biomass 
from semi-natural grasslands for biogas production.
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6.5.     Methane potential of  biomass (V)

Our methodical study revealed that the average methane yield tended 
to be higher in hay samples compared to silage samples, although these 
differences were not signifi cant. Pakarinen et al. (2008) have also reported 
no impact of  ensiling on methane production. Some reports have 
speculated that volatile components might disappear from silage samples 
during the drying procedure although this has not been confi rmed by 
statistical analysis between fresh and ensiled material (Kreuger et al., 
2011b). However, some studies have demonstrated that ensiling increased 
methane yield of  different grasses (Herrmann et al., 2011; McEniry et al., 
2014) and therefore additives (like Sil-all) are suggested for promoting 
methane yield (Vervaeren et al., 2010). Therefore more attention should 
be given to evaluate the impact of  ensiling on both energy input and 
output during methane production.

During the BMP experiment the methane yield varied by functional 
groups. At the beginning of  the experiment the methane yield was higher 
in legumes and other forbs compared to that in grasses and sedges/
rushes. The higher N and P content of  the legumes and other forbs may 
provide a possible explanation for their higher methane yield during the 
early period of  the BMP experiment. Through their infl uence on the 
mineralisation process both of  these elements can promote microbial 
biomass growth (Möller and Müller, 2012) and acetate metabolism (Ward 
et al., 2008) that accelerate methane production. On the other hand, in the 
BMP experiment excessive protein or N content in feedstock can form 
ammonium, which inhibits methane production (Pakarinen et al., 2012).

At the end of  the BMP experiment the average methane potential of  
different functional groups was in the same range with the results of  
methane potential studies about some grasses (Poa pratensis, Poa abbreviata, 
Phalaris arundinacea) and other forbs (Aegopodium podagraria, Helianthus 
salicifolius, Matricaria chamomilla, Taraxacum sp.) harvested in July in 
Denmark (Triolo et al., 2012) and was comparable with BMP of  hemp 
silage in Sweden (Kreuger et al., 2011b) and ensilaged Sorghum bicolor x 
sudanense and Secale cereale in Germany (Herrmann et al., 2011). The 
higher methane potential from grasses and sedges/rushes than from 
legumes and other forbs corresponds with the results of  Kaparaju et al. 
(2002) and Lehtomäki et al. (2008), who reported that feedstock-specifi c 
methane yield of  grasses was higher than that of  legumes. Usually 
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these differences are explained by differences in feedstock chemical 
composition and variable content of  indigestible fraction of  organic 
fi bres or cellulose crystallinity degree (Triolo et al., 2012). A higher 
cellulose and hemicellulose content in grasses and sedges with lower 
lignin content than in legumes and other forbs, has been demonstrated by 
Bovolenta et al. (2008). A high content of  lignin in biomass indicates low 
biodegradability resulting in low methane production (Klimiuk et al., 2010; 
Triolo et al., 2012).

6.6. Ene    rgy yield in different semi-natural grasslands (I-III)

The calculated energy potential for alluvial meadows exceeded 100 GJ 
ha-1. It was two or three times higher than that of  dry to mesic and 
wooded meadows, respectively. These values are comparable to the 
average energy yields from biomass of  semi-natural grasslands (Tonn et 
al., 2010) or low input grasslands hay in Germany (Rösch et al. 2009). On 
the other hand, these values are much lower than those of  fertilised grains 
(Lewandowski and Kauter, 2003) or those of  cultivated plant mixtures 
in favourable years (Jasinskas et al., 2008). In the current study the only 
grassland type, where the energy potential was higher than that of  the 
most popular bioenergy crop in the region, Phalaris arudinacea (Heinsoo 
et al., 2011) or that of  cultivated plant mixtures in Germany (Khalsa et al., 
2012; Jasinskas et al., 2008), was alluvial meadows.

The energy potential per hectare that can be achieved through the 
anaerobic digestion process is much lower than that of  direct combustion. 
In general, the energy potential via methane production was only 50–60% 
of  energy that can be produced via combustion of  absolutely dry material. 
However, in reality both these energy conversion methods need additional 
pre-treatment activities (drying of  material for combustion or ensiling and 
additional biomass chopping for biogas feedstock) that have a signifi cant 
impact on the energy input per hectare. For hemp the conversion ratio 
between biomass energy content and energy content in methane produced 
has been reported to be 47% (Kreuger et al., 2011a). However, to 
compare different agricultural bioenergy raw material production options, 
the energy inputs for various scenarios must be taken into account. In 
organic grassland farming a total energy input of  between 4 and 6 GJ ha-1 
is assumed (Dalgaard et al., 2001; Haas et al., 2001). Most probably the 
required input in Estonian semi-natural grasslands will be higher, since 



42

grassland harvesting conditions are usually diffi cult, and we therefore 
agree with Kelm et al. (2004) that this may increase up to 10 GJ ha-1. The 
input/output ratio calculations demonstrate that in this case ca 10–30% 
of  the potential energy is consumed for harvesting, baling and transport. 
There are literature data available demonstrating that in different dedicated 
energy crops 1–18% of  the potential energy is exploited for cultivation 
and harvest (Scholz and Ellerbrock, 2002). According to these analyses the 
bioenergy production from alluvial meadows is energetically as feasible as 
that of  dedicated energy crops. Moreover, due to the availability of  EU 
subsidies for semi-natural grassland management for biodiversity reasons 
it can be assumed that it may be both economically and energetically 
effective to use the herbaceous biomass for energy purposes from all the 
studied semi-natural grassland types studied.

6.7. Futu    re prospects

The results of  this thesis have given a lot of  new information about 
alternative uses for herbaceous biomass from semi-natural grasslands 
for combustion and methane production, but additional studies about 
some aspects would be benefi cial. For example, measurements of  ash 
melting temperature behaviour of  biomass from different functional 
groups are needed for studying this complex process. In addition, direct 
combustion experiments using different boiler types would be helpful 
for optimising the share of  biomass from different functional groups in 
total solid biofuel mixtures with wood or peat. The impact of  different 
pre-treatment methods on N concentration in biomass should be studied 
to decrease the risk of  greenhouse gas emissions.

Additional studies on the impact of  fungal pre-treatment of  biomass 
from different functional groups on biodegradability of  the lignin 
polymer and digestibility of  lignocellulose for producing higher yield 
of  biofuels or other cellulose-based chemical are required. Also further 
validation of  our BMP regression model also taking into account the other 
critical factors and their interactions could give a better understanding of  
the suitability of  different feedstocks for methane production.
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    7. CONCLUSIONS

This thesis suggests that nature consevation and energy production can 
be combined in Estonia. The study’s results provide an overview of  
the topic that can be applied in future by different stakeholders. The 
studies focussed of  the most promising semi-natural grassland types and 
on differences between plant functional groups typical found in these 
grasslands in order to utilize the harvested biomass that is not used for 
fodder for various reasons. From the results of  the current thesis we can 
draw the following general conclusions:

 � The biomass yield depends on semi-natural grassland type. 
Among the Estonian semi-natural grasslands studied the highest 
biomass yield can be obtained from the alluvial meadows. The 
amount of  biomass increases during summer only in alluvial 
meadows. 

 � The proportion of  different functional groups depends on 
semi-natural grassland type. In alluvial meadows the largest 
proportion was contributed by sedges/rushes, in dry to mesic 
meadows the dominant functional group was grasses and other 
forbs was prevalent in wooded meadows.

 � The chemical composition and calorifi c value of  biomass varies 
by functional groups. The highest cellulose concentration 
is in grasses and hemicellulose in sedges/rushes, while the 
concentration of  lignin is the highest in legumes and other forbs. 
The highest Cl concentration is in grasses and lowest in legumes. 
whilst the highest N and Ca concentration is in legumes. The 
other forbs had the highest K, Mg and ash concentrations with 
the lowest calorifi c value and the sedges/rushes and legume 
groups had the lower ash content with the highest calorifi c value.

 � Chemical composition of  biomass varies according to harvest 
time. The average N concentration in biomass declines in time, but 
lignin and Ca concentration in biomass increases during summer.

 � Pre-treatment (ensiling) did not infl uence methane yield, but 
methane potential varies by functional groups The feedstock-
specifi c methane yield was the highest in grasses and sedges/
rushes and the lowest in the other forbs.
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 � The highest energy potential can be obtained from alluvial 
meadows followed by dry to mesic meadows and wooded 
meadows. Theoretical energy yield through combustion is higher 
than that of  methane production. Even with liberal assumptions 
about energy input, the energy yield from semi-natural grasslands, 
especially from alluvial meadows can be comparable with that of  
dedicated energy crops in boreal region.

 � Alternative usage of  the herbaceous biomass from semi-
natural grasslands for bioenergy is a reasonable option for both 
sustainable management of  semi-natural grasslands to achieve 
nature conservation goals and for embodying resource-effeciency 
principles.
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SUMMARY IN ESTONIAN

POOLLOODUSLIKE RO    HUMAADE BIOMASSI 
KAS UTAMINE BIOENERGIA TOOTMISEKS

Euroopa Liidu liikmesriikide taastuvenergia osakaal moodustas 2009. 
aastal kogu primaarenergia toodangust 18,3%. Eestis oli see näitaja 20,8%. 
Kõige olulisem taastuvenergiaallikas nii Eestis kui ka Euroopa Liidus 
oli biomass ja selle jäätmed. 2009. aastal toodeti 97,7% taastuvenergiast 
Eestis biomassist, peamiselt tahkest biokütusest. Eesti suurim probleem 
on biokütuste pea olematu osakaal transportkütustes ja suurema osakaalu 
saavutamiseks on plaanis kasutada biomassist toodetud taastuvelektrit 
elektriautodes ja biometaani.

Viimastel aastatel on Eestis suurenenud puidu ja turba kasutamine 
soojuse ja elektri koostootmisjaamades, kuid põllumajanduses saadavat 
rohtset biomassi ja selle jääke kasutatakse vähe. Tulevikus võib bioenergia 
tootmisel prognoosida nõudluse suurenemist põllumajanduses tekkiva 
biomassi järele, kuna puidul on mitmeid kasutusvõimalusi teistes 
tööstusharudes, mis võib muuta selle ressursi defi tsiitseks või selle 
kasutamise energiatootmises kalliks. Bioenergia tootmisel on oluline 
kasutada parimaid tehnoloogiad, arvestades seejuures keskkonnamõjusid. 
Samuti on oluline ressursitõhususe põhimõtete rakendamine, millele on 
osutatud ka Euroopa tasandil. Üks vähekasutatud bioenergiaallikaid 
on poollooduslike rohumaade biomass ja viimasel ajal on muutunud 
aktuaalseks just sellele alternatiivsete kasutusvõimaluste otsimine. See 
ressurss on regionaalsel tasandil olemas ja kasutatav – ilma konkurentsita 
maaressursile, mida kasutatakse põllukultuuride kasvatamiseks, ning ilma 
mõjuta maailmaturu hindadele ja keskkonnale.

Poollooduslikud rohumaad on pikaajalise inimtegevusega mõjutatud 
alad, kus pole väetatud ja muudetud taimestiku liigilist koosseisu, nagu 
näiteks puisniidud, lammi- ja aruniidud. Mõõdukas järjepidev inimmõju 
niitmise ja/või karjatamise näol on poollooduslike rohumaade püsimiseks 
esmane tingimus, et säiliksid bioloogiline (taime-, linnu- ja loomaliigid, 
taimekooslused, elupaigad jms) ja maastikuline mitmekesisus. Eelmisel 
sajandil vähenesid selliste rohumaade pindalad nii Eestis kui ka kogu 
Euroopas. 1981. aastal inventeeriti poollooduslikke rohumaid Eestis 303 
000 ha ja 2006. aastal hinnati poollooduslike rohumaade pindalaks siin 
kokku umbes 130 000 ha. Praegu toetatakse Eestis umbes 25 000 hektari 
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poollooduslike rohumaade hooldamist ja 2020. aastaks on planeeritud 
neid hooldada 45 000 hektarit.

Eestis ega Euroopas pole poollooduslike rohumaade hooldamise käigus 
niidetud rohtsele biomassile enam traditsioonilist nõudlust loomasöödana, 
kuna põllumajanduslike väikemajapidamiste arv on vähenenud ja suuremad 
põllumajandustootjad kasutavad kultuurrohumaid. Poollooduslike 
rohumaade rohtse biomassi alternatiivne kasutamine loob võimaluse 
ühendada looduskaitset ja energia tootmist. Nende rohumaade biomassi 
potentsiaal on väga varieeruv ja looduskaitse põhimõtteid järgides ei ole 
võimalik suurendada koristatava biomassi hulka. Suurimaks väljakutseks 
poollooduslike rohumaade rohtse biomassi kasutamisel on selle 
heterogeenne liigiline koosseis ja keemiline koostis. Viimastel aastatel 
on hakatud aktiivsemalt uurima poollooduslike rohumaade biomassi 
omadusi bioenergia tootmiseks ning hindama neid omadusi mõjutavaid 
tegureid. Käesolev doktoritöö püüab täiendada sellealaseid teadmisi, 
uurides kõige perspektiivsemaid poollooduslikke rohumaid (aru-, 
lammi- ja puisniidud) ja nende taimeliikide funktsionaalsete gruppide 
(kõrrelised, liblikõielised, tarnad/loalised ja muud rohundid) eripära 
Eesti tingimustes, ning anda nimetatud küsimustest põhjaliku ülevaate, 
mida erinevatel huvigruppidel on tulevikus võimalik kasutada ja ellu viia.

Käesoleva töö peamine eesmärk on hinnata rohtse biomassi energeetilist 
potentsiaali poollooduslikel rohumaadel. Uurimustöö hüpoteesid olid 
järgmised:

 � Biomassi saagikus sõltub poolloodusliku rohumaa tüübist (aru-, 
lammi- ja puisniidud) ja biomassi hulk suureneb kogu suve kestel;

 � Erinevate funktsionaalsete gruppide (kõrrelised, liblikõielised, 
tarnad/loalised ja muud rohundid) osakaal sõltub poolloodusliku 
rohumaa tüübist;

 � Funktsionaalsete gruppide biomassi keemiline koostis ja 
kütteväärtus on erinevad;

 � Uuritava biomassi keemiline koostis muutub suve jooksul;
 � Funktsionaalsete gruppide metaanipotentsiaal on erinev ja seda 

mõjutab biomassi eeltöötlemine;
 � Poollooduslike rohumaade biomassi anaeroobsel lagundamisel 

saadav energia hulk on sama suur kui põlemisel saadava energia 
hulk. 
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Uurimistöö raames viidi läbi välitööd Eesti erinevatel niitudel (artiklid I-V) 
(Joonis 1). Uuringualade valikul kasutati Pärandkoosluste Kaitse Ühingu 
andmebaasi infot. Proovialadeks valiti ekstensiivselt majandatud (üks 
niide aastas , pealt parandamata, väetamata) tüüpilised poollooduslikud 
rohumaad: kõige produktiivsemad ehk lamminiidud (NATURA 2000 
elupaigatüüp koodiga 6450), ühed kõige levinumad ja liigirikkamad ehk 
aruniidud (6210 ja *6270) ja kõrge bioloogilise mitmekesisusega ehk 
puisniidud (*6530).

Esimesel uuringuaastal, 2007. aastal, oli valimis üheksa lamminiitu, kuus 
aruniitu ja neli puisniitu (artiklid I ja II) (Tabel 1). Järgmiste aastate 
välitööd viidi läbi: viiel niidul 2008. aastal (artikkel III), neljal niidul 
2010. aastal (artikkel IV) ja kahel niidul 2010. ja 2011. aastal (artiklid II 
ja V) iga poolloodusliku rohumaa tüübi kohta (Tabel 1). 

Välitööd toimusid reeglina juuli esimesel poolel (artiklid I-V), järgides 
looduskaitse piiranguid ja imiteerides tüüpilist koristusaega. Hooajalise 
biomassi ja keemilise koostise dünaamika uurimiseks leidsid 2010. aastal 
aset täiendavad välitööd ka juunis ja augustis (artikkel IV). Andmete 
kogumiseks valiti igalt proovialalt võimalikult mitmekesise maastikuga 
transekt, millel prooviringid asusid 2007. aastal üksteisest vähemalt 30 
m kaugusel (prooviringi suurus 0.18 m2) (artiklid I ja II), 2008. aastal 
10 m kaugusel (prooviringi suurus 0.07 m2) (artikkel III) ja 2010. aastal 
20 m kaugusel (prooviringi suurus 0.07 m2) (artikkel IV). Hooajalise 
dünaamika uurimiseks 2010. aastal asusid kolm transekti paralleelselt 
üksteisest umbes 20 m kaugusel (artikkel IV). Biomassi metaani 
potentsiaali määramiseks 2010. ja 2011. aastal asusid biomassi proovide 
korjealad (3 tükki igaüks pindalaga 5 m2) hajusalt üle prooviala üksteisest 
vähemalt 50 m kaugusel (artiklid II ja V).

Kogu biomassi potentsiaali hindamiseks lõigati rohtne biomass 
prooviringist kääridega võimalikult maapinna lähedalt ja koguti mini-
grip kilekottidesse (artiklid I ja II) või paberkottidesse (artiklid III ja IV). 
Esimesel tööaastal kaaluti kõik proovid kohe märgkaalu määramiseks 
(artiklid I ja II). Antud aasta iga prooviala viis proovi (artiklid I ja II) 
ja järgmiste uuringuaastate kõik proovid (artiklid III ja IV) kuivatati 
temperatuuril 80°C 48 tundi kuivkaalu määramiseks. 2008. a mõõdetud 
märg- ja kuivkaalude põhjal leiti igale proovialale lineaarne korrelatsiooni 
mudel, mille alusel arvutati selle aasta kuivatamata jäänud proovide 
kuivkaalud (artikkel I).
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Funktsionaalsete gruppide osakaalude määramiseks sorteeriti biomass 
igas viiendas (artikkel III) ja kolmandas (artikkel IV) prooviringis nelja 
erinevasse gruppi: kõrrelised (Poaceae), tarnad/loalised (Cyperaceae ja 
Juncaceae), liblikõielised (Fabaceae) ja muud rohundid.

Biomassi keemilised analüüsid (Tabel 2) viidi läbi Eesti Maaülikooli 
taimebiokeemia laboris (artiklid I, II, IV ja V) ja mullateaduse ja 
agrokeemia laboris (artiklid III ja IV) ning Eesti Keskkonnauuringute 
Keskuse Tartu laboris (artiklid III ja IV). Erinevate poollooduslike 
rohumaa tüüpide biomassi kütteväärtust mõõdeti Eesti Maaülikooli 
puitkütuste laboris (artiklid I ja II). Funktsionaalse grupi biomassi 
kütteväärtust mõõdeti Tallinna Tehnikaülikooli Tartu kolledži laboris 
(artikkel III). Biomassi lenduvaine ja orgaanilise aine sisaldust ja metaani 
potentsiaal määrati Eesti Maaülikooli bio- ja keskkonnakeemia laboris 
(artiklid II ja V). 

Metaani potentsiaali hindamiseks võeti kogu biomassi proovid (artikkel 
II) või sorteeritud funktsionaalse gruppide biomassi proovid (artikkel V) 
kuuelt proovialalt. Laboris segati kokku võrdses koguses kahe prooviala 
biomassid poolloodusliku rohumaa tüüpide kaupa ning saadud segust 
võeti 50 g proov, mida kuivatati kuivatuskapis temperatuuril 60°C ja 
hoiustati hiljem paberkotis toatemperatuuril.

Analüüsimaks eeltöötluse (sileerimise) mõju biomassi metaani 
potentsiaalile sileeriti väikeseid biomassi koguseid (artikkel V). Selleks 
kasutati erinevatelt sama poolloodusliku rohumaa tüübi proovialadelt 
kogutud ja segatud värskest biomassist umbes 300 g suuruseid proove, 
mis purustati ja segati Eestis laialdaselt kasutatava silolisandiga Sil-All 
(Alltech Inc Nicholasville, KY, USA). Pärast segamist jagati see biomass 
kolmeks võrdseks prooviks (à 100 g), mis pandi vaakumkilepakendisse ja 
hoiustati umbes 15°C juures 109 päeva pimedas ruumis.

Metaani saagist mõõdeti biokeemilise metaani potentsiaali katses 
samaaegselt kolmes korduses (artikkel II ja V) Eesti Maaülikooli bio- ja 
keskkonnakeemia laboris. Enne katset  kuivatati kõik sileerimata (artikkel 
II ja V) ja pooled sileeritud biomassi proovid (artikkel V) ja purustati 
umbes 1 mm suurusteks osadeks. Teine pool siloproovidest jäeti viimasel 
juhul kuivatamata ja lõigati kääridega 1–10 mm pikkusteks osakesteks. 
Umbes 0,28 g lenduvatele ühenditele vastavast biomassi kogusest lisati 
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destilleeritud vee (50 ml) ja inokulaadi (150 ml) segusse. Inokulaat 
pärines Tallinna Vee Paljassaare reoveepuhastusjaama mesofi ilsest 
anaeroobsest kääritist ning enne kasutamist see sõeluti (1 mm) ja hoiti 
36–37 °C temperatuuril kaks (artikkel II) või kolm (artikkel V) päeva. 
Enne proovipudelite (575 ml) sulgemist õhutati need läbi gaasiseguga 
(20% N2 ja 80% CO2). Pudeleid hoiustati 36 ° C temperatuuri juures 46 
(artikkel II) või 45 (artikkel V) päeva Memmert isotermilises kapis. Selle 
aja jooksul mõõdeti gaasi mahtu kümme korda, millele eelnes pudelites 
rõhu mõõtmine ja järgnes substraadi käsitsi segamine. Gaasi koostise 
analüüsimiseks kasutati gaaskromatograafi .

Andmete statistiliseks analüüsiks kasutati tarkvarapaketti SAS 9.1 ja 
9.2 (SAS Institute Inc, Cary, NC, USA). Erinevate faktorite mõjude 
hindamiseks kasutati (M)ANOVA testi. Mitmesteks võrdlusteks kasutati 
Tukey või REGWQ testi ning koosmõjude hindamiseks LSMeans testi. 
Funktsionaalsete gruppide osakaalude võrdlemiseks arvutati nende 
suhteliste väärtuste arcsin-ruutjuur. Pidevate muutujate võrdlemisel 
kasutati regressioonimudeleid. Olulisusnivooks oli 0,05.

Statistiline analüüs leidis, et uuritud aastatel sõltus biomassi hulk 
poolloodusliku rohumaa tüübist (artiklid I-IV) (Tabel 3). Kõige rohkem 
saadi biomassi pindalaühikult lamminiitudel, millele järgnesid aruniidud 
ja puisniidud. Suurim saagikus lamminiidul on tingitud suuremast 
toitainete sisaldusest alluviaalsetes setetes. Lamminiit oli ainus, kus 
biomassi hulk suurenes märgatavalt suvekuude jooksul (artikkel IV), 
mis võib olla põhjendatud rohttaimede kasvuperioodi hilinemisega 
üleujutuste tõttu. Kuigi lamminiidu keskmine biomassi saagikus oli 
suurim, oli ka erandeid. Näiteks mõne lamminiidu biomassi saagikus 
oli väiksem kui kõige produktiivsematel aruniitudel. Seda võib selgitada 
erineva mullaviljakusega. Samuti oli mõnede kuivemate aruniitude 
saagikus võrreldav puisniidu saagikusega. Keskmiselt oli puisniitude 
rohtse biomassi keskmine saagikus siiski kõige väiksem, kuna ilmselt 
peavad sealsed rohttaimed konkureerima toitainete ja valguse pärast 
põõsaste ja puudega. Võrreldes poollooduslike rohumaade saagikusi 
erinevatel aastatel, on näha biomassi suurenemist uuritud aastate jooksul. 
Selline muutus on ilmselt seotud suurema sademetehulgaga hilisemate 
aastate kasvuperioodi kolme esimese kuu jooksul.

Funktsionaalsete gruppide osakaalusid analüüsides leiti erinevusi 
poollooduslike rohumaa tüüpide vahel (artiklid III ja IV) (Tabel 4). 
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Lamminiidud erinevad teistest poollooduslikest rohumaadest tarnade/
loaliste suurema osakaalu poolest biomassis. Tarnad ja loalised on tavalised 
hooajaliselt üleujutatud ja kõrge põhjavee tasemega aladel. Kõrrelised 
domineerisid aruniitudel ja kuigi igal poolloodusliku rohumaa tüübil 
kasvas vähesel määral liblikõielisi, oli nende osakaal suurim aruniitudel. 
Suurem liblikõieliste osakaal võib olla tingitud fosfori paremast 
kättesaadavusest aruniitudel. Puisniidul domineerisid muud rohundid, 
mis näitab, et see funktsionaalne grupp tuleb kõige paremini toime 
puude ja põõsaste varjudest tulenevate muutuvate valgustingimustega.

Statistilise analüüsi põhjal ei ilmnenud uuritud rohumaa tüüpide vahel 
olulisi erinevusi funktsionaalsete gruppide biomassi keemilises koostises 
ja kütteväärtuses (artiklid III-V). Sellest tulenevalt sai suurendada andmete 
hulka, viies erinevate tüüpide tulemused kokku, ning teha täpsemaid 
võrdlusi funktsionaalsete gruppide vahel. Sellega leidsin erinevusi 
kütteväärtuses (artikkel III) ja uuritud keemilistes komponentides, 
välja arvatud väävli puhul (artiklid III-V) (Tabel 5). Proovide kogumise 
aeg mõjutas oluliselt rohtse biomassi keskmisi ligniini, lämmastiku ja 
kaltsiumi sisaldusi (artikkel IV) (Tabel 6).

Kogu struktuursete süsivesikute (NDF) sisaldus oli kõrrelistes ja tarnades/
loalistes kõrgem kui liblikõielistes ja muudes rohundites (artikkel IV). 
Kõrgeim tselluloosi sisaldus oli kõrrelistes ja hemitselluloosi sisaldus 
tarnades/loalistes (artikkel V). Nii kõrrelised kui ka tarnad/loalised olid 
oluliselt madalama ligniini sisaldusega kui liblikõielised ja muud rohundid 
(artiklid IV ja V) (Tabel 5). Biomassi keskmine ligniini sisaldus suurenes 
suve jooksul (artikkel IV) (Tabel 6). Saadud tulemused on vastavuses 
teiste teadusuuringutega, kus on näidatud kiudainete hulga erinevusi 
ühe- ja kaheiduleheiste taimede vahel. Kui polüsahhariidide suurem 
sisaldus on aluseks suuremale metaani saagisele, siis suur ligniini sisaldus 
biomassis võib raskendada lagunemist anaeroobsetes tingimustes ja 
vähendada metaani saagist. Anaeroobse käärimisprotsessi puhul omab 
olulist rolli biomassi N sisaldus, aga samas liiga kõrge N sisaldus võib 
olla inhibeeriva toimega. Suurim biomassi N sisaldus leiti liblikõielistest 
(artiklid III-V) (Tabel 5) ja selle vähenemine suve jooksul (artikkel 
IV) (Tabel 6) on kooskõlas kirjanduses toodud tulemustega. Metaani 
tootmisel on oluline arvestada funktsionaalsete gruppide biomassi NDF 
ja N sisaldust, nende kontsentratsioonide muutusi ning funktsionaalsete 
gruppide osakaalusid biomassis.
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Kõrgemad N sisaldused uuritud rohtses biomassis ületasid kirjanduses 
esitatud kriitilise piiri biomassi põletamisel, mille ületamisel on oht 
kasvuhoonegaaside (NOX) tekitamiseks. Seega on rohtset biomassi 
otstarbekas põletada, segades seda eelnevalt vähem lämmastikku 
sisaldava biomassiga (nt puit) või kasutades spetsiaalseid rohttaimede 
põletamiseks toodetud katlaid.

Teistest uuritud mittemetallidest oli väävli sisaldus kõigis funktsionaalsetes 
gruppides samasugune, kuid erinevused leiti kloori sisalduses (artiklid 
III ja IV). Kirjanduse andmetel sõltub väävlisisaldus peamiselt 
taimede fenoloogiast ja S kättesaadavusest kasvukohas, kuid võib olla 
funktsionaalsete gruppides ka erinev. Samas võivad ka siinse uuringu käigus 
leitud S kontsentratsioonid põhjustada korrosiooni, kuna nende sisaldus 
ületas kõikidel juhtudel kirjanduses avaldatud biomassi põletamiseks 
ettenähtud kriitilist väärtust. Kõrgeim Cl sisaldus oli kõrrelistes, millele 
järgnesid tarnad/loalised, muud rohundid ja liblikõielised (artikkel 
IV) (Tabel 5). Suurema Cl sisalduse tõttu kõrrelistes tuleks eelnevalt 
läbi mõelda kõrrelisterikka biomassi põletamisel kasutatavate katelde 
materjalid, mis peaksid olema korrosioonile vastupidavamad.

Rohtse biomassi põletamisel on samuti olulised nii tuha kui ka selles 
olevad mineraalainete kontsentratsioonid. Tuha ja K sisaldus oli muudes 
rohundites oluliselt kõrgem kui liblikõielistes ja tarnades/loalistes 
(artikkel IV) (Tabel 5). Muud rohundid ja liblikõelised sisaldasid ka 
rohkem Ca ja Mg (artiklid IV ja V) (Tabel 5). See on vastavuses artiklitega, 
kus seda põhjendatakse kaheiduleheliste taimede suurema võimega 
omastada mineraalaineid võrreldes üheiduleheliste taimedega. Suurema 
tuhasisaldusega muud rohundid olid madalama kütteväärtusega (artikkel 
III). Ca oli ainuke mineraalaine, mille keskmine sisaldus biomassis 
suurenes suvekuude jooksul (artikkel IV) (Tabel 6). Kui tuhasisaldus 
vähendab biomassi kütteväärtust, siis Ca, Mg ja K mõjutavad tuha 
sulamist. Seega on oluline poollooduslike rohumaade rohtse biomassi 
põletamisel nende sisaldusega arvestada.

Uurides sileerimise mõju metaani saagisele leiti, et sileerimine ei avalda 
olulist mõju biomassi metaanipotentsiaalile (artikkel V) (Joonis 2 ja 3). 
Samas oli funktsionaalsete gruppide biomassi metaanipotentsiaal erinev 
(Joonis 3). Kui BMP eksperimendi alguses oli metaani saagis suurim 
liblikõielistel ja muudel rohunditel, siis 45. päevaks oli suurim potentsiaal 
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kõrrelistel ja tarnadel/loalistel. Erinevus metaani saagises on põhjendatav 
erineva keemilise koostisega. Metaani tootmiseks on perspektiivikad nii 
kõrrelised kui ka tarnad/loalised.

Poollooduslike rohumaade tüüpide teoreetiline energeetiline potentsiaal 
pindalaühiku kohta on erinev  (artiklid II ja III) (Joonis 4). Kuigi 
biomassi kütteväärtused sõltusid nii rohumaa tüübist (artikkel II) 
kui ka funktsionaalsest grupist (artikkel III), siis rohkem kui erinev 
kütteväärtus, mõjutas teoreetilist energeetilist potentsiaali biomassi 
hulk. Suurim teoreetiline energeetiline potentsiaal on lamminiitudel; 
see on võrreldav hariliku päideroo, mida on kultiveeritud piirkonnas 
bioenergiakultuurina, energeetilise potentsiaaliga. Aruniitudel on see 
potentsiaal ligi kaks ja puisniitudel kolm korda väiksem (artiklid II ja III) 
(Joonis 4). Samuti sõltub kättesaadav energiahulk pindalaühiku kohta 
ka kasutatavast energia muundamise meetodist (artikkel II). Biomassi 
kasutamisel metaani tootmiseks on arvutatud energiasaagis pindalaühiku 
kohta suurim lamminiidul, sellele järgnevad aruniit ja puisniit (artikkel 
II). Samas on selline saagis väiksem kui 60% teoreetilisest potentsiaalist, 
mida oleks võimalik saada, kui seda biomassi oleks võimalik absoluutselt 
kuivana põletada. Arvestades, et energiasisend poollooduslike rohumaade 
majandamiseks on umbes 10 GJ ha-1, ja seoses poollooduslike rohumaade 
hooldamistoetustega võib poollooduslike rohumaade majandamine olla 
nii energeetiliselt efektiivne kui ka majanduslikult otstarbekas. 

Kokkuvõtteks võib öelda, et poollooduslike rohumaade rohtse biomassi 
alternatiivne kasutamine bioenergia tootmiseks on võimalik. See 
soodustab poollooduslike rohumaade kestlikku majandamist ja säilimist 
ning biomassi ressursside tõhusamat kasutamist. Lisaks aitab see kaasa 
looduskaitse ja bioenergia eesmärkide saavutamisele.
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1. Introduction

Semi-natural grasslands (including wooded meadows, coastal
meadows, alvars and floodplain meadows) have been formed and
shaped by extensive human activities, mainly grazing and
mowing. In Europe these plant communities are often the
ecosystems with the highest biodiversity on both the micro-
and wider landscape level (e.g. Van Dijk, 1991; Joice and Wade,
1998; WallisDeVries et al., 2002); hence the European Union’s
habitats directive (Council Directive, 1992) emphasises the need
for their protection and subsequent management. In order to
preserve and increase plant biodiversity, hay mowing and
removal of the hay has been recommended rather than grazing
(Hansson and Fogelfors, 2000; Sammul et al., 2000; Schaffers,
2002). The nature conservation value of semi-natural grasslands
only persists when low intensity management is applied (Donath
et al., 2004; Sammul et al., 2008). Intensification of semi-natural
grassland management either by application of fertilizers, by
more frequent mowing or by sowing more productive plant
species will have detrimental effects on biodiversity (Schellberg
et al., 1999). Changes in management can decrease the overall
biodiversity of the habitat, affecting the number of typical
grassland species (Berlin et al., 2000; Gustavsson et al., 2007).

Therefore, in order to maintain the high biodiversity in semi-
natural grasslands their seeding, fertilising or alteration of
mowing period is not permitted in protected areas (e.g. NATURA
sites). These are also themain criteria that distinguish these plant
communities from other agricultural grasslands.

Throughout Europe the area covered by semi-natural grass-
lands has decreased considerably during the last century (Bakker,
1989; Van Dijk, 1991). In Estonia the area of semi-natural
grasslands decreased almost fivefold from 1,571,000 ha in 1939
to 303,000 ha in 1981 (Kukk and Kull, 1997). The major factors
contributing to this decrease were nationalization of private
property in the 1940s and subsequent changes in land use practice
towards mechanisation and intensification. Many of these areas
reverted to forest through natural succession or were cultivated.
More recently however, the active nature conservation policy in
the EU and current subsidy systems for semi-natural grassland
management have promoted the expansion of the area covered by
these ecosystems (Sammul et al., 2008). In 2006 semi-natural
grassland was estimated to cover 130,000 ha in Estonia, of which
floodplain meadows (NATURA 2000 habitat type code 6450)
covered 20,000 ha, wooded meadows (NATURA 2000 habitat type
code *6530) 8000 ha and mesic meadows (NATURA 2000 habitat
type codes 6210 and *6270) 21,000 ha (Kukk and Sammul, 2006).
In order to promote grassland management and increase the
benefits for farmers, alternative uses for the biomass are required
without changing the traditional management principles (time of
mowing, absence of fertilisers, etc.).
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A B S T R A C T

High biodiversity of Estonian semi-natural grasslands can only be maintained through continuous

management. One option for the usage of biomass from these areas is bioenergy production, if both the

herbaceous biomass yield and the chemical characteristics of the cut meet the needs. In 2007 the largest

average annual biomass yield per area was achieved in floodplain meadows (5.7 t dry mass/ha), which

also have the highest potential for biomass production among Estonian semi-natural grasslands (more

than 113,000 t dry mass). The area of mesic meadows is larger, but due to lower average yield per area

(2.5 t dry mass/ha), the potential of this meadow type was less than half of that of floodplain meadows

(53,000 t dry mass). The corresponding numbers for wooded meadows were 1.6 t dry mass/ha and

12,000 t dry mass, respectively. Chemical characteristics of herbaceous biomass fromwooded meadows

significantly differed from mesic and floodplain meadows, giving the highest values of Ca, K, Mg, crude

protein and ash (1.3%, 2.4%, 0.3%, 10.9% and 9.5% of the dry biomass, respectively). The energetic value of

the biomass from different meadow types varied between 18.1 kJ/g and 18.6 kJ/g. Therefore, various

options for bioenergy conversion should be considered depending on the local plant community and

restrictions to the harvest time.
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Recentlymuch attention has been paid to bioenergy production
from various sources. As the typical woody biomass resources from
forestry are exhausted in several countries, energy production
from different agricultural products has also been considered. Data
are available on the quality of several perennial grasses as special
energy crops (Dien et al., 2006; Fahmi et al., 2007; Monti et al.,
2008). Moreover, the availability of herbaceous biomass from
cultivated grasslands and pastures for energy production has also
been investigated (Florine et al., 2006; Amon et al., 2007; Jasinskas
et al., 2008). Simultaneously a lot of attention is being paid to the
biodiversity and landscape protection functions of semi-natural
ecosystems (e.g. Mikhailova et al., 2000; Schaffers, 2002; Sammul
et al., 2008), although data on the energy potential of herbaceous
biomass from semi-natural meadows and its quality for different
energy conversion methods is limited (for overview see Prochnow
et al., 2009a).

Biomass from grasslands can be used as both feedstock for
biofuel production and raw material for power and heat
generation (Ahmed, 1994; McKendry, 2002). Benefits of the
conversion of biomass to combustion, biogas, bioethanol or
pyrolysis depend on the physical and chemical characteristics of
the particular raw material. Today the use of grassland biomass
for these latter two options is under large-scale investigation,
but not yet implemented in practice (Prochnow et al., 2008).
Hence, in the current paper we shall focus on the biomass
characteristics required for heat and power generation, only.
Besides calorific value the most important characteristics for
biomass combustion efficiency are the content of moisture, ash
and different organic compounds (Quaak et al., 1999). Among
the organic compounds the two largest and most important
fractions are the crude protein (CP) and neutral detergent fibre
(NDF), both of which have been widely studied because of their
importance for fodder quality. High protein content is favoured
for both fodder and industrial biogas production, however,
during combustion this material can cause problems because of
NOx emissions (Obernberger and Thek, 2004). Due to seasonal
changes in CP content the combustion of herbaceous biomass
harvested in late summer or spring is preferred (Jasinskas et al.,
2008). The NDF group consists mainly of lignin, cellulose and
hemicellulose. In general, this group is less biodegradable than
proteins, but possesses high energy content. During the
vegetation period, the NDF content of perennial grasses
generally increases, while the CP content decreases (e.g.
Bovolenta et al., 2008). In semi-natural grasslands, the
harvesting period is restricted by nature conservation needs.
Thus for these grasslands the selection criteria for suitable
means of bioenergy conversion method should depend on the
chemical characteristics of the biomass and not vice versa.

The aim of our study is to evaluate the energy potential of
herbaceous biomass originating from some semi-natural grassland
types that are valued in nature conservation. We focused on the
suitability for bioenergy production of biomass from floodplain,
mesic and wooded meadows. Wooded meadows typically have
high biodiversity and are therefore considered to be priority
habitats for nature conservation. Floodplain meadows were
assumed to have higher nutrient and moisture inputs, which
should result in higher herbaceous biomass yields.Mesicmeadows
are the most widely spread semi-natural grassland type in the
North Temperate Zone. Furthermore, meadows of this type are
easy to manage and, therefore, of great interest for new
management approaches and associated land use practices. We
estimated different quantitative and qualitative parameters of
herbaceous biomass of these semi-natural grassland types in order
to evaluate the suitability of this biomass for different energy
conversion methods and to estimate the potential of these
grassland types for bioenergy production.

2. Materials and methods

2.1. Location and weather conditions in the study area

The study was carried out on the Estonian mainland, located on
the north eastern shore of the Baltic Sea between 57.38 and 59.58N
and 21.58 and 28.18E. Fieldwork was carried out in 2007 between
1st and 20th of July. This period is a traditional harvesting time for
semi-natural grasslands in Estonia. Earlier harvesting time is not
suggested (and sometimes not allowed) due to nature conserva-
tion restrictions. Due to the late harvesting time and relatively
small production per area, second harvest is very untypical in
Estonian semi-natural grasslands. Estonian climatic conditions
during the first 3 months of the vegetation period (April, May and
June) in 2007 were not significantly different from the long-term
(1992–2008) averages. The average daily temperature was 11 8C
(long-term average 10.3 8C) and the averagemonthly precipitation
was 50 mm (long-term average 55 mm/month) (Statistics Estonia,
2009).

2.2. Site selection

Fieldwork encompassed sampling from 19 different semi-
natural grasslands typical in Estonian conditions (one harvest only,
no seeding, fertilising or alteration of mowing has been carried out
during last 10 years) (Fig. 1). Nine floodplain meadows, six mesic
meadows and four wooded meadows were selected in those areas
where the particularmeadow type ismost frequent. Only sites that
had been harvested during at least last three preceding years were
selected. Information about previous management was obtained
from local authorities or landowners. For site selection, the
database of semi-natural grasslands from the Estonian Seminatu-
ral Communities’ Conservation Association was used. Only the
sites determined by their previous inventory of plant communities
and status and corresponding with NATURA 2000 habitat type
codes 6450, *6530 or 6210 and *6270were selected for the study. If
possible, study sites with larger distance between each other were
preferred. Estimates for the total area of each particular semi-
natural grassland type in Estonia were taken from published
sources (Kukk and Sammul, 2006).

2.3. Measurements of biomass physical characteristics

In each of the meadows studied, 17 round plots (area 0.18 m2)
were selected for biomass sampling. Plots were located along a
transect; distance between the plots was at least 30 m. In each plot
average herbage height was determined before harvesting. The
aboveground biomass of plants rooted inside the circle was
harvested manually with scissors just above the ground level and
stored inmini-grip bags. Sampleswereweighed to determine fresh
weight. Five samples from each studied meadow were dried for
48 h at 80 8C to determine dry weight. From the pooled data the
linear correlation was calculated between dry and fresh weight for
each grassland type studied. This correlation was used to calculate
dry weight of the biomass from the rest of the plots of that
particular grassland type.

2.4. Biomass chemical analyses

The biomass samples from each of the meadows studied were
mixed and taken to the lab. The biomass content of crude protein
(CP), neutral detergent fibre (NDF), ash and the concentrations of
calcium (Ca), magnesium (Mg), and potassium (K) were measured
in the Laboratory of Plant Biochemistry of the Estonian University
of Life Science. Analyses of the organic compounds, K and ash were
carried out according to standardised methods (AOAC, 1990). For
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Kjeldahl Digest determination of Ca, and Titan Yellow Mg
determination of Mg, a Fiastar 5000 was used (AN 5260 and
ASTN90/92, respectively). Gross calorific value (CV) was measured
with an IKAWERKE Calorimeter System C 5000 in the laboratory of
the Department of Forest Industry of the same university.

2.5. Statistical analyses

Statistical analyses and correlations were performed with the
software package SAS. To test the differences in plant biomass
weight and in chemical characteristics between different grassland
types, the Tukey’s Honestly Significant Difference test (HSD) and
Ryan–Einot–Gabriel–Welsch Multiple Range test (REGWQ) were
used. Significance of different factors on the regressions between
variables was detected with GLM Multiple Linear Regression test
(MLR) Type I SS hypothesis. Co-variation of different chemical
characteristics was studied with the Least Square Means test
(LSM). The confidence level of all analyses was set at 95%.

3. Results

3.1. Biomass physical characteristics

The average fresh weight of herbaceous biomass in the
floodplain meadows studied was twice as high as that of the
mesic meadows and wooded meadows (1846 g/m2, 818 g/m2 and
750 g/m2, respectively). The variability of fresh biomass weight
was large in all meadow types resulting in significant differences
between various sites of a particular type (SAS Tukey’s HSD test).
For example, average fresh weight differed more than fourfold
between the mesic meadows studied. However, the large number
of samples resulted in standard errors less than 8% of the average
fresh biomass weight for all meadow types studied. The samples
from wooded meadows had significantly higher water content as
compared to those from floodplain and mesic meadows (SAS MLR,
p < 0.001 for both type and site factors; for general data see Table

1). The calculated average dry weight of biomass also varied
significantly between meadow types (Fig. 2). The highest average
amount of dry biomass (737 g/m2) was recorded from one of the
floodplain meadows. The lowest value was recorded from a mesic
meadow (86 g/m2) (Fig. 2).

The mean value of the average herbage height was the highest
(0.65 m) on floodplain meadows as compared to the wooded and
mesic meadows (0.22 m and 0.26 m, respectively). However, the
standard deviation of average herbage height estimated in the
mesic meadows was larger compared with that of the wooded
meadows. Evenwith the higher number of measurements inmesic
meadows the relative standard error of the mean value remained
the highest for this type (Table 2).

The linear regression model analyses showed that the dry
weight could be described by the data of average grass height

Table 1
Parameters of a linear regression model for different meadow types (plant biomass dry weight =a�plant biomass fresh weight).

R2 of the correlation Parameter a Lower confidence limit of a Upper confidence limit of a

Mesic meadow 0.91 0.31 0.28 0.33

Floodplain meadow 0.87 0.31 0.29 0.32

Wooded meadow 0.57 0.21 0.18 0.24

Fig. 1. Location of the studied sites.

Fig. 2. Average dry weight of herbaceous biomass in different meadow types (mean

of the means). Maximum and minimum are the averages of the dry weight of

samples from the poorest andmost productive study site per type, respectively. The

vertical bars indicate the standard error of the mean values.
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(R2 = 0.74). The model benefited from including the factors of
meadow type and site. The detailed analysis of the model showed
that from amesic meadowwith a particular average grass height a
larger amount of dry biomass can be expected than from other
studied meadow types with the same average herbage height. The
model showed that if the average height of the herbage was equal
by grassland types, the least herbaceous dry biomass could be
expected from a wooded meadow (Fig. 3).

3.2. Biomass chemical characteristics and energetic value

The concentrations of several components that determine
biogas yield or combustion efficiency were measured. Most of the
investigated parameters had approximately the same average
value for floodplain meadows and mesic meadows (Table 3). The
characteristics of the herbaceous biomass collected from the
wooded meadows differed from those collected from other
meadow types. In general, the herbaceous biomass from wooded
meadows had higher protein content and lower fibre content
compared to biomass from the other meadow types studied. The
biomass samples with high total fibre content also had signifi-
cantly higher ash content (p < 0.001). However, there was no
correlation between the concentrations of proteins and ash

content in the dry matter (p = 0.39). In general, lower ash content
of the biomass resulted in higher heating values (SAS LSM,
p < 0.001).

Analyses of the content of mineral elements also revealed
differences between wooded meadows and the other meadow
types (Table 3). The analysed biomass of wooded meadows
contained higher amounts of K, Mg and Ca than that of the other
meadow types studied, samples with higher Ca and Mg
concentrations also had a significantly higher ash content
(p < 0.01 for all cases). However, this correlation was not found
between K concentration and ash content of the herbaceous
biomass.

The energetic value of the biomass samples varied between
17.6 kJ/g and 19.1 kJ/g. The energetic value of the herbaceous
biomass from mesic meadows was significantly higher than that
fromwoodedmeadows. The average valueswere 18.6 kJ/g, 18.4 kJ/
g and 18.1 kJ/g for mesic, floodplain and wooded meadows,
respectively (Table 3).

4. Discussion

4.1. Biomass yield estimations

The results of our study revealed that the average harvestable
herbaceous biomass yield among different semi-natural grassland
types in Estonia was the highest in floodplain meadows (5.7 t dry -
weight/ha). Values for mesic meadows and wooded meadows
were 2.5 t/ha and 1.6 t/ha, respectively. However, the analysis
showed that there could be more than a fourfold difference in the
biomass yield among the sites of the same meadow type. It is
therefore especially important to evaluate the potentially harvest-
able biomass for any particular meadow in order to identify both
the energetic and economic feasibility of biomass production.
However, the data about average herbage height have only limited
value to predict the production. Direct estimation of biomass
weight, despite being time and equipment intensive, is considered
the best option for site evaluation since the relation between
average herbage height and yieldwas also found to be significantly
site-specific. Particularly important is the direct estimation of
biomass yield in mesic meadows. The higher relative standard
error of the average height data in mesic meadows may indicate
more variable edaphic conditions and water availability between
different sites. This hypothesis was also supported by a larger
variability of mean values of the average height per site in mesic
meadows compared with other meadow types (data not shown). A
larger amount of dry biomass at the same average plant height
indicates that vegetation density is higher in the mesic meadows
than in the other meadow types investigated.

4.2. Biomass suitability for energy conversion

The chemical analyses of herbaceous biomass samples revealed
that there was a significant difference in the characteristics of the

Table 2
Results of height estimation in different meadow types. x: arithmetic mean; n:

sample size; SD: standard deviation; SE%: relative standard error.

Meadow type n Average height (m)

x SD SE%

Mesic 102 0.26 0.13 5.04

Floodplain 153 0.65 0.18 2.29

Wooded 68 0.22 0.07 3.61

Fig. 3. Relationship between average herbage height and biomass weight for

different semi-natural meadow types. The order of the trendline equations

corresponds to the order of the data series in the legend.

Table 3
Chemical characteristics of the herbaceous biomass fromdifferentmeadow types. The unit of calorific value (CV) is kJ/g, all the concentrations are represented in % dryweight.

Statistically different average values of the same characteristic found with REGWQ are indicated by different letters.

Characteristic Mesic meadow Floodplain meadow Wooded meadow

Mean value REGWQ Mean value REGWQ Mean value REGWQ

CV 18.6 A 18.4 AB 18.1 B

Ca 1.0 A 0.8 A 1.3 B

K 1.8 A 1.5 A 2.4 B

Mg 0.2 A 0.2 A 0.3 B

NDF 54.1 A 59.7 A 45.3 B

CP 8.5 A 9.4 AB 10.9 B

Ash 7.0 A 6.1 A 9.5 B
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cut from wooded meadows compared with the cut from other
meadow types. The higher water content and protein concentra-
tion in the herbaceous biomass from wooded meadows may refer
to the different phenological stage of the herbage as compared
with other meadows. It can be assumed that due to tree shading,
herbage on wooded meadows becomes senescent later than that
on mesic meadows open to direct sunlight. The temporal variation
in the content of mineral elements in perennial plants has
previously been reported for different energy crops (Pahkala and
Pihala, 2000; Lewandowski and Heinz, 2003; Prochnow et al.,
2009a). The differences in chemical element content between the
biomass of different meadow types may also reflect soil
characteristics and associated differences in nutrient loads.
Unfortunately, this hypothesis is very difficult to prove since each
meadow type exists only on certain soil types. The last and the
most obvious explanation for differences in herbaceous biomass
chemical characteristics between meadow types studied is the
variability of plant species composition. The chemical composition
of various herbal species can differ significantly (Pahkala and
Pihala, 2000; Bridgeman et al., 2007). However, more detailed
studies are needed before general conclusions concerning the use
of particular semi-natural meadow plant communities for
bioenergy production can be drawn.

The high ash content of herbaceous biomass is amajor problem
when using this material in combustion (Fahmi et al., 2007; Khan
et al., 2009). The current research proved that the ash content of
meadow herbage was similar to that of briquettes from spring-
harvested reed canary grass (Phalaris arundinacea) and switch-
grass (Panicum virgatum) (Paulrud and Nilsson, 2001; Dien et al.,
2006). A similar ash content is also characteristic of different
species from naturalized grassland (Florine et al., 2006) and air-
dried wheat straw (Zhu et al., 2008). Mg and K content in our
samples was similar to that recorded from floodplainmeadows in
Germany (Donath et al., 2004), only Ca content in our sampleswas
higher. The concentration of Ca and Mg in our study was
comparable to data reported from special energy crops in Italy
(Monti et al., 2008). The only element showing significantly
higher concentrations in our study was K, although this was still
less than half of the value (<7%) atwhich problems are reported to
affect thermal utilization (Obernberger, 1998). This critical factor
should still be kept in mind, however. Besides the usage of special
combustion systems, mixing biomass from different sources can
also help reduce these problems. In our study, several parameters
(e.g. water content, metal concentration) were themost critical in
the biomass from wooded meadows. Therefore, we consider this
rawmaterial to be less favourable for combustion and alternative
conversion technologies should be preferred for this particular
raw material. At the same time the impact of delayed harvest on
the chemical characteristics of the grass of wooded meadows
should be studied.

During the pasture management period in alpine meadows
some grassland species have similar CP content to that recorded
from our meadows (Bovolenta et al., 2008). Moreover, the CP
content of floodplain meadows in our study was higher than that
from floodplain meadows harvested in mid-June in Germany
(Donath et al., 2004). On the other hand, the estimated CP values in
biomass from our semi-natural grasslands were lower than the CP
content in the biomass of semi-natural grasslands used for grazing
heifers in Sweden (Hessle et al., 2008). Much higher CP values have
also been reported for special cultivated forage crops (e.g. Miller,
1984; Fraser et al., 2005). Most likely, these differences were
caused by variable species composition in different grassland types
or by harvesting time. Usually there are special restrictions that
limit the harvesting time of semi-natural grasslands in order to
protect ground-nesting birds or to ensure the flowering of rare
plants. Unfavourable timing of harvest can be a problem for fodder

production from semi-natural grasslands and this may also
influence the biogas production efficiency from this biomass.
However, it has been demonstrated that the area-specific methane
yield of grass species depends on the biomass yield rather than on
the feedstock-specific methane yields (Prochnow et al., 2009b).
Therefore, additional studies about the dynamics of the biomass
yield and the CP concentration should be implemented to
determine if these restrictions on harvesting time could be a
problem in Estonian conditions. As semi-natural grasslands are
valuable for their high biodiversity, and neither sowing of more
protein-rich species nor changes of mowing time are to be
favoured, biogas conversion operations need to be adapted to the
raw material from semi-natural grasslands. Due to the higher CP
concentration in the cut from wooded meadows, this plant
community has the largest potential for biogas production among
the grasslands studied.

4.3. Energetic potential

The calorific value of biomass from the semi-natural grass-
lands studied was similar to that of special energy crops (Dien
et al., 2006; Fahmi et al., 2007; Jasinskas et al., 2008). However,
the calculated energy potential of the semi-natural grassland was
only 29, 47 and 104 GJ/ha for wooded, mesic and floodplain
meadows, respectively. On average, our data are in the same
range as those recorded for hay from low input grasslands in
Germany (Rösch et al., 2009). On the other hand, these values are
much lower than those of fertilized grains (Lewandowski and
Kauter, 2003) or of cultivated plant mixtures in favourable years
(Jasinskas et al., 2008). These differences are mainly the result of
the lower biomass yield per hectare in semi-natural grasslands. It
has been demonstrated that on more fertile soils it is possible to
increase the energy yield achieved per hectare threefold with
more intensive management of special energy crops (Rösch et al.,
2009). However, the management of semi-natural grasslands
also needs a much lower energy input when compared with
sowed agricultural crop cultivation. Moreover, due to high
biodiversity of semi-natural communities, a subsidy system
exists in many countries to support the management of these
areas (e.g. Council Regulation, 2005). These additional benefits
should keep the management of semi-natural grasslands for
bioenergy production economically reasonable for farmers. For
instance, in Estonia the average subsidy for semi-natural
grassland harvesting was 3000 EEK/ha in 2007. At the same
time the average price for wood-chips used for heating was
114 EEK/m3 (Eesti Statistika, 2009). According to rough calcula-
tions approximate cost of energy from this biomass is 47 EEK/GJ.
Consequently, the subsidy covers losses in production amounting
to ca. 65 GJ/ha. This places the income from the management of
semi-natural grasslands in the same range as that from the
intensive management of special energy crops with an energy
yield of ca. 100 GJ/ha (Jasinskas et al., 2008; Rösch et al., 2009).
The actual income may vary between different cases as the
energy prices are changing and because of the small market for
herbaceous biomass for combustion in Estonia today. Also the
different management costs (sowing, fertilisation, multiple
harvesting, etc.) of these two options are not included in this
comparison.

It is also worth pointing out that this additional financial
contribution is a significant tool in the support for farmers who
want to pursue the sustainable management of semi-natural
grasslands while also producing rawmaterial for energy purposes.
Hence this additional payment reduces also the risk for the
intensification of grassland management.

A database is available to estimate the area and location of
different semi-natural plant communities in Estonia (Kukk and
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Sammul, 2006). Based on these data it is possible to make rough
estimations concerning the potential herbaceous biomass avail-
able (Table 4). According to this database, the total theoretical
energetic potential of the biomass from these three meadow types
is 3.4 � 107 GJ, equivalent to 2% of the Estonian primary energy
consumption. More than half of the biomass theoretically available
for energy production is located on floodplain meadows and it can
therefore be suggested as a major source for bioenergy consump-
tion from Estonian semi-natural plant communities. However, due
to seasonal flooding and location in the river basins, the access to
the floodplainmeadows for harvesting could bemore difficult than
that to other meadow types. Usage of this potential is even more
complicated due to the uneven distribution of semi-natural
grasslands in Estonia. Amore detailed analyses taking into account
the logistic details of these meadows (road access, distance to the
destination point, management difficulties, etc.) is therefore
required to assess the economically feasible potential of these
meadows. Moreover, for the exploitation of biomass from wooded
meadows it must be taken into account that approximately 30% of
the area is usually covered with trees and therefore not available
for grass production. Thus, for a detailed analysis of the energetic
potential at a regional level, a model including more factors is
required.

5. Conclusions

Considering the results of the current study we can conclude
that

� among the Estonian semi-natural grasslands studied the highest
biomass yield can be obtained from the floodplain meadows;

� the quality of the cut for bioenergy production depends on the
meadow type. Therefore biogas conversion is suggested for
relatively protein-rich biomass from wooded meadows, and
combustion for other semi-natural grassland types, where the
biomass has lower water, ash and metal content;

� semi-natural communities have a high potential for bioenergy
production in Estonia. Theoretically, and without considering
logistical problems, alternative hay usage possibilities or site-
specific obstacles, about 2% of Estonian primary energy
consumption could be provided by this type of raw material;

� by using the biomass yield from semi-natural grasslands it is
possible to promote both the sustainable management of semi-
natural grasslands and the achievement of nature conservation
goals.
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a b s t r a c t

Semi-natural grasslands are characterized by high biodiversity and can be maintained only with
continuous management. In current situation, without sufficient demand for these biomass as cattle
fodder, this source can be used for bioenergy production. In Estonia the largest average annual dry
biomass yield per area was achieved in alluvial meadows (5.5 t ha�1) and the lowest in wooded meadows
(1.9 t ha�1). Chemical characteristics of herbaceous biomass from wooded meadows differed from mesic
and alluvial meadows resulting in the highest values of N, Ca, K, Mg and ash (1.3%, 2.4%, 0.3%, 10.9% and
9.5% of the dry matter, respectively) and lower ash softening temperature (1161 �C). The energy potential
for combustion was estimated to be 102, 53 and 34 GJ ha�1 y�1 for alluvial, mesic and wooded meadows,
respectively. The highest feedstock-specific methane yield can be produced from the biomass of
wooded meadows (299 lN CH4 kg�1 VS (volatile solids)) and the lowest from alluvial meadows (269 lN
CH4 kg�1 VS). The area-specific methane yield was obtained from 514 for wooded to 1375 m3 CH4 ha�1

for alluvial meadows that corresponds to 20 and 55 GJ ha�1. Via biogas production it is possible to
achieve less than 60% of energy available for combustion.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Semi-natural grasslands have been formed and shaped by
extensive human activities, mainly grazing and mowing. In Europe
these plant communities are often the ecosystems with the highest
biodiversity on both micro and wider landscape level (e.g. Ref. [1]).
Many types of these grasslands are listed in Annex I of the EU
Habitat Directive [2] as habitats to be protected by creating Natura
2000 areas where seeding, fertilisation or alteration of mowing
period is unfavoured. It is important that semi-natural grasslands
are managed continuously with extensive methods as plant species
richness is negatively related to land use intensification [3].
Fertilization increases productivity per area but decreases also
species diversity [4].

Throughout Europe the area of semi-natural grasslands has
decreased considerably during the last century [1]. In Estonia this
area decreased to almost one-fifth of its original cover, from
1,571,000 ha in 1939 to 303,000 ha in 1981 [5]. In 2006 semi-
natural grasslands were estimated to cover 130,000 ha in Estonia

[6]. Active nature conservation policy in the EU and current subsidy
systems has promoted the expansion of the area covered semi-
natural habitat types [7]. Currently management of about
25,000 ha of semi-natural grasslands is subsidised in Estonia [8].
According to the Nature Conservation Agenda [9] the target for
2020 is 45,000 ha. However, like many countries, Estonia is also
facing great difficulties with consuming of herbage from these
grasslands. For instance, it is estimated that approximately 25% of
all German grasslandswill be abandoned in the next future because
of the high harvesting costs and low forage value (e.g. Ref. [10]).

Recently much attention has been paid to bioenergy production
from agricultural sources. The European Commission has set the
goal of raising the proportion of energy consumption from
renewable energy to 20% by 2020 [11]. Estonia is obliged to in-
crease the share of renewable energy sources up to 25% of total
energy consumption and the share of biofuels up to 10% of trans-
port fuels for 2020 [12]. According to Estonian National Renewable
Energy Action Plan [12] the target for bioenergy from biogas is
0.5 PJ for 2020, but in 2011 it was only 115 TJ [13]. It is based
primarily on landfill gas and used mainly for heat and power
production. Further activities for producing biogas from different
agricultural substrates can be expected. However, the common
practice of growing dedicated energy crops for bioenergy purposes
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may be crucial for food production for a finite land resource [14].
Non-food cropping from marginal lands [15] as well as additional
bioenergy raw material from semi-natural grasslands diminishes
this problem. Therefore alternative usage of biomass from semi-
natural grasslands has become a challenging option for bio-
energy production. It has been widely demonstrated that regular
biomass harvesting from semi-natural grasslands is obligatory to
maintain their biodiversity [16e18]. Moreover, removal of har-
vested biomass from these grasslands is essential in order to pre-
serve the original soil characteristic [19,20]. On the other hand, the
potential of biomass from semi-natural grasslands depends on
local conditions. For instance, Steubing et al. [21] assumed that
grass from extensive meadows and mountain pastures in
Switzerland does have only limited bioenergy potential. On the
other hand, it has been demonstrated that high-diversity grass-
lands can provide reasonable amount of energy in the USA [22]. In
boreal climate conditions the energy output from semi-natural
grasslands’ biomass is comparable with the energy profit from
the local favourite herbaceous bioenergy crop (Phalaris arundina-
cea) [23]. Moreover, there are also results available that the energy
output of low-input high-diversity grasslands’ biomass on
degraded soil is nearly equal to that of ethanol from conventional
corn grain on fertile soil in China [24].

Like any other biomass, the biomass from grasslands can be
converted to bioenergy by different options [25]. Herbaceous
biomass may be used as solid biofuel for combustion and be
feasible feedstock for biogas production [26,27]. The combustion of
biomass from semi-natural grasslands can be affected by technical
constraints due to high concentration of minerals, nitrogen and
sulphur leading to problems with ash melting, boiler corrosion or
increased fume emissions [28,29]. In semi-natural grasslands, the
mowing period is usually restricted by nature conservation re-
quirements starting in Estonia from July 10. The late cutting period
can lead to lower biogas production potential [30]. In general, for
anaerobic biogas digestion high content of easily biodegradable
compounds and certain amount of different nutrients in biomass
are favoured [31e34]. Biodegradation of lignocellulosic feedstock
under anaerobic conditions is difficult to achieve and leads to lower
feedstock biogas yield [31]. These crucial characteristics may vary
between plant species, grassland types and harvesting time [27].
For instance, nitrogen or crude protein content of hay from semi-
natural grasslands decreases during the growing season [35,36].
To improve biodegradability and to enhance methane production
from herbaceous biomass attractive and promising pretreatment
methods have been worked out [10,37,38]. Methane production
potential of different energy crops and grasslands with different
management regimes have been studied in Europe [30,39e41], but
there is only a limited knowledge about the methane production
potential of late harvested herbaceous biomass from semi-natural
grasslands that are valuable for nature conservation purposes in
boreal zone.

The aim of our study was to assess the energy potential of
herbaceous biomass originating from different semi-natural
grassland types with one late harvest, without seeding and fertil-
ising. For this purpose we estimated the biomass production of
different semi-natural grassland types in Estonia, that were
considered to be the most available (mesic meadows), the most
nutrient-rich (alluvial meadows) or having the largest biodiversity
(wooded meadows). In order to evaluate the suitability of different
options for bioenergy production we compared the feedstock-
specific methane yield with calorific value of the biomass and
analysed the amount of the most crucial elements in biomass. To
enable further estimations of energy input needed for bioenergy
production, we studied also the feedstock-specific methane yield
dynamics during experiment.

2. Materials and methods

2.1. Location and weather conditions in the study area

The study was carried out on the Estonian mainland, located on
the north eastern shore of the Baltic Sea between 57.3� and 59.5�N
and 21.5� and 28.1�E. According to the Estonian Meteorological and
Hydrological Institute [42] the climate in the region is temperate
continental with annual average temperature 5.6 �C and precipi-
tation 646 mm.

2.2. Site selection

The fieldwork was carried out in the first half of July that is the
typical mowing time according to local Natura 2000 management
rules (mowing period is starting from 10th of July) in 2007 and
2010. Fieldwork was performed in different semi-natural grassland
types: alluvial meadows (NATURA 2000 habitat type Northern
boreal alluvial meadows code 6450), mesic meadows (NATURA
2000 habitat type Fennoscandian lowland species-rich dry tomesic
grasslands code 6270) and wooded meadows (NATURA 2000
habitat type Fennoscandian wooded meadows code 6530).

2.3. Biomass estimation

For the biomass yield studies in 2007 nine alluvial, six mesic and
four wooded meadows were selected and biomass samples from
nine round plots of 0.07 m2 per study site were taken. Plots were
located along a transect and distance between the plots was at least
30 m. The aboveground biomass of plants rooted inside the circle
was harvested with scissors above the ground level. Samples were
weighed to determine freshweight. Five samples from each studied
meadow were dried for 48 h at 80 �C to determine dry weight.

2.4. Biomass chemical analyses

The mixture of the dried biomass per meadow was taken
immediately after collecting to the Laboratory of Plant Biochem-
istry of the Estonian University of Life Science to measure its NDF
(neutral detergent fibre) and ash content. From critical chemical
elements we analysed the concentrations of nitrogen (N), calcium
(Ca), magnesium (Mg), and potassium (K). Analyses of the organic
compounds, K and ash were carried out according to standardised
methods [43]. For Kjeldahl Digest determination of Ca, and Titan
Yellow method determination of Mg, a Fiastar 5000 was used (AN
5260 and ASTN90/92, respectively). Total protein value was calcu-
lated by multiplying total N value by factor of 6.25 [44]. CV (gross
calorific value) was measured with an IKA WERKE Calorimeter
System C 5000 in the laboratory of the Department of Forest In-
dustry of the same University. The calculations of AST (ash soft-
ening temperature) were based on the concentrations of K, Ca and
Mg according to Hartmann [45].

2.5. Biochemical methane potential

In 2010 we collected a mixed biomass sample from two
meadows per each grassland type and dried it in oven 60 �C. This
biomass was used for biochemical methane potential experiment
in batch experiments with three replicates in the Laboratory of Bio-
and Environmental Chemistry in Estonian University of Life Sci-
ence. The test was based on a modified version of the guidelines for
biochemical methane potential estimation by Owen et al. [46]. DM
(dry matter) and VS (volatile solids) were determined according to
standardisedmethod by drying the biomass and inoculum at 105 �C
for overnight and incineration at 525 �C for 2 h.
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The inoculum originated from the mesophilic anaerobic reactor
of Paljassaare Wastewater Treatment Plant in Tallinn. The sludge
was sieved trough a 1 mmmesh and pre-incubated at 36 �C for two
days.

Herbaceous biomass was milled to achieve particles size about
1 mm and its sample (0.3 g DM (0.28 g VSadded)) was added to the
mix of water (50 ml) and inoculum (150 ml (510 g VS kg�1 DM)) per
500 ml serum bottle. No additional nutrients were used. All bottles
were flushed with mix of N2 (80%) and CO2 (20%) for 10 min and
closed with rubber stoppers and aluminium grips. The bottles were
incubated at 36 �C in a set of Mermet isothermal thermo chambers
for 46 days. The initial pressure in the test bottles was measured
after acclimation at incubation temperature. The gas samples were
taken by connecting the test bottles to the gas chromatograph
through a plastic tube attached to a needle. The gas composition
was analysed by gas chromatography (Micro GC (Varian CP-4900))
ten times during 46 days’ experiment and the gas production from
the substrates was corrected with the amount of CH4 and other
gases produced by the reactor inoculums that were incubated in
separate bottles of the same isothermal chambers. The contents of
the bottles were manually mixed after each measurement.
Methane production is based on norm conditions (273 K and
1013 mbar) and is given in norm litre per kg of VS (lN CH4 kg�1 VS).
CH4 energy yield was assumed to be 39.7 MJ m�3.

2.6. Statistical analysis

Most of the statistical analysis was performed with the software
package SAS. To test the differences in plant biomass production
and in chemical characteristics between different grassland types,
the HSD (Tukey’s honestly significant difference test) and REGWQ
(Ryan-Einot-Gabriel-Welsch multiple range test) were used. Sig-
nificance of different factors on the regressions was detected with
GLM MLR (multiple linear regression test) type III SS hypothesis.
Co-variation of different chemical characteristics was studied with
the LSM (least square means test). For multiple comparison of CH4
production between grassland type samples and daily production
during experiment, the Tukey’s Honestly Significant Difference test
(HSD) was used. To analyse the influence of grassland type and day
factors on CH4 yield, we carried out MANOVA test. The confidence
level of all analyses was set at 95%.

3. Results

The average fresh weight of herbaceous biomass in the studied
alluvial meadows was twice as high as that in the mesic meadows
and wooded meadows (1846 g m�2, 818 g m�2 and 750 g m�2,
respectively). The samples fromwoodedmeadows had significantly
higher water content (78%) compared to those from alluvial (69%)
and mesic meadows (68%) (p < 0.001). The average dry weight of
biomass also varied significantly between meadow types (Fig. 1).
The results of our study revealed that the average herbaceous
biomass yield among studied semi-natural grassland types in
Estonia was the highest in alluvial meadows (552 g m�2). Average
production values for mesic meadows and wooded meadows were
284 g m�2 and 189 g m�2, respectively.

Most of the investigated parameters had approximately the
same average value for alluvial meadows and mesic meadows
(Table 1). The herbaceous biomass collected from the wooded
meadows differed from those collected from other meadow types
by several parameters. In general, the herbaceous biomass from
wooded meadows had lower fibre content compared to biomass
from other studied meadow types. The biomass samples with high
total fibre content also had significantly higher ash content
(p < 0.001) and lower heating value. Analyses of the content of

mineral elements also revealed differences between wooded
meadows and the other studied meadow types. Biomass from
wooded meadows contained larger amounts of K, Mg and Ca than
that of the other meadow types, samples with higher Ca and Mg
concentrations also had significantly higher ash content (p < 0.01
for all cases). Ash softening temperature varied between grassland
types and it was higher in biomass from mesic meadows (1208 �C)
than in biomass from wooded and alluvial meadows (1188 �C and
1161 �C, respectively). The energetic value of the herbaceous
biomass from mesic meadows was significantly higher than that
from wooded meadows. The average values were 18.6 kJ g�1,
18.4 kJ g�1 and 18.1 kJ g�1 for mesic, alluvial and woodedmeadows,
respectively. In general, lower ash content of the biomass was
accompanied by higher heating values (p < 0.001).

The average feedstock-specific methane yield was approxi-
mately the same for wooded and mesic meadows (Fig. 2). After 46
days average methane yield were 299 lN CH4 kg�1 VS (911 g VS
kg DM�1) and 297 lN CH4 kg�1 VS (940 g VS kg DM�1), respectively.
The lowest average feedstock-specific methane yield (269 lN
CH4 kg�1 VS (927 g VS kg DM�1)) was measured for biomass from
alluvial meadows. The statistical analysis revealed significant dif-
ferences in CH4 production dynamics between semi-natural
grassland types studied (MANOVA p > 0.001). No differences in
the methane yield during the first day of measurement was
observed, but later on the methane yield of biomass from alluvial
meadows was significantly lower than that of biomass from other
grassland types (Fig. 2). According to our experiment the methane
yield was increasing until certain point, after which no significant
gas production could have been observed (Tukey HSD p > 0.1 in all
cases). In case of alluvial and mesic meadows this coincided with
the 22nd day of the experiment, for wooded meadows it came a bit
later, on the 30rd day. About 90% and 93% of the total gained
methane from alluvial and mesic meadows’ biomass was produced
within 22 days and 93% of the total gained methane from biomass
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Fig. 1. Average dry weight of biomass in different semi-natural grassland types. Ver-
tical bars indicate the standard error of the mean value.

Table 1
Different parameters of the biomass from different semi-natural grassland types.
Statistically different average values of the same parameters found with REGWQ test
are indicated by different letters.

Parameter Alluvial meadow Mesic meadow Wooded meadow

NDF (% DM) 59.7a 54.1a 45.3b
N (% DM) 1.5 ab 1.4b 1.7a
Ca (% DM) 0.8b 1.0b 1.3a
Mg (% DM) 0.2b 0.2b 0.3a
K (% DM) 1.5b 1.8b 2.4a
Ash (% DM) 6.1b 7.0b 9.5a
Calorific value

(kJ g�1)
18.4 ab 18.6a 18.1b
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of wooded meadows was produced within 30 days. In all cases
more than 80% of the total methane production was achieved
within 16 days.

Different semi-natural grassland types have different energy
potential. Moreover, the available energy production depends on
used energy conversion method (Fig. 3). The energy potential
calculated on the basis of biomass yield and calorific value was the
highest for alluvial meadows and the lowest for wooded meadows
(102 GJ ha�1 and 34 GJ ha�1, respectively). The energy potential in
mesic meadows was 53 GJ ha�1.

The calculated area-specific methane yield and potential energy
production through anaerobic biogas production was more than
two times higher in alluvial meadows (1375 m3 CH4 ha�1

(55 GJ ha�1)) than in other grassland types. The same values for
mesic and wooded meadows were 792 m3 CH4 ha�1 (31 GJ ha�1)
and 514 m3 CH4 ha�1 (20 GJ ha�1), respectively.

4. Discussion

Different semi-natural grassland types represent suitable, but
also highly variable biomass potential for bioenergy production.
The highest harvestable fresh biomass yield can be obtained in
alluvial meadows, but water content of herbaceous biomass was
higher in wooded meadows. High water content means higher
need for energy to vaporise of it from solid biofuel and this de-
creases its practical heating value [25]. Higher water content in
herbaceous biomass from wooded meadows may refer to higher

proportion of dicotyledonous plants (i.e. legumes and other forbs)
in species’ composition compared to other grassland types. It has
been found earlier that within an Estonian wooded meadow the
growth of the herbaceous layer along the productivity gradient was
co-limited by light and nitrogen [47]. These two factors can explain
lower dry weight of herbaceous biomass from wooded meadows
compared to mesic or alluvial meadows that are open to direct
sunlight. It has been reported before, that total N content in soil of
alluvial meadows was higher than that in wooded meadows [48]
and herbaceous biomass production increased considerably with
flooding [49]. The results of our study revealed that the average
herbaceous biomass yield in Estonia was the highest in alluvial
meadows. The biomass yield in alluvial meadowswas similar to the
herbage yield from semi-natural grasslands in central Germany [10]
and was comparable with the mid-summer yield of reed canary
grass (Phalaris arundinaceae) cultivated as a bioenergy crop in
Estonia [23].

The qualitative parameters of herbaceous biomass samples
revealed that therewas a significant difference in the characteristics
of the cut fromwoodedmeadows compared with the biomass from
othermeadow types. The high ash content of herbaceous biomass is
one of the major problem while combustioning [50]. The ash con-
tent in wood is less than 2% [29], but ash content of herbaceous
biomass in our study was more than three times higher. Similar ash
content has been reported in different plant species from natural-
izedgrasslands [51]. In addition tohigh ash content,which can affect
thermal utilization, there is a problemwith high concentration of K
and Mg which can lower ash melting point causing slag formation
and sintering [29]. Both Mg and K contents in our samples were
similar to that recorded fromalluvialmeadows inGermany [52], but
Ca content in our samples was higher. The concentration of Ca and
Mg in our study was comparable to data reported from special en-
ergy crops in Italy [53]. The ash softening temperature calculated
from the Ca, Mg and K concentrations (1160.1200 �C) were lower
than measured for Austrian beech wood (1260 �C) [54]. This result
indicates a demand for modified combustion systems compared
with typical wood burning process, e.g. co-firing of biofuels in large
combined heat and power plants [55].

Our data revealed that the total N content of herbaceous
biomass in all studied semi-natural grasslands was more than two
times higher than the guided values for N (<6.0 g kg�1 DM) for
unproblematic thermal utilization [29]. The higher total N con-
centration in the herbaceous biomass fromwooded meadows may
refer to the different phenological stage of the herbage as compared
with other meadows as protein content of biomass decreases
growing period [10]. It can be assumed that due to tree shading,
herbage onwoodedmeadows becomes senescent later than that on
mesic meadows open to direct sunlight. The temporal variation in
the content of mineral elements in perennial plants has previously
been reported for energy crop [35]. The differences of chemical
element content in the biomass of different grassland types may
also reflect soil characteristics and associated differences in
nutrient loads. Another possible explanation for such differences
between grassland types is the variability of plant species compo-
sition. The chemical composition of various plant species can differ
significantly [56] and it has been demonstrated for instance, that
larger amount of N in the soil of alluvial meadows can stimulate the
growth of grass species [57]. Moreover, there are several reports
available confirming that sedges are dominating and are associated
with flooding in alluvial grasslands [29,58]. However, more detailed
studies are needed before general conclusions concerning the use
of particular semi-natural grassland plant communities for bio-
energy production can be drawn.

Typically decreased protein and N content during growing
period is accompanied with the increase of NDF (cellulose,
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hemicellulose and lignin) [10]. The biomass from alluvial meadows
had higher NDF concentration than that of other grasslands due to
the abovementioned reasons. Variability NDF have been reported
to depend on species composition also in German semi-natural
grassland types [14]. Highly lignified herbaceous biomass is
preferred for combustion due to its high heating value [59]. Com-
plex and high molecular mass molecules, such as fibres are fav-
oured for combustion due to their high calorific value. For anaerobic
digestion process during biogas production, on the other hand, it
may cause problems, because it needs to be hydrolysed into
degradable monomers in order to be accessible [60]. One option for
effective depolymerisation of herbaceous biomass is natural mi-
crobial pre-treatment with significant lignin degradation and cel-
lulose loss [61]. As the content of organic compounds in herbaceous
biomass changes during growing period, the unfavourable timing
of harvest may also influence the biogas production efficiency from
this biomass. Results from Austrian Alpine grassland sites have
shown that feedstock-specific methane yield decreases with
advancing stages of vegetation [30].

For evaluation of herbaceous biomass potential for methane
production both feedstock-specific methane yield and high
biomass yield are important. The feedstock-specific methane
was found to be significantly different between semi-natural
grassland types. Lower methane yield from feedstock of allu-
vial meadows compared with that of other grassland types could
be a result of its chemical content caused once again probably by
specific botanical composition. The low methane potential yield
of biomass from alluvial meadows was accompanied with its
smaller protein and larger NDF contents compared with biomass
from other grassland types. However, this low methane yield
was comparable to the average methane yield from industrial
hemp [62], but was higher than that reported to marine biomass
[63]. The higher methane yield of herbaceous biomass from
mesic and wooded meadows had approximately the same value
than that of produced from tops of sugar beet [40], but more
than two times less than methane yield from cellulose [62].
However, the methane yield of different feedstock studied by
different scientists is difficult to compare due to variable
retention time. In our experiment the methane production
reached to a clear plateau in three weeks for alluvial and mesic
meadows and in four weeks for wooded meadows. This reten-
tion time was longer than that reported for harvested hemp and
cellulose [62]. Another difference in various studies is the par-
ticle size. Decreasing the size of poorly digestible substrates
containing a large quantity of fibre improves gas production and
reduces digestion time [63]. Also sodium hydroxide or hydro-
thermal pretreatment of herbaceous biomass may result higher
biogas production [37]. In practice the retention time and par-
ticle size or chemical and hydrothermal pretreatment should be
optimised in order to achieve maximal biogas yield with mini-
mal energy input for pretreatment.

It has been demonstrated that the methane yield of herbaceous
biomass per growing area depends on the biomass yield rather
than on the feedstock-specific methane yield [27]. The range,
estimated in our study (20.55 GJ ha�1) can be multiplied several
types with intensive fertilisation of dedicated energy crops [40,62].
On the other hand, the methane potential per hectare in studied
grassland types was in the same range compared to permanent
grasslands with lower biomass yield under different management
intensity in Austria [30].

Energy yield per hectare that can be achieved through anaer-
obic digestion process is of course much lower than that produced
during direct combustion. Our data about biomass calorific values
revealed that the biomass from mesic meadows have higher po-
tential for combustion than that of other studied meadows.

However, once again, the highest biomass yield per hectare in al-
luvial meadows made this grassland type to be favourite for bio-
energy purposes. In general the energy potential via combustion in
Estonian semi-natural grasslands per growing area is in the same
range as that reported for grasslands in sandy soil in Germany [64].
On the other hand, both these values are much lower than those of
cultivated plant mixtures [65]. These differences are mainly the
result of the lower biomass yield per hectare in semi-natural
grasslands. It has been demonstrated that on more fertile soils
with more intensive management the special energy crops may
increase the energy yield achieved per hectare threefold [66]. In
general, the energy potential via biogas production was only
50.60% of energy that can be produced via combustion of abso-
lutely dry material. However, both these methods may need
different pre-treatment activities (drying of material for combus-
tion or additional biomass chopping for biogas feedstock) that
can have a severe influence on the energy productivity per hectare.
For hemp the conversion rate from energy content in biomass
to energy content in produced methane has been reported to be
47% [62].

Taking into account that typical annual dedicated bioenergy
crops (maize, sunflower etc) require high energy input via
ploughing, seeding, fertilising and pesticide usage (e.g. Ref. [67])
and loss of ecological value (e.g. Ref. [68]), bioenergy production
from alluvial meadows via combustion is as feasible as that of
dedicated energy crops in Estonian weather conditions. Moreover,
due to availability of EU subsidies for semi-natural grassland
management for biodiversity reasons it can be assumed that it may
be both economically and energetically effective to use the herba-
ceous biomass from all studied semi-natural grasslands types for
energy purposes in next future. Replacing of fossil fuels with
different renewable energy sources mitigates CO2 emission in
regional and European level [69,70]. However, for better under-
standing the feasibility of energy production from this biomass
source a more detailed analysis about the real energy input during
harvesting operations and later energy conversion methods is
required.

5. Conclusions

From Estonian semi-natural grasslands the highest biomass
yield can be achieved from the alluvial meadows. Even if the
calorific value of the biomass or the feedstock-specific methane
yield of various grassland types can be significantly different, the
potential energy production per growing area is the highest in al-
luvial meadows due its significantly higher biomass yield per
hectare. For combustion option ash softening temperature of her-
baceous biomass can be crucial as it was lower than that in wood
(the lowest in wooded meadows). Biomass from alluvial meadows
had the lowest feedstock-specific methane yield per biomass dry
unit that was accompanied with high NDF and low protein content.
Via biogas production it is possible to achieve less than 60% of
energy available for combustion if pre-treatment demands for both
bioenergy production options are considered to be equal. The en-
ergy income from semi-natural grasslands (mainly alluvial
meadows) is comparable with that of dedicated energy crops in
Estonian conditions.
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a b s t r a c t

The current paper is devoted to biomass yield and proportion, chemical composition and

energy yield by functional groups in different semi-natural grassland types. The study was

performed for three grassland types in Estonia which were represented by five NATURA

2000 meadows each. The highest yield was obtained from alluvial meadows followed by

mesic and wooded meadows. Hence, the largest amount of other herbs was found from

alluvial meadows, even if the proportion of this functional group was dominant in wooded

meadows. The contribution of the sedges&rushes was the largest in alluvial meadows. The

grasses were prevalent in mesic meadows. The legumes were growing in all studied

grassland types in small amounts. Nitrogen content in legumes differed significantly from

other studied functional groups, but no significant differences between functional groups

in other chemical (Cl and S) contents were found. The other herbs had the highest ash

content and the lowest calorific value contrary to the sedges&rushes with the lowest ash

content and the highest calorific value. The highest area-specific energy potential was

calculated for alluvial meadows followed by mesic and wooded meadows. The energy

potential depends more on the amount of biomass than the calorific value of particular

functional group. Improved knowledge about the functional groups and their chemical

content enables to promote and optimise alternative usage of this late harvested mixed

biomass from semi-natural grasslands for bioenergy production.

ª 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Herbaceous biomass from extensively managed semi-natural

grasslands, that is no longer needed for livestock feeding, has

become a challenging option for bioenergy. Usage of this

biomass for bioenergy production can reduce conservation

management costs (e.g. Refs. [1,2]). Moreover, additional

source of biomass from semi-natural grasslands can be a

sustainable alternative to dedicated bioenergy crops and give

the energy output that is similar with the energy profit from

the local favourite herbaceous bioenergy crop [3e5].

The most problematic in herbaceous biomass usage is the

large variability of its chemical content (e.g. Refs. [6,7]). How-

ever, all bioenergy conversion methods have certain re-

quirements for substrate quality. In general, herbaceous

* Corresponding author. Tel.: þ372 7 311 878.
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biomass has higher ash content and lower carbon content

than woody biomass [8]. If the combustion process is not

regulated for burning herbaceous biomass, increased ash and

alkali metal content can result in slagging, corrosion and

fouling of the plant [9]. High concentrations of chlorine, ni-

trogen and sulphur in fuels can increase greenhouse gas

emissions [10].

Recently numerous investigations have been conducted

about the quality of several perennial grasses as dedicated

bioenergy crops (e.g. Refs. [5,11]). However, based solely on

this data we cannot predict the quality of herbaceous biomass

from semi-natural grasslands consisting of large variety of

species that may have different quality in terms of bioenergy

production [11,12]. In general, grasses include less nitrogen

than legumes and forbs in semi-natural grasslands [13,14].

Also the concentration of S, K, Ca, Mg and ash are found to be

lower in graminoids (Poaceae, Cyperaceae and Juncaceae) than in

forbs (both legumes and non-leguminous plants) [15]. The

presence of legumes in a mixture is found to result in

increased biomass yield, calorific value and therefore energy

yield per area (e.g. Refs. [16,17]). However, more info is needed

about the content of crucial chemical elements (e.g. non-

metals that can cause greenhouse gas emissions) in natural

species from semi-natural grasslands in boreal conditions.

These data are difficult to achieve since the number of plant

species in one square metre of semi-natural grassland may

exceed 50. Therefore we limited the current study on esti-

mating the biomass ratio, chemical composition and calorific

value of different herbaceous plant functional groups, which

distinguishing criteria took into account differences in plant

species taxonomy and physiology.

The study hypotheses were the following:

� The proportion of functional group biomass will depend on

grassland type;

� The chemical content of the biomass will vary by func-

tional groups;

� The calorific value of the biomass from different functional

groups will be different;

� The energy potential per area will depend on biomass yield

and calorific value.

2. Materials and methods

2.1. Study sites

Thefieldworkwascarriedoutduring thefirsthalf of July in2008

in different locations of Estonia (Fig. 1), in the areas where the

particular semi-natural grassland typewas typical. The timing

of the fieldwork was chosen to imitate the most common

harvesting time for semi-natural grasslands in Estonia due to

nature conservation restrictions. According to Estonian Mete-

orological and Hydrological Institute [18] the precipitation in

the particular year was 38.2 mm, 17.0 mm and 87.8 mm (long-

term (1971e2000) average 34 mm, 41 mm and 61 mm) and the

average temperature was 6.4 �C, 10.3 �C and 14.4 �C (long-term

average 3.9 �C, 10.1 �C and 14.5 �C) in April, May and June,

respectively.Hence theparticularbiomassgrowingseasonwas

warmer (April) and drier (May) than usual.

For site selection, the database of semi-natural grasslands

from the Estonian Seminatural Communities’ Conservation

Association was used. According to its data all the selected

meadows had been managed without any seeding or addi-

tional fertilisation during last ten years through mowing once

per year or grazing. The study sites represented semi-natural

grassland types that are the most productive (flooded alluvial

meadows on the river plains), the most common (dry to mesic

boreo-nemoral meadows), or the priority habitats due to the

highest biodiversity (wooded meadows). For fieldworks five

meadows per each studied grassland type were selected.

Further on in the current paper each grassland type is labelled

by the underlined word and the details of all study sites by

grassland type are gathered into Appendix A, B and C,

respectively. The soil type of study sites was determined

based on the digitised soil map of Estonian Land Board Web

Map Server [19] and on the database of Digital Collection of

Estonian Soils [20].

Fig. 1 e Location of the studied sites in Estonia.
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2.2. Measurements of biomass, functional groups and
laboratory analyses

For biomass sampling in each site five circular plots (700 cm2)

were used. These plots were located along a randomly chosen

transect with the distance between the plots at least 10m. The

aboveground biomass of plants rooted inside the circle was

harvested manually with scissors at the ground level and

stored in mini-grip bags. The biomass from each plot was

manually sorted into four plant functional groups: grasses

(Poaceae), other monocotyledonous plant species from the

families Cyperaceae and Juncaceae (hereafter called as sedg-

es&rushes), legumes (Fabaceae) and other herbs. The dry

biomass was determined after drying for 48 h at 80 �C.
For chemical analyses the biomass of each functional group

from different sites and plots was mixed and a subsample was

taken. Total nitrogen (N), carbon (C), sulphur (S) were deter-

mined by dry combustion method on a varioMAX CNS

elemental analyser (ELEMENTAR, Germany) in the laboratory of

the Department of Soil Science and Agrochemistry of the Esto-

nianUniversityof LifeScience.The contents of ashandchlorine

(Cl) were measured according to standardised methods [21] in

the laboratory of the Tartu Environmental Research Ltd. Calo-

rific value (CV) was measured using bomb calorimeter e2K

(Digital Data Systems (Pty) Ltd, SouthAfrica) in the laboratory of

the Tartu College of Tallinn University of Technology.

2.3. Statistical analyses

Statistical analyses were performed using the software pack-

age SAS 9.2. To analyse the influence of site, grassland type

and functional group factors on functional group dry weight

and chemical parameters, we carried out MANOVA test. For

the comparison of functional group proportions by grassland

type the square-root arc-sin transformation of the percentage

from the total dry biomass (arcsin %�2) data was applied

before Tukey’s HSD test. To test the differences of biomass dry

weight by grassland type and differences in chemical pa-

rameters and calorific value by functional groups the Tukey’s

Honestly Significant Difference test (HSD) was used. The

confidence level of all analyses was set at 95%.

3. Results

3.1. Contribution and yield of different functional groups

The statistical analyses revealed that the proportion of a

particular functional group in the total biomass depended

significantly on grassland type (Table 1). The contribution of

other herbs group in the total biomass was significantly larger

in woodedmeadows (61%) than in alluvial or mesic meadows.

Grasses, that outweighed (ca 60%) the other herbs in mesic

meadows, had here significantly larger biomass proportion

than in other two grassland types. Also the percentage of le-

gumeswas significantly higher (7%) inmesicmeadows than in

other studied grassland types. The contribution of sedg-

es&rushes was significantly larger in alluvial meadows (30%)

than in other grassland types. Although the average ratio of

this group in mesic and wooded meadows varied almost

twofold, this difference was not confirmed by statistical

analysis due to the large variation of data.

The total herbaceous biomass yield depended also on

grassland type. From studied types the average dry weight of

herbaceous biomass was the highest in alluvial meadows

(685 g m�2), followed by mesic (337 g m�2) and wooded

(220 g m�2) meadows (Table 1). The average amount of other

herbs in totalbiomass inalluvialmeadows (324gm�2)wasmore

than twofold comparedwith that in other grassland types. Also

the largest amount of sedges&rushes was growing in alluvial

meadows (204 g m�2). The largest and least variable amount of

grasseswas detected inmesicmeadows (195 gm�2). Almost the

same amount of grasses (153 g m�2) was collected from in al-

luvial meadows, but the location pattern of this functional

group here was almost as variable as that inwoodedmeadows.

3.2. Chemical composition, ash content and calorific
value of functional groups

The statistical analyses revealed no significant differences in

chemical content and calorific value in particular functional

group between grassland types studied (MANOVA p > 0.05).

Thereforewewere able to amalgamate the data fromdifferent

grassland types to analyse the differences in non-metals

concentration and calorific value by functional group further

on (Table 2). The other herbs had the highest ash content and

the lowest calorific value and the sedges&rushes with the

lowest ash content had the highest calorific value. N content

in the legumes was significantly higher than in other func-

tional groups. The legumes also revealed high calorific value

despite the relatively high ash content. The higher Cl content

and lower S content in other herbs compared with other

studied functional groups was not statistically confirmed.

3.3. Energy potential of functional groups from semi-
natural grasslands

Based on the average dry weight and the calorific value of

different functional groups it was possible to calculate the

energy potential of studied grassland types. The highest en-

ergy potential per area (115 GJ ha�1) was found in alluvial

meadows (Fig. 2). In wooded meadows the energy potential

was 37 GJ ha�1 and in mesic meadows 57 GJ ha�1.

4. Discussion

The biomass yield and the ratio of different plant functional

groups in total biomass depends on semi-natural grassland

type in Estonia. Our results indicate that the grasses domi-

nated in mesic meadows. This result is in agreement with

many studies reporting that grasses are the dominant func-

tional group in grasslands with different edaphic conditions

(e.g. Refs. [14,15]). Availability of the specific key elements (e.g.

P) [22] can be one of the reasons for the highest proportion of

legumes in mesic meadows. The highest contribution of

sedges&rushes was obtained from alluvial meadows as

flooding is considered to promote their growth [23]. However,

in our sampling areas other herbs were dominating, which is

considered to be an indicator of irregular management of

b i om a s s a n d b i o e n e r g y 6 7 ( 2 0 1 4 ) 1 6 0e1 6 6162



92

alluvial meadows (e.g. Ref. [15]). More than half of the herba-

ceous biomass in woodedmeadows belonged also to the other

herbs, which may indicate suitable conditions for that func-

tional group under trees and also opened area.

The chemical parameters that we considered to be critical

for combustion, revealed only small differences by functional

groups. Unfortunately we detected three times larger values

of Cl than the upper limit for this element that is required to

prevent corrosion and HCl emissions (<1.0 g kg�1 DM [10]. On

the other hand, S content in the biomass samples was almost

close to the limit for S to prevent SOx emissions, but excee-

ded about twice that value to prevent corrosion (<2.0 g kg�1

of DM and <1.0 g kg�1 of DM, respectively [10]). The only

chemical element, which concentration varied statistically

significantly between the functional groups, was N. The

higher N content in the legumes compared to other func-

tional groups in semi-natural grasslands has been reported in

several studies (e.g. Refs. [13,14,24]). Unfortunately, the le-

gumes was not the only crucial functional group for com-

bustion from semi-natural grasslands as the N content in all

studied samples was twice higher than the limits for N

(<6.0 g kg�1 DM) to enable unproblematic thermal utilisation

[10].

We detected differences in ash content by functional

groups that can be associated with the concentration of

minerals in plant organs [11,25]. Large amount ofminerals can

increase the ash content and therefore decrease calorific

value. Our results confirm other studies, which have demon-

strated that dicotyledonous plants have an ability to accu-

mulate greater quantities of minerals compared with

monocotyledonous plants [13,24]. This pattern is most prob-

ably caused by difference in the leaf/stem ratios of mono-

cotyledonous and broad-leaved plants since the amount of

ash in leaves is reported to be larger than that in stems [25].

The content of ash in our biomass samples was comparable

with that reported for cool-season grass species in naturalised

grassland in USA [12], but higher than that of Phalaris arundi-

naceae during midsummer in Estonia [5]. To diminish the ash

damage in heat exchangers, the use of special boilers with

effectively regulated burning temperature must be

considered.

Theoretical average energy potential of the semi-natural

grasslands was highest in alluvial meadows followed mesic

and wooded meadows. Most likely these numbers are higher

than reported earlier for a slightly different set of Estonian

grasslands [26] due to differences in annual weather condi-

tions that have enabled larger biomass production. Since

variable weather conditions may have great influence on

annual biomass yield, multiannual data by grassland types

should be used for bioenergy resource modelling. Inside each

grassland type we detected also large variability in amount of

herbaceous biomass that was collected from different plots.

Table 2 e The average values of different parameters by functional groups (n e number of samples). Statistically significant
differences between particular parameter found with Tukey HSD test are indicated by different letters (n.s. e not
significant).

Parameters n Grasses Legumes Other herbs Sedges&rushes

C (g kg�1 DM) 3 462.0n.s. 469.0n.s. 463.0n.s. 471.7n.s.

Cl (g kg�1 DM) 3 3.4n.s. 3.4n.s. 4.2n.s. 3.0n.s.

S (g kg�1 DM) 3 1.9n.s. 1.9n.s. 1.7n.s. 2.0n.s.

N (g kg�1 DM) 3 13.9b 29.3a 18.2b 17.7b

Ash (g kg�1 DM) 3 64.0ab 73.0ab 86.2a 56.0b

CV (MJ kg�1) 6 16.9ab 17.1a 16.5b 17.2a
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Fig. 2 e Annual energy potential by functional group

biomass in different semi-natural grassland types.

Table 1 e Average herbaceous biomass dry weight with its standard error (S.E.) and average proportion of the different
functional groups by semi-natural grassland types (samples size n [ 25). Statistically significant differences between
arcsin %L2 of functional groups and average total biomass dry weight by grassland types found with Tukey HSD test are
indicated by different letters.

Group Alluvial meadow Mesic meadow Wooded meadow

g m�2 � S.E. % g m�2 � S.E. % g m�2 � S.E. %

Grasses 153.1 � 27.5 22.4b 194.9 � 25.7 57.9a 66.9 � 14.1 30.5b

Legumes 3.3 � 1.2 0.5b 24.8 � 6.5 7.4a 2.8 � 1.5 1.3b

Other herbs 324.5 � 72.7 47.4b 82.7 � 20.0 24.0b 133.1 � 20.4 60.6a

Sedges&rushes 203.7 � 58.7 29.8a 34.2 � 11.8 10.2b 16.6 � 5.6 7.6b

Total biomass 684.5 � 65.5a 100 336.6 � 33.6b 100 219.5 � 22.3c 100
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The site factor was not significant here and hence we can

report the large natural variability in biomass amount and in

its distribution between different functional groups in all

studied grassland types. The only grassland type, which en-

ergy potential was higher than that of local dedicated bio-

energy crop [5] or that of cultivated plantmixtures [17,27], was

alluvial meadows.

To compare different agricultural bioenergy raw material

production options, the energy inputs for various scenarios

must be taken into account. In organic grassland farming the

total energy input between 4 and 6 GJ ha�1 is assumed [28,29].

Mostprobably therequired inputwill behigher, if thegrassland

harvesting conditionsaredifficult, and thereforeweagreewith

Kelm et al. [30] that this may increase up to 10 GJ ha�1. Ac-

cording to such energy-consumption the energy return in

Estoniansemi-natural grasslandscanbespeculated tobe27, 47

and 105 GJ ha�1 for wooded, mesic and alluvial meadows,

respectively. The input/output ratio calculations demonstrate

that in this caseca10.30%of thepotential energy is consumed

for harvesting, baling and transport. There are data available

demonstrating that in different energy crops 1.18% of the

potential energy is exploited for cultivation and harvest [31].

According to these analyses the bioenergy production from

alluvial meadows is energetically as feasible as that of dedi-

cated energy crops. However, for improved knowledge about

energy profitability in bioenergy production a more detailed

analysis about the real energy input during harvesting opera-

tions in semi-natural grasslands is required. Although, when

taking into account additional benefits such as biodiversity

protection and landscape sustainability, lower energy profit

from semi-natural grasslands compared with dedicated bio-

energy crops could be acceptable.

5. Conclusions

In general the highest energy potential can be obtained from

alluvial meadows followed by mesic and wooded meadows.

Functional group proportion depended on grassland type.

From studied chemical elements only N content differed by

functional groups. Broadleaf forbs were with the highest ash

content and the lowest calorific value; reversal results were

gained for sedges&rushes. Evenwith liberal assumption about

energy input, the energy yield from semi-natural grasslands,

especially from alluvial meadows can be comparable with

that of dedicated energy crops in boreal region.
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Appendix A. Description of the studied sites of
alluvial meadows.

Appendix B. Description of the studied sites of
mesic meadows.

Site Date Grassland type Geographic
coordinates

Soil type Dominant plant species Previous management

1 02 July Floodplain fen meadow 58.421330,

24.991280

Fluvisol Deschampsia cespitosa, Phalaris arundinacea,

Carex sp., Filipendula ulmaria

Regular mowing in July,

no fertiliser

2 29 June Wet floodplain meadow 58.412986,

26.4763560

Fluvisol Calamagrostis canescens, Glyceria maxima,

Agrostis gigantea, Carex sp.

Regular mowing in July,

no fertiliser

3 30 June Wet floodplain meadow 58.392767,

25.309222

Fluvisol Filipendula ulmaria, Carex sp., Urtica dioica,

Deschampsia cespitosa

Irregular mowing in July,

no feriliser

4 02 July Mesic floodplain meadow 58.414672,

26.229022

Fluvisol Deschampsia cespitosa, Calamagrostis stricta,

Filipendula ulmaria, Carex sp.

Regular mowing in July,

no fertiliser

5 30 June Floodplain fen meadow 58.546497,

26.273786

Fluvisol Carex sp., Glyceria maxima, Alopecurus

pratensis, Festuca rubra

Irregular mowing in July,

no feriliser

Site Date Grassland
type

Geographic
coordinates

Soil type Dominant plant species Previous management

1 05 July Mesic meadow 58.434114,

23.690944

Albeluvisol Deschampsia cespitosa, Ranunculus acris,

Agrostis capillaris, Festuca rubra, Carex sp.

Irregular mowing in July, no fertiliser,

occasionally grazed

2 09 July Dry meadow 59.524550,

25.885686

Cambisol Helictotrichon pratense, Sesleria caerulea,

Molinia caerulea, Deschampsia cespitosa

Irregular mowing in July, no fertilser

3 05 July Dry meadow 59.482508,

26.587178

Cambisol Filipendula vulgaris, Helictotrichon pratense,

Dactylis glomerata, Ranunculus acris,

Trifolium sp.

Irregular mowing, previously grazed

4 05 July Dry meadow 58.593436,

23.853367

Leptosol Festuca sp., Helictotrichon pratense,

Filipendula vulgaris, Agrostis capillaries

Irregular mowing, previously grazed

5 09 July Mesic meadow 59.519864,

25.857975

Leptosol Festuca ovina, Sesleria caerulea, Carex flacca,

Nardus stricta

Irregular mowing, previously pasture,

overgrazed
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Appendix C. Description of the studied sites of
wooded meadows.
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h i g h l i g h t s

� Biomass from nature conservation management was studied for methane production.
� Ensiling did not enhance methane potential compared with hay of the same feedstock.
� Daily methane yield and its total potential depended on functional groups.
� BMP was higher in grasses and sedges/rushes with lower K, Mg and lignin content.
� Methane was released quicker by legumes and other forbs with higher N and P content.
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a b s t r a c t

The aim of the current study was to assess the biochemical methane potential (BMP) of different
functional groups harvested from different semi-natural grassland types that are valuable for nature
conservation purposes. Ensiling of particular biomass did not significantly influence its methane yield,
however, the ranking of functional groups by their methane yield varied during the experiment. During
the first days of the experiment, methane was released most rapidly by legumes and other forbs with
higher N and P contents. At the end of the BMP experiment the quantity of methane produced was higher
in grasses and sedges/rushes with lower K, Mg and lignin content. Hence, measurement of feedstock
chemical composition is an essential input to develop suitable technology for anaerobic digestion of late
harvested biomass from semi-natural grasslands.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Recently much attention has been paid to the bioenergy poten-
tial of unused herbaceous biomass from extensively managed
semi-natural grasslands (Amon et al., 2007; Heinsoo et al., 2010;
Tonn et al., 2010; Hensgen et al., 2012; Herrmann et al., 2013;
Melts et al., 2013). The potential of biomass from these grasslands
for bioenergy production depends on local conditions. While
Steubing et al. (2010) found that biomass from extensive meadows
and mountain pastures in Switzerland had only limited bioenergy
potential, in contrast it was also demonstrated that the energy out-
put from semi-natural grasslands is comparable with the local
most popular herbaceous bioenergy crop (Phalaris arundinacea) in
Scandinavian and Baltic regions (Heinsoo et al., 2011). Such diver-
sity of opinions can be explained by the variability of biomass

quantity by grassland types (Heinsoo et al., 2010; Tonn et al.,
2010).

While we assume that the energy input requirement for pre-
treatment for different bioenergy conversion methods of biomass
from semi-natural grasslands is equal, the energy output during
methane production will be less than 60% of that we can get from
combustion (Melts et al., 2013). However, direct combustion is not
always a suitable method for semi-natural grassland biomass due
to its high N concentrations causing NOx emissions, and high ash,
K and Cl concentrations leading to particle emissions, fouling and
corrosion (Tonn et al., 2010). Hence, in some cases biogas produc-
tion is suggested as a reasonable utilization option for semi-natural
grassland biomass (Amon et al., 2007; Herrmann et al., 2013).
Recent reports have demonstrated that the feedstock-specific bio-
gas yield depends on the type of semi-natural grassland
(Herrmann et al., 2013; Melts et al., 2013). These results can be
explained by the different proportion of functional groups, and
hence the chemical composition in semi-natural grassland biomass
(Hensgen et al., 2012; Melts et al., 2014). Mixed-species feedstock

http://dx.doi.org/10.1016/j.biortech.2014.06.009
0960-8524/� 2014 Elsevier Ltd. All rights reserved.
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with higher grass content tends to have higher sugar content
which is more easily digestible than forb-dominated feedstock,
thereby resulting in higher saccharification yields (Garlock et al.,
2012). Although biomass with a high ratio of sedges/rushes is sug-
gested to be less suitable as a feedstock for biogas production
(Herrmann et al., 2013; Melts et al., 2013), a species of this group
from South America (Schoenoplectus californicus ssp. Tatora) has
been found to be a promising co-substrate for biogas production
(Alvarez and Lidén, 2008). Ensiling of energy crops has been
demonstrated as a feasible method for preserving methane yield
(Pakarinen et al., 2008) and silage additives are usually
recommended for adequate preservation of grassland biomass
from landscape management (Herrmann et al., 2013).

The main aim of this study was to assess the biochemical meth-
ane potential of different functional groups harvested from three
types of semi-natural grassland that have value for nature conser-
vation in the Scandinavian and Baltic regions. The objectives of the
current study were to identify: (i) how silage sample particle size
affects methane yield, (ii) whether the methane yield of hay is
comparable to the methane yield of silage, (iii) whether BMP or
methane dynamics is dependant on functional group, (iv) which
chemical elements in studied feedstock have an impact on
methane yield.

2. Methods

2.1. Study sites and fieldwork

The study was carried out on the central mainland of Estonia.
Two Northern boreal alluvial meadows (NATURA 2000 habitat
code 6450), two Fennoscandian lowland species-rich dry to mesic
grasslands (⁄6270) and two Fennoscandian wooded meadows
(⁄6530) were visited for biomass sampling. For site selection, the
database of semi-natural grasslands from the Estonian Seminatural
Community Conservation Association’s was used. According to its
data all the selected meadows had been managed without any
seeding or additional fertilization and mowed once per year at
least over the preceding three years.

Fieldwork was undertaken between July 5 and July 8, 2011. The
aboveground biomass of different functional groups: grasses (Poa-
ceae), sedges/rushes (Cyperaceae/Juncaceae), legumes (Fabaceae)
and non-leguminous broadleaved forbs (hereafter called as ‘‘other
forbs’’) from every meadow was harvested manually with scissors
at ground level and stored in mini-grip bags. For further studies the
biomass of each functional group from both sites of each grassland
type was mixed together and transported to the lab. For hay feed-
stock around 50 g of biomass per functional group and grassland
type was dried at 60 �C in an oven and stored afterwards in a dry
dark room at room temperature.

2.2. Feedstock pre-treatment

Most of the collected biomass from each functional group of
each grassland type studied was used to imitate silage processing
on a small scale. For this purpose the biomass was chopped using
a commercial universal food chopper (Robert Bosch Hausgeräte
GmbH, Germany) for about 30 s to achieve a particle size ranging
from 12 to 30 mm. About 300 g of raw chopped biomass was inoc-
ulated and mixed with commercially available biological additive
Sil-All (Alltech Inc., Nicholasville, KY, USA) at the recommended
rate of 0.02 g kg�1 fresh biomass. Sil-All additive contained the
bacteria (Lactobacillus plantarum (2.50 � 1010 CFU g�1), Pediococcus
acidilactici (1.95 � 1011 CFU g�1), Pediococcus pentosaceus
(5.00 � 1010 CFU g�1) and Lactobacillus salivarius (5.00 � 109

CFU g�1)), enzymes (a-amylase (9000 BAU g�1), cellulase

(150 CMC g�1), b-glucanase (2500 IU g�1), xylanase (3750 IU g�1),
dextrose, sipernat, sodium aluminosilicate (2%) and ponceau red
(up to 50 g). After this procedure the biomass was mixed and
divided into three equal subsamples (100 g each) which were vac-
uum-sealed into 195 � 290 mm plastic bags by vacuum packaging
machine (Laica S.p.A, Italy). These plastic bags were stored at 15 �C
for 109 days in a dark room to provide our experiment with
ensilaged biomass.

2.3. Chemical analyses

From both hay and ensiled biomass samples some material was
used for chemical analyses in the Laboratory of Plant Biochemistry
of the Estonian University of Life Science. The contents of cellulose,
hemicellulose, lignin and the concentrations of calcium (Ca), mag-
nesium (Mg), nitrogen (N), phosphorus (P) and potassium (K) were
measured. Analyses of the organic compounds, N and K were
carried out according to standardized methods (AOAC, 1990). For
Kjeldahl Digest determination of Ca, and Titan Yellow Mg determi-
nation, a Fiastar 5000 was used (AN 5260 and ASTN90/92, respec-
tively). The content of P was determined by Kjeldahl Digest AN
5242 stannous Chloride method. Total solids (TS) and volatile
solids (VS) amounts in the biomass samples were determined
according to standardized method (APHA, 1998) after drying the
biomass and inoculum at 105 �C for overnight (TS) or after inciner-
ation at 525 �C for 2 h (VS).

2.4. Biochemical methane potential

Biochemical methane potential (BMP) of herbaceous biomass
was measured in a batch experiment with three replicates of
mixed biomass from each functional group and grassland type in
the Laboratory of Bio- and Environmental Chemistry in the Esto-
nian University of Life Sciences. All measurements were carried
out simultaneously. Before the BMP experiment the samples of
openly stored biomass (‘‘hay’’) and half of the ensilage biomass
(‘‘silage’’) were dried and milled to achieve particles of about
1 mm length for a better contact between the biomass and inocu-
lum. The remaining silage samples were used in the experiment
without drying, but cutting this material manually to particles
ranging from 1 to10 mm length, to evaluate the effect of silage
pre-treatment (‘‘raw silage’’).

Before the experiment the inoculum, that had been obtained
from the mesophilic anaerobic reactor of Paljassaare Wastewater
Treatment Plant in Tallinn, was sieved (1 mm) and preincubated
at a temperature of between 36 and 37 �C for three days and its
characteristics (20 g TS (total solid) kg�1 WW (wet weight) and
533 g VS (volatile solids) kg�1 TS) were identified. About 0.28 g VS
of feedstock was added to the mixture of water (50 ml) and
inoculum (150 ml) into serum bottles (575 ml) at a substrate and
inoculum ratio of 1:6 in terms of VS added. Such a high inoculum
ratio was used to prevent the accumulation of volatile fatty acids
and acidic conditions (Angelidaki et al., 2009) and to harmonize
the experiment’s results with the database of methanogenic poten-
tial of crops and wastes of the same lab (Luna del Risco and
Dobourguier, 2010). Before closing the bottles with rubber stoppers
and aluminium cap, the bottles were flushed with a mix of N2 (20%)
and CO2 (80%) for ten minutes. The bottles were incubated at 36 �C
for 45 days in Memmert isothermal chambers. During this time the
volume of gas produced was measured ten times (2nd, 4th, 7th,
10th, 14th, 18th, 25th, 30th, 38th and 45th day). Gas composition
was analyzed with a gas chromatograph (Micro GC (Varian CP-
4900)). Before each measurement the pressure in each bottle was
noted and after each measurement manual mixing of the substrate
was carried out. Methane yield was expressed as norm m3 (273 K
and 1013 mbar) per kg of VS (kg�1 VS).

I. Melts et al. / Bioresource Technology 167 (2014) 226–231 227
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2.5. Statistical analyses

Statistical analyses were performed using the software package
SAS 9.2 (SAS Institute Inc., Cary, NC, USA). For detecting the impact
of particle size, the wet and pre-dried silage samples data were
compared. In order to keep the dataset in balance and to minimize
the influence of additional factors only data of pre-dried silage
were used in all comparisons with hay feedstock. The general anal-
yses of the influence of grassland type, functional group or treat-
ment on methane yield were carried out with the MANOVA test
and the differences of the chemical parameters studied by func-
tional groups were detected with ANOVA. Grassland type factor
was not significant in our model and hence we pooled data of all
grassland types to study the impact of functional group in detail.

To test the differences in methane yield between different feed-
stocks and study days and to compare functional groups by their
chemical characteristics the Ryan-Einot-Gabriel-Welsch Multiple
Range Test (REGWQ) was used. Significance of different chemical
compounds on the second day or 45th day methane yield, was
detected with GLM Multiple Linear Regression test (MLR) Type III
SS hypothesis. The best model was selected after elimination of
non-significant factors on methane yield. The confidence level of
all analyses was set at 95%.

3. Results and discussion

3.1. Dried or raw silage for BMP experiment

The average methane yield of raw and pre-treated silage sam-
ples was not significantly different (MANOVA p > 0.05) although
the daily results varied slightly (Fig. 1). At the end of the BMP
experiment, the average methane yield was 0.29 m3 CH4 kg�1 VS
for pre-dried silage and 0.28 m3 CH4 kg�1 VS for raw silage. The
absolute values of our study were comparable to the results of
other specialists (Kreuger et al., 2011).

However, the similarity in yields of methane from both dry and
raw silage was rather unexpected. These results suggest that nei-
ther feedstock water content nor particle size had an impact on
the anaerobic digestion of the substrate. Water content is reported
to be one of the most important parameters that affects the process
of anaerobic digestion of municipal solid waste in batch-scale
experiments (Le Hyaric et al., 2012). It is possible this different out-
come was a result of differences in substrate characteristics, and
the large proportion of inoculum with high water content could
have compensated for the effect of pre-drying of silage before the
batch-scale experiment.

Reduction of particle size improved gas production in batch-
scale experiments in some BMP experiments (Kaparaju et al.,

2002; Lindmark et al., 2012). However, our results confirm the
study of Sambusiti et al. (2013) who reported that further milling
(from 2 to 0.25 mm) did not improve methane production from
grass. Furthermore, additional milling also did not improve meth-
ane yield during the first days of our experiment. It is probable that
optimal particle size depends on feedstock quality and the
differences in substrate digestion speed in our experiment could
have been concealed by the large proportion of inoculum. Hence
further studies on the effect of particle size of late harvested
semi-natural grassland biomass on anaerobic digestion is required.
In practice, if additional biomass chopping does not significantly
increase feedstock methane yield, the required particle size of
feedstock will primarily depend on transportation technology of
raw material in the biogas plant and energy input of the energy
conversion process can be decreased.

3.2. Hay or silage for methane production

While during the initial stages of the experiment the average
methane yield was higher in silage, after the 10th day hay methane
yield exceeded that of silage. Overall the average methane yield
tended to be higher in hay samples (0.30 m3 CH4 kg�1 VS) com-
pared to silage samples (0.29 m3 CH4 kg�1 VS) (Fig. 2), although
these differences were statistically significant only in days 25
and 38 (ANOVA p < 0.05 in both cases). Our findings which show
that hay and silage have methane yields within the same range
are also confirmed by Pakarinen et al. (2008) who have reported
no impact of ensiling on methane production. There are some sug-
gestions in the literature that volatile components may disappear
from silage samples during the drying procedure although this
has not been confirmed by statistical analysis between fresh and
ensiled material (Kreuger et al., 2011).

However, other studies have revealed that ensiling increased
methane yield of different grasses (Herrmann et al., 2011) and
therefore additives (like Sil-all) are suggested for promoting meth-
ane yield (Vervaeren et al., 2010).Moreover, Zhao et al. (2014) found
that fungal pre-treatment during ensiling significantly increases the
decomposition of lignin in yard trimming biomass. Therefore more
attention should be given to evaluating the impact of ensiling on
both energy input and output of methane production.

3.3. Methane production of different grassland types and functional
groups

In our previous study we detected differences in methane yield
by semi-natural grassland types and reported that the biomass
from boreal alluvial meadows had significantly lower feedstock-
specific methane yield than the biomass from other grassland
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types (Melts et al., 2013). Hence, origin of the feedstock was also a
parameter examined in the current study. However, according to
MANOVA results no general differences in the methane yield
between grassland types were detected (MANOVA p = 0.26) and
the methane yield in any particular grassland type is assumed to
be more affected by the ratio of different functional groups in the
field than the differences between sites by functional group.

At the end of the experiment the methane yield of hay was sig-
nificantly higher in sedges/rushes (0.33 m3 CH4 kg�1 VS) than in
other forbs (0.27 m3 CH4 kg�1 VS) (Fig. 3). The methane yield of
both grasses and legumes (0.32 m3 CH4 kg�1 VS and 0.31 m3 CH4

kg�1 VS, respectively) was not significantly different from other
groups. Our current results were in the same range with the data
of our previous study concerning herbaceous biomass from differ-
ent grassland types (Melts et al., 2013) and similar to the results for
methane yield from some grasses (Poa pratensis, Poa abbreviata, P.
arundinacea) and other forbs (Aegopodium podagraria, Helianthus
salicifolius, Matricaria chamomilla, Taraxacum sp.) harvested in July
in Denmark (Triolo et al., 2012). The highest silage methane yield
was measured in grasses (0.33 m3 CH4 kg�1 VS) followed by
sedges/rushes (0.30 m3 CH4 kg�1 VS) and legumes (0.28 m3 CH4

kg�1 VS). The lowest methane yield was detected in other forbs
silage samples (0.26 m3 CH4 kg�1 VS). These results were compara-
ble with BMP of hemp silage in Sweden (Kreuger et al., 2011) and
ensilaged Sorghum bicolor x sudanense and Secale cereale in
Germany (Herrmann et al., 2011).

The higher methane yields from grasses and sedges/rushes than
from legumes and other forbs support the results of Kaparaju et al.
(2002) and Lehtomäki et al. (2008) who reported that feedstock-
specific methane yield of grasses was higher than that of legumes.
Usually these differences are explained by differences in feedstock
chemical composition and variable content of indigestible fraction
of organic fibers or cellulose crystallinity degree (Triolo et al.,
2012). Low crystallinity and higher ratio of amorphous cellulose
in grasses (Lolium perenne) result in higher methane production
(Lyons et al., 2013). A higher cellulose and hemicellulose content
in grasses and sedges with lower lignin content than in legumes
and other forbs, has been demonstrated by Bovolenta et al.
(2008). A high content of lignin in biomass indicates low biode-
gradability resulting in low methane production (Klimiuk et al.,
2010; Triolo et al., 2012), while high content of hemicellulose is
assumed to support higher methane production (Saady and
Massé, 2013). However, the last assumption was not fully con-
firmed by our study results as during the first two days of our
experiment methane production was in significant negative corre-
lation with feedstock hemicellulose content (Table 2). At the end of
the experiment feedstock hemicellulose content did not have any

significant impact on methane potential. Most obviously these dif-
ferences with literature data can be caused by different digestion
conditions – mesophylic in our experiment, but psychrophilic
digestion in the experiment of our Canadian colleagues.

From our study results we conclude that the methane yield in a
particular grassland type is more affected by the ratio of different
functional groups in the field than the differences inside a particu-
lar functional group between grassland types. However, further
investigation should focus in more detail on the chemical compo-
sition of various species inside a functional group and grassland
types.

3.4. Dynamics of methane yield in different functional groups

Measurements taken on the second day showed that the cumu-
lative methane yield of both silage and hay feedstock was signifi-
cantly higher in legumes and other forbs compared to that in
grasses and sedges/rushes (Fig. 4). Moreover, the methane yields
from each silage functional group showed significant differences.

From day seven the cumulative methane yield from the other
forbs silage no longer differed significantly from that of grasses
and sedges/rushes and the same pattern was observed from day
ten for hay samples. By the third week of the experiment the meth-
ane yield of the other forbs group was the lowest. In general, over
the same time period, the other group of dicotyledonous plants, the
legumes, had no greater methane yield when compared with
monocotyledonous plant groups.

The higher N and P content of the legumes and other forbs may
provide a possible explanation for their higher methane yield dur-
ing the early period of the BMP experiment. Through their influ-
ence on the mineralization process both of these elements can
promote microbial biomass growth (Möller and Müller, 2012)
and acetate metabolism (Ward et al., 2008) that accelerates meth-
ane production. However, in practice the N content of feedstock
should not be too high as there is a risk that raised N levels can
form ammonium, which inhibits methane production (Pakarinen
et al., 2012).

During the experiment the cumulative methane yield stabilized
over time. In hay, the two successive cumulative methane yields
did not differ significantly from each other after day ten in
legumes, after day 25 in sedges/rushes and after day 38 in grasses
and other forbs (Fig. 4). In contrast to hay the productive period of
silage in terms of cumulative methane yield lasted a week longer
for legumes (up to the 18th day). For sedges/rushes it was similar
(day 25) and for grasses and other forbs it was shorter (up to the
25th day and the 14th day, respectively) (Fig. 4). From a practical
point of view the estimation of methane yield from various
feedstocks is essential in order to optimize the retention time.
However, the current study can give suggestions only for relative
comparison of different functional groups as the large ratio of
inoculum in BMP is different from that used in large-scale biogas
plants.
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Fig. 3. BMP of hay and silage by different functional groups (n = 9). Vertical bars
show the standard error of the mean value and statistically significant differences in
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Table 1
Average values for different characteristics (g kg�1 TS) by functional groups (n = 6).
Statistically significant differences between particular parameter found with REGWQ
test are indicated by different letters (n.s. – not significant).

Characteristics Grasses Sedges/rushes Legumes Other forbs

Cellulose 336.15a 302.27b 291.93bc 259.77c
Hemicellulose 286.18b 323.93a 92.48c 78.73c
Lignin 54.78b 50.58b 95.57a 95.58a
N 14.11b 15.70b 26.91a 18.43b
P 1.88b 1.39c 2.25ab 2.34a
K 5.70n.s. 6.29n.s. 5.56n.s. 8.68n.s.
Ca 3.83b 5.65b 13.36a 13.13a
Mg 2.34b 2.57b 4.51a 4.46a

I. Melts et al. / Bioresource Technology 167 (2014) 226–231 229



117

3.5. Chemical parameters and methane production

The pooled data of both hay and silage biomass revealed signif-
icant differences by functional group in all measured chemical
parameters (MANOVA p < 0.05 in all cases) with the exception of
K content (Table 1). The average cellulose content was the highest
in grasses and the lowest in other forbs, whereas legumes and
sedges/rushes showed no significant differences from each other.
The highest average hemicellulose content was detected in
sedges/rushes followed by grasses. Legumes and other forbs con-
tained significantly less hemicellulose, but were rich in lignin
and N. Legumes and other forbs also contained significantly more
Ca and Mg than grasses and sedges/rushes. The highest P content
was detected from the other herb group. The average P content
in legumes did not differ significantly from grasses. Sedges/rushes
contained the lowest amount of P. In the recent past, several meth-
ane potential models based on regression with different chemical
characteristics have been developed (Triolo et al., 2011; Thomsen
et al., 2014). However, these models mostly only take into account

the total methane yield and pay less attention to the data from the
first days of the BMP experiment. In the current study the statisti-
cal analyses revealed that the amount of methane that was pro-
duced during the first two days, was negatively affected by the
high contents of hemicellulose, lignin and K in the feedstock. The
N and P contents in the feedstock had a significantly positive effect
on the methane yield during the first two days of the experiment.
Most of the crucial parameters are well known, but the negative
impact of hemicellulose on methane yield activation phase was
unexpected.

The average methane yield of the 45th day was in a significantly
negative correlation with K, Mg and lignin contents (Table 2). Con-
sequently we have to agree that a high ratio of lignin in biomass is
critical for biodegradability and methane yield and its ratio in bio-
mass can be used as a simple indicator of BMP (Triolo et al., 2012;
Li et al., 2013). Unfortunately our dataset was too small to give a
clear overview of the impact of all chemical compounds and their
interactions on feedstock methane yield. Therefore further valida-
tion of our BMP regression model also taking into account the
other listed critical parameters is needed in order to give a better
understanding of the suitability of different feedstocks from nature
conservation or landscape management for methane production
and support the development of suitable methods for biomass
pre-treatment.

4. Conclusions

The results revealed that neither reducing the particle size of
silage samples or ensiling influenced methane yield. Feedstock-
specific methane yield depended on functional group and was
highest in grasses and sedges/rushes and lowest in the other forbs.
Additional daily methane production reduced to negligible levels
more rapidly in legumes and other forbs than in grasses and
sedges/rushes. During the initial phase of the experiment methane
was produced faster in legumes and other forbs richer in N and P,
but poorer in hemicellulose. By the end the BMP was higher in
grasses and sedges/rushes with lower K, Mg and lignin content.
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