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ABSTRACT
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Biogas production from high-yielding energy crops in boreal conditions
Jyvéskyld: University of Jyvaskyld, 2013, 89 p.
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ISSN 1456-9701; 266)

ISSN 978-951-39-5385-0 (nid.)

ISBN 978-951-39-5386-7 (PDF)

Yhteenveto: Biokaasun tuotanto suurisatoisista energiakasveista pohjoisissa
olosuhteissa

Finnish summary

Diss.

In this thesis, the methane production potential of traditional and novel energy
crops was evaluated in boreal conditions. The highest methane yield per
hectare was achieved with maize (4 000-9 200 m3CHj ha-! a-!) and the second
highest with brown knapweed (2 700-6 100 m3CHj ha-! a-1). Recently, the most
feasible energy crop, grass, produced 1200-3 600 m3CHj ha-! a-1. The specific
methane yields of traditional and novel energy crops varied from 170-500 I kg-!
volatile solid (VS). The highest specific methane yields were obtained with
maize, while the novel energy crops were at a lower range. The specific
methane yields decreased in the later harvest time with maize and brown
knapweed, and the specific methane yield of the grasses decreased from the 1st
to 2nd harvests. Maize and brown knapweed produced the highest total solid
(TS) yields per hectare 13-23 tTS ha-!, which were high when compared with
the TS yields of grasses (6-13 tTS ha-!). The feasibility of maize and brown
knapweed in co-digestion with liquid cow manure, in continuously stirred tank
reactors (CSTR), was evaluated. According to the CSTR runs, maize and brown
knapweed are suitable feeds and have stable processes, producing the highest
methane yields (organic loading rate 2 kgVS m-3d-1), with maize at 259 1 kgVS-1
and brown knapweed at 254 1 kgVS-1. The energy balance (input/output) of the
cultivation of the grasses, maize and brown knapweed was calculated in boreal
conditions, and it was better when the digestate was used as a fertilizer (1.8-4.8
%) than using chemical fertilizers (3.7-16.2 %), whose production is the most
energy demanding process in cultivation. In conclusion, the methane
production of maize, grasses and novel energy crops can produce high methane
yields and are suitable feeds for anaerobic digestion. The cultivation
managements of maize and novel energy crops for biogas production require
further research.

Keywords: Biogas production; co-digestion; grass; maize; novel energy crops; specific methane
yield; yield.
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1 INTRODUCTION

1.1 Bioenergy production

The targets of renewable energy production are to reduce fossil fuel usage and
greenhouse gas (GHG) emissions, increase energy use efficiency and decrease
fossil fuel energy import dependency, diversify sources of renewable energy
production, and contribute to sustainable development (Resch et al. 2008, Smyth
et al. 2009, Singh et al. 2010). The European Union (EU) has set the targets for the
use of renewable energy, and the goal to increase the use of renewable energy in
vehicles is set by the European Commission Renewable Energy Directive
(2009/28/EC) (European Union 2009). In 2020, the share of renewable energy in
the whole energy production should be at least 20 %, under EU member
countries, and 38 % in Finland (European Union 2009, TEM 2010, TEM 2013). The
share of renewable energy in the transportation sector should be 10 % in 2020 in
each EU member country (European Union 2009).

Renewable energy consists of solar and wind energy, hydropower,
geothermal heat and bioenergy. Bioenergy is produced from biomass, like wood-
based fuels, energy crops, manures and organic wastes and residues. Bioenergy
can be produced through thermal conversion of energy crops, wood and wood-
based fuels, making biodiesel or bioethanol from energy crops and organic
wastes, and producing biogas through anaerobic digestion from energy crops,
manures and organic wastes.

Anaerobic digestion produces both biogas (consisting of methane, CHa, 45-
70% and carbon dioxide, COz, 25-50 %) and digestate, the process residue. Biogas
can be used as for combined heat and electricity production (CHP) or upgraded
to biomethane to be injected into the gas grid or used as biofuel in transportation
(Fig. 1). Interest in producing biogas from crops has increased in recent years,
because of available field areas and the higher methane yield of crops than
manure, which is traditionally used for biogas production with sewage sludge
(Weiland 2010). The number of biogas plants has increased rapidly, for example,
in Germany there were 7500 biogas plants, in which the net electricity
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production was 21.6 TWh a! (installed electric power was almost 3 200 MW) in
the year 2012 (FNR 2013a,b). Almost all biogas plants in Germany use energy
crops as substrates and over 90 % of German biogas plants used maize (Zea mays
L.) as a substrate in 2006 (Weiland 2010). The biogas plants utilised approximate-
ly 962 000 ha of agricultural land area (8.2 % of the field area) in the year 2012 in
Germany (FNR 2013a,b). The field area of the energy crops was 2 124 500 ha, in-
cluding rapeseed for biodiesel production (913 000 ha) and sugar and starch
crops for bioethanol production in Germany in 2012 (243 000 ha) (FNR 2013a). In
2011, the biogas plants in Austria totalled 600, of which 350 were agriculturally
orientated (Drosg 2012). In Finland, there are 10 biogas plants on farms and 14
biogas plants were in the planning stages in 2011 (Huttunen & Kuittinen 2012).

The energy crops can be divided in two groups, sugar and starch crops, and
lignocellulosic crops. Sugar and starch crops, like wheat, barley, and rapeseed,
can also be used for food and feed production. Using lignocellulosic crops (mis-
canthus, switchgrass, giant reed, and poplar), agricultural wastes and residues
(straws, leaves, stover) and forestry feedstock for bioenergy production, increas-
es the efficiency of sustainable renewable energy production (Christou et al. 2010,
Frigon & Guiot 2010). Lignocellulosic materials consist mainly of three different
types of polymers, cellulose, hemicellulose and lignin, which are associated with
each other (Hendrick & Zeeman 2009).

The biogas production chain, through the anaerobic digestion from energy
crops, is presented in Fig. 1. Before the biogas process begins, the crop or plant
material must be harvested, the particle size reduced and the material stored
with a preservative. Energy crops must be stored so that energy can be produced
throughout the whole year. Ensiling is a traditional way to store fodder crops for
animal feed, which has also proved to be a suitable method for storing energy
crops for biogas production (Pakarinen et al. 2008, 2011b). In cultivating plants
and crops for biogas production, the nutrient cycle is almost closed, because the
digestate can be used as a fertilizer in the fields growing the energy crops, plants
and residues for the reactor (Fig. 1).
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FIGURE1 Biogas production chain from energy crops and plants producing heat and
power, or biomethane for vehicle fuel, using digestate as a fertilizer for crops
and plants.

1.2 Biogas production

1.2.1 Methane production via the anaerobic digestion process

Methane production via the anaerobic digestion of solid substrates is usually
divided into four main phases, namely: hydrolysis, acidogenesis, acetogenesis
and methanogenesis (Fig. 2). The first phase of the entire process involves
feeding the energy crops into the digester. Crops consist of carbohydrates,
proteins and fats, which are degraded by enzymes into soluble compounds
(short chain sugars, amino acids and fatty acids). The hydrolysis of
carbohydrates occurs within a few hours, but with protein and fats it takes a
number of days (Deublein & Steinhauser 2012). Hydrolysis is often the rate
limiting phase for anaerobic digestion, in cases when the substrate is in
particulate form (Meulupas et al. 2005). Lignocellulose and lignin are degraded
slowly and incompletely, but the methane production of lignocellulosic biomass
can be enhanced with different pre-treatments (Hendrick & Zeeman 2009).
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Carbohydrate Proteins Fats
Hydrolysis
Sugars Amino acids Fatty acids
Acidogenesis

Short chain organic acids: acetate, butyrate, propionate
etc. and CO,, H,, NH," etc.

Acetogenesis

Acetate CO, and H,

Methanogenesis

CH4 and CO2

FIGURE2  Methane production via the anaerobic digestion process from polymeric
substrates. (Modified from Madsen et al. 2011, Deublein & Steinhauser 2012).

In the second phase, acidogenesis, the sugars, amino acids and fatty acids are
degraded (oxidized) to short chain organic acids (acetate, butyrate, propionate
etc.), hydrogen (Hz) and CO, by fermentative bacteria. Due to the
variety of starting compounds, this phase is carried out by a diverse group of
microorganisms. In acetogenesis, the third phase, the short chain organic acids
are oxidized by acetogenic bacteria to acetate, CO> and H», which are used as
substrates in the methanogenesis phase. In the fourth and final phase,
methanogenesis (methane formation) takes place under strictly anaerobic
conditions (carbonate respiration). In this way, the carbon in the biomass is
converted into CO; and CHi. When methane formation is distributed,
acidification occurs, and approximately 2/3 of the methane produced in an
anaerobic digester comes from acetate.

1.2.2 Composition of energy crops

Chemical composition affects the biodegradability and specific methane yield of
energy crops and plants (Amon et al. 2007b). Plant biomass is mainly composed
of cellulose, hemicellulose and lignin, along with smaller amounts of protein,
pectin, soluble non-structural materials (sugars, nitrogenous material,
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chlorophyll and waxes) and inorganic minerals (McKendry 2002, Chandra et al.
2012) (Fig. 3). The highest theoretical specific methane yield is calculated to be
from lipids, on average, at 930 1 kg volatile solid (VS)-! (Herrmann & Rath 2012).
The theoretical specific methane yield of protein is, on average, 474 1 kgVS-! and
for carbohydrates it is 405 1 kgVS! (Herrmann & Rath 2012). Many factors
influence the chemical composition of plants, including harvest time, growth
stage, plant type, leaf/stem ratio, growing conditions and fertilization. To
achieve a high specific methane yield, crop substrates need to be low in lignin
content and have a high content of easily degradable components, such as non-
structural carbohydrates, soluble carbohydrates and soluble cell components
(Chynoweth et al. 1993, Amon et al. 2007b, Schittenhelm 2008). An ideal substrate
for anaerobic digestion will contain high amounts of degradable carbohydrates
(sugars), lipids and proteins, and, at the same time, have a low concentration of
lignin and cellulose.

. 7
Protein
33
Cell Cell
Contents ipid Contents
1 Sugars 5 40 %
65 % _————
10
Minerals 23
_———— Hemicellulose
Cell 1 Cell walls
Walls Cellulose 30| aou%
18
3% 5 Lgnin 7
Stage of maturity
FIGURE3  Chemical composition of grass with advancing maturity (Holmes 1980).

Typically, cellulose accounts for 40-50 % of the plant material by weight, while
hemicellulose accounts for 20-40 %. Cellulose is a linear polymer of glucose
molecules attached via [3-1,4-linkages, and contains both disorganized,
amorphous structures and crystalline (organized) structures, which are
considered to be more difficult to degrade. Hemicellulose is a complex
carbohydrate structure that consists of different polymers, such as pentose,
hexose, sugar acids and xylan, which is the most common hemicellulose
component in grass (Hendriks & Zeeman 2009). Hemicellulose is more soluble
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than cellulose; however, both cellulose and hemicellulose can be anaerobically
converted to methane. The rate of degradation, especially of cellulose, strongly
depends on its state in the feedstock. If the cellulose is mainly in a crystalline
form, the cellulases can attach to it and hydrolysis can occur rapidly, but if the
cellulose is lignin-encrusted, the lignin prevents the access of cellulases to the
cellulose fibres (Klimiuk et al. 2010). Lignin is, after cellulose and hemicellulose,
one of the most abundant polymers in nature, and is present in the cellular wall
to provide plants with structural support. It has a high molecular weight and an
amorphous heteropolymer consisting of three different phenylpropane units.
Lignin is also water-insoluble and optically inactive, all of which make the
degradation of lignin very difficult (Hendriks & Zeeman 2009).

The composition of the plants varied among, the species, developmental
stage (Fig. 3), fertilization and storage methods. The % total solid (TS) of
cellulose, hemicellulose and lignin in reed canary grass stems was 40 %, 30 % and
10 %, and 25 %, 35 % and 4 % in the leaves when harvesting in August (Kandel et
al. 2013). The chemical composition of maize 160 days after sowing was 18 %
water soluble carbohydrates, 10 % starch, 25 % hemicellulose, 27 % cellulose and
3 % lignin (Schittenhelm 2008).

Chopping up the harvested plants and crops helps to break down the
lignocellulose structures for anaerobic digestion, and may lead to a better
digestibility of the fibre fraction of the plants. A high protein concentration, on
the other hand, may lead to process failure due to an accumulation of ammonia
(Prochnow et al. 2009). Biogas plants can degrade cellulose to a much greater
extent than ruminants, partly because the hydraulic retention time in biogas
plants is longer, and the population of microorganisms is different than in
ruminants.

1.2.3 Anaerobic co-digestion of energy crops

Crop and plant biomass from the fields can be digested either alone, or in co-
digestion with other materials. The biogas process can be either a wet (TS <15 %)
or dry (TS > 15%) process. In the co-digestion of crop biomass and manure, the
manure provides a buffering capacity, a wide range of nutrients, and the TS
content is low (TS < 10%), offering enough water for the process and microbes.
This is why most of the biogas plants in the agricultural sector use manure and
energy crops in wet processes, mainly in continuously stirred tank reactors
(CSTRs). Manure is an easily available resource on farms, but has a low content
of VS, and the low biogas yield concluding high investment cost, which does not
make the production of biogas from manure economically feasible (Gerin et al.
2008, Weiland 2010). The manure has already passed through the digestive tract
of the animal, and most of the energy rich substances, like carbohydrates and
proteins, have already been digested. Still, the average share of manure was 37 %
TS % in the biogas plants in Germany (FNR 2009).

Biogas production can be greatly improved by using energy rich co-
substrates, such as energy crops, crop residues, industrial by-products and other
biodegradable wastes, in anaerobic digesters. Currently, biogas production from
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energy crops is based mainly on the anaerobic digestion of maize (Amon et al.
2007a,b, Schittenhelm 2008, Weiland 2010), but fodder, sugar beets, grass silages
and grain crops have also been used and studied in biogas processes (Amon et al.
2007a,b, Lehtomaiki et al. 2008). The co-digestion of animal manure with straw
from various cereals and fodder crops (Somayaji & Khanna 1994, Lehtomaki et
al. 2007), with energy crops (Kaparaju et al. 2002, Lehtomiki et al. 2007, Giuliano
et al. 2013) and with maize (Fujita et al. 1980, Cornell et al. 2008, 2011) has been
reported. Additionally, some challenges have been identified with the anaerobic
processes of grass. Grass tends to float upon the surface in the digester, leading
to increased stirring expenses and the longer grass particles wrap around
moving devices, which can cause failures and problems in biogas plants
(Prochnow et al. 2009).

The efficient and reliable process technology and energy production per
unit requires the use of high organic loading rate (OLR) and short hydraulic
retention time (HRT). There has been little research into the co-digestion of
feedstock with a high share of the energy crops. One research study was done
with energy crops when the share of the crop was 40-60 % of the VS of the
feedstock (Lehtomdki et al. 2007). Co-digestion with maize and manure has been
carried out using different proportions of maize, and using various HRTs and
OLRs (Cornell et al. 2008, 2011), but the post-methanation potential of the
digestate was not measured in any of these studies (Cornell et al. 2008, 2011).

The post-methanation potential is important because it describes the
methane potential of the digestate, and some of the energy yield which would be
lost from the methane yield of the digestate. The amount of the post-methanation
potential of the digestate mainly depends on the organic matter content and
quality of digestate, and the operation conditions of the biogas plant (Menardo et
al. 2011). It has been shown that it is possible to increase OLR in conventional
biogas plants, which use manure and energy crops (Comino et al. 2010, Menardo
et al. 2011). If the biogas plant has a high OLR and a short HRT, the digestate will
still contain a considerable amount of undigested organic matter, and a
significant amount of methane would be lost to the atmosphere. Covering the
digestate storage is economically attractive, because large amounts of energy can
be collected and sold (Menardo et al. 2011).

In order to maximize the yield of the produced methane, necessary
nutrients and trace elements must be present in the reactor, which allows the use
of higher OLRs and lower HRTs to obtain a higher methane production (Lebuhn
et al. 2008, Schattauer et al. 2011). Low methane yields, acidification and process
instability in crop mono-digestion lead to the application of low OLRs and long
HRTs (Lebuhn et al. 2008). To achieve the high rates of methane production, trace
elements are needed so that the micro-organisms are supplied with essential
nutrients (Lebuhn et al. 2008, Schattauer et al. 2011). The lack of trace elements
has been demonstrated, generally occuring in biogas plants which use only one
substrate (mono-digestion), like energy crops (maize, grass silage) or waste
(Lebuhn et al. 2008). The anaerobic digestion and microbial growth is dependent
on the availability and/or optimal supply of nutrients and trace elements
(Demirel & Scherer 2011).
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One important process requirement is carbon/nitrogen (C/N) ratio. A C/N
ratio from 20 to 30 is considered optimum for anaerobic digestion process
(Demirel & Scherer 2011). Substrates with a C/N ratio that is too low lead to
increase ammonia production and the inhibition of methane production. If the
C/N ratio is high, methanogens will rapidly consume the N for their protein
requirements, and will no longer react with the left-over carbon to produce
methane. In previous studies, the C/N ratio of maize was between 24 and 51,
with an increase towards maturity (Amon et al. 2007b), while in grasses it was
between 15 and 22 (Lehtomidki et al. 2008). Macronutrients, such as, N,
phosphorus (P), and sulphur (S), have been reported to act as buffering agents in
the process, and trace elements, such iron (Fe), nickel (Ni), cobalt (Co),
molybdenum (Mo), selenium (Se), zinc (Zn) and copper (Cu), have an effect on
the enzymes in the anaerobic digestion process (Demirel & Scherer 2011, Nges &
Bjornsson 2012).

A deficiency in the trace elements, including Fe, Co, Ni, tungsten (W) and
Mo, has been shown to cause a reduction in the microbial degradation chain,
while adding these nutrients has been shown to improve the performance of the
anaerobic digestion of the energy crops (Hinken et al. 2008, Pobeheim et al. 2010,
Nges et al. 2012). Adding trace elements to the biogas process has been shown to
increase the methane production of the process (Nges et al. 2012, Nges &
Bjornsson 2012, Vintiloiu et al. 2012). The requirements for a better nutrient
balance can be achieved by the co-digestion of energy crops with manure, which
contains more trace elements (Cavinato et al. 2010), and with a large variation of
feedstock, including different variations of organic wastes, which seems to
improve the abundance of trace elements (Schattauer et al. 2011).

1.2.4 Use of digestate

Biogas production is an almost closed nutrient cycle, when the residue from
anaerobic digestion, digestate, is used to fertilize energy crop fields (Fig. 1). After
the biogas processes, the digestate is transferred to storage tanks where the
degradation process is finished. The most common way is to use digestate as a
fertilizer in fields, but it can also be dehydrted and separated into liquid and
solid phases. Typically, nitrogen is associated with the liquid portion, and 45-80
% of the N is present as ammonium nitrate. Most of the phosphorus is allocated
into the solid portion (Moller & Miiller 2012). Digestate is often more viscous,
homogeneous and less odorous than the original feedstock, making it easier to
handle and spread. The economic and ecological benefits of using digestate as a
fertilizer are high when compared with the fertilization of animal manure that is
supplied with additional synthetic fertilizers (Vaneeckhaute et al. 2013).
Anaerobic digestion is known to inactivate weed seeds, plant pathogens
and pests, and it decreases the amount of phytotoxic compounds present
(Alburquerque et al. 2012). Digestate is a mixture of partially degraded organic
material, microbial biomass and inorganic compounds, while it contains the
same quantities of macronutrients (N, P and K) and trace elements as the original
feedstock. During anaerobic digestion, some of the organic nitrogen supplied in
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the feed is converted into ammonium, which is readily available to crops. The
digestate may have phytotoxic effects, but there are contradictory results in the
previous research (Moller & Miiller 2012). The digestate can be directly applied
to agricultural fields, and it should be applied at root level or injected into the
soil to minimize the risk of ammonia emissions and gaseous loses by the
nitrification of the ammonium to nitrate in the atmosphere (Moller & Miiller
2012, Quakernack et al. 2012). By using the digestate, instead of liquid animal
manure as a fertilizer, crop growth and yield rates have been increased (or at
least kept at the same level), the N availability to the crops has increased, and
digestate handling and allocation are easier than fertilizing with manure (Moller
& Miiller 2012, Quakernack et al. 2012). There have been no differences shown in
the P, S and heavy metal availability and solubility, or the pH, with liquid cow
manure and digestate (Moller & Miiller 2012).

1.3 Energy crops for biogas production

1.3.1 Energy crops and novel energy crops for biogas production in boreal
conditions

The length of the growing season varies from north to south, and in the Nordic
countries, such as Finland (with a growing season of 5-6 months, and heat
summation of 900-1300 °C degree days), crops with a short growing season
must be chosen. Food crops and energy crops must have a good tolerance to
snow, low temperatures and long photoperiod. Perennial grasses (e.g., timothy,
Phleum pratense L., meadow fescue, Festuca pratensis Huds.) are the most efficient
producers of biomass in boreal conditions (Hyytidinen et al. 1999). Perennial
grasses are commonly cultivated as forage in boreal conditions and grasses have
the advantage of being familiar to farmers and suitable for harvesting and
storing with existing methods and machinery. Because grasses are bred for
animal feed, they are often characterized by good digestibility. The per hectare
digestibility (D-value) and TS yields of grasses have been studied carefully to
ensure optimal harvest time for animal feed, with regard to optimal digestibility
and high TS yield per hectare (Fig. 4) (Rinne et al. 2010). Grasses take up
nutrients efficiently, and soil is covered in autumn and winter by grasses, which
decrease erosion and nutrient leaching (Hyytidinen et al. 1999). In addition,
grasses often represent the cheapest biomass feedstock to produce (McEniry et al.
2011). The botanical composition of the grassland, environmental factors (soil
fertility, precipitation) and cultivation factors (fertilization, harvest date) can
have a significant impact on herbage chemical composition, specific methane
yield and TS yield per hectare.

The biogas production of grasses has been considered to be one way to
produce indigenous biofuel, biomethane, with environmental and economic
consideration in Ireland, where the grasses are cultivated in over 90 % of the field
areas (Murphy & Power 2009, Smyth et al. 2009, Korres et al. 2010, Smyth et al.
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2010). According to Prochnow et al. (2009), in developed countries, the
production of biogas from surplus grassland has high potential for bioenergy to
contribute to maintaining biodiversity, and at the same time create an economic
incentive for farmers.
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The D-value development (g kgTS™) and the accumulation of the biomass
yield (tTS ha!) during the growing season (heat summation °C degree days).
The broken line shows the average value from the long-term experiments in
the research centre of MTT Agrifood Research Finland in Jokioinen, and the
lines are the values from a one year experiment series in Finland (Rinne et al.
2010).
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Grasslands remove CO; from the atmosphere, and the C accumulation in various
grass species has been reported to been 2.45-4.43 tC ha! (Saggar et al. 1997), and
the amount of C sequestered by grassland soil was 0.6-2 tC ha-! a-! (Byrne et al.
2007). In other studies, the minimum amount of 0.6 tC ha-! a-! was reported as
the potential soil carbon sequestration rate for perennial ryegrass, permanent
crops and bioenergy crops under European agricultural conditions (Freibauer et
al. 2004, Jones & Donnelly 2004). Perennial grasses allocate more carbon to the
root structure than annual grasses; furthermore, perennial grasslands with low
input and high diversity of different species have also been reported to provide
greater GHG reduction, soil and root carbon sequestration, and more usable en-
ergy than corn for bioethanol and soybeans for biodiesel (Tilman et al. 2006).

The rise in temperature, resulting from climate change, can benefit crop
production by lengthening the growing season and increasing the heat summa-
tion (IPCC 2007). In the coming decades, the weather conditions and growing
season in Finland may approach those currently found in Denmark (Hakala &
Peltonen-Sainio 2008). Due to the warmer growing seasons, the interest in the
cultivation of higher yielding crop species has increased. Tests in the first decade
of the twenty-first century have shown that maize and crop species, and varieties
from Central Europe, have succeeded above the norm in warmer growing sea-
sons in Finland (Hakala & Peltonen-Sainio 2008).

Maize has been perceived a good energy crop for biogas process and it is
the most popular feedstock for biogas plants in Germany and Austria (Amon et
al 2007 a,b, Weiland 2010). The research on maize cultivation for biogas produc-
tion has been concentrated in Central Europe (Amon et al 2007 a,b, Schittenhelm
2009, Bruni et al. 2010, Herrmann & Rath 2012), because it produces the highest
net energy yield per hectare when compared with other energy crops like sun-
flower, grass and whole crop grain silage (Comino et al. 2010, Weiland 2010). Si-
lage maize is a key component of ruminant diets in Central Europe due to its
high yield and energy content: for this reason, maize is characterized by good di-
gestibility. The digestibility and nutritional value of the maize stover has been
studied, modified and improved (Tolera et al. 1998, 1999, Kruse et al. 2008). Cell
wall concentration, composition and degradability are thought to limit forage di-
gestibility (Jensen et al. 2005) and influence anaerobic digestion. Maize is consid-
ered to be a chill-sensitive species with a relatively high temperature optimum
for germination, development, and dry matter accumulation. In climates charac-
terized by a cool and humid spring, adaptation has been partially successful due
to late planting, and breeding for early-maturing maize hybrids. An improve-
ment in tolerance for cooler conditions would support maize cultivation in boreal
conditions, and nowadays, maize breeders have developed new biogas maize
varieties that are tall, late maturing, and the TS yields per hectare of these are
over 30 t ha-! (Kreps 2010). The cultivation of the maize in boreal conditions have
to be researched, because shorter growing season and longer photoperiod than
Central Europe have an effect of the yields, the growth habit and the amount of
plant parts.

The cultivation and use of non-food plants are certainly more sustainable
options for bioenergy production than using food crops, which can also be used
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as food and for feed production. There is a need to find novel energy crops for
bioenergy production, which can produce high TS yields and methane yields per
hectare. These novel energy crops could be found among weeds, wild plants or
fodder plants, which have not been used for bioenergy or biogas production pre-
viously. Weeds and wild plants usually need a lower fertilization input, they use
nitrogen efficiently, and they can grow in poorer conditions than crops for food
and feed production (Nissinen et al. 2010). Annual and perennial plants and
weeds can generally be cultivated on fallow and marginal lands, which cannot be
used to cultivate food or feed crops, such as fields with poor growing conditions,
old peat bogs and land close to roads.

The novel energy crops for biogas production in northern conditions could
be also screened among C;4 plants, which grow best in the tropics and subtropics
(below latitudes of 45°), have a good water use efficiency, grow in the high tem-
peratures and produce high TS yields in warm conditions (Mahmood & Hon-
ermeier 2012). C4 plants cannot produce feed or food in northern conditions, be-
cause the growing season is too short. The quantity of plants and crops increases
the diversity of the fields when cultivating other crops like traditional grasses,
cereals, maize and sugar beets.

Gunaseelan (1997) reviewed specific methane yields from fruit and vegeta-
bles, grasses, woody biomass, terrestrial weeds, marine biomass and freshwater
biomass, and he reported that weeds were a potential biomass source for bioen-
ergy production (Gunaseelan, 1997). Subramanian and Sampathrajan (1999) stud-
ied the physical and chemical properties of 26 weed species and found promising
species for biogas production in India. Many perennial and annual plants have
been studied for combustion and biofuel production, including amaranth (Ama-
ranthus L.) (Viglasky et al. 2009), common reed (Phragmites australis) (Kuhlman et
al. 2012) and hemp (Cannabis sativa Linnaeus) (Prade et al. 2011). Biogas produc-
tion assays were done for many crops, crop residues and weeds some years ago
(Gunaseelan 1997, Subramanian & Sampathrajan 1999, Lehtoméki et al. 2008),
but laboratory scale experiments using novel energy crops for anaerobic diges-
tion and co-digestion with manure have not been undertaken. It is important that
the energy crops can produce high methane yields, and that they can be used in
the biogas process.

1.3.2 Energy balance and greenhouse gas emissions of the biogas plant using
energy crops

The energy balance of the crop based energy system is dependent on the energy
consumption of the biomass cultivation, as well as the energy consumption of the
process. The energy requirements of cultivation can be divided into direct and
indirect energy inputs. The direct energy inputs are those which directly involve
the use of fuel in the operation, for example, diesel fuel used in tractors for culti-
vating and harvesting energy crops. The indirect energy inputs are the energy
consumed in the manufacture and delivery of the products used in the energy
crop cultivation, such as fertilizers, herbicides, preservative manufacturing and
machinery, and the equipment used in cultivation (Smyth et al. 2009).The opera-
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tion of the biogas plant (heating and electricity demand) generally consumes the
most energy in the biogas process (from the cultivation of the feedstock to the
use of biogas), corresponding to approximately 40-80 % of the energy demand
(Berglund & Borjesson 2006, Smyth et al. 2009, Poschl et al. 2010). In maize and
grass cultivation, the most energy demanding process is the manufacture of the
chemical fertilizer (Smyth et al. 2009, Péschl et al. 2010). In the cultivation of en-
ergy crops for the biogas process, the digestate can be used as a fertilizer, and the
high energy input of the manufacturing fertilizers can be avoided (Bachmaier et
al. 2010). The energy balance of different crops varies among crop species, culti-
vation managements, growing conditions and climatic conditions. In previous
studies for Irish conditions, the net energy yields from the cultivation of grass
(67-78 GJ ha! a!) (Smyth et al. 2009) for biogas production were higher than
rapeseed biodiesel (25 GJ ha! a-1) (Thamsiriroj & Murphy 2009) and wheat etha-
nol (4 GJ ha-! a!) (Murphy & Power 2008).

The Renewable Energy Directive states that the GHG savings should be at
least 35 %, as defined by using fossil fuels as a reference. From the beginning of
the year 2017, the savings must be at least 50 %, and from 2018 at least 60 % for
the biofuels and bioliquids produced (European Parliament 2009). If biogas is
produced from co-digesting maize and manure, the GHG savings have been 92
%, when compared to fossil fuel (Boulamanti et al. 2013). The sustainability of
energy crop cultivation can be increased to minimize agronomic inputs like ferti-
lization (Fazio & Monti 2011). Using digestate as a fertilizer, the GHG emissions
decrease, because high GHG emissions occur in manufacturing nitrogen and
phosphorus fertilizers (Bachmaier et al. 2010). Perennial crops have substantially
higher environmental benefits than annual crops, and a significant amount of
emitted COz can be avoided through the cultivation of perennial grasses (Fazio &
Monti 2011).



2 OBJECTIVES

The main objective of this thesis was to evaluate the methane yield of grasses,
maize and novel energy crops through the anaerobic digestion process in boreal
conditions. The sub-objectives were:

e To determine the specific methane yields of different grass species
cultivated under boreal conditions, as well as how harvesting time affects
the methane yields per ha (I).

e To evaluate how the harvest time and maize variety affect the methane
yield, dry matter yield per hectare and proportion of the various plant
parts (stem, leaves and cobs) in boreal conditions (II).

e To investigate the methane yield from the co-digestion of maize and liquid
cow manure in CSTRs, with an increasing share of maize in the feedstock.
The post-methanation potential and nutrient and trace element
concentration of the digestate were also determined (I1I).

e To determine the methane yields and TS yields per hectare of novel
energy crops, and from the most promising novel energy crop, brown
knapweed (Centaurea jacea L.), the effect of harvest time on the specific
methane yield and its methane production in a CSTR trial with liquid cow
manure (IV).

e To compare the energy balance of energy crop cultivation to the biogas
production.



3 MATERIALS AND METHODS

3.1 Main experiments

The methane production experiments of this thesis consist of both batch
experiments and CSTRs. The main experiments of the thesis are summarized in
Table 1.

TABLE 1 The main experiments in the thesis showing the substrates, objectives, model
and volume of the system.

Substrate  Objective System Details  Paper

(Volume)

The specific methane yield, TS yield and

Grass

species methane y.ield per hectare of different Batch (11)  Table 2 I
grass species
- The effect of harvest time and year

Maize The harvest time and variety affecting Batch (11)  Table3 I

varieties  the methane and TS yield per hectare
- The effects of stems, leaves and cobs

Maize The co-digestion with cow manure CSTR (51) Table12 I
- High share of maize
- Post-methanation potential
- Trace elements of feedstock and digestate

Novel The specific methane yields, TS and Batch (1 1) Table 4 v
plants methane yield per hectare
- The effect of harvest time of brown knapweed

Brown The suitability of co-digestion withcow  ~gTR (51)  Table13 v
knapweed manure
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3.2 Substrates and inocula

3.2.1 Grass material (I)

The grass material consisted of 4 grass species (Table 2). Three of these, cocksfoot
(Dactylis glomerata L.), tall fescue (Festuca arundinaceae Schreb.) and reed canary
grass (RCG) (Phalaris arundinaceae L.) were cultivated in Saarijarvi (N 60° 23.248',
E 22° 33.226', geographic coordinates in ETRS89, similar to WGS84), in Central
Finland and Hahkiala (N 61° 8.697', E 24° 35.262') in southern Finland. The
fourth, timothy was cultivated in Hahkiala. All of the grasses were fertilized and
harvested during the growing season in both Saarijarvi and Hahkiala during
years 2005-2007 (Table 2).

The yield of the grasses in Saarijarvi was determined by taking 4-7 samples
from an area of 0.25 m? and weighing them. The grass material was cut using a
mowing machine. The grass materials in Hahkiala were harvested with a
Haldrup 1500 plot harvester (J. Haldrup a/s, Legster, Denmark), which
determined the yield by weighing the harvested biomass. A detailed description
of the cultivation and materials are in paper I.

3.2.2 Maize material (II, III)

The maize cultivation trials were conducted during 2007 and 2008 at the research
centre of MTT Agrifood Research Finland in Piikki6 in southern Finland (N 60°
23.248', E 22° 33.226") and on the Kalmari biogas farm in Laukaa in Central
Finland (N 62° 19.389', E 25° 52.415'). The maize varieties had the maturity index
FAO (Food and Agriculture organization) of 160-270 (Table 3). In Piikkio, the
maize varieties (Francisco, Amara, Marcello, Ronaldinio, Amadeo and Sampaio)
were sown at two different times, in 2007 on the 17th (A) and 29th (B) of May,
and in 2008 (maize varieties Amara, Ronaldinio, Amadeo, Valdez, XA7251 and
KXA7254) at only one sowing time, on the 19th of May. The maize varieties were
fertilized with 180 kg of N, 13.5 kg of P and 36 kg of K per hectare in 2007 and
118 kg N, 9 kg P and 14 kg K per hectare in 2008 in Piikkio. In Laukaa, the maize
varieties were cultivated in a 2 ha (1 ha Cerruti and 1 ha MAS09A) plot, and in a
3 ha (Revolver) plot in the years 2007 and 2008, respectively. The maize was
sown on the 24th of May in 2007 and the 26th of May in 2008. The fertilization (80
kg N ha-!) was made from the digestate of the farm biogas plant treated cow
manure and energy crops in 2007, and with digestate and chemically produced
fertilizer, for a total of 80 kg N ha-! in 2008.

The maize from sowing time A was harvested twice (the 2nd of September,
108 days after sowing, DAS, and 22nd of October, 159 DAS) and the maize from
sowing time B was harvested only once (the 2nd of September, 96 DAS) in
Piikkio in 2007 (Table 3). The maize was harvested on the 30th of August (98
DAS) in 2007 and the 25th of August (91 DAS) in 2008 in Laukaa. In 2008, the
maize was harvested only once (the 1st of September, 93 DAS) in Piikkio, because
of early frost damage. During each harvest time, a total of 10 maize plants (from
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all replicates) were harvested and weighed to determine the yield. The maize
was harvested at a 10 cm stubble height. In 2007, the different plant parts were
taken separately from all maize plants of the Francisco, Amara, Marcello, Cerruti
and MAS09 maize varieties. The stem (including leaf sheets and panicle), leaves
(only leave blades), and cob (including the husk of the cob) were weighed. The
maize variety Valdez (harvested in 2008), (middle late ripening, FAO 290) was
used for the CSTR experiments (III).

TABLE 2 Cultivation site, harvest time, codes (referred to in the text), fertilization of
grass species and determined TS and VS content % of the wet weight (WW) in
the grass species in this study (I).

Grass species Cultivation Harvest Code Fertilization TS VS
. . % %
site time kg N-P-K ha! WW WW
Cocksfoot Saarijarvi  12.9.2005 CF SA 05 27-5-82 18.9 16.5
Cocksfoot ~ Saarijarvi  21.6.2006 CF SA 06 60-0-45 39.0 34.6
Cocksfoot ~ Hahkiala  17.7.2006 CF HA 06 2nd  88-12-32 33.0 29.6
Cocksfoot Hahkiala  13.9.2006 CF HA 063  88-12-32 224 182
Cocksfoot Saarijarvi  20.6.2007 CF SA 07 1st 52-8-13 233 21.0
Cocksfoot  Saarijarvi  20.8.2007 CFSA 072 60-0-45 174 159
Tall fescue  Saarijarvi  12.9.2005 TF SA 05 27-5-82 219 19.6
Tall fescue  Saarijarvi  21.6.2006 TF SA 06 60-0-45 43.7 39.2
Tall fescue  Hahkiala ~ 17.7.2006 TF HA 06 2rd  88-12-32 326 295
Tall fescue  Hahkiala  13.9.2006 TF HA 06 3¢ 88-12-32 241 217
Tall fescue  Saarijarvi  20.6.2007 TF SA 07 1st 52-8-13 22.7 20.7
Tall fescue  Saarijarvi  20.8.2007 TF SA 07 2nd 60-0-45 174 159
Timothy Hahkiala  13.6.2006 TIM HA 06 1st  110-15-40 225 20.9
Timothy Hahkiala ~ 2.8.2006 TIM HA 062~d  88-12-32 36.5 34.0
Timothy Hahkiala ~ 17.7.2006 TIM HA3 06 2nd 88-12-32 354 3238
Timothy Hahkiala ~ 13.9.2006 TIM HA3 06 3¢ 88-12-32 195 17.8
RCG Saarijarvi  22.6.2005 RCGSA 051st  27-5-82 215 198
RCG Saarijarvi  19.8.2005 RCGSA 052 - 226 204
RCG Saarijarvi  21.6.2006 RCGSA 06a  60-0-45 40.8 36.6
RCG Saarijarvi  10.7.2006 RCGSA06b  56-0-42 26.8 247
RCG Saarijarvi  20.6.2007 RCGSA 07 1st  52-8-13 253 22.0
RCG Saarijarvi  20.8.2007 RCG SA 07 2nd  60-0-45 20.0 18.6
RCG Hahkiala  24.9.2007 RCG HA 07 80-12-32 404 33.0

aAlso liquid cow manure fertilization 24 kg N ha-! and 18 kg P ha-™.
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TABLE 3 The maturity index, sowing, harvesting and growing time, heat summation,
precipitation and TS and VS contents of the maize varieties used (II).

Maize Maturity Sowing/ Growing Heat Precipitation TS VS VS/TS
variety index  harvest time  summation
time?
days  °C degree mme %% %
daysb

Maize varieties in Laukaa in 2007

Cerruti 210 98 986 315 17.1 163 95
MASO09A 160 98 986 315 158 146 92
Maize varieties in Piikki6 in 2007
Francisco 270 Al 108 1181 292 186 175 94
Francisco A2 158 1419 370 278 26.0 94
Francisco B 96 1085 281 20.1 188 94
Amara 260 Al 108 1181 292 21.2 199 94
Amara A2 158 1419 370 28.0 26.6 95
Amara B 96 1085 281 199 187 94
Marcello 260 Al 108 1181 292 195 184 94
Marcello A2 158 1419 370 283 263 93
Marcello B 96 1085 281 18.7 17.7 95
Ronaldinio 240 Al 108 1181 292 20.7 19.7 95
Ronaldinio B 96 1085 281 21.3 202 95
Amadeo 220 Al 108 1181 292 222 214 96
Amadeo B 96 1085 281 215 205 95
Sampaio 230 Al 108 1181 292 242 232 96
Sampaio B 96 1085 281 203 192 95
Maize varieties in Piikkio in 2008
Amara 260 105 1045 339 17.6 164 93
Ronaldinio 240 16.8 155 92
Amadeo 220 15.7 147 94
Valdez 290 164 152 93
XA 7251 >300 15.7 145 92
KXA 7254 >300 15.6 144 92
Maize variety in Laukaa in 2008
Revolver 160 91 769 344 13.6 125 92
a A sowing time 17.5.2007

B sowing time 29.5.2007

1 harvest time 2.9.2007

2 harvest time 22.10.2007

bIn Finland the heat summation is calculated the temperature over 5 degree Celsius.
¢Includes the irrigation in Piikkid.
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3.2.3 Novel energy crops (IV)

Nine different plants, including wild plant, weed, tall annuals (3) and perennials
(4), were cultivated at the research centre of MTT Agrifood Research Finland in
Piikkio (N 60° 23.248', E 22° 33.226') during years 2007-2010. The sowing and
harvest time, and fertilization rate, are presented in Table 4. The Jerusalem
artichoke (Helianthus tuberosus L.) (no tubes) and sunflower (Helianthus annuus

L.) were harvested in September in 2007. Brown knapweed was harvested at two
different harvest times in June (A07) and August (B07) in 2007. However, in 2008
brown knapweed was harvested four times (A-D08) (Table 4) to measure the
optimal harvest time for biogas production. Brown knapweed was harvested
about 15 cm above the ground, and a rosette of leaves was left to grow and
produce the yield again. Sorghum (Sorghum Sudanese Stapf.) (Cs plant) and
Japanese millet (Echinochloa crusgalli L.) (C4 plant) were harvested only once in
September 2008 (Table 4). In 2010, giant knotweed (Fallopia sachalinensis F.
Schmidt), giant goldenrod (Solidago gigantean Aiton), hemp-agrimony
(Eupatorium cannabinum L.) and amaranth (Amaranthus cruentus var. Oeschberg L.)
(C4 plant) were cultivated, and harvesting was done in August. The experimental
plots of the plants were harvested at a 10 cm height, and collected by mowing
machinery (Haldrup). The harvest plot was 1.375 m x 7 m. The fresh weight of
the plant material was weighed (True test). Detailed descriptions of the materials
are in the original paper IV.

TABLE 4 The sowing and harvest times, fertilization, TS and VS content of potential
novel energy crops for biogas production (IV).

Novel energy crop Ann./ Sowing Harvest Fertilization TS VS VS/TS
Peren.  time time N-P-K o o %
kghal WW WW
Jerusalem artichoke Peren. 2007  2.9.2007 7-2-8 33.1 29.7 090
Sunflower Ann. 2007  2.9.2007  21-7-27 147 13.0 0.88
Brown knapweed = A072 Peren. 2006  14.6.2007  30-2-4 177 16.0 0.90
B07 2006  14.82007  30-2-4 343 318 093
A08 7.6.2007 16.6.2008  30-2-4 181 162 0.90
B08 7.6.2007 7.7.2008 30-2-4 238 218 091
Co8 7.6.2007 5.8.2008 30-2-4 300 276 0.92
D08 7.6.2007 1.9.2008 30-2-4 429 394 092
Sorghum Ann. 2652008 1.9.2008 120-9-14 15.0 13.6 0.90
Japanese millet Ann. 265.2008 1.9.2008 120-9-14 174 151 0.87
Giant knotweed Peren. 2008  24.8.2010  60-5-7 30.8 281 091
Giant goldenrod Peren. 2007 2482010 60-5-7  39.0 36.6 0.94
Hemp-agrimony Peren. 2008  24.8.2010 60-5-7 272 247 091
Amaranth Peren. 2010 24.8.2010 60-5-7 18.0 144 0.80

aA, B, C, D are different harvest times in year 2007 and 2008.
Ann. = Annual
Peren. = Perennial
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3.2.4 Handling of crop materials

After harvesting, the grass material was taken to the laboratory and chopped into
particles of ca. 1 cm with scissors (grasses in Saarijdrvi) and stored at 4 °C in a
nitrogen atmosphere until used in the methane potential assays and analysis (I).
The grass materials from Hahkiala (I) were also chopped into particles of ca. 1 cm
and oven-dried (60 °C, 24 h) after each harvest. The methane potential assays of
the grass samples from Hahkiala were performed using oven-dried material.
After harvesting, the maize and novel energy crop materials were cut using
a chopper (SD 180 E, Wolf Garten, Germany), and then cut with scissors to a ca. 1
cm particle size in the laboratory, and stored at 4 °C in a nitrogen atmosphere
until used in the methane potential assays and analysis (II-IV). The maize
(variety Valdez; III) and brown knapweed (harvested 7.7.2008; IV) from the
CSTR trials was frozen and stored at -20 °C in plastic bags in portions equivalent
to three to four days” worth of feedstock. After thawing, the particles were
further reduced using scissors to a particle size of about 0.5 cm to assist the
syringe feeding. The feed mixtures for the reactor studies were prepared daily.

3.2.5 Liquid cow manure and inocula

The inocula used to inoculate the methane potential assays (I-IV) and reactor
experiments (III, IV) was obtained from a mesophilic farm digester (in Laukaa)
processing liquid cow manure, energy crops and industrial by-products from a
candy factory (Table 5). The liquid cow manure for the CSTR trials was obtained
from a dairy farm in central Finland (in Laukaa) (Table 6).

TABLE 5 Characteristics of the inocula used in the batch and CSTR experiments (average

values).
Paper TS VS Niot NH4-N SCOD
% WW % WW gl! gl gl
I 6.1 48 3.2 1.1 11.0
II 5.7 4.7 23 0.7 13.0
111 5.0 3.9 2.5 n.a. 12.0
1\ 54 4.3 24 0.7 12.5

n.a. not analysed
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TABLE 6 The characteristics of the inocula, liquid cow manure, maize (Valdes variety)
and brown knapweed in the CSTR trials (III, IV). Specific methane yields are
given as the mean * standard deviation (SD).

Substrate TS VS Niwt NHs-N SCOD  Specific methane yield
%%
WW WW gl gl!  g]1 1kgVST! 1kgTS! 1 kgWW-1

Inoculum 50 39 25 na. 12.0 81 104 4
Maize? 164 152 15> 015> 134> 360+8 3347 55z%1
Brown knapweed2 23.8 21.8 11.2 027> 1771k 329+41 301 72
Manure I 57 47 23 076 131 212+18 172+16 102
Manure II 50 43 15 045 8.6 n.a. n.a. n.a.

Cow manure I was used in feedstock during days 1-66, and cow manure II
during days 67-136.

aMethane production of inoculum subtracted.

bmg gTS-1

n.a. not analysed

3.3 Experimental set up

3.3.1 Methane potential assays (I-1V)

The methane potential assays were performed as triplicate experiments in 1 1
glass bottles at 35 £ 1 °C, where 250-350 ml of the inoculum was added to each
bottle, followed by the addition of the substrate at a VSsubstrate/ VSinoculum ratio of
1. Bottles with inoculum only were incubated as the controls. All bottles were
filled to a liquid volume of 750 ml with distilled or tap water, and 4 g I-! sodium
bicarbonate (NaHCOs) was added as a buffer. The contents of the bottles were
flushed with Na-gas for 3 min before closing to remove residual oxygen. The
bottles were sealed with butyl rubber stoppers, and gas collection tubing was
made from a PVC-based material with plasticizer (Masterflex Tygon® fuel &
lubricant). The produced gas was collected in aluminium gas bags, and the
methane content and gas production were measured two to three times a week.
The contents of the bottles were manually mixed before each gas measurement.
Assays with inoculum only were carried out to subtract the methane potential of
the inoculum from that of the substrates. The gas production of the bottles was
monitored for 60-120 days.

3.3.2 Co-digestion experiments (III, IV)
The reactor experiments were carried out in three parallel CSTRs. The reactors

(referred to as R1, R2 and R3) were constructed of glass, each with a total volume
of 51and a liquid volume of 4 ], stirred continuously at 300 rpm (Heidolph MR
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3000, Germany) and incubated at 35 + 1 °C. The reactors were inoculated on day
0 with 4 1 of inoculums, and when the methane concentration of the produced
biogas rose to 50 %, the addition of the feedstock was begun. The feedstocks
were cow manure (R1), brown knapweed and cow manure (R1), and maize and
cow manure in different shares and OLR (R2 and R3) (Table 6). The reactors were
fed with a syringe once a day, 5 days per week, and the equivalent volume of the
digestate was removed from the reactor. In reactor R3, the liquid fraction of the
digestate was recirculated back to the reactor along with the daily feed, so that
the HRT would be long enough. The liquid fraction was obtained by centrifuging
(for 10 min, at 350 rpm) the removed digestate. The biogas was collected in
aluminium gas bags via silicone tubes, and the gas in the tubes was sampled
through glass septa. The applied feedstock mixtures were prepared daily.

3.3.3 Post-methanation assays (III, IV)

The post-methanation potentials of the digestates in the co-digestion
experiments with cow manure and maize, or brown knapweed, were measured
in batch experiments in triplicate 120 ml serum vials incubated at 35 + 1 °C. The
digestate (40 g) was added to the vials which were then sealed with butyl rubber
stoppers and aluminium crimps. The contents of the vials were flushed with Na-
gas for 3 min to remove residual oxygen. The post-methanation assays were
incubated for a total of 125-136 days.

3.4 Analyses and calculations

TS and VS were analysed according to Finnish standard methods SFS 3008
(Finnish Standard Association 1990), and the pH was measured with a Metrohm
774 pH-meter (Metrohm, Switzerland). The soluble chemical oxygen demand
(SCOD) was analysed according to SFS 5504 (Finnish Standard Association
2002a). Ammonium nitrogen (NHs-N) and total nitrogen (Nit) were determined
according to the Tecator application note (Perstorp Analytical Tecator 1995) with
a Kjeltec system 1002 distilling unit (Tecator). The energy crop samples for
NHs-N and SCOD were extracted according to SFS-EN 12457-4 (Finnish
Standard Association 2002b) and were filtered with GF 50 glass-fibre filter papers
(Schleicer & Schuell). The detailed descriptions of the analyses are in the articles
I-1V.

The digestate and feedstock samples for the trace element analysis (III) were
first dried (24 h, 105 °C), milled in a rotor mill (Pulverisette 14, Fritsch, Germany)
and stored at 22 °C until analysed. The concentration of the trace elements was
measured using a Perkin-Elmer (Norwalk, CT, USA) Optima 4300 DV ICP-OES
using the following default parameters of the instrument: nebulizer flow 0.5-1.0 1
min-!, auxiliary gas flow 0.2 1 min-!, plasma gas flow 15 I min-! and plasma
power of 1300 or 1400 W (Viisanen et al. 2008).
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The volatile fatty acid (VFA) (IIl, IV) content was analysed with a gas
chromatograph equipped with a flame-ionization detector (Perkin Elmer
Autosystem XL GC, HP-INNOWax-column, 30 m x 0.32 mm x 25 pm). The
operating conditions were: oven temperature 100-160 °C (25 °C min), and
injection port and detector 225 °C. Helium was used as the carrier gas.

Gas samples (I-IV) were taken through stoppers from the gas phase with a
pressure-locked glass syringe (Supelco, Pressure-Lok® Series A-2 Syringe,
Bellefonte, USA). The methane content of the biogas was measured using a gas
chromatograph (Perkin Elmer Arnel Clarus 500, Alumina column 30 m x 0.53
mm) with a flame-ionisation detector. The operating temperature conditions
were: oven 100 °C, detector 225 °C, and injection port 250 °C. Argon was used as
a carrier gas (14 ml min-'). The volume of the produced biogas was measured by
water displacement.

The specific methane yields were calculated as 1 kgVS, 1 kgTS! and 1 kg
WW-1, with the CH4 production of the inoculum subtracted. The methane yields
of the post-methanation potential (I kgVSeed™, 1 kgTSteea?, 1 kgWW-1) assays
were calculated per VS and TS, per feed of the CSTR reactor. Potential methane
yields and energy yields (MWhcrs, 1 m3 CHas corresponds to 10 kWh) (Lide &
Frederikse 1996) per hectare were calculated using the TS yield per hectare and
the specific methane yield of each crop (I, II, IV). All methane yields were
converted to normal conditions: 273 K and 101.3 kPa.

The statistical analysis of the results from the specific methane yields (I, II),
TS yields per hectare (I, II), methane yields per hectare (II) and maize
characteristic (II) were done using the statistical program SPSS version 16.0 for
Windows (SPSS 2008), and from the specific methane yield and characteristics of
the novel energy crops (IV) and the Pearson’s correlation coefficient for the
methane yields per hectare of grasses were done using the statistical program
IBM SPSS statistic 19 (SPSS 2010). First, the normality of the variable values was
checked with Shapiro-Wilk normality test, next the analysis of variance
(ANOVA) or t-test was carried out, and then a Bonferroni test was employed for
testing the statistical significance of the mean differences, if needed. The
Pearson’s correlation analysis was used to evaluate the dependence of methane
yields per hectare and specific methane yields or TS yields per hectare of grasses.
The significance of the mean differences was measured at the probability level of
5% (p =0.05).

The HRT and OLR in the reactor (III, IV) experiments were calculated for
five feeding days per week; however, for practical (weekly) values, the two
unfed days during the weekends should be considered. Values for the gas
production and digestate characteristics are presented as averages over the final
two weeks of the feeding period.
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3.5 Energy balance of cultivation energy crops for biogas
production

The energy balance (input/output ratio) of the cultivation of grass, maize and
brown knapweed for biogas production was calculated under boreal conditions.
The energy balances are considered to be the primary energy of the cultivation
inputs (fertilization, herbicides, lime, preservative and seed) and the
consumption of the primary energy (diesel) used for cultivation management
and harvesting (Table 7). The heat and electricity consumption of the biogas
plant have not been considered, nor have the manufacturing or repair of the
machines and buildings. The energy balances are calculated for two different
fertilization strategies: one is for the chemical fertilizers used (Y3 NPK 20-3-8§,
Kemira GrowHow, Helsinki), and the other is for the digestate for the biogas
plant for fertilization. The digestate was assumed to contain the nutrient average
concentration of the CSTR experiments (Niot 2.2 kg t-1, P 0.42 kg t-! and K 3.36 kg
t1) (IIL, IV).

The grass is cultivated on a five year cropping system, and it was sown (25
kg ha-1) under grain, which is a typical way to establish grassland in Finland. The
grain yield was used for food or feed, but the sowing and ploughing methods are
allocated for grass cultivation. The TS yield of the grass was 7.4 tTS ha-! (TS 26 %
WW and VS 23 % WW) (I) and the specific methane yield of the grass was 300 1
kgTS-1 (I). The grass was harvested two times per growing season (Table 7). In
the spring, and after the first harvesting, it was fertilized with either chemical
fertilizer or digestate from the biogas plant (total 170 kg N ha-') according to the
nitrate directive (Finlex 2000) and limits of agri-environmental regulation (MAVI
2009). After the fifth harvest year, the grass will be spread with glyphosate (1400
g ha1) before ploughing.

Maize is an annual crop, and it was sown (20 kg ha!) every year. The TS
yield per hectare was 12 tTS ha-! (TS % 20 and VS % 18.5), and the specific
methane yield was 325 1 kgTS-1 (II). The maize was harvested once at the end of
the growing season in late August. The herbicides (1000 g ha-') were spread once
during the growing season, and the ploughing and sowing must be done every
year (Table 7). Maize was fertilized at a total of 90 kg N ha-1, according to the
limits of agri-environmental regulation (MAVI 2009), with either chemical
fertilizer or digestate from the biogas plant.

Brown knapweed is a wild plant and a novel energy crop for biogas
production. It can be cultivated several years in the same field, and was
cultivated in an 8 year crop rotation (Table 7). It was sown (20 kg ha-') in spring
and harvested once in the growing season in August. The TS yield per hectare
was 14 tTS ha-1 (TS % 25 and VS % 23), and the specific methane yield was 275 1
kgTS1 (IV). The brown knapweed field was spread three times during the eight
year crop rotation with herbicides (1000 g ha-'). The fertilization rate of brown
knapweed was 50 kg N ha-1, using either chemical fertilizer or digestate from the
biogas plant.
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TABLE7 Diesel (I ha-!) and energy consumption of cultivation management (M] ha-!
a-1) and number of times the cultivation management must be done per year
(a1) for grass, maize and brown knapweed.

Brown

Operation Grass Maize knapweed Ref.
MJ MJ MJ

lha-l a! hatla-l al hala-l al hatla-l
Ploughing 24 0.2 199 1.0 994 0.13 124 a,b,c,de
Harrowing (levelling) 5 0.2 41 1.0 207 0.13 26 a,b,c
Harrowing, 3.8 m 55 0.2 46 1.0 228 0.13 28 a,c,def
Sowing, 2.5 m 3.7 0.2 31 - 0 0.13 19 a,b,c,d,e
Sowing maize 7 - - 1.0 290 - - b
Rolling 2 - - 1.0 83 0.13 10 a,b,d,e
Liming 25 02 21 0.2 21 0.13 13 d
Spreading glyphosate 1.8 0.2 15 - - 0.13 9 ae
Spreading herbicide 1.5 02 12 1.0 62 0.25 16 b,c,d
Fertilization chemical 4.8 2.0 397 1.0 199 1.0 199 e
Fertilization digestate 7.2 2.0 596 2.0 596 1.0 298 b
Cutting 6 20 497 1.0 248 1.0 248 a,ce
Forage harvesting 12 20 994 1.0 497 1.0 497 af,g

Ref. = References

a: Dalgaard et al. (2001)

b: Kelm et al. (2004)

c: Mikkola & Ahokas (2009)

d: Mékinen et al. (2006)

e: Palonen & Oksanen (1993)

f: Smyth et al. (2009)

g: Gerin et al. (2008)

- The cultivation management has not been done to the crop.

The production and distribution of diesel fuel was estimated to represent 16 % of
the energy content in the fuel, and therefore 41.4 MJ of primary energy per litre
(Edwards et al. 2003). The biomass from the fields is cut, forage harvested and
the preservative (2.5 1 tWW-1) added to the harvested biomass. Producing
preservatives consumes 3.68 GJ t-! of primary energy (Gronroos & Voutilainen
2001). The fields are amended with lime at 4 t ha! every fifth year, and the
production and transportation of lime consumes 0.5 GJ t! of primary energy
(Mékinen et al. 2006). The manufacturing of the herbicides consumes 274 M] kg-!
of primary energy (Mékinen et al. 2006, Gerin et al. 2008, Mikkola & Ahokas
2009, Smyth et al. 2009). The manufacturing and transportation of the fertilizer
(Y3 NPK 20-3-8, Kemira GrowHow, Helsinki) used 11.9 GJ t-! of primary energy
(Makinen et al. 2006). When the digestate is used as a fertilizer, the loading and
transportation of the digestate to the field is considered. The loading of the
digestate consumes 2.5 MJ t-! of primary energy and the transportation consumes
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4.9 MJ t1 (Berglund & Borjesson 2006, Smyth et al. 2009). The production of seeds
consumes 12 MJ kg1 of primary energy (Kelm et al. 2004, Smyth et al. 2009).



4 RESULTS

4.1 TS yields per hectare

The TS yields of the different grass species were determined for all of the harvest
times in 2005-2007 (I). The TS yields of the different grasses were from 1.1 to 13.7
tTS ha-1, and on an average 4.3 tTS ha-! per harvest (Table 8). The TS yields per
hectare per year of the different grasses in Hahkiala (7.2 tTS ha-! a-') were higher
than those in Saarijarvi (6.3 tTS ha-! a-1), but the difference was not statistically
significant (t-test, p > 0.05). In the first harvest year (2005) the average yield of all
of the grasses in Saarijdrvi was 3.8 tTS ha-! a-l. However, the average TS yields
increased from the 1st to 27d (5.4 tTS ha-! a'') and 34 (9.8 tTS ha™! a-!) harvest
years. In the third harvest year, 2007, cocksfoot and tall fescue produced the
highest TS yields per hectare per annum (11.5 and 11.2 tTS ha-! a-!), while the TS
yield of reed canary grass (6.8 tTS ha! a-!) was lower than in the 1st and 2nd
harvest years in Saarijédrvi.

The TS yields of various maize varieties were determined in 2007 and 2008
(IT). The average TS yield was 16.6 tTS ha-! in Piikki¢ and 8.1 tTS ha-! in Laukaa
(t-test, p < 0.05) (Table 9). The average TS yields were 9 % higher at the 2nd
harvest time (A2) in 2007 than at the 1st harvest time (A1), but the difference was
not statistically significant (Bonferroni, all p values > 0.05). The sowing time (B)
did not affect the average TS yields per hectare (ANOVA, all p values > 0.05).
Amara produced the highest average TS yields (20.1 tTS ha!) in 2007, and the TS
yield of Amara was the second highest (17.8 t ha-1) after the TS yield of KXA7254
(18.1 tTS ha™!) in 2008. Amadeo and Ronaldinio produced the lowest TS yields
(2007: 14.0 and 14.3 tTS ha-! and 2008: 11.6 and 13.4 tTS ha-!) in both cultivation
years in Piikkio (Table 9).

The average TS yields of various plant parts were determined for Francisco,
Amara, Marcello, Cerruti, and MASO09A in 2007 (Table 10; II). The stems, leaves,
and cobs produced on average (n = 11) 7.7, 2.9 and 5.6 tTS ha-l, respectively
(Table 10). The fraction of stems and leaves (vegetative plant fractions) decreased
(from 8.6 to 7.3 tTS ha-! with stems and from 3.2 to 2.8 tTS ha-! with leaves) with
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the increasing maturity of the maize. Furthermore, the amount of cobs increased
from 5.3 to 8.6 tTS ha! (t-test, p < 0.05) (Table 10). The sowing time (A or B) did
not affect the TS yield per hectare of stems, leaves and cobs (ANOVA, all p
values > 0.05).

TABLE 8 Specific methane yields, TS yields and characteristics (SCOD, Niot and NH3-N)
of grasses (I). Specific methane yields are given as mean + SD.

Grass material Specific methane yield TSyield SCOD Niot NH4-N
1kgVS1 1kgTS! 1kgWW-1  tha! mggTS! mggTS! mg gTS!

CF SA 05 380+£25 330 63 2.3 85 21.8 0.16
CF SA 06 350+20 310 120 5.6 110 33.3 0.63
CF HA 06 2nd 320+36 290 94 23 171 21.0 0.13
CF HA 06 3d 31014 250 56 3.2 135 21.8 0.16
CF SA 07 1st 360+14 330 76 6.4 50 10.8 0.06
CF SA 07 2nd 330+5 300 53 5.1 72 194 0.47
TF SA 05 300£25 270 58 11 110 21.3 0.33
TF SA 06 390+£25 350 150 43 126 36.7 0.86
TF HA 06 2nd 310£34 280 93 3.2 168 17.5 0.16
TF HA 06 3 310£23 280 67 3.5 149 21.5 0.33
TF SA 07 1st 360+24 330 74 6.0 178 18.4 0.08
TF SA (07 2nd 350+3 320 55 5.2 35 14.5 0.06
TIMHA 061t  370+6 340 76 3.8 165 21.1 0.14
TIMHA 062 360+33 330 120 2.7 186 17.5 0.11
TIMHA3 062 310+£53 290 100 1.5 171 23.1 0.18
TIM HA3 063 310+51 280 55 21 110 28.6 0.44
RCGSA051st  330+16 300 65 52 41 243 0.14
RCGSA052d  250+12 230 52 29 92 15.4 0.20
RCGSA 06 a 320+23 280 120 4.2 92 19.7 0.96
RCGSA 06 b 260+29 240 64 7.5 40 11.0 0.09
RCGSA (071t 350+10 310 77 34 46 214 0.25
RCGSA (0720 250+39 240 47 34 39 17.1 0.11
RCG HA 07 250+39 210 100 13.7 123 8.1 0.14

The TS yields of the novel energy crops were determined in 2006-2010 (IV). The
TS yields per hectare varied from 6.5 to 23.4 tIS ha-l. The highest annual TS
yields were for brown knapweed at 20.2-23.4 tTS ha-! (B07, C07) and giant
goldenrod at 22.7 tTS ha-! (Table 11). The TS yields of brown knapweed
increased from the first harvest (9.4 tTS ha-!, A08) to the third harvest time (23.4
tTS ha-1, C08) in 2008, while in the fourth (last) harvest time (D08), the TS yield
decreased (10.9 tTS hal). The TS yield of giant knotweed was not measured in
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this study, but the TS yields were 14.6, 24.1 and 27.6 tTS ha-! (on average 22.1 tTS
ha-1) (Table 11) for harvests in July, August and September, respectively, at the
research centre of MTT Agrifood Research Finland in Piikki6 in 2012.
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TABLE 9 The number of leaves and cobs per maize plant, Ni content, TS yield, specific
methane yield and methane yields per hectare in maize varieties at different
sowing and harvest times in 2007 and 2008 (II). Specific methane yields are
given as mean + SD.

Maize variety Number Niot TSyield Specific Methane
of methane yield
yield

leaves cobs mg gTS!1  that 1kgVs-t m3 ha-!

Maize varieties in Laukaa in 2007

Cerruti 10.5 2.5 11.9 10.0 410+ 23 3900
MASO09A 10.2 2.0 13.5 7.4 420+ 19 2 800
Maize varieties in Piikkio in 2007
Francisco Ala 11.0 1.6 14.4 15.9 420+ 24 6 200
A2 115 1.7 10.9 17.3 370+ 21 6200
B 11.1 1.6 13.7 174 340 + 92 5900
Amara Al 120 2.0 10.3 194 410 £ 58 7 400
A2 125 1.6 12.5 20.0 430 + 28 8300
B 12.0 1.8 15.6 21.0 4409 9200
Marcello Al 116 2.1 15.2 16.1 380 + 89 5700
A2 117 2.2 11.8 18.8 460+ 75 7 500
B 12.3 1.9 14.4 14.7 420+ 32 5 800
Ronaldinio Al 107 1.5 16.5 13.1 500 + 24 6200
B 11.3 2.4 15.5 15.6 460 £ 20 6900
Amadeo Al 105 1.5 16.0 14.0 440+ 74 6 000
B 10.3 1.6 18.5 14.0 430+ 50 5700
Sampaio Al 116 1.9 18.0 16.3 470 £ 59 7 400
B 11.8 2.0 21.9 16.8 490 + 38 8300
Average in Piikkio in 2007 16.7 430 + 41 6 800
Maize varieties in Piikkio in 2008
Amadeo 134 2.0 17.8 11.6 37015 4 000
Ronaldinio 11.2 24 11.9 134 3407 4100
Amara 11.2 2.0 14.3 17.8 240+ 14 3900
Valdez 14.6 1.6 15.2 16.7 360 +7 5600
XA 7251 13.2 1.9 194 15.8 330+ 32 4 800
KXA 7254 13.9 2.1 14.4 18.1 300 +12 4900
Average in Piikki6 in 2008 15.5 320+49 4 600

Maize variety in Laukaa in 2008
Revolver 10.1 0.0 21.6 6.8 330 £130 2100

aA = sowing time 17.5.2007, B = sowing time 29.5.2007, 1 = harvest time 2.9.2007,
2 = harvest time 22.10.2007.



TABLE10  The TS (% WW), Niot content (mg gTS-1), specific methane yields (1 kgVS-) and TS yield (t ha-!) of various maize parts (stems, leaves,
cobs) (II). Specific methane yields are given as mean * SD.

Maize variety TS TS yield Specific methane yield Niot
% WW t ha-! 1 kgVS-1 mg gTS!
Stems Leaves Cobs Stems Leaves Cobs Stems Leaves Cobs Stems Leaves Cobs

Francisco Ala 187 135 1538 8.0 3.1 4.7 300+40 320+110 290+71 8.0 31.1 14.7
A2 217 860 281 6.6 2.5 8.1 320+37 360+33 450%21 4.2 21.5 13.2
B 202 315 157 8.9 3.2 52 360+64 270+£92 330+48 8.4 30.3 13.2

Amara Al 216 260 18.0 104 3.7 53 380+17 270+98 330+125 6.0 37.9 11.0
A2 212 829 302 8.2 3.0 8.8 440+£30 310+£32 420%36 9.7 20.1 12.5
B 201 274 164 10.3 4.0 6.5 390+35 370+49 480+29 9.2 39.6 12.0

Marcello Al 194 234 18.0 73 2.7 6.0 410+14 400+15 420+28 9.4 34.1 11.1
A2 210 81.0 30.8 7.2 27 8.9 310+32 360+20 41066 5.6 23.8 13.1
B 193 233 154 7.4 29 4.2 370+24 370+81 460 +25 8.1 30.6 14.7

Cerruti 20.0 200 120 5.5 1.9 2.6 360+35 360+13 390+80 6.3 21.8 17.1
MASQ09A 16.7 189 10.6 4.5 1.8 1.2 400+51 350+21 450+12 7.3 22.7 22.9

aA = sowing time 17.5.2007, B = sowing time 29.5.2007, 1 = harvest time 2.9.2007, 2 = harvest time 22.10.2007.

6¢
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TABLE11  Niot contents, specific methane yields, harvest and methane yields per hectare
of novel energy crops in 2007-2010 (IV). Specific methane yields per VS are
given as mean * SD.

Plant species Niot TS Specific methane yield Methane

yield yield
mg gTS1  thal 1kgVS! 1kgTS! 1kgWW-1  mdha-l

Jerusalem artichoke 5.1 n.d. 34047 310 100 n.d.
Sunflower 6.6 n.d. 380+£56 340 50 n.d.
Brown knapweed A072  n.d. n.d. 360+32 330 58 n.d.
B07 n.d. 15.8 220+ 4 200 69 3200
A08 19.8 9.4 320+£53 290 53 2700
B08 11.2 20.2 330+41 300 72 6100
C08 10.4 23.4 280+18 260 78 6100
D08 10.7 10.9 170+£26 180 78 2000
Sorghum 23.2 8.6 330+£62 290 50 2500
Japanese millet 16.9 13.9 340+16 310 46 4300
Giant knotweed 8.9 221> 170+25 160 48 3400
Giant goldenrod 7.2 22.7 190+65 170 68 3900
Hemp-agrimony 11.0 6.5 2107 190 51 1200
Amaranth 18.5 11.3 290+25 240 43 2700

aA, B, C, D are different harvest times in year 2007 and 2008.
bAverage TS yield in the year 2012.
n.d. not determined

4.2 Characteristics of energy crops

The chemical characteristics of the different grass species and different harvests
were determined (Table 2; I). The TS content varied from 17.4 % in cocksfoot (CF
SA 07 2nd) and tall fescue (TF SA 07 2nd) to 43.7 % (TF SA 06). TS content in the
second harvest was lower than in the first harvest for almost every grass species
and every harvest year. The high TS content of cocksfoot (CF SA 06), tall fescue
(TF SA 06) and reed canary grass (RCG SA 06a) in Saarijdrvi are apparently the
consequence of pre-wilting (24 h on the field) of the grasses. The VS/TS ratio
varied from 0.82 to 0.93, and the total nitrogen content varied from 8.1 mg gTS-!
to 36.7 mg gTS! (Table 8).

The TS and VS content and amount of leaves and cobs were determined in
both growing seasons from maize material (II). The TS content of all maize
varieties increased due to the maize varieties maturing in 2007. The average TS
content at harvest time for Al was 19.8 % and for A2 28.0 % (Table 3). The TS and
VS contents of the maize varieties cultivated in Piikkio were higher than those of
the maize varieties in Laukaa (Cerruti, MASO09A and Revolver). The total
nitrogen content varied from 10.3 to 21.9 mg gTS-1. There was an average of 2
cobs per maize plant for all maize varieties (Table 9), and only the Revolver had
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not produced any cobs by the point of harvest (Table 9). The average amount of
leaves was 12 leaves per maize plant. The Revolver, Cerruti, and MAS09A
(cultivated in Laukaa) had only 10 leaves per plant. Amara, Valdez, KXA7251
and KXA7254 had more than 13 leaves per plant in 2008, which was greater than
the other maize varieties (Bonferroni, all p values < 0.05) (Table 9).

The TS and VS content and Niot contents were also determined from the
different plant parts, stems, leaves and cobs (II). The determined TS
concentration in the stems was 20.0 % on average, and it did not change while
the plants were maturing (Table 10). The TS content for the leaves was at its
highest (83.3 %) in the second harvest (A2), when the leaves near the ground
were already in senescence (Table 10). When the cobs matured, the TS content of
the cobs increased from 17.2 to 29.7 %. The same increases and decreases also
occurred in the VS contents of the various plant parts. The Nt content of the
various maize parts were, on average, 7.5, 28.5 and 14.1 mg gTS™ in the stems,
leaves and cobs, respectively (Table 10). When the maize species matured
(harvest Al to A2), the Nt content decreased in the leaves (Bonferroni, all p
values < 0.05) and remained stable in the stems and cobs (Table 10).

The characteristics of nine novel energy crops were determined in 2007-
2010 (IV). The TS content varied from 14.7 to 42.9 %, and VS content from 13.0 to
39.4 % (Table 4). The TS content of the brown knapweed more than doubled
during the growing season, from 17.7 to 34.3 % TS in 2007 and from 18.1 to 42.9
% TS in 2008. The increases in the TS and VS contents were significant during the
growing season (Bonferroni, all p values < 0.05), with the exception of the first
harvests in the growing seasons (A07 and A08) (Bonferroni, all p values > 0.05).
SCOD (91.7,177.1, 146.0 and 194.5 mg gTS-!) and NH4-N (0.25, 0.27, 0.19, 0.38 mg
gTS1) were determined in harvests A08, B08, C08, and D08 in brown knapweed
in 2008, respectively. Nit content varied from 5.1 to 23.2 mg gTS-1. The highest
Niot content was for sorghum at 23.2 mg gTS-! (Table 11). The TS content of giant
knotweed was 20.8, 27.2 and 36.6 % TS for the harvests in July, August and
September, respectively, at the research centre of MTT Agrifood Research
Finland in Piikki6 in 2012.

4.3 Specific methane yields

4.3.1 Specific methane yields of grasses

The specific methane yields of the different grass species were determined from
the 1st, 2nd and 3rd harvests, depending on cultivation site and grass species (I).
The specific methane yields of all grasses and all harvests varied from 250 to 390 1
kgVS-1 (Table 8). Average specific methane yields across all harvests of cocksfoot,
tall fescue and timothy were, on average, 342, 336 and 335 | kgVS-1, respectively
(Bonferroni, all p values > 0.05), and for reed canary grass the specific methane
yield was lower (300 1 kgVS-1) than the others (Bonferroni, all p values < 0.05).
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The highest specific methane yield (390 1 kgVS-1) was achieved with the tall
fescue harvest in late June in 2006 (TF SA 06) (Table 8).

The effect of harvest time on the specific methane yields was evaluated in
the early flowering stage (generative growth stage, 15t harvest) and the vegetative
growth stage (2nd harvest) (I). The average specific methane yield of the 1st
harvest of all grasses was higher than in the 2nd harvest (Table 8). When
comparing the harvest time only for the reed canary grass and cocksfoot, the
specific methane yields were significantly higher in the 1%t than in the 24 harvest
(Bonferroni, all p values < 0.05) while the difference was not statistically
significant in the timothy and tall fescue (Bonferroni, all p values > 0.05). The
specific methane yield of the reed canary grass also decreased when harvested
(2006) in the early flowering stage, and flowering stages from different plots (t-
test, p = 0.052). The specific methane yields of the grass species did not differ
between the harvest years (ANOVA, all p values > 0.05).

4.3.2 Specific methane yields of maize varieties

The specific methane yields of various maize varieties of different harvest and
sowing times were determined in the batch assays in 2007 and 2008 (II). The
specific methane yields of the various maize varieties were determined at two
harvest times (Al and A2) and the sowing time (B) in 2007, and at one harvest
time in 2008. The specific methane yields of the maize varieties varied from 340
to 500 1 kgVS-! in 2007, and from 240 to 370 1 kgVS-! in 2008 (Table 9). The
harvest and sowing time did not affect the specific methane yields (ANOVA, all
p values > 0.05).

The specific methane yields were also determined separately from the stem,
leaves and cobs in the maize varieties Francisco, Amara, Marcello, Cerruti and
MASO09A in the year 2007 (II). The stems, leaves, and cobs produced, on average,
370, 330 and 420 1 kgVS-1, respectively, when all harvest and sowing times were
included (Table 10). The cobs produced more methane than the stems
(Bonferroni, all p values < 0.05) and leaves (Bonferroni, all p values < 0.05),
however, the harvest and sowing time did not affect the specific methane yields
of the various plant parts (ANOVA, all p values > 0.5). The maize variety did not
affect the specific methane yield of the various plant parts (ANOVA, all p values
> 0.05). The specific methane yields of the various plant parts of the Cerruti and
MASQ9A varieties in Laukaa did not differ from the specific methane yields of
the maize varieties in Piikkio (ANOVA, all p values > 0.05).

4.3.3 Specific methane yields of novel energy crops

The specific methane yields were measured for nine novel energy crops
cultivated in Piikkio during the years 2007-2010 and for different harvest times
of brown knapweed (two harvest times in 2007 and four in 2008) (IV). The
specific methane yields varied from 170 to 380 1 kgVS-! (Table 11). The highest
specific methane yields were for sunflower at 380 1 kgVS-! and brown knapweed
(A07) at 360 1 kgVS-1 (Table 2), while the lowest yield was for giant knotweed
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(170 1 kgVS™), which was statistically significant compared to sunflower
(Bonferroni, p = 0.007).

The specific methane yield of brown knapweed was measured at four
different harvest times during the 2008 growing season. (IV). The specific
methane yield of brown knapweed decreased at the beginning of July, from 330 1
kgVS1, to below 200 1 kgVS-1 at the beginning of September in 2008 (Table 11).
The decrease in the specific methane yields was statistically significant in 2007 (t-
test, p = 0.002), and the specific methane yields in A08 (320 I kgVS-1) and BO8 (330
1 kgVS1) were higher than D08 (170 1 kgVS-1) (Bonferroni, all p values < 0.05)
(Table 11).

4.4 The methane yields per hectare

The methane yields per hectare for each harvest were calculated using the TS
yields and the specific methane yields of the grass species and harvests (I). The
highest methane yield was recorded for reed canary grass in 2007 (RCG HA 07)
at 3 500 m3CHgy ha-! (Figure 5). Tall fescue (TF SA 07 1s) and cocksfoot (CF SA 07
1st) produced, respectively, 2 000 and 2 100 m3CH4 ha-! per harvest in Saarijarvi.
The methane yield per hectare of the 1st harvest was always higher than the
methane yield of the 2nd harvest because of the higher TS yield and specific
methane yields of the 1st harvest (Table 8). Due to apparently low TS yields per
hectare, the methane yields for some harvests of cocksfoot (CF SA 05, CF HA
06b), tall fescue (TF SA 05) and timothy (TIM HA3 06 27d and 3rd) remained
relatively low (300-700 m3CHs ha'). The methane yields per hectare was
dependent on the TS yield per hectare (r = 0.97, p < 0.01) while there was no
correlation between specific methane yields and methane yields per hectare (r =
0.141). When the grasses were harvested three times per year (grasses in
Hahkiala), the methane yields per hectare was lower in the 27 than in the 3rd
harvest.
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Methane yields per hectare were calculated for each grass species (I). In 2007, the
highest methane yields for cocksfoot and tall fescue in Saarijarvi, and for reed
canary grass in Hahkiala, produced 3 500-3 600 m3CH4 ha-! a-! (Figure 5). Reed
canary grass produced the highest methane yield of 2200 m3CHjs ha-! a-! in the
first harvesting year in Saarijdrvi, while the methane yields in the 2nd and 3t
harvesting years stayed at the same level, due to the fact that the TS yields per
hectare did not increase like they did in the case of cocksfoot and tall fescue. If
the 1st harvest was collected for other than energy purposes (for example, animal
feed), then the tall fescue and cocksfoot (TF HA 06 2nd and 3rd and CF HA 06 2nd
and 3rd) would produce 1 500-1 900 m3CHzha-! a-1.

The methane yields per hectare were calculated using the specific methane
yield and TS yield per hectare of each maize variety and harvest time (II). The
methane yields per hectare varied from 2130 to 9170 m3CH,4 ha-! a-! (Table 9).
The highest methane yields per hectare were, on average, from Amara (9170
m3CHs ha! a'), which was higher than the methane yields of Francisco,
Marcello, Amadeo, MASO9A and Cerruti (Bonferroni, all p values < 0.05) in 2007
(Table 9). The later harvest (A2) produced, on average, more methane per hectare
(7 300 m3CHgs ha-! a-1) than the first harvest (A1) (6 400 m*CHg4ha-! a-1), but it was
not statistically significant (Bonferroni, all p values > 0.05). The maize varieties in
Piikkio produced twice the amount of methane per hectare than the maize
varieties in Laukaa in both cultivation years (t-test, all p values < 0.05). The
methane yields per hectare were higher in 2007 than in 2008 in Piikkic (Table 9).
In 2008, Valdez had the highest methane yield per hectare (5 600 m3CHs ha! a-1),
compared with Amadeo, Ronaldinio, and Amara (Bonferroni, all p values < 0.05).

The stems and cobs produced the highest methane yields per hectare, with
a total average of 2900 m3CHj ha! a-! and 2300 m3CHs4 ha-! a-1, which were,
proportionally, 48 % and 37 % of the whole plant methane yields per hectare,
respectively. The leaves produced, on average, only 860 m3CH4 ha-! a1 (15 % of
the total methane yield per hectare). However, the later harvest time (A2)
increased the proportion of methane yields for the cobs from 35 % to 51 %, while
the proportion of the methane yields of the stems decreased from 50 % to 36 %.
The methane yields per hectare were lower, calculating for the specific methane
yields and TS yields of the plant parts, rather than using the specific methane
yield of the whole plant, and the TS yield of the whole plant biomass.

The methane yields per hectare of nine novel energy crops were calculated
(IV), and varied from 1200 to 6100 m3CHs ha-' a-! (Table 11). The highest
methane yield was achieved with brown knapweed at 6 100 m3CHj ha-! a-1, and
harvested in July (B08) and August (C08) in 2008 (Table 11). The second highest
methane yield per hectare was achieved with Japanese millet (4 300 m3CH4 ha-!
a’!) and giant knotweed (2 300-4 300 m3CH4 ha-! a-'). However, the methane
yield per hectare of giant knotweed was low, although it had high TS yields per
hectare (on average, 22.1 tTS ha-!), because the specific methane yield was low
(Table 11).
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4.5 Co-digestion of maize and brown knapweed with liquid cow
manure

The CSTR experiments, conducted on maize (variety Valdez) (Table 12; III) and
brown knapweed (harvested 7.7.2008) (Table 13; IV), were run for 136 days to
evaluate the methane potential and the process performance of the co-digestion
of brown knapweed and maize, with liquid cow manure, in three parallel CSTR
reactors (III, IV). Reactor 1 (R1) was first fed with liquid cow manure only, and
the OLR was constant at 2 kgVS m3 d-! (Table 13). Two other reactors (R2 and
R3) were first fed with the feedstock containing 20 % (R2) and 50 % (R3) of VS
maize (III) (Table 12). The OLR in all of the reactors was, at first, 2 kgVS m=3 d-.
After 42 days, the R1 began to be fed with liquid cow manure and brown
knapweed. The share of brown knapweed was 20 % of the feed VS, and the HRT
was 28 days (IV; Table 13). On days 98-140, the share of brown knapweed was
increased to 50 % of the feed VS (Table 13). In R2, the share of maize was first
increased to 30 %, and subsequently to 40 % on day 98 of the feed VS, while
maintaining the OLR of 2 kg VS m-3 d-1, HRT 27-30 d (Table 12). In R3, the share
of maize was increased from 50 % to 60 % of the feed VS, and the OLR was 2.5
kgVS m-3 d-1 on day 42. After that, on day 84, the share of maize was increased to
67 % of the feed VS, and the OLR was 3 kgVS m-3 d-! with the HRT being 25 days
(Table 12).

The share of maize in the feed increased the methane yield in the reactors.
With a stable process performance, the highest methane yield (259 1 kgVS-1) was
obtained when the share of the maize in the feed VS was 40 % (R2), and the
second highest methane yield was obtained when the proportion of maize in the
feed VS was 60 % (234 1 kgVS) (Fig. 6, Table 12). With brown knapweed, the
highest methane yield was 254 1kgVS-1 (50 % brown knapweed from feed). For
brown knapweed, the methane yields were 94-105% of the calculated specific
methane yield of the feed determined in the batch assays (Table 13), and in maize
it was 76-95%, when the process was stable. The lowest methane yield (153 + 461
kgVS-1) was due to the apparent overloading of R3, when the share of maize was
67 % of the feedstock VS (Table 12). The methane yield of manure (R1) was 193 +
2 1kgVS-1. The methane content of the produced biogas was 41-57 % (Table 12
and 13).

The contents of digestate were analysed during the reactor experiments.
The VFA, NHs-N and SCOD concentrations in the digestate of the reactor
remained at low levels (III, IV) (Fig. 6, Table 12, 13), except in the R3 during
overloading (maize 67 %) (III). The pH of the digestates was about 7.5 during the
experiment (Fig. 6, Table 12, 13), but in the R3, the pH dropped to an average of
6.9 during overloading (III). The SCOD ranged from 8.7 to 12.7 g I-1, while the
total volatile fatty acids (VFAtt) concentrations were generally less than 1 100 mg
I-1, except with maize at 30 % (R2), when the VFA concentration was higher
(1 918 mg I') due to some feeding problems with the syringe while operating the
reactor (Fig. 6). Also during the overloading, the VFA: concentration was high
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4854 + 798 mg 11, when the 67 % feed VS was maize (Fig. 6, Table 12; III),
consisting mainly of acetate (3 950 mg ') and propionate (980 mg 1-). During the
trials in the three reactors, the NH4-N concentration of the digestate varied from
0.53 to 0.87 g 1! (Fig. 6), and the Niot varied from 1.9 to 2.5 g 11, indicating
decreasing trends during the trials due to the lower nitrogen content of maize
and brown knapweed when compared with manure and the inoculum (Table 6,
Fig. 6). TS and VS removals were calculated for all operational conditions in the
reactors. TS removal was 16 % and VS removal 21 % of the liquid cow manure
reactor (R1). When the maize was increased in the feed (the share of maize at 30
% in the feed), the TS and VS removals increased to 28 % and 36 %, respectively.
When the share of brown knapweed was 20 % in the feed, the TS and VS
removals were 25 % and 33 %, respectively, and increased to 42 % TS and 48 %
VS, when the share of brown knapweed was 50 % VS in the feed (Table 12, 13),
showing the higher degradation of the plant material than the liquid cow
manure.
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TABLE12  Operational conditions, feedstock and digestate characteristics, and methane
and post-methanation production in the CSTR experiments for maize and
liquid cow manure (III). Standard deviation is given after +.

Cow manure and maize Cow manure and maize
low feed high feed

Reactor R2 R3

Feeding regime (FR) 1 11 11T I 11 III

Share of maize

% VS 20 30 40 50 60 67

% WW 8 11 17 18 26 35
Share of recycled digestate

% WW - - - 29 15 6

OLR kgVS m-3d-! 2 25 3

HRT d 27 28 30 25 25 25

Duration d 0-42 43-91 98-140 0-42 43-83 84-126

Feedstock

TS % 6.4 6.2 6.7 5.7 6.9 8.3
VS % 5.4 5.4 5.9 5 6.3 75
SCOD g1 14.5 11.7 11.7 14.8 13.9 149
NH;-N g1+ 0.67 0.45 0.33 0.63 0.41 0.32
Niot g 11 24 1.6 1.7 2.2 1.8 1.9
Digestate
TS % 5004 45+01 4.0+01 47400 47+£02 4901
VS % 39+04 34+01 3101 3.7+0.1 37+02 40£0.1
SCOD g 11 104+04 122+1.0 103+1.0 105+0.8 91+0.7 127+1.0
0.81 0.84 + 0.66 + 0.79 £ 0.65 + 0.53 +
NH,-N g1 0.05 0.03 0.03 0.04 0.05 0.05
Niot g 17 25+01 23+01 1901 24+00 22+01 19%0.1
pH 75+01 74+01 74+0.1 747+01 74+01 69%03
VEAo mg I 69 + 1918 + 55+ 112 + 1079 + 4854 +
119 568 22 165 129 798
Soluble P g 1+ 0.16 0.15 0.18 0.13 0.15 0.21
Piot g 17 0.51 0.46 0.37 0.44 0.38 0.35
Kot g 17 3.47 3.22 3.05 3.42 3.55 3.4
TS removal % 22 28 41 18 32 41
VS removal % 27 36 48 26 41 47
CH, con. % 52+1 44 +6 52 +2 51+3 48 +2 41+9
Calculated specific CHy yield
1 kgVS- 241 256 271 286 301 311
Specific CHy vield of
1 kgVs-t 198+7 194+84 259+ 6 221+14  234+16 15346
10.7 £ 105 + 153 + 11.0+ 14.6 £ 115+
LkgWW= 0.4 45 03 0.7 1.0 35
% of total CH, potential in substrates
82 76 95 77 78 49
Post-methanation potential
1 kgVSieed n.a. 99 75 n.a. 101 140
1 kgTSteed n.a. 86 66 n.a. 92 127
1 kgWWieeq™ n.a. 5 4 n.a. 6 11
Total methane production (reactor + post-methanation)
1 kgVSfeed™ n.a. 293 334 n.a 335 293

n.a. not analysed, Py total phosphorus, Ky total potassium.
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TABLE13  Operational conditions, feedstock and digestate characteristics, and methane
and post-methanation production in the CSTR experiments for brown
knapweed and liquid cow manure (IV) in R1. Standard deviation is given after
+

Cow manure Cow manure and brown
knapweed

Feeding regime I 1I 111

Share of crop % VS 0 20 50

OLR kgVS m-3d-! 2 2 2

HRT d 23 28 35

Duration d 0-42 43-91 98-140

Feedstock TS % 57 6.2 8.1

VS % 47 53 71
SCOD gl 13.1 10 8.8
NH;-N glt 0.72 0.68 0.41
Nuot gl 23 22 17
Digestate TS % 48+0.2 48+0.2 47+0.1
VS % 3.7+03 3.7+03 3.7+00
SCOD gl 10.0+1.0 8709 10.6 £0.7
NH;-N gl 0.87 +£0.04 0.77 £ 0.05 0.67 £0.02
Niot gl 25+0.1 22+0.0 20+0.1
pH 7501 7.5+0.03 7501
VF Aot mg |- 60 +104 57+9 59 +44
TSremoval % 16 25 42
VSremoval % 21 33 48
CHj content % 57 +2 55+2 49+3
Calculated specific CHyyield
1 kgVS-1 212 235 271
Specific CHyyield 1kgVS-t 193 £2 246 £ 31 254+9
1 kgWw-1 9.0+0.1 11.6+0.2 17.7+0.2
% of total CH4 potential
% 91 105 94
in substrates
Eg:ﬁgihamtm 1 CH kg VSieed™ na. 80+3 6147
1 CHy kgTSgeed™ n.a. 68 54
1 CHskgWW-1 n.a. 5 4
Total methane production 1CHykg VSgeea n.a. 326 315

n.a. not analysed
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The post-methanation potential of the digestate was determined in batch assays
at 35 °C for the digestates from brown knapweed at 20 % and 50 % of the feed
(Table 13; 1V), and from maize at 30, 40, 60 and 67 % of the feed (Table 12; III).
The post-methanation potentials were with brown knapweed at 61 1 kgVSteed!
(20 % of brown knapweed) and 80 1 kgVSteea (50 % of brown knapweed), and
with maize at 75-140 1 kgVSteea? (Table 12, 13). The post-methanation potential of
maize was the lowest (maize 40 %, 75 + 1 1 kgVSfeea), when the methane
production in the reactor was the highest (259 + 6 1 kgVSteea!) and when the
methane production in the reactor was low (maize 67 %, 153 + 46 1kgVSseed™?), the
post-methanation potential was high (140 1 kgVSteed?). The post-methanation
potential decreased with the increase of HRT and the share of plant biomass in
the feed. The post-methanation potentials were 25 % and 19 % of the total
methane yields for the 20 % and 50 % of brown knapweed to feed, respectively
(the methane yields of the reactor plus post-methanation experiments), and 23-
48 % of the total methane yields of maize.

The plant nutrients, trace elements and heavy metals were determined in
the feeds (maize, liquid cow manure and inoculum) and in the digestates at the
end of each feeding regime in the maize reactors (Table 14; III). Since the maize
contained fewer plant nutrients and trace elements than the manure, the
concentration of the plant nutrients and trace elements in the digestates
decreased when the share of maize in the feed increased (Table 14). The
concentrations of cadmium (Cd), lead (Pb) and arsenic (As) were under the
detection limit.



TABLE14 The concentration of plant nutrients (a) and heavy metals and trace elements (b) of the maize, liquid cow manure,
inoculum and digestate from the CSTR experiment with maize (III) and biogas plant in Austria (maize silage and digestate 100 %
maize in feedstock) (Pobeheim et al. 2010).

a) Plant nutrients S Mg K Na P Fe Si Ca C N C:N
mg mg mg mg mg mg mg mg g g
kgTS! kgTS! kgTSt kgTSt kgIS! kgTS! kgTS! kgTS! kegTS! kgTS!  ratio
Maize 530 1430 19330 90 2090 110 520 2990 440 16 28
Maize silagea 990 1250 8 000 50 3590 80 n.a. 1800 n.a. n.a. n.a.
Inoculum 3730 6160 47360 2750 8320 530 3070 10600 410 22 19
Cow manure I 3710 5600 40750 1620 7 350 350 1930 9 680 440 20 22
Cow manure II 2 860 4180 33210 2500 6 050 430 960 7 230 440 16 27
Reactor Share of maize
1 0 3 660 7200 50670 2410 9 660 560 4840 12540 420 23 18
2 20 3840 7490 57330 2680 9810 560 5720 12870 410 24 17
2 30 3600 6700 50600 2600 9350 620 2010 11720 410 23 18
2 40 3200 5880 49270 2710 8 620 770 2080 10670 400 24 17
3 50 3340 6250 62620 2760 7 990 460 6690 11600 410 25 16
3 60 3170 5430 49370 2010 7 560 540 2270 9780 410 23 18
3 67 2920 4380 43380 1720 7 040 550 1780 8990 430 23 19

Digestate 100 % maize b 3610 4120 28020 680 14170 1640 n.a. 9140 n.a. n.a. n.a.

4}



TABLE 14  Continues.

b) Heavy metals and trace elements Cd Cu Cr Ni Zn Pb As
0.8-2.7¢ 1.2-4.3c 1.1-3.7¢ 2-6.6¢ 3-10¢ 1.8-6¢ 1.7-5.5¢
mg kgTS! mgkgTS! mgkegTS! mgkegTS!? mgkgTS?! mgkgTS! mgkeTS-!
Maize - 4.3 - - 21.5 - -
Maize silagea na. 49 <0.05 0.7 224 na. n.a.
Inoculum - 20.8 2.7 2.8 92.5 - -
Cow manure [ - 18.1 2.5 2.6 85.2 - -
Cow manure II - 14.7 1.3 2.1 65.1 - -
Reactor Share of maize

1 0 - 17.5 4.1 3.0 109.1 - -

2 20 - 18.1 3.6 3.0 93.4 - -

2 30 - 20.0 1.3 4.7 90.2 - -

2 40 - 22.3 1.7 16.6 90.7 - -

3 50 - 17.2 2.8 2.3 85.4 - -

3 60 - 16.8 1.7 2.0 80.8 - -

3 67 - 14.2 1.7 - 72.5 - -
Digestate 100 % maize © n.a. 23.9 1.9 3.1 150.0 n.a. n.a.

aPlant nutrients and trace element content of maize silage (Pobeheim et al. 2010).
bPlant nutrients and trace element contents of digestate from biogas plant in Austria, feedstock only maize silage (Pobeheim et al. 2010).

cdetection limit - definition limit
- = under detection limit
n.a = not analysed

€q
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4.6 Energy balance of cultivation energy crops for biogas
production

The energy production and consumption for cultivation were calculated for
grass, maize and brown knapweed, which produced 2200, 3900 and 3850
m3CHs hal, respectively, corresponding to a gross energy of 79900 MJ ha-l,
140 400 MJ ha! and 138 600 MJ ha-l, respectively (Table 15). The highest energy
input was for manufacturing chemical fertilizers, from 2 925 to 9 945 MJ ha-la’l;
however, when using the digestate as fertilizer the energy input (loading and the
transportation of digestate to the fields) of the fertilization was only 168-570 M]
ha-! a1, depending on the cultivated energy crop (Table 15). When using the
digestate for fertilization, the diesel fuel consumption for the maize cultivation
and harvesting was over 50 % (3 225 MJ ha-! a'!) of the total energy input of the
cultivation (sowing and ploughing every year). The energy inputs of diesel fuel
for the cultivation and harvesting of perennials were 1 290 MJ ha-! a-! for brown
knapweed and 2450 MJ ha-! a-! for grass. The high diesel fuel consumption of
grass cultivation was due to two harvests per growing season. Forage harvesting
has the second highest diesel fuel consumption per hectare (12 1 ha-1) after
ploughing (24 1 ha-1) (Table 7).

TABLE15 The energy consumption of cultivation inputs (M] ha-! a-1), total energy yield
(MJ ha-!a!) and the input/output -ratio of grass, maize and brown knapweed
cultivation, with the fertilization of digestate or chemical fertilizer.

Energy input Grass Maize Brown knapweed

Digestate Chemical Digestate Chemical Digestate Chemical

Cultivation, diesel 960 762 2480 2082 544 445
Harvesting, diesel 1490 1490 745 745 745 745
Liming 400 400 400 400 400 400
Fertilization 570 9 945 302 5265 168 2925
Herbicide 59 59 295 295 111 111
Preservative 261 261 551 551 515 515
Seed 60 60 240 240 30 30
Total input, MJ ha-1a-! 3 802 12978 5014 9579 2512 5170
Total output MJ ha-la! 79920 79 920 140400 140400 138 600 138 600
input/output 4.8 % 16.2 % 3.6 % 6.8 % 1.8 % 3.7 %

The energy balance was calculated to compare the input/output relationship of
every crop, and the different fertilization methods. The best (1.8 %) input/output -
ratio was the cultivation of brown knapweed by using digestate as a fertilizer, and
the worst (16.2 %) was when cultivating grass with chemical fertilizers (Table 15).
The energy balance of using chemical fertilization in cultivation was almost doubled
or even higher when compared to the use of digestate as a fertilizer.



5 DISCUSSION

5.1 Selecting energy crops for biogas production

The results of the present study showed that cultivating energy crops can achieve
high methane yields per hectare from grasses, maize and novel energy crops, like
brown knapweed, in boreal conditions. The highest methane yields per hectare
were achieved with maize cultivation (4 000-9 200 m3 ha-! a-!), and the second
highest yields were in brown knapweed cultivation (2700-6 100 m? ha-! a™)
(Tables 16, 17). These two energy crops produce more methane than other
recently tested feasible energy crops, such as grasses, which have been produced
in boreal conditions (1 200-3 600 m3 ha-! a-!). To achieve high methane yields per
hectare, the TS yield and specific methane yields of crops have to be high, or they
have to compensate each other.

The specific methane yields of maize were the highest at 240-500 1 kgVS-1.
Additionally, the TS yields per hectare were high (11-21 tTS ha-) in southern
Finland, and in the lower range in Central Finland (6.8-10 tTS ha-1). The specific
methane yields of the novel energy crops were at the lower range at 170-380 1
kgVS-1, but the TS yields per hectare were high (7-23 tTS ha-1), which also
resulted in high specific methane yields per hectare. The specific methane yields
of the grasses were 250-390 1 kgVS-1, but the TS yields per hectare were low (6-13
tTS ha-1). In this study, the specific methane yields have been achieved in fresh
crop material, which have been reported to be 2-8 % higher than those achieved
in ensilaged plant material, when storage losses (VS) have been considered
(Pakarinen et al. 2008, Herrmann et al. 2011). During ensiling and storing, storage
losses (VS) occur, which were mainly compensated by increased methane yield
per kg VSadded (Table 16) (Herrmann et al. 2011). The high TS yield per hectare (r
= (0.97) is more important than the specific methane yield, because high TS yields
compensate better for the low specific methane yield to achieve high methane
yields per hectare. In a previous study, the optimal harvest time for forage to
biogas production was later than the normal dates for harvesting forage for milk
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production, since the lower specific methane yield was compensated for by
higher TS yield per hectare (Fig. 4) (Gunnarson et al. 2008).

TABLE16  Screening crops for biogas production among different characteristics and
variables in this study and according to previous studies. References are given
in parentheses.

Grasses Maize Brown Other novel
knapweed energy crops
Methane yield, m? ha-! 1200-3 600 4 000-9200 2700-6100 1200-4 300
Specific methane yield, 250-390 240-500 180-360 170-380
1 kgVS-
TS yield, t ha-! 6-13 13-21 15-23 7-23
Annual or perennial perennial annual perennial  annual/perennial
Sustainability (1, 2, 3, 4) High High High -
Input/output balance of 4.3 % 3.3 % 1.7 % n.c.
cultivation with digestate  (16.3 %) (6.8 %) (3.8 %)
(with chemical fertilizer)
Cultivation zone Whole Southern Whole -
Finland parts in Finland
Finland
Carbon accumulation (5, 6, High Low High -
7,8)
Fertilization (8, 9) High High Low Variable
Plant protection Low High Moderate Variable
Biodiversity (8,10) High - - -
Frost resistance High Low - -
Familiar to farmers (11) Yes No No No
Anaerobic digestion Moderate High High -
process stability (8, 12, 13,
14)
Storage mass losses (VS) 2-5% 4-8 % - -
(15, 16)

n.c. not calculated in this study

- No information

References: 1: Korres et al. (2010), 2: Gerin et al. (2008), 3: Felten et al. (2013), 4: Fazio &
Monti (2011), 5: Saggar et al. (1997), 6: Freibauer et al. (2004), 7: Jones & Donelly (2004), 8:
Prochnow et al. (2009), 9: MAVI (2009), 10: Khalsa et al. (2012), 11: Murphy & Power
(2009), 12: Lehtomadki et al. (2007), 13: Comino et al. (2010), 14: Thamsiriroj et al. (2012),
15: Pakarinen et al. (2008), 16: Herrmann et al. (2011).

When selecting energy crops for biogas production, the high methane yield per
hectare is not the only thing to consider. The energy crops must also be easy to
cultivate, harvest and store (mass (VS) losses during storing), tolerant to weeds,



57

pests, diseases, drought and frost, and have a good winter hardiness (Table 16).
They must be easy to feed into the biogas process and to ensure stable, feasible
and efficient anaerobic digestion process. According to the results of this study,
maize and brown knapweed have suitable feeds with co-digestion with liquid
cow manure. The anaerobic digestion processes (OLR 2 kgVS m=3 d-1) were
stable, and the highest methane yields were with maize at 259 1 kgVS-1 (40 % VS
maize in the feed), and with brown knapweed at 254 1 kgVS-1 (50 % VS in the
brown knapweed).

Maize can only be cultivated in southern Finland (cultivation zone I), where
the high methane yields per hectare of this study have been achieved (Table 9). In
Central Finland, maize cultivation suffered from the low heat summation and the
short growing season in this study. Grasses can be cultivated throughout
Finland, and are suitable sources of biomass for biogas production in boreal
conditions (Table 16), when taking into account the familiarity for the farmers
and yield security. The important factors to take into account, when choosing
grass species for biogas production, are a high biomass yield per hectare, good
digestibility and regrowth ability after the first harvest, like cocksfoot, timothy
and tall fescue had in this study.

According to this study with novel energy crops, brown knapweed is the
most promising novel energy crop for biogas production in northern conditions.
The TS yield (15-23 tTS ha'!) and methane yield (almost 6 100 m3CH4 ha-!) per
hectare are higher than previously considered grasses in biogas production
(Table 17; 1, IV). Brown knapweed appears to be flexible at harvest time, as the
methane yield per hectare was the same in July and August, even though the
specific methane yields decreased (from 330 to 280 1 kgVS-1) during the growing
season while the TS yield increased (from 20.2 to 23.4 tTS ha-!) (Table 11). Brown
knapweed is easy to cultivate and grows tall, and it starts to grow when the soil
has thawed in the spring (Nissinen et al. 2010). Field trials with brown knapweed
using different fertilization levels were conducted at the MTT Agrifood Research
Finland in 2004-2009 (Nissinen et al. 2010).

Among other novel energy crops for biogas production, giant knotweed
could be another novel crop for biogas production. Giant knotweed produced
4 300 m3CHy ha-l, although the specific methane yield was low (170 1kgVS-1) due
to the late harvest time in this study (Table 11). Giant knotweed has been
classified as an invasive weed, but two new cultivars for giant knotweed have
been developed, which are not invasive, due to the fact that they have no stolons
and no seeds. These two cultivars are IGNISCUM Candy® (for biogas
production) and IGNISCUM Basic® (for incineration), which can be grown
normally in the fields (Lebzien et al. 2012). IGNISCUM Candy® can be harvested
2-3 times during the growing season (Lebzien et al. 2012), which will increase the
specific methane yield, when compared with the specific methane yields
achieved in this study. The IGNISCUM species can only be sown from seedlings
(micro-propagation), because the seeds of IGNISCUM (if they have any) do not
germinate. IGNISCUM has been studied for its suitability for cultivation in
Central Europe, and those experiments show that it is able to grow in poor
nutrient soils (Veste et al. 2011). The TS yields per hectare, and the specific
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methane yield, can be considered to be almost equal to maize (Lebzien et al.
2012). Furthermore, it is advisable to cultivate poor and marginal lands where
conventional cropping systems are not economically profitable, and the growing
conditions are not favourable (Veste et al. 2011). Further study will be needed for
cultivation management and growing possibilities on giant knotweed
throughout Finland.

There are still many potential areas of investigation for the cultivation
management of novel energy crops, including what kinds of soil preparation and
sowing management should be done, and what are the right fertilization levels
and optimal times to harvest. More research will be needed to improve
cultivation management, energy balance and sustainability. However, according
to this study, the high yielding novel energy crops for biogas production can be
found in wild plants, like brown knapweed or weeds, like giant knotweed.

Using different food crops and energy crops for biogas production increases
the diversity of the fields in the whole agro ecosystem. Cultivating wheat, barley
or sugar beets for ethanol production, or rapeseed for biodiesel production, uses
only a few crops for the cultivation of renewable energy sources, but in biogas
production, different crops can be cultivated, including perennial grasses, maize,
brown knapweed, giant knotweed, helianthus tuberosus, ley crops, and there is
also a use for crop residues etc. In addition to designing a regional crop rotation,
there can be an alternative to maize monoculture in Central Europe (Herrmann
2013), and cereal monoculture in boreal conditions. The cereals from crop
rotation can be utilized as food production and perennial grasses for feed, or for
biogas production. The crops and plants which are used for biogas production
can also be perennial, with advantages for the soil conditions and structure,
increasing the humus and carbon concentration of the soil (Saggar et al. 1997,
Freibauer et al. 2004, Jones & Donelly 2004, Prochnow et al. 2009) and improving
the growing conditions for the next year’s cereal production (Table 16). These
issues must be considered when choosing the guidelines for the sustainable
production of renewable energy (Table 16).

The potentially cultivated areas for biogas production consist of fallow land
(fallows, nature management fields), which could be dedicated to biomass
production without risking food supplies or feed production. The biomass
cultivation for biogas production would also be a good alternative for the green
manure of organic farming, which could be harvested for the anaerobic digestion
process to produce biogas and after which the digestate can be used as a fertilizer
in organic fields. The biodiversity of grasslands can increase with low mowing
frequencies of only one or two cuts per growing season (Prochnow et al. 2009)
(Table 16). On the other hand, grassland cultivation for biogas production may
be advantageous to biodiversity when poor yielding fields are not abandoned
(Prochnow et al. 2009).
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TABLE17  The annual biomass yields and methane yields per hectare of selected energy
crops reported in previous studies and in this study considering energy crops
for biogas production in northern conditions. The energy crops have been
distributed into three groups according to their methane yields per hectare.

Energy crop Biomass ~ Methane Reference

yield yield
tTS ha! m3 ha-!

Methane yield less than 3000 m*CH, ha-1

Lupine in Finland 4-7 1300-2300 Lehtomaki et al. (2008)

Rhubarb in Finland 2-4 800-1700 Lehtomaki et al. (2008)

Grasses in hill site in Austria 42-6.4 1000-1200 Amon etal. (2007a)

Sorghum 8.6 2500 v

Hemp-agrimony 6.5 1200 v

Amaranth 113 2700 IV

Methane yield 3000-5000 m3CH4 ha-?

Maize in Central Finland 10 2100-3900 1I

Nettle in Finland 6-10 2200-3 600 Lehtoméki et al. (2008)

Hemp in Finland 14 3 066 Pakarinen et al. (2011a)

Faba bean in Finland 10 3390 Pakarinen et al. (2011a)

Sunflower n.r. 2500-4 600 Amon et al. (2007a)

Grasses 6-13 1200-3600 I

Reed canary grass in Finland 9-10 3 800-4 200 Lehtomaéki et al. (2008)

Timothy-clover grass in Finland 8-11 2900-4 000 Lehtomaéki et al. (2008)

Grasses in valley site in Austria nr. 2700-3500 Amon et al. (2007a)

Switchgrass in Canada under 11-12  2900-3400 Massé et al. (2010)

cool humid climate

Giant goldenrod 22.7 4 000 v

Japanese Millet 13.9 4300 v

Giant knotweed 14-27 2300-4300 IV

Methane yield more than 5000 m3CH, ha-!

Jerusalem arctichoke in Finland 9-16 3100-5400 Lehtoméki et al. (2008)

Sorghum 9.9-208 4500-5800 Mahmood & Honermeier

(2012)

Maize in southern Finland 11-20 4000-9200 III

Maize in Finland 15 5600 Pakarinen et al. (2011a)

Maize in Denmark 11-18 3 600-6 500 Bruni et al. (2010)

Maize in Slovenia 24-29 6400-8 900 Oslaj et al. (2010)

Maize in Austria 20-30 8 000-13 000 Amon et al. (2007)

Brown knapweed 15-23 2700-6100 IV

n.r. not reported
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5.2 Methane production of energy crops in boreal conditions

5.2.1 TS yields per hectare

In this study the TS yields of all maize varieties were high in Piikkio (13-21 tTS
ha-1) (Table 9), and are in the same range as those reported for maize in Denmark
(10.6-18.2 tTS ha!) (Bruni et al. 2010) (Table 18). In Slovenia, the achieved TS
yields were 24-29 tTS ha! (Oslaj et al. 2010), and in Austria they were 20-30 tTS
ha-! (Amon et al. 2007a,b), which show the better growing conditions in these
countries (higher heat summation and longer growing season) compared to
Finland (Table 18). The TS yields of maize cultivated in Laukaa produced 6.8-10
tTS hal, which resulted from a lower fertilization level in Laukaa (80 kg N ha-1),
a shorter growing season, and lower heat summation than in Piikkio (Table 3).
The same reasons could have also caused the lower TS yields in Piikkic in 2008,
because the fertilization level was only 118 kgN ha-!, and the heat summation
was 1045 °C degree days, compared to the heat summation (1085-1419 °C degree
days) and fertilization level (180 kgN ha-') of 2007 (Table 3). According to the
previous cultivation experiments, maize yielded an average of 6.4 tTS ha™! in
Maaninka in Central Finland (Table 18) (Niiranen 2008), and 4-8 t TS ha-!
(nitrogen fertilization 100 kgN ha-1) in 2010 and 13-18 tTS ha-! 2011 in Central
Finland (Saarinen et al. 2012). In previous studies, the variations in the growing
seasons and fertilization levels affected the TS yields (Saarinen et al. 2012). In
2007, the heat summation was 10 % higher in Finland than on average. However,
the heat summation in 2008 was at the average level (Finnish meteorological
institute 2007, 2008). Furthermore, the precipitation, soil type, fertilization and
plant management affected maize cultivation and TS yields per hectare. A
previous study from northern Germany (characterized by low temperature, high
precipitation and clay soils) found that forage grass and cereals grown for the
whole crop silage achieved yields in the same range as the maize, but at a higher
yield security (Quakernack et al. 2012). The high TS yields per hectare in 2007
were also result of the longer growing time compared with the maize yield in
2008. The growing time for the maize varieties was approximately 100 days in
Laukaa and 96-158 days in Piikkio. The harvest time of the maize in this study
was very early, compared with the harvest time for the other studies, when the
growing time for maize was 130-195 days (Table 18) (Bruni et al. 2010, Amon et
al. 2007b, Schittenhelm 2008).

The TS yields per hectare varied among the grass species and harvest year,
from 6 to 13 tTS ha-'a-! (Table 8). In this study the different fertilization rates (51-
110 kgN ha') and harvest times were variable and they have an effect to the
achieved TS yields. The TS yields of official variety trials (optimal fertilization,
harvest times and cultivation methods) were 9-11 tTS ha! for timothy and tall
fescue in Finland (Kangas et al. 2012). In the second harvest, tall fescue and
cocksfoot showed higher TS yields (5.1 and 5.2 tTS ha-?) than either timothy (2.7
tTS ha™') or reed canary grass (2.9 and 3.4 tTS ha-1). In general, tall fescue and
cocksfoot have better regrowth ability after the 1st harvest than timothy and reed
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canary grass (Sheldrik 2000). Good regrowth ability means higher TS yields from
the 2nd and 3rd harvest. High TS yields can be achieved from grasslands, when
grass mixtures are cultivated because the growth rates of the different grass
species compensate for each other. In the second harvest year (2006) the growing
season had very low rainfall and the second harvest failed because of no growth.
This led to low annual methane yields per hectare in Saarijdrvi. Reed canary
grass achieved high TS yields when harvested after winter and it has been found
to be more suitable for combustion than other perennial herbaceous grasses
(Pahkala & Pihala 2000).

In the early growing season, when growing conditions are at their best, the
nitrogen uptake of the grasses was even higher than the amount supplied by the
fertilizer (Hakkola 1998). Therefore, grasses have a high nitrogen efficiency.
Nitrogen fertilization increases the TS yields of grasslands and it has an effect on
the species composition (Griffin et al. 2002). The digestate produced by anaerobic
digestion is suitable for fertilizing grassland. The spreading of digestates in
spring has given the best results to the efficient use of nitrogen for grass dry
matter production, and for reducing environmental risks (Matsunaka et al. 2006).
The best results of using digestate as fertilizer have been achieved when the
digestate was used as a local fertilizing (digestate located below the ground)
(Kapuinen et al. 2008).

In this study the highest annual TS yields among novel energy crops were
for brown knapweed at 20.2-23.4 tTS ha-! (B07, C07) and giant goldenrod at 22.7
tTS ha-! (Table 11), which were about two-fold higher than the grass yields in
Finland, which were 6-13 tIS ha! (Table 17; I). The TS yields of brown
knapweed increased from the first harvest (A08) to the third harvest (C08) in
2008, while in the fourth (last) harvest, the TS yield (10.9 tTS ha-!) decreased
because of the defoliation of leaves. Brown knapweed produced almost 9 tTS ha-!
in northern Finland (Rovaniemi) and up to 20-24 tTS ha-! in Central Finland
(Laukaa) (Nissinen et al. 2010), indicating the potential of high TS yields in
northern conditions. Sorghum is a C4 crop, which produces higher TS yields (10-
20 tTS ha™') in warmer conditions (Mahmood & Honermeier 2012). Sorghum,
Japanese millet and amaranth are C4 plants which grow best in the tropics and
subtropics, but the TS yields (8.5-13.9 tTS ha-l) of these plants in this study was
quite high when compared with the yield of grasses in Finland (Table 17; I).
Additionally the Niot content of brown knapweed (A08) was high at 19.8 mg gTS!
(Table 11), and brown knapweed had taken Nt of 186 kg ha-1. The efficiency of
nitrogen use for brown knapweed was high because it received only 30 kgN ha-!
of nitrogen fertilizer (Table 4). The high efficiency of nitrogen use is typical for
weeds and wild plants (Nissinen et al. 2010).

5.2.2 Specific methane yield

The maize varieties produced the highest specific methane yields (240-500 1
kgVS1) in this study, and are comparable with other reports in the relevant
literature (Table 18) (Amon et al. 2007a,b, Shittenhelm 2008, Tatah et al. 2008,
Bruni et al. 2010, Oslaj et al. 2010, Pakarinen et al. 2011b, Gao et al. 2012). There
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were no differences in the specific methane yields of the harvest and sowing time
(Table 9), whereas the specific methane yields have been found to increase
towards maturity (Schittenhelm 2008) (Table 18). In contrast, Amon et al. (2007b)
found a general decrease in the specific methane yields towards maturity. The
biomass yield increases when the plants mature, but the direction of the specific
methane yield is not obvious. According to Amon et al. (2007b), the maize used
in their study indicates that the specific methane yields were strongly dependent
on maize composition. Nutrients, crude protein, crude fat, cellulose, and
hemicellulose proved to have an influence on methane production (Amon et al.
2007a,b, Oslaj et al. 2010), and the biggest increase in the specific methane yield
was in relation to the crude protein and crude fat (Amon et al. 2007a,b). In
another study, the composition of maize had no any influence on the specific
methane yields (Schittenhelm 2008). According to Schittenhelm (2008), the
energy maize prototypes, Doge and Mikado, in spite of a significantly greater
plant height and higher cellulose and lignin concentration, did not produce
lower specific methane yields than the shorter maize hybrids. This may be
attributable to the fact that the complexity of the bonding within the cell-wall
carbohydrate complex increases towards physiological maturity (Morrison et al.
1998), and that the stover cell-wall fraction of immature energy maize is more
easily accessible to microbial fermentation (Schittenhelm 2008).

The various maize plant parts have different specific methane yields, which
were the highest in cobs, with an average of 370 1 kgVS-1. Furthermore, the
specific methane yields of the cobs increased when the maize varieties matured,
and the photosynthetic products were transported to the cobs. The cobs are sinks
where the photosynthetic products (proteins, fatty acids, starch) and nutrients
will be transported from the source organs (stems and leaves). The cobs produce
more methane than other plant parts because they contain higher concentrations
of easily degradable components, such as starch, fatty acids and protein (Ettle &
Schwarz 2003). The leaves produced an average of 310 1 kgVS-1, and the stems
produced an average of 340 1 kgVS-! (Table 10). The results are at the same level
as those previously reported for specific methane yields (corn cob mix 316 I
kgVS-1, corns only 309 1 kgVS-1, maize without corn 274 1 kgVS-1) (Amon et al.
2007b). The digestibility and specific methane yields of the stems and leaves
decrease when maize matures, because of not easily degradable components
such as lignin, neutral detergent fibre (NDF), acid detergent fibre (ADF) and
cellulose concentration increase (Darby & Lauer 2002, Ettle & Schwarz 2003,
Kruse et al. 2008). Lower cell wall concentrations were consistently reported for
the hot growing season, compared to the cool growing conditions (Kruse et al.
2008). Stover (includes stems and leaves) fibre content usually continues to
increase after silking. This is caused by an accumulation of cell wall material and
remobilization of non-structural carbohydrates into the growing cobs (Kruse et
al. 2008, Herrmann & Rath 2012). Nevertheless, the whole-crop-fibre content
decreases as a result of starch accumulation in the cob, which overcompensates
for the rise in the cell wall content of the stover (Kruse et al. 2008). The
digestibility of the stems and leaves has been studied previously in relation to
corn maize residues being used for silage (Tolera et al. 1999). Varieties with
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better stover digestibility have been developed, which is good for maize varieties
being used in biogas production.

Whole maize crops produced more methane in the batch assays than the
stems, leaves and cobs alone, and the specific methane yields per hectare were
higher than the methane yields per hectare calculated for the various plant parts.
Similar results were achieved earlier from the maize without cobs, corn cob mix
and whole maize crops (Amon et al. 2007b). A whole maize crop contains
nutrients that are suitable for anaerobic microbes, and the concentration and
ratio of nutrients can likely be more conducive to methane production, as in an
improved C/N -ratio. The C/N ratio of maize (variety Valdez) was 28 (Table 14),
which is optimum for the anaerobic digestion process. This means that, when
maize is used for biogas production, the whole maize crop should also be
harvested for biogas production, because the specific methane yields per hectare
are consequently the highest. The methane yield per hectare decreased in the
later harvest of stems and leaves alike. Moreover, the methane yields per hectare
of maize without the cobs decreased when the maize was maturing (Amon et al.
2007b).

The specific methane yields of the grass species (250-390 1 kgVS-1) obtained
in this study were within the same range as those previously reported for grasses
(Kaparaju et al. 2002, Mdhnert et al. 2005, Lehtoméki et al. 2008). In this study,
the specific methane yields of grasses decreased from the 1st to 2nd harvest, as in
an earlier study (Amon et al. 2007a, Massé et al. 2010). With the increase of
maturity, the proportion of the cell wall components of the grasses (cellulose,
hemicellulose and lignin) increases, whereas the proportion of cell contents
decreases (Bruinenberg et al. 2002, McEniry & O’Kiely 2013) (Fig. 3). When the
spikes and panicles begin to appear, the TS yield is almost at its maximum,
digestibility is high, and the ratio of leaves to stems is high. The leaves of grasses
are more digestible than the stems (Gilliland 1997, Bruinenberg et al. 2002),
which contain little protein and have low digestibility (Nissinen 2004). In the
generative growth stage, the TS yield increases to over 200 kg TS ha-! per day,
however, digestibility (Ito et al. 1997), and the amount of raw protein, decrease
by 0.5-1.0 percentage units per day (Nissinen 2004) (Fig. 4). Postponing the first
harvest may increase the methane yield per hectare due to the higher TS yield
(McEniry & O’Kiely 2013). Generally, however, the specific methane yield falls
when grasses mature due to the increase in lignin and neutral detergent fibre
content (McEniry & O’Kiely 2013). After the first harvest, the regrowth of grasses
is typically leafier, containing less cell wall carbohydrate, however it is less
digestible than the corresponding primary growth of grass (Huhtanen et al. 2006,
Kuoppala et al. 2008). The lower digestibility of the regrowth grass silage is
related to the higher proportion of indigestible NDF in the cell wall, compared
with the grass silage harvested from the generative growth stage (Huhtanen et al.
2006). The efficiency of anaerobic digestion can be improved in mixed feedstock,
such as the different grass species with legumes, because the neutral detergent
fibre content of grasses is usually higher than that of legumes. Also, increasing
the proportion of legume species in the mixture, the leaf to stem ratio increases,
and the specific methane yields can increase (Nizami et al. 2009, Kandel et al.
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2013). The low specific methane yields of reed canary grass are apparently due to
low digestibility, which is the reason why reed canary grass is not a good forage
species (Ito et al. 1997, Geber 2002). In the present study, the TS yield and
methane yield of reed canary grass decreased during the harvest year. Reed
canary grass has also been reported to be less tolerant of frequent cutting than
other grasses (Ito et al. 1997).

The specific methane yields of novel energy crops were in the lower or
same range as those usually used for biogas production (grasses and maize). The
high specific methane yields are due to the fact that certain crops (grasses and
maize) have been bred for food and feed, having good digestibility. In this study,
the specific methane yield of sunflower (380 1 kgVS-1) was in the upper range as
achieved in the late harvest time 154-335 | kgVS-1 in Austria (Amon et al. 2007a)
and with sorghum (330 1 kgVS-), in the same range at 230-380 1 kgVS- in
Germany (Mahmood & Honermeier 2012). The specific methane yield of wild
plant, brown knapweed (on average 290 1 kgVS-1), and weed, giant knotweed
(170 1 kgVS1), were in the same range as previously reported (104-302 1 kgVS-1)
(Triolo et al. 2012). Triolo et al. (2012), who studied wild plants, crops, lawn, and
hedge and wood cuttings, found that the specific methane yields of wild plants
varied more than the specific methane yields of crops. The high variation in the
specific methane yields of the wild plants was due to the large and variable
amount of lignocellulose in wild plants (Triolo et al. 2012).

The novel energy crops in this study included the different species of plants
(annual or perennial and monocotyledon or dicotyledon), and that is why the
specific methane yields varied from species to species. The large variable of
specific methane yields was also the result of the growing stage (vegetative or
generative) at harvest time. The decrease of the specific methane yield of brown
knapweed during the growing season was due to the defoliation of the leaves,
and the stems lignified. The specific methane yields of maize (II) and grass (I)
have also decreased during the growing season (McEniry & O’Kiely 2013).

The specific methane yield of giant knotweed was low when compared
with previous studies (170-260 1 kgVS-1) (Salter 2007, Lehtomdki et al. 2008),
which apparently was because it was harvested during the late maturing growth
stage, when its digestibility had decreased. Giant knotweed can be harvested two
to three times during the growing season, because it produces new stems and
leaves after every harvest (Lebzien et al. 2012). Harvesting giant knotweed at an
earlier growth stage will see an increase in the specific methane yield, because
the plant is more immature than in this study, when giant knotweed was
harvested at the end of August. The harvest intensity and harvest time of giant
knotweed must be studied more carefully so that higher specific methane yields,
TS yields and methane yields per hectare can be achieved in boreal conditions.

5.2.3 The methane yield per hectare
The results of the present study show that maize can be cultivated in boreal

conditions for biogas production in southern Finland. The methane yields were
lower in 2008, apparently due to a shorter growing season, lower heat
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summation and lower fertilization rate than in 2007, and, therefore, the TS yields
were also lower. The methane yields achieved in Piikki6 are in the same range as
those in previous studies: 5 500-6 500 m3 ha-! in Denmark (Bruni et al. 2010) and
6 400-8 900 m3 ha-! in Slovenia (Oslaj et al. 2010) (Table 18). The highest maize
methane yields 7 500-10 200 m3? ha-! were reported regarding maize varieties
harvested at “wax ripeness” in Austria (Amon et al. 2007a,b). Moreover, high
methane yields have also been achieved in Germany (7400-9 400 m3 ha-)
(Schittenhelm 2008) (Table 18). The high methane yields per hectare (4 000-9 000
m? ha-') in Finland are due to both the high specific methane yields and the high
TS yield per hectare. The significance of the maize variety is not very important
in boreal conditions; however variety should be tolerance for cool conditions,
because the later maturing maize varieties do not have time to mature due to the
shorter growing season. Maize can be harvested to the biogas process at the early
maturing stage, when the cobs are not even appeared. Naturally, the significance
of the variety is more important in the Central Finland than the southern parts of
Finland, where the growing season is longer.

The methane yields per hectare increased when the maize was harvested at
a later harvest time (A2) due to the higher TS yields per hectare (Table 9). In
Denmark, the methane yield per hectare increased, on average, from 3797 to
6314 m3 ha! in late ripening varieties in later harvest (Bruni et al. 2010), but in
our study, the colder weather limited the growth of maize, and the methane
yield per hectare did not increase as much (only 900 m3CHjy ha-?) in the autumn.
Moreover, in other studies, the methane yields per hectare increased when maize
was harvested later (Amon et al. 2007a,b, Schittenhelm 2008). The optimum
harvest time for maize grown for biogas production is presently under
investigation (Amon et al. 2007a,b, Kruse et al. 2008).

Grasses are a suitable source of biomass for biogas production in boreal
conditions, producing methane yields that ranged from 1 200 to 3 600 m3 ha-' a-!
in different harvesting years (Table 17). Over 3 000 m?® ha! could be achieved
when the TS yields are over 9 tTS ha-!. This is possible if the both grass harvests
are fertilized and harvested, like result in official variety trials have shown when
the TS yields of grasses can be 9-11 tTS ha? (Kangas et al. 2012). No difference
was observed in the methane yields per hectare between tall fescue, cocksfoot
and timothy in this study. The methane production of grasses has been 800-3 500
m? ha a”l, depending on the management intensity and the cropping system
used in the Alpine region in Austria (Amon et al. 2007a), and in the Ardenne
uplands in Belgium (Gerin et al. 2008). According to Kandel et al. (2013), the
maximum methane yield per hectare (5430 m3 ha-! a-!) of reed canary grass can
be achieved with two harvests per growing season: the first in the summer and
the second in the autumn. Furthermore, the methane yields per hectare were also
increased when the amount of different plant species increased in the field
(Khalsa et al. 2012).

The highest methane yields per hectare of nine novel energy crops were
achieved in this study with brown knapweed (6 100 m3CH, ha-! a-1) harvested in
July (B08) and August (C08) in 2008 (Table 11), which was at the same level as
the methane yield of maize in Denmark (3 600-6 500 m3 ha! a-!) (Bruni et al.
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TABLE18  The maize cultivation, growing time, TS content, TS yield, specific methane
yield and methane yield per hectare in previous studies.

Maize variety ~ Year Maturity Growing TS TS  Specific Methane

index time yield methane yield
yield
d % tha!l 1kgVS! mdhatl
Maaninka, Central Finland (Niiranen 2008)
Rosalie 2004 - - - 4.4 - -
Cerruti 2005 210 - - 10 - -
Cerruti 2006 210 - - 53 - -
Cerruti 2007 210 110 - 7.7 - -
Amadeo 2008 220 - - 4.7 - -
Maaninka, Central Finland (Saarinen et al. 2012)
Kreel 2010 - - - 9.6 - -
Kreel 2011 - - - 207 - -
Ruukki, Central Finland (Saarinen et al. 2012)
Kreel 2010 - - - 9.2 - -
Kreel 2011 - - - 170 - -
Ylistaro, Central Finland (Saarinen et al. 2012)
Kreel 2010 - - - 51 - -
Kreel 2011 - - - 148 - -
Braunschweigh, North Germany (Schittenhelm 2008)
Gavott 2004 250 96 14 - 300 -
124 23 - 287 -
153 32 - 340 7 500
180 35 - 330 -
194 39 - - -
Mikado 2004 500 96 11 - 310 -
124 18 - 335 -
153 21 - 320 -
180 24 - 350 7700
194 35 - - -
Doge 2004 700 96 11 - 330 -
124 17 - 295 -
153 19 - 360 -
180 22 - 419 9400
194 26 - - -

Grenaa, Denmark (Bruni et al. 2010)

Banguy 2006 late ripening 116 23 10.6 360 3 6002
137 32 155 370 55002
157 39 167 380 61002

Fantastic 2006 late ripening 116 22 114 340 37002
137 29 16 390 61002
157 39 178 380 6 6002

Graphic 2006 late ripening 116 22 115 370 41002
137 29 163 380 6 0002
157 38 182 360 63002
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TABLE 18  Continues.

Maize variety =~ Year FAO Growing TS TS  Specific Methane
time yield methane  yield
d % thal 1kgVS! m3hatl
Slovenia (Oslaj et al. 2010)
PR38F70 2007 300-400 - - 268 310 7 600
PR38H20 2007 300-400 - - 261 300 7100
NKTHERMO 2007 300-400 - - 278 250 7000
PR37D25 2007 400-500 - - 277 310 7600
PR73F73 2007 400-500 - - 261 350 8100
PR37M34 2007 400-500 - - 291 340 8900
TIXXUS 2007 500-600 - - 264 310 7 400
CODISTAR 2007 500-600 - - 287 330 8600
PR34N43 2007 500-600 - - 242 300 6400
Beijing, China (Gao et al. 2012)
Milk ripeness - - 79 - 8.6 250 2200
Wax ripeness - - 97 - 149 300 4 500
Full ripeness - - 106 - 2440 270 6 500
aCalculated from values in the article
btVS ha-t

- not reported

2010) and in southern Finland (4 000-9 200 m3 ha-' a-1) (Table 11; II). The
methane yields of brown knapweed, Japanese millet, giant knotweed and giant
goldenrod were over 4 000 m? ha-!, which was high when compared with the
methane yields of grasses (1 200-3 600 m? ha-! a-!) (Table 17). When comparing
the methane yield of brown knapweed to the other non-food plants (lupine,
nettle, rhubarb, hemp), shown in Table 17, the methane yield of brown
knapweed was almost double per hectare. The methane yields per hectare of
giant knotweed are in the same range as reported previously, for example, for
timothy-clover grasses (2 800-3 800 m® ha-!) (Lehtoméki et al. 2008) and hemp
(3 100 m3 ha!) (Pakarinen et al. 2011a) (Table 17).

5.3 Co-digestion of maize or brown knapweed with liquid cow
manure in the CSTR process

5.3.1 Methane yields and post-methanation potential

The present results indicate that anaerobic digestion of liquid cow manure and
maize or brown knapweed in CSTRs is feasible at lower than 60 % VS of maize
and 50 % VS of brown knapweed in the feed. The highest methane yields of 259
and 254 1 kgVS-1 in the co-digestion of liquid cow manure with maize (40 % of
feed) and brown knapweed (50 % of feed), respectively, corresponded to 94-95
% of the specific methane yields in the feedstock as determined by the batch
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assays. When the share of brown knapweed was 20 % of the feed VS the methane
yield was 105 % of the calculated methane yield of the feedstock (Table 13). This
indicates that there have been some synergistic effects of the co-digestion, which
could be due to a better C/N ratio and nutrient composition. To the best of our
knowledge, the CSTR experiments have not been conducted previously with any
wild plant, and according to the results of this co-digestion experiment, brown
knapweed is suitable for biogas production because of the high methane yield
from the reactor, high degradation of VS and the stable concentrations of VFA,
SCOD and pH (Fig. 6, Table 13).

The HRT of this study was 23 days for cow manure, 28 and 35 days for
brown knapweed (R1) and 25-30 days in two maize reactors (R2 and R3). This
study, as well as other recent studies (Lehtoméki et al. 2007, Comino et al. 2010),
suggests that mesophilic biogas reactors can be operated with an HRT of 30 days,
which is shorter than that used in full-scale biogas plants. The typical HRT of
biogas plants which treat energy crops together with manure is between 60 and
90 days, and the OLR is from 2 to 4 kgVS m= d-! (Weiland 2006, 2010). The OLR
of the reactors in this study was 2-3 kg VS m=3d-1, and the share of maize used in
the feedstock was similar to or lower than that found in previous studies of the
same nature (Table 19) (Cornell et al. 2008, 2011, Lindorfer et al. 2008). The
highest single OLR (6 kgVS m-3 d-1) was reported in laboratory scale CSTR with a
maize share of 50 %, providing a methane yield of 210 1 kgVS-1 (Table 19). The
OLR, however, was not optimal because of a decrease in the methane yield
(Cornell et al. 2011). Furthermore, in a full scale digester, the OLR doubled from
2.11 to 4.25 kgVS m-3 d-1, and stable operation was still achieved at an OLR of 5.5
kgVS m-3d-! with maize and pig manure (Lindorfer et al. 2008).

In this study, the overloading of reactor (R3) occurred when the share of
maize in the feedstock was increased to 67 %, and the OLR was 3 kgVS m=d-1. In
the co-digestion of crop silage and cow manure, the overloading occurred in the
OLR of 7.78 kg VS m~3 d-1, while the share of crop silage in the feedstock was 81
% VS (Comino et al. 2010); however, the process performed well at an OLR of
5.15 kgVS m-3 d-1, with the cow manure VS:crop silage VS was at 29:71 (Comino
et al. 2010). In the present study, the HRT was 25 days, while in the study by
Comino et al. (2010) it was ca. 42 days. In this study, the HRT was too short for
efficient degradation, as the amount of non-degraded matter in the digestate
increased leading to an increase in the post-methanation potential (Table 12).

The post-methanation potential was 23-48 % of the total methane yields
(the methane yields of the reactor plus post-methanation experiments) in this
study. Thus it seems that even though the CSTR co-digesting maize and manure
can be operated with higher OLRs and shorter HRTs, a significant part of the
methane potential of the feedstock may be lost, and in the worst case even
emitted into the atmosphere. In previous studies, the post-methanation potential
increased when the OLR was raised in the reactor (Lehtomaki et al. 2007), and
when the share of energy crops in the feedstock increased (Lindorfer 2007). The
measured methane yields of the reactor experiments and post-methanation
experiments were about 10 to 20 % higher than the calculated methane yields
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TABLE19 The co-digestion of the animal manure and maize material in the CSTRs
operated within the mesophilic temperature as reported in the literature.

Feedstock Reactor OLR  HRT Specific CHy CHi Reference
(ratio on VS basis) volume keVS vield

)] m-3d-1  days 1 kgVS-1 %
Cow manure, maize (80:20) 5 2 27 198 52 (1)
Cow manure, maize (70:30) 5 2 28 194 44 (11D
Cow manure, maize (60:40) 5 2 30 259 52 (Il
Cow manure, maize (50:50) 5 2 25 221 51 (1)
Cow manure, maize (40:60) 5 2.5 25 234 48 (1)
Cow manure, maize (33:67) 5 3 25 153 41 (IID)
Pig manure, corn stover (75:25) 30 3.84 16 210 67 1
Cattle slurry, maize (100:0) 5 2 33 171 nr. 2
Cattle slurry, maize (67:33) 5 3 30 263 nr. 2
Cattle slurry, maize (50:50) 5 4 28 304 nr. 2
Cattle slurry, maize (40:60) 5 5 26 300 nr. 2
Cattle slurry, maize (50:50) 5 3 29 240 nr. 3
Cattle slurry, maize (50:50) 5 4 22 220 nr. 3
Cattle slurry, maize (50:50) 5 5 18 210 nr. 3
Cattle slurry, maize (50:50) 5 6 15 210 nr. 3

n.r. not reported in the study
References: 1: Fujita et al. (1980), 2: Cornell et al. (2008), 3: Cornell et al. (2011).

from the feedstock in this study. The relatively high post-methanation potential
also suggests that degradation of the feedstock was apparently not limited by
lack of nutrients, but rather, by the short HRT, when the active bacterial
population washed out in the reactor. The longer HRT of the reactor requires a
larger volume of the digester, and hence, more capital costs. For energy crop
digestion with manure, two-stage digester systems are preferred because of the
high gas yield and reduced post-methanation potential. In two stage systems, the
first reactor is a high-loaded main reactor, and the second reactor is low-loaded,
which treats the digestate from the first reactor (Weiland 2010, Thamsiriroj &
Murphy 2011). Also, the storage tank should be covered to recover the methane.

The recirculation of the digestate back into the reactor (R3) did not increase
the specific methane yield. The recycling of the digestate has been shown to
improve gas production marginally, because the microbes have been returned to
the digester, providing an additional microbial population (Yadvika et al. 2004,
Thamsiriroj & Murphy 2011). By increasing the recirculation of the digestate
(only 6 % WW of feedstock), the overloading of R3 may be prevented.
Furthermore, too short HRTs (only 25 days) of the reactor might also be one
reason for overloading. Cornell et al. (2011) also used a short HRT, only 15-29
days, when the reactors were fed OLR at 3-6 kgVS m=3d-1 (50 % of VS maize and
50 % of VS cattle slurry), but then the methane yields were only 210-240 [ kgVS-!
(Table 19). The HRT was 33-43 days when the crop silage was fed as 51-71 % of
the feedstock VS (Comino et al. 2010). In both studies, there was no indication of
overloading or process inhibition.
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5.3.2 Nutrients and trace elements of the feed and digestate

Maize had a lower nutrient and trace element concentration than the liquid cow
manure in this study. The concentration of the nutrients and trace elements in the
digestate decreased when the share of maize in the feedstock increased (Table
14). In an earlier study, the maize silage contained also fewer plant nutrients and
trace elements than the digestate (Pobeheim et al. 2010). The lack of trace
elements does not occur immediately, but only after a certain operation time
(Lebuhn et al. 2008). The lack of trace elements has been reported in the mono-
digestion of grass-clover (Jarvis et al. 1997), however, especially in the case of the
mono-digestion of maize (Lebuhn et al. 2008). Adding the trace elements to the
reactor should attain: long-term process stability, and high methane production
and operation at a higher OLR (Lebuhn et al. 2008). The co-digestion of maize
with liquid cow manure helps to maintain the trace element concentration at a
sufficient level of methane production, as manures typically contain a higher
concentration of nutrients and trace elements (Angelidaki et al. 2003). On the
other hand, as crops contain different concentrations of trace elements, which
depend on the concentration of soil nutrients and regional variations in soil
(Lindorfer et al. 2011), the need for trace nutrients in biogas plants should be
assessed on a case by case basis.

In previous studies, the most limited trace elements in biogas production
were reported to be Co, Mo, Se and Ni (Lebuhn et al. 2008, Pobeheim et al. 2011).
The Co, Mo and Se were not analysed in the digestates in this study, but the Ni
concentration of the digestate was between 2-16.6 mg kgTS-! (Table 14),
corresponding to 0.09-0.66 g m-3, which was at the lower end of the range
compared to optimum (0.012-5 g m=3) by Takashima & Speece (1990). The Ni
addition stimulated both the biogas production and the methane content of the
biogas in the batch study, where cattle dung was used as a substrate (Demirel &
Scherer 2011). Previous studies have also shown that the appropriate addition of
Ni and Co from the CSTR experiment (model substrate maize silage) provides an
opportunity to increase the OLR in the reactor (Jarvis et al. 2007).

5.4 Energy balance of cultivation energy crops for biogas
production in boreal conditions

The energy balance of the grass, maize and brown knapweed cultivation was
calculated, and the input/output were 1.7-16.3 % (Table 15). The best energy
balance (1.7 %) was achieved for the cultivation of brown knapweed because it is
a perennial crop, the fertilization demand is low, and harvesting was done only
one time during the growing season. In this study, grass showed a worse energy
balance than maize due to the higher level of nitrogen fertilization (170 kgN
ha-1), lower biomass yield per hectare, and harvesting two times per growing
season, compared to maize and brown knapweed (Table 7). If the TS yield per
hectare of grasses is considered among the results of the official variety trials
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(2005-2012) (Kangas et al. 2012), the TS yield will be an average of 10 tTS ha-!
and the energy balance will decrease in value to 3.6 % (with fertilization
digestate) and 12.1 % (with the chemical fertilizer). In that case, the energy
balance of maize and grass are the same.

The energy balance of biomass cultivation for biogas production was 1.9-27
% in previous studies (Table 20). The high difference in the energy balance is due
to the biomass yield, the specific methane yield, fertilization used (digestate or
chemical fertilizer) and different assumptions of given values. This is why the
energy balances are difficult to compare. The energy balances of grasses and ley
crops were 7-27 % for grassland cultivation for biogas production, and the
results of other studies are presented in Table 20. The worst energy balance (27.0
%) was achieved, for example, when the grasses were fertilized with chemical
fertilizers and harvested four times per growing season (Poschl et al. 2010). The
energy balance was the best when the ley crops were cultivated in organic
production without any pesticides, herbicides or chemical fertilization
(Fredriksson et al. 2006). The energy balance of the maize cultivation in a
previous study, fertilized with digestate was 4.4 % and fertilized with a chemical
fertilizer, 13.5 %, in Belgium (Table 20) (Gerin et al. 2008). In the cultivation of
barley and turnip rape for bioethanol and biodiesel production, the energy
balances were 21-28 % and 31-33 %, respectively, when the manufacturing,
repair and maintenance of the machines and buildings were considered (Mikkola
et al. 2011).

The highest energy demands of the whole biogas production chain (from
cultivation to produced biogas) (Fig 1.) are the heat and electricity demand for
the heating and mixing of the digester, pumping the digestate, and feeding the
reactor (Smyth et al. 2009, Korres et al. 2010). In previous studies, the heat
consumption was 17.1-26.9 GJ ha! a-! (Smyth et al. 2009, Korres et al. 2010) and
electricity consumption was 4.4-4.87 GJ ha-! a-! (Smyth et al. 2009, Korres et al.
2010). The heat consumption of the biogas plant is higher in boreal conditions
because of the colder climate and lower average temperature (4-5°C in southern
Finland) (Finnish Meteorological Institute 2013) compared with the climate in
Germany and Austria (average temperature 9-11°C) (Weather Online 2013). On
the other hand, the biogas digesters fed with crops in southern and Central
Europe may have to cool down in the summer because of the high reactor
temperature, which is a result the of heat provided by metabolic generation
(Cropgen 2007, Smyth et al. 2009)

In boreal conditions, the energy balance of the whole biogas production
chain from grasses was 22-44 % (Fredriksson et al. 2006, Berglund & Borjesson
2006, Tuomisto & Helenius 2008, Smyth et al. 2009). The energy balance of biogas
using grass silage was higher (46.6 %), than the biogas plant using corn silage
(25.6 %), in conditions in Germany (Poschl et al. 2010). The energy balance of
biogas was better than other biofuels (biodiesel 50 % and bioethanol 80 %) in
boreal conditions, and the greenhouse gas emissions from biogas production
were lower than the emissions from biodiesel and bioethanol (Médkinen et al.
2006, Tuomisto & Helenius 2008).
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TABLE20 The energy balance (input/output) of different crops used in bioenergy
production in previous studies in Europe.
Crop/plant End use Energy balance Details Ref.
Cultivation Whole chain
% %
Maize Biogas 5.7a - Fert. manure 1
Maize Biogas 4.44a - Fert. digestate 1
Maize Biogas 13.52 - Fert. chemical fert. 1
Maize Biogas n.r. 18.12 Fert. chemical fert. 9
Corn silage Biogas 15.5 25.6 - 4
Grass Biogas 7 _ Eert. digestate, 4 hasvest 1
time
Grass Biogas 8.8 _ Fert. digestate, 2 regrowth 1
harvest
Grass Biogas 9.3 _ Eert. digestate, 2 harvest 1
times
Ley Biogas 1.92 21.62 Organic production 2
Grass Biogas 18.7 44 Fert. chemical fert. 6
Grass Biogas 11.5 37 Fert. digestate 6
Ley crops Biogas 8 37 Organic production 5
Ley crops Biogas 92 38 Fert. digestate 5
Grass Silage Biogas 272 46.6 Fert. chemical fert. 4
Ley crops Biogas 222 40a Fert. digestate 3
Leaves of sugar Biogas 9a 27 _ 3
beet
Straw Biogas 102 35a - 3
Whole .wheat Biogas 24.52 31.8 Fert. chemical fert. 4
plant silage
Straw Biogas 4a 10.5 - 4
Reed canary Biogas 72 29 Organic production 5
grass
Reed canary Biogas 8.52 32 Fert. chemical fert. 5
grass
Hemp Biogas 30a 372 CHP 7
Rapeseed Biodiesel - 21.3 Fert. chemical fert. 9
Turnip rape Biodiesel 31-33 ~ Incl. I.nanufac.tur.e/ repair 8
machines/buildings
Winter Biodiesel 6.2a 13.22 Organic production 2
rapeseed
Winter wheat  Bioethanol 7.52 35.3a Organic production 2
Barley Bioethanol 26-07 _ Inc. n?anufact.urg /repair 8
machines/buildings
Miscanthus Combustion - 21 No fert. 9
Hemp Combustion 12.32 152 CHP 7

aValue calculated from the article.

- not reported

Ref. = References: 1: Gerin et al. (2009), 2: Fredriksson et al. (2006), 3: Berglund &
Borjesson (2006), 4: Poschl et al. (2010), 5: Tuomisto & Helenius (2008), 6: Smyth et al.
(2009), 7: Prade et al. (2012), 8: Mikkola et al. (2011), 9: Felten et al. (2013).
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To achieve a better energy balance and high methane yield, it should be
determined whether it is reasonable, feasible and economical to harvest grasses
two, three of four times per year. If the grasses are harvested three times per
year, the specific methane yields remain stable because the harvested grass
material has a good digestibility, and the TS yield remains almost the same;
however, the energy (fossil fuel) needed to harvest the grasses increases and the
net energy yield per hectare decreases. According to Gunnarsson et al. (2008), the
harvesting of the grasses for biogas production was optimal (time, costs,
capacity) at a later development stage than what is generally considered to be
optimal for the harvesting of grasses for milk production. Also, the lowest grass
silage production costs were calculated when the grass was harvested two times
during the growing season, and the digestate was used as a fertilizer (McEniry et
al. 2011).



6 CONCLUSIONS

This thesis shows that biogas production from grasses, maize and novel energy
crops can produce high methane yields per hectare in boreal conditions. The
highest methane yield per hectare was achieved with maize in southern Finland
(4 000-9 200 m3 ha™! a-'). The second highest methane yield was with brown
knapweed harvested in July to August (6 100 m3 ha-! a-'), when the most feasible
energy crops, grasses, produced only 1200-3 600 m?® ha-! a-!, obtaining the
highest methane yields in the third harvest year.

However, maize cultivation for biogas production appears to be feasible
only in southern Finland. The TS yields of maize were 11-21 tTS ha-! in southern
Finland and 6.8-10 tTS ha-! in Central Finland; however, the cultivation and
yield security have high variations, which are due to the different growing
seasons. The short growing season and low heat summation limit maize growth
in boreal conditions. For this reason, the variety should be tolerance for cool
conditions and have an early maturing variety, especially in Central Finland. The
significance of the maize variety is apparently not very important in southern
Finland; because the later maturing maize varieties do not have time and they do
not have to be fully matured, when cultivating maize for biogas process. The
maize for biogas production is best harvested as late as possible in boreal
conditions, in order to achieve high TS yields and high methane yields per
hectare. The highest specific methane yields can be achieved when the whole
maize crop is harvested for biogas production, because the whole maize crop
contains nutrients that are suitable for anaerobic microbes, and the concentration
of nutrients can be more conducive to methane production than using stems,
leaves and cobs separately.

According to this study, cocksfoot, tall fescue and timothy are suitable
producers of biomass for biogas production in boreal conditions, with no
significant difference occurring between the specific methane yields, TS yield and
methane yields per hectare of these grass species. Grassland cultivation is the
most familiar way to produce biomass in boreal conditions, and the cultivation
management, optimal harvest time concerning digestibility and high TS yields
have been studied very carefully for feed production in animals. The grasses
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must be harvested two times per growing season, and cultivate grass mixtures,
which contain grass species with a high biomass yield and regrowth ability to
achieve high methane yields per hectare, and the digestate should be used as a
fertilizer.

Brown knapweed was found to be the most promising novel energy crop
for biogas production, producing up to 20 tTS ha-! and 6 000 m3CH4 ha! a-,
which is 40-50% more methane per hectare than the grasses in this study. Giant
knotweed is also a promising novel energy crop for biogas production, but the
harvest managements in boreal conditions have to be studied to achieve higher
specific methane yields than in this study.

According to the results in the CSTR runs, maize and brown knapweed
have suitable and feasible feeds for co-digestion with liquid cow manure. The
anaerobic digestion processes (OLR 2 kgVS m3 d-1) were stable, and the highest
methane yields were with maize (259 1 kgVS1) (40 % VS maize in the feed) and
with brown knapweed (254 1 kgVS-1) (50 % VS brown knapweed in the feed). If
the biogas process operated with a short HRT and high OLR, the post-
methanation potential should be considered. When planning biogas plants, it
must be ensured that the process runs at stable conditions, and that the produced
methane can be used efficiently. The co-digestion with maize and liquid cow
manure can be operated without the addition of trace elements, because the
liquid cow manure contains the needed trace elements for stable anaerobic
digestion process.

In this thesis, the energy balance (input/output) of the cultivation of maize,
grass and brown knapweed was better with the digestate being used as fertilizer
(1.8-4.8 %) than with chemical fertilizers (3.7-16.2 %), the production of which
was the most energy demanding process in the cultivation inputs. When
considering the energy balance of the whole biogas process, the cultivation
inputs are only 10-20 % of the whole energy input. The energy balance of
cultivated feedstock for biogas production is better than the cultivation of rape
seed for biodiesel production, or barley for bioethanol production, in boreal
conditions.

When selecting traditional and novel energy crops for biogas production,
they should be easy to cultivate, harvest and store, tolerant of weeds, pests,
diseases, drought and frost, and have good winter hardiness in boreal conditions.
The crop and plant biomass cultivation for biogas production is a good
alternative in those cultivation areas where cereals are cultivated very
intensively, and in monoculture, because the grass cultivation for biogas
production improves the structure of the soil, increases the humus and carbon
concentration of the soil and improves the growing conditions for the next year
of cereal production. The green manure (clover grass) of organic farming could
also be harvested for the anaerobic digestion process to produce biogas, after
which the digestate could be used as a fertilizer in organic fields.
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YHTEENVETO (RESUME IN FINNISH)

Biokaasun tuotanto suurisatoisista energiakasveista pohjoisissa olosuhteissa

Lisdamaélld uusiutuvan energian tuotantoa voidaan vihentéd riippuvuutta fossii-
lisista polttoaineista ja vdhentdd kasvihuonekaasupddstojd. Biokaasun tuotanto
on yksi tapa tuottaa kotimaista ja uusiutuvaa energiaa. Biokaasua, joka koostuu
pddosin metaanista 45-70 % ja hiilidioksidista 25-50 %, voidaan tuottaa hapetto-
missa olosuhteissa energiakasveista, kasvijdtteistd ja muista orgaanisista jatteista.
Tuotettu biokaasu voidaan kdyttda sahkon- ja lammontuotannossa sekd puhdis-
taa ja paineistaa biometaaniksi joko liikenteen kéyttoon tai syotettdviksi suoraan
kaasuverkkoon. Biokaasuprosessi tuottaa my0ds prosessijadnnostd, joka voidaan
kayttad hyvéaksi lannoitteena energiakasvien viljelyssd, jolloin voidaan saavuttaa
ldhes suljettu ravinnekierto.

Téssd véitostyossd tutkittiin nurmikasvien, maissin ja uudenlaisten ener-
giakasvien (mm. luonnonkasveja, rikkakasveja ja Cs kasveja) metaanintuottoa
peltohehtaaria kohden. Tutkimuksessa mééritettiin erilaisten kasvien metaanin-
tuottopotentiaalit ja kuiva-ainesadot sekd korjuuajan vaikutus nurmikasvien,
maissin ja ahdekaunokin metaanintuottopotentiaaleihin ja kuiva-ainesatoihin.
Maissin ja ahdekaunokin biokaasuprosessin toimivuutta tutkittiin yhdessa leh-
mén lietelannan kanssa laboratoriomittakaavan biokaasureaktoreissa. Nurmi-
kasvien, maissin ja ahdekaunokin viljelyn energiataseet laskettiin sekd kdyttden
viakilannoitetta ettd lannoittamalla kasvit biokaasuprosessin jadnnokselld.

Korkeimmat metaanintuottopotentiaalit hehtaaria kohden saatiin maissilla
4 000-9 200 m3 ha! eteldisessd Suomessa. Toiseksi eniten metaania tuotti ahde-
kaunokki korjattuna heind-elokuussa 6 100 m3 ha-!, kun pohjoisiin olosuh-teisiin
kaikkein potentiaalisin energiakasvi, nurmi, tuotti vain 1200-3600 m3
ha-1. Maissin viljely biokaasun tuotantoon ndyttdd olevan mahdollista vain Eteld-
Suomessa (sato 11-21 t kuiva-ainetta (TS) ha-1), koska satotaso Keski-Suomessa
oli vain 6,8-10 tTS ha-!, mikd on samaa tasoa tdssd tutkimuksessa saadun nur-
men satotason kanssa (6-13 tTS ha-!). Lyhyt kasvukausi ja matala tehoisa lam-
posumma rajoittavat maissin kasvua, kun taas nurmet ja ahdekaunokki ovat sa-
tovarmoja koko Suomessa. Maissin paras korjuuaika biokaasun tuotantoon on
myochddn ennen ensimmdisid syyspakkasia, jotta mahdollisimman suuri kuiva-
ainesato hehtaaria kohden voidaan saavuttaa, vaikka kasvibiomassan metaanin-
tuottopotentiaali laskee. Tutkimuksen mukaan nurmikasveista timotei, koiran-
heind ja ruokonata sopivat paremmin biokaasuntuotantoon kuin ruokohelpi,
jonka jdlkikasvukyky on heikompaa ja kuiva-ainesadot alenivat kasvuston 1. sa-
tovuoden jdlkeen. Tdssd tutkimuksessa ahdekaunokki saavutti korkeat kuiva-
ainesadot 15-23 tTS ha-! Eteld-Suomessa ja aikaisemmissa tutkimuksissa korkeita
kuiva-ainesatoja on saavutettu koko Suomessa. Ahdekaunokki on luonnonkasvi,
joka kéayttdd typped tehokkaasti tuottaen paljon kuiva-ainesatoa. Ahdekaunokki
sdilytti korkean metaanintuoton hehtaaria kohden kuiva-ainesadon kasvaessa ja
metaanintuottopotentiaalin alentuessa kasvukauden edetessa.

Korkein metaanintuottopotentiaali saavutettiin maisseilla 240-500 1 kgVS-1
(orgaanista ainetta kohti) ja toiseksi korkein nurmikasveilla 250-390 1 kgVS-1, ah-



78

dekaunokin ja muiden uudenlaisten energiakasvien metaanintuottopotentiaalin
jdddessd matalammalle 170-380 1 kgVS-1. Metaanintuottopotentiaali laski kasvu-
kauden edetessd sekd maissilla ettd ahdekaunokilla. Nurmen ensimmadisen sadon
metaanintuottopotentiaali oli korkeampi verrattuna toisen sadon metaanintuot-
topotentiaaliin.

Useimmat biokaasulaitokset kasittelevit energiakasveja tai orgaanisia jdttei-
td yhdessd erilaisten lietemdisten jdtteiden, kuten lietelannan kanssa. Lietelanta
takaa alhaisen kuiva-ainepitoisuuden takia riittdvasti vettd mikrobeille, prosessin
puskurointikykyd sekd tarvittavat ravinteet tasapainoiselle anaerobiselle hajoa-
miselle. Maissin ja ahdekaunokin toimivuutta biokaasu-reaktorissa tutkittiin yh-
dessd lehmin lietelannan kanssa. Suurin metaanintuotto (259 1 kgVS-1) maissire-
aktoreissa saavutettiin, kun maissin osuus syotteessd oli 40 % reaktoriin syotetys-
td orgaanisesta aineesta kuormituksen ollessa 2 kg VS m=3 d-1. Ahdekaunokilla
suurin metaanintuotto (254 1 kgVS-1) saatiin samalla kuormituksella (2 kg VS m-3
d-1), kun ahdekaunokin osuus oli 50 % syotteen orgaanisesta aineesta. Reaktori-
kokeissa saadut metaanisaannot vastasivat 76-105 %:sti késiteltyjen materiaalien
metaanintuottopotentiaaleja. Reaktorikokeissa mitattiin myos prosessijaannok-
sen jdlkikaasutuspotentiaali. Jdlkikaasutuspotentiaali kasvoi, kun kasvin osuus
reaktorin syotteessd kasvoi. Tamén vuoksi prosessijadnnos taytyy varastoida il-
matiiviiseen varastointialtaaseen, jotta metaanip&astot ilmaan voidaan vélttdd ja
jotta kaikki tuotettu energia saadaan talteen. Korkean metaanintuoton takia bio-
kaasuprosessissa tdytyy olla riittdvit méadrat ravinteita ja hivenravinteita mikro-
bien suorittaman anaerobisen hajoamisen saavuttamiseksi. Tassd tutkimuksessa
ei havaittu metaanintuoton alenemista liittyen hivenravinteisiin, koska reakto-
reihin lisattiin riittdvd méaara lietelantaa mikrobien toiminnan kannalta.

Nurmikasvien, maissin ja ahdekaunokin viljelyn energiatase laskelmissa
kasvit tuottivat bruttoenergiaa 79 900, 140 400 ja 138 600 M] ha-!, tdssd jarjestyk-
sessd. Kasvien viljelyssd korkein energiapanos on kemiallisten lannoitteiden
kaytto viljelyssd. Sen osuus oli yli 50 % koko viljelyn energian-kulutuksesta.
Kayttamalld energiakasvien viljelyssd prosessijadannostd lannoitteena voidaan
lannoitukseen tarvittavaa energiankulutusta pienentdd huomattavasti. Energia-
kasvien viljelyyn kuluva polttoaine on toinen suuri energiapanos. Yksivuotisen
maissin viljelyssa jokavuotinen maan kylvomuokkaus kuluttaa energiaa huomat-
tavasti ja monivuotisen nurmen viljelyssa taas kahteen kertaan tapahtuva sadon-
korjuu on huomattava energiapanos. Parhain energiatase tdssd tutkimuksessa
saatiin ahdekaunokin viljelyssd, kdyttamaélld prosessijadnnostd lannoitteena (1,8
%). Maissin energiatase sekd prosessijaannokselld (3,6 %) ettd kemiallisilla lan-
noitteilla (6,8 %) oli parempi kuin nurmenviljelyn (4,8 % ja 16,2 %), johtuen nur-
melle sallitusta suuremmasta typpilannoitusmaarasta (170 kg N ha-!) kuin mais-
silla (90 kg N ha-1). Energia-kasvien viljely biokaasuntuotantoon kuluttaa kui-
tenkin koko tuotantoketjun energiankulutuksesta noin 10-20 % sahkon ja lam-
mon kulutuksen ollessa suurin energiapanos biokaasun tuotantoketjussa.
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