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Abstract. The world’s non-renewable energy resources continually decline and therefore there is an
urgent need to seek and use any available renewable energy sources. An alternative to conventional fuels
can be the usage of plant biomass for energy purposes. This particularly relates to plants with C4
photosynthesis, a large increase in biomass, low habitat requirements, and high resistance to diseases and
pests. All these characteristics are met, among others, by switchgrass which in many countries occurs as a
common wild plant. In agricultural production, switchgrass does not pose many agronomic problems;
moreover, it is a very durable plant that can be used in one stand for even 10 years and can be grown in
all soils, even contaminated ones. Effective use of switchgrass for bioethanol, biogas or syngas
production provides measurable ecological benefits and in the long term offers a chance to maintain a
sustainable national energy balance, given the continuously shrinking non-renewable fuel resources. Due
to the multifaceted use of this plant and a number of features important from the point of view of the
power generation industry, it is worth having a closer look at the possibility of spreading the cultivation
of this species.
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Introduction

Switchgrass (Panicum virgatum L.) belongs to the Poaceae family. It is native to
North America where it occurs naturally from the Atlantic coast to the Rocky
Mountains within the area between 55°N (southern Canada) and 30°N (northern
Mexico) (Lewandowski et al., 2003; Wullschleger et al., 2010). This is a perennial grass
with erect stems, often with a reddish tinge, and a height from 0.5 to 2.7 m. The
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inflorescence is a branched panicle with a length from 15 to 50 cm. Switchgrass has a
very well-developed root system that reaches a depth of even 3 meters (Moser and
Vogel, 1995; Christian and Elbersen, 1998; Vogel et al., 2011; Kibet et al., 2016). It is a
species with C4 photosynthesis (Hatch-Slack cycle) and due to this it can carry out this
process even four times more efficiently compared to C3 type plants (Gotaszewski,
2011; Wang et al., 2012).

Due to the different morphological characteristics and habitat preferences, two
ecotypes of this species are distinguished: the lowland ecotype and the upland ecotype
(Bals et al., 2010; Casler, 2012; Young et al., 2012). Lowland ecotypes reach a height of
more than 3 m, usually grow in clumps in wetland areas, and have thick stiff stems with
a large number of branches. Upland ecotypes are shorter, occur in dry areas, have
thinner stems with a lower number of branches compared to lowland switchgrass, and
form characteristic sods; they are more recommended for growing in a cooler climate
(Christensen and Koppenjan, 2010; Casler, 2012).

The first attempts to grow switchgrass began in the 30s and 40s of the 20th century
in the USA where many switchgrass cultivars have been bred, including several
cultivars also adapted to European climatic conditions: ‘Cave-in-Rock’, ‘Kanlow’, and
‘Alamo’ (McLaughlin and Kszos, 2005). In the United States, this species is
recommended for sodding in degraded areas and is grown as an erosion prevention
plant. Moreover, switchgrass has the ability to clean soils and waters by removing
excess nutrients (N, P) originating, among others, from fertilization. Switchgrass filter
strips decrease the amount of reactive phosphorus and reduce the chemical oxygen
demand (COD) in surface runoff water, which protects surface waters against
eutrophication (Sanderson and Adler, 2008). Switchgrass is used for phytoremediation
because it exhibits the capacity to accumulate toxic substances from soils, in particular
heavy metals and residues of crop protection chemicals (Chen et al., 2012; Zorer Celebi
and Zorer, 2018). The capacity of switchgrass for significant soil carbon sequestration
contributes to a reduction in total environmental CO, balance (Liebig et al., 2008;
Adkins et al., 2016). This plant is also an excellent growth and living habitat for
wildfowl and mammals, in particular in the so-called ecotone zones between forest and
crop fields. It is also a very impressive and beautiful ornamental grass sown in gardens
and parks (Dudkiewicz and Bolibok, 2011; Elbersen et al., 2013).

At the beginning of the 90s of the last century, an attempt was also made to use
switchgrass as an energy crop. The U.S. Department of Energy, among others,
conducted research on the use of biomass of this species for energy purposes. Also in
Europe, switchgrass arouses an increasingly greater interest as a productive and durable
‘energy’ species resistant to adverse environmental conditions (Bals et al., 2010;
Sanderson and Adler, 2008; Wullschleger et al., 2010). Due to the multifaceted use of
this plant and a number of features important from the point of view of the power
generation industry, it is worth having a closer look at the possibility of introducing and
spreading the cultivation of this species (Bocian et al., 2010; Pszczotkowski et al.,
2012).

Plantation establishment and management
Sowing of switchgrass

Switchgrass seeds are very small (depending on the cultivar, 500-1000 seeds-g™) and
characterized by very short viability and low germination capacity. The field emergence

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(5):5715-5743.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1605_57155743
© 2018, ALOKI Kft., Budapest, Hungary



Brodowska et al.: Agronomic aspects of switchgrass cultivation and use for energy purposes
-5717 -

rate is about 50% (Schmer et al., 2006). To increase their germination capacity,
switchgrass seeds should be stratified by subjecting them to low temperatures or
NaClO. The recommended seeding depth is from 0.5 to 2.0 cm (Sanderson et al., 2012).
In wet areas, it is recommended to grow switchgrass with a row spacing of 60-90 cm,
while in dry areas 90-120 cm (Majtkowski, 2006). It has been shown that switchgrass
germinates better and besides the growth of seedlings is more intensive after application
of selected strains of Cyanobacteria, which have the ability to fix atmospheric nitrogen,
as a biofertilizer (Chojnacka et al., 2010). Switchgrass is not resistant to low
temperatures and this is why it should be sown in areas with mild winters. Its seeds
sprout best in a soil with a pH ranging 6-8 (Hanson and Johnson, 2005).

The field under switchgrass should be very carefully prepared. Switchgrass can be
sown in no-till or conventional cultivation practices. No-till allows you to set up
switchgrass plantations on fields with a large slope and in areas with low rainfall
(Drinnon et al., 2014; Sadeghpour et al., 2014b). Moreover, according to Ashworth et
al. (2015) intercropping selected legumes in switchgrass may enhance forage quality
and yield, reduce fertilizer costs, and emissions/runoff to air and groundwater.

Plantation evaluation in terms of emergence

The first evaluation of the condition of a plantation is conducted after 6-10 weeks
from the date of its establishment. At this time, the number of seedlings per 1 m? should
be from 100 to 200. The second evaluation of the condition of the plantation is made at
the end of the first growing season. To conclude that the plantation has been
successfully established, there should be 10-30 plants per m* (Douglas et al., 2009). Due
to intensive tillering, plants growing at a lower density in the first year will produce a
larger number of stems in the next years.

Weed control

One of the major factors that ensure optimal growth and development of switchgrass
intended for energy production is to eliminate or at least reduce weed infestation of a
plantation, mainly in the first year (Miesel et al., 2012). The slow growth rate of
switchgrass (during the first month) and the late time of its sowing (the second decade
of April and the beginning of May) promote weed competition. The greatest
noxiousness of weeds is observed during the period from emergence to the 8-10-leaf
stage of switchgrass (Boydston et al., 2010; Anderson et al., 2014).

Switchgrass badly bears cutting (especially in the first year of cultivation) and
damage that can occur during mechanical weed control treatments and therefore
mechanical and physical methods are not recommended in switchgrass cultivation.
Chemical weed control in switchgrass crops is limited by the small range of agents
recommended for use in non-agricultural crops used for energy purposes. The effect of
such weed control is partial, since predominantly the annual (mono- and
dicotyledonous) species are well destroyed, whereas the perennial deep-rooted species
are poorly destroyed and in the next year (during the plant establishment period) they
reappear, very frequently with double intensity. Furthermore, inappropriately selected
herbicides can produce the following adverse effects: decreased field germination
capacity, damage of switchgrass plants, and their reduced biomass (Sekutowski et al.,
2009; Boydston et al., 2010; Anderson et al., 2014). A year before the establishment of
a switchgrass plantation, it is recommended to use different herbicides that contain in
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their composition mainly glyphosate (following Smeets et al., 2009). According to
Bullard and Metcalfe (2001), the optimal rate of glyphosate in switchgrass cultivation is
2.5 kg-ha™. To control dicotyledonous weeds, herbicides with bentazon and 2,4-D can
also be used (Samson, 2007; Christensen and Koppenjan, 2010; Scordia et al., 2015). In
the professional literature, there is little information and few recommendations
concerning weed management in switchgrass plantations using foliar herbicides. The
present author’s research conducted since 2008 shows that it is possible to use
selectively and safely various foliar herbicides recommended for use in cereal, maize or
green crops (Table 1).

Table 1. Exemplary active substances of herbicides used in the cultivation of switchgrass.
(Own results not published)

icati F Weed t
Active substance Application e managemen
date I Il |Monocotyledons| Dicotyledonous
lodosulfuron-methyl-sodium; : ) )
Mesosulfuron-methyl T-3 2-3(CH)| 1-2 * *
Thifensulfuron methyl;
Chlorsulfuron T3 2 (CH) 1 * *
MCPA T-3 1 1 -
2,4-D; Dicamba T-3 1 1 -
Clopyralid; Fluroxypyr; Triclopyr T-3 1 1 -

F — phytotoxicity — sensitivity to the active substance of the herbicide in a 1-9 scale, where: 1 — no
effect on switchgrass, 9 — complete destruction of switchgrass; | — 7 days after application of the active
substance of the herbicide; 1l — 28 days after application of the active substance of the herbicide; CH —
leaf chlorosis; T-3 — 3-5 switchgrass leaves

Switchgrass insects

Switchgrass is genetically varied and generally resistant to many insects and hence
pests usually do not pose a problem in growing switchgrass. Damage caused by insects
can be much greater when switchgrass monocultures are grown on large production
fields (Sanderson et al., 2012). The most common insects found were Coleoptera,
Hemiptera, Diptera and Hymenoptera (Parrish and Fike, 2005; Holguin, 2010).

In the northern states of the USA, Prasifka et al. (2010) recorded the occurrence of
Blastobasis repartella on a wildly growing switchgrass. Larvae of this moth feed on
young tillers of switchgrass. In South Dakota (USA) Boe and Gagne (2011) discovered
on switchgrass new species of gall midge. Sometimes plantations of switchgrass can be
damaged by grasshoppers and crickets (Orthoptera) (Parrish and Fike, 2005; Branson et
al., 2006; Holguin, 2010).

Management of pests in grasses involves mainly chemical control. With high pest
incidence, insecticides based on malathion and carbaryl, insect growth regulators and
pyrethroids are used (Holguin, 2010).

Switchgrass diseases

In wet locations, switchgrass can be infected by fungal diseases, but lowland types
are more resistant to rust than upland ones. Especially young plantations can be
sometimes attacked by various diseases (Vogel et al., 2011; Uppalapati et al., 2013).
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Rust is the biggest problem in growing switchgrass. Two species of rust fungi,
Uromyces graminicola and Puccinia emaculata, are known to infect switchgrass
(Gustafson et al., 2003; Zale et al., 2008; Sanderson et al., 2012; Uppalapati et al.,
2013). Rust can be controlled by fungicides, however, some of them negatively affect
the quality of the raw material obtained. Hagan and Akridge (2013) achieved the best
results by applying azoxystrobin and myclobutanil. A very good way to protect the
plantation against rust is also the cultivation of varieties resistant to these pathogens
(Gustafson et al., 2003).

Switchgrass may also be attacked by diseases such as: anthracnose (Colletotricum
navitas), smuts (Tilletia maclaganii), Phoma leaf spot (Phoma spp.), and Fursarium
root rot (Fusarium spp.), sharp eyespot (Rhizoctonia cerealis), leaf spot (Colletotrichum
graminicola), bunt (Tilletia pulcherrima), spot blotch and root rot (Bipolaris spicifera)
(Vogel, 2004; Carris et al., 2008; Crouch et al., 2010; Vu et al., 2011). In lowa (USA)
Thomsen et al. (2008) estimated yield losses from Tilletia maclaganii of 2-40% in
switchgrass fields. Leaf spot is caused by fungi from the genus Bipolaris. This disease
reduces seed germination and yield of switchgrass biomass, particularly if a susceptible
cultivar is seeded over a wide area. Control measures against leaf spots include
developing resistant cultivars and fungicidal seed treatments (Krupinsky et al., 2004).
According to research of Steward et al. (2015) viral diseases raised by Panicum mosaic
virus and its satellite virus should be considered important pathogens of switchgrass and
serious potential threats to biofuel crop production efficiency.

Fertilization

Switchgrass does not have high soil requirements. Even though it prefers soils with a
neutral pH, but it also grows well in slightly acidic and alkaline soils. It can be grown
on light or medium cohesive, moderately salinated and agriculturally unsuitable soils
(Evanylo et al., 2005; Kabata et al., 2010; Quinn et al., 2015).

Switchgrass is characterized by low nutrient requirement. Bullard and Metcalfe
(2001) think that NPK fertilization should be used at the stage of plantation
establishment and the fertilizer rates proposed by them are as follows: 80 kg NH4NO3
(28 kg N-hal), 40 kg P,0s (17.5 kg P-ha™), and 60 kg K,O (49.8 kg K-ha™).
Sokhansanj et al. (2009) as well as Christensen and Koppenjan (2010) claim that in the
first year of plantation nitrogen fertilizers are not recommended to be applied because
weeds characterized by higher biomass increase could suppress the slowly growing
young seedlings of switchgrass. Over the plantation lifetime, nitrogen fertilizers are
applied to increase biomass yield, but the need to use phosphorus and potassium is
determined by the content of these nutrients in the soil (Sanderson et al., 1996;
McLaughlin et al., 2002). Nitrogen fertilization also has a beneficial effect on the
content of lignin in biomass (Withers, 2010). According to Samson (2007), nitrogen
fertilization at a rate of 50-60 kg N-ha™ is appropriate to obtain optimal biomass
production in switchgrass, whereas higher rates may reduce its yield. The nitrogen rate
that will positively affect switchgrass yield depends on many factors, among others,
climatic conditions and the productivity of switchgrass cultivars (An et al., 2018). Thus,
in some studies yields have been observed to increase at higher nitrogen rates than those
applied by Samson (2007). For example, based on the literature data Gunderson et al.
(2008) report that lowland and upland ecotypes reach the maximum yield under
nitrogen fertilization at rates of 90 and 100 kg-ha™, respectively. Kering et al. (2012),
Giannoulis et al. (2016) and Alexopoulou et al. (2017), on the other hand, observed an
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increase in switchgrass biomass production at a nitrogen doses of 135 kg-ha™ and 80,
160, 240 kg-ha™ and 75, 150 kg-ha™, respectively. Nitrogen rate should be adjusted
depending on the level of this nutrient in the soil (Mitchell et al., 2014). In planning
nitrogen fertilization, biomass harvest date should also be taken into account (Miesel et
al., 2017). If harvest is to be carried out after the end of the growing season (the first
ground frost), the applied nitrogen rate should be lower than in the case of an earlier
harvest date (Mitchell et al., 2016). Generally, moderate nitrogen rates under particular
soil conditions are entirely sufficient and allow high switchgrass yields to be obtained
(Thomason et al., 2004).

Switchgrass is characterized by efficient use of both potassium and phosphorus.
Information can be found in the literature which shows that these two elements have
effect on biomass yield quantity and quality but also information which proves that they
can do not affect the yield of switchgrass. The effect of using K and P fertilizers on the
yield of switchgrass depends on the content of these macroelements in the soil. In
general, on soils with a deficiency of N and P, switchgrass reacts positively to
fertilization of K or P. However, this beneficial effect is not observed on soils that are
rich in K and P (Muir et al., 2001; Kering et al., 2012; Shield et al., 2012; Kering et al.,
2013). Some studies indicate that the use of multi-ingredient fertilizer increases the
yield of switchgrass. Ameen et al. (2018) showed that the fertilizer mixture of N, P, and
K (NPK) caused increase in biomass yield of switchgrass compared with the PK, NK,
and NP treatments. Mohammed et al. (2015) showed that mixture fertilizer NPK
significantly increased biomass yield of switchgrass (by 49%) compared to the control
treatment. In turn, calcium fertilizers should only be used when the soil pH is below 5
(Bates et al., 2008).

Good results were obtained using organic cattle manure (CM) and poultry litter (PL)
fertilizers on the switchgrass. It was found that these fertilizers increased biomass yield
significantly to the extent of 30 and 23% compared with combined chemical fertilizer
(12.9 Mg-ha™) (Mohammed et al., 2015).

Biomass yield and harvest

In the first and second year of cultivation, biomass productivity reaches from 33 to
66% of the maximum production level (McLaughlin and Kszos, 2005). It is only in the
3rd year of plant growth that the biomass production reaches 100% productivity on light
soils, whereas on heavy soils this occurs 2-3 years later. Due to this, in the first year
switchgrass is usually not harvested, nor is animal grazing recommended, in particular
in plantations established in a cooler climate (Christensen and Koppenjan, 2010). From
the year in which the optimal productivity is reached, in properly managed switchgrass
plantations yields can be maintained at a constant high level for more than 10 next years
(Mitchell et al., 2008, 2016; Monti et al., 2009a; Sokhansanj et al., 2009).

The annual switchgrass yield is from several to over a dozen Mg of dry matter (DM)
per hectare, though it may exceed 20 Mg DM-ha™ and even more than 30 Mg DM-ha™,
depending on environmental and agronomic factors as well as the cultivar, ecotype and
plantation age (Gunderson et al., 2008; Smeets et al., 2009; Hattori and Morita, 2010).
Generally, lowland species are characterized by higher yields than upland cultivars. A
review of literature data by Heaton et al. (2004) shows that the average annual yield is
10 Mg DM-ha™. In Poland, the average yield of switchgrass grown on a light soil in the
area of Wroclaw in the period 2004-2006 was 7.16 Mg DM-ha™ (Dradrach et al., 2007).
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Switchgrass productivity is significantly dependent on the amount of rainfall during the
growing season and is higher on well-irrigated soils (Kimura et al., 2015).

Harvest date and frequency depend on climatic and soil conditions, switchgrass
ecotype and the future use of biomass harvested (Casler and Boeb, 2003; Jiang et al.,
2014). Potentially, switchgrass can be harvested once or several times during the
growing season or once after the end of the growing season. In the case of several
harvests, a larger amount of nutrients, in particular nitrogen, is removed with the yield
(Prieto et al., 2017; Wang et al., 2018). For this reason, plantation operating costs
increase due to the need to replenish soil nitrogen at higher nitrogen fertilizer rates.
Moreover, each successive harvest requires equipment for biomass cutting and
transport, which generates additional economic costs (Christensen and Koppenjan,
2010). A single harvest during the growing season (e.g. in the middle of August or at
the turn of summer and autumn) allows a high biomass yield to be obtained (Vogel et
al., 2002; Lemus et al., 2008). A late autumn harvest gives a relatively high yield, but
the productivity can be lower by 10-20% compared to an earlier harvest (\Vogel et al.,
2002). But a frequent harvest adversely affects the condition of plants and plantation
longevity (Fike et al., 2006; Lee et al., 2014b). It should be stressed that after the end of
the growing season nutrients from the aboveground parts of switchgrass plants are
transported to the roots (Anderson et al., 2013; Lindsey et al., 2013; Wayman et al.,
2014). That is why a single harvest after the end of the growing season is more
appropriate in the context of good overwintering of the rhizome (following Mitchell and
Schmer, 2012). A spring harvest (before plant growth begins) causes the lowest losses
in reserve nutrients (Adler et al., 2006; Samson, 2007; Guretzky et al., 2011; Gamble et
al., 2015), but the yield harvested during this period is lower than the yield obtained
from an autumn harvest (Adler et al., 2006; Cherney et al., 2018). Yield losses result,
among others, from dry and brittle leaves of switchgrass plants being blown away by
strong winds. Most frequently, the harvest is carried out once a year, though in the case
of upland ecotypes grown in a warmer climate a high yield is also obtained with two
biomass harvests per year (Fike et al., 2006).

The harvest is carried out using one-stage technology (simultaneous cutting and
grounding) or two-stage technology (first the cutting operation, then grounding). It
should be indicated that the grounding operation is important when switchgrass biomass
is used for energy purposes. In the case of biomass to be burned or subjected to
thermochemical conversion, low moisture, ash, nitrogen, potassium and chlorine
contents are also of major importance (Lindsey et al., 2013; Liu et al., 2014;
Sadeghpour et al., 2014a; Gorlitsky et al., 2015). It is essential that the values of these
parameters are lowest in spring-harvested biomass (Table 2) (Adler et al., 2006;
Zegada-Lizarazu et al., 2010; Lee et al., 2014b; Cherney et al., 2018). During the
summer period, the plant water content is about 70%, at the end of autumn it decreases
to about 40% (following Sokhansanj et al., 2009), while in spring-harvested biomass it
can be from several to over a dozen percent (Adler et al.,, 2006; Samson, 2007;
Sadeghpour et al., 2014a). It is worth mentioning that a low plant water content
facilitates harvest as well as storage and pelletization of the material harvested. But
biomass with a water content of > 20% can be stored only for a short time and its drying
is costly (Sokhansanj et al., 2009). Harvest at a later time seems to be less favorable
when the biomass will be subjected to enzymatic hydrolysis (bioethanol production)
because the biomass harvested during this time contains more lignin which hinders this
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process (Lindsey et al., 2013; Aurangzaib et al., 2016; Serapiglia et al., 2017). However,
this component increases the energy value of biomass (Williams et al., 2016).

Table 2. The ash and selected elements content in switchgrass depending on the harvest
date. (Adler et al., 2006)

Ash N \ K | Cl
Harvest date % dry matter
Experience plots
Autumn 3.41 0.62 0.33 0.10
Spring 2.47 0.54 0.06 0.03
Experience canopy
Autumn 3.46 0.43 0.34 0.06
Spring 2.26 0.40 0.07 0.01

Switchgrass is harvested using conventional farming equipment. It is mowed at a
height of 10-15 cm from soil surface and the cut biomass is baled into round or
rectangular bales that are stored in a dry place isolated from the ground. To reduce
storage losses, biomass with a moisture content > 18% should be field dried before it is
baled (Garland, 2008; Monti et al., 2009b; following Mitchell and Schmer, 2012).

The use of biomass for energy purposes

The growing problem of greenhouse emissions and the increasing demand for energy
have enhanced the interest in energy sources alternative to fossil fuels. Biomass is an
appropriate energy source that can provide in a short time transportation fuels such as
biodiesel and bioethanol. Bioethanol is one of the most known biofuels that can be a
substitute for petrol (Alvira et al., 2010). The possibility of using first generation
bioethanol, produced from maize, wheat, sugar beet, sugar cane, etc., has been studied
thus far (Bai et al., 2010). Nevertheless, the production of biofuels from food raw
materials arouses a lot of controversy and therefore second-generation biofuels are used,
which are produced from lignocellulosic substrates (e.g. switchgrass, straw).
Switchgrass biomass can be converted to useful energy by direct combustion or during
the production of liquid (bioethanol) and gaseous biofuels (syngas, biogas) (Sanderson
et al., 2006; Alvira et al., 2010; Schmer et al., 2014).

Combustion and co-firing of switchgrass

Switchgrass biomass can be used in the burning process as a stand-alone fuel or can
be co-fired with coal. However, the use of switchgrass as the only source of fuel or in a
mixture with coal in high capacity power plants is not common or economically
beneficial. This is due to slagging and contamination of the combustion systems
(Karlsson et al., 2015). The reason for this adverse phenomenon is the presence of
potassium, calcium, magnesium, chlorine and silicon in biomass in amounts larger than
in coal (Qin et al., 2006; Antunes and de Oliveira, 2013). The higher the potassium and
sodium content, the lower the biomass ash melting point and as a result of this the
greater the slagging and the boiler corrosion. Gaseous chlorine and hydrogen chloride
are the main corrosion factors of power boilers, but the action of HCI on boiler metal
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jest less dangerous than that of Cl,. Chlorides, especially potassium and sodium
chlorides, released during biomass burning condense on the surface of the boilers and
superheater tubes. Then, in a reaction of the chlorides with iron oxides present in the
deposits or SO, that occurs in flue gas, chlorine and hydrogen chloride are formed,
respectively. The solid products of these reactions, on the other hand, are melted into a
glassy viscous layer that captures non-volatile elements (Ca, Si and Mg) from which
silicates are formed with lower melting points than in the case of chlorides, which
increases the risk of corrosion (Hardy et al., 2009; Kumar et al., 2017).

The effectiveness of switchgrass biomass burning is also dependent on ash and
moisture content. The composition and calorific value of switchgrass are shown in
Table 3. A relatively high ash content in switchgrass is due to the higher proportion of
leaves, which can contain 3 times more ash than the stems, in the biomass of this plant
(Table 4) (Madakadze et al., 1999; Hu et al., 2010; Vamvuka et al., 2010). Ash reduces
the calorific value of biomass. A high moisture content of biomass also results in a
reduced calorific value and this content should not be more than 23% (Lewandowski
and Kicherer, 1997). In the biomass burning process, nitrogen content is also important,
since it affects NOx emissions (Elbersen, 2001). According to Lewandowski and
Kicherer (1997), the nitrogen content in dry matter should be < 10 g-kg’ DM (dry
matter).

Table 3. The composition and calorific value of the biomass of switchgrass

c H N (o) Ash Moisture |_\I/I3ITJ:I ﬁgrc/g Source
0, o) 0) 0) 0) 0) '
(% DM)| (% DM)| (% DM) | (% DM) | (% DM) (%) (MJ kg DM)
(Pilon and
445 5.8 0.5 45.7 3.7 6.2 19.5 Lavoie, 2011)
(Tillman, 2000;
46.68 5.82 0.76 37.38 8.98 15.00 18.06 ECN, 2016)

DM — dry matter

Table 4. Percentage of internodes, nodes, and leaves of switchgrass in the dry mass. (Hu et
al., 2010)

Variety Internodes (%) Nodes (%0) Leaves (%)
Alamo 26.8 3.7 69.5
Kanlow 25.9 3.2 71.0

Research shows that burning switchgrass biomass mixed with coal can bring
ecological benefits, such as reduced emissions of some atmospheric pollutants and an
increase in biomass heating rate during this process (Kumar et al., 2017). Switchgrass
and coal can be co-fired in pulverized coal-fired boilers (which are commonly used in
Polish power plants and combined heat and power plants) as well as in fluidized beds.
Co-firing in pulverized coal-fired boilers requires the biomass to be converted into a
homogeneous material with a grindability similar to that of coal. This is due to the fact
that the co-firing process is preceded by biofuel grinding in coal mills, which are
structurally unsuitable for co-milling of coal with raw biomass (Zuwata et al., 2014).
During the combustion of a coal and biomass mixture in fluidized beds, on the other
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hand, pollutants are deposited on the coils of the secondary superheaters of the boiler
which hinder its operation (Hycnar, 2006). It should be added that the risk of chloride
corrosion in the co-firing process is not high if the percentage of biomass in the fuel
stream does not exceed 10% (Hardy et al., 2009).

Bioethanol production from switchgrass

Switchgrass is considered a good substrate to produce bioethanol because of its
biomass yield, high carbohydrate content, good adaptation to various soil and climate
conditions, and low agricultural requirements for its production. Preferred ecotypes for
bioenergy applications is lowland ecotypes. This is due to the fact that the biomass yield
is higher compared to lowland ecotypes (Dien et al., 2013). In studies Dien et al. (2013)
the higher content of carbohydrate occurred in upland ecotype and increased with
harvest maturity.

The process of bioethanol production is based on the fermentation of
monosaccharides (pentoses and hexoses) that are formed as a result of enzymatic
hydrolysis of the polysaccharides (cellulose and hemicelluloses) contained in
switchgrass biomass. Cellulose and hemicelluloses, together with lignin, are the major
components of the lignocellulose polymer which is not very susceptible to enzymatic
hydrolysis due to its complex structure (Lee et al., 2014a; Williams et al., 2016; Zabed
et al., 2017). In the lignocellulosic complex, lignin is the most difficult to hydrolyze,
mainly due to the presence of carbon-carbon bonds and ether-type bonds in its structure,
while the hemicelluloses are relatively easiest to hydrolyze. Moreover, the lignin and
hemicelluloses surrounding the microfibers of the cellulose effectively impede the
degradation of this polysaccharide by the cellulosic enzymes (Waramit et al., 2011,
Umezawa, 2018).

Individual varieties of switchgrass differ in the content of carbohydrates and their
individual fractions. Studies on biomass composition of five switchgrass genotypes,
selected from twenty-two as the best yielding, were carried out by Min et al. (2017).
Biomass composition was analyzed for total carbohydrate polymers (glucan + xylan +
arabinan), total lignin (acid-soluble lignin + acid-insoluble lignin) and total extractives
(water-soluble extractives + ethanol-soluble extractives) contents. The SWG 2007-2
genotype switchgrass had the highest amount of total carbohydrate polymers and the
lowest amount of total lignin; therefore, this genotype is the most promising switchgrass
line for the bioconversion to produce biofuel through sugar platform route. On the other
hand high ratio of [water soluble carbohydrates + starch + cellulose]:hemicellulose
showed that biomass of switchgrass stems and whole aboveground part (2.39 and 2.40)
could be highly valuable feedstock for liquid biofuel production (Butkut¢ et al., 2013).

Thus, to reduce the resistance of lignocellulose and its fractions (in particular
cellulose and lignin) to enzymatic action, the biomass structure and chemical
composition should be changed (Rijal et al., 2012). These effects can be achieved
through biomass pretreatment using the following methods: mechanical (grinding,
milling), chemical (decomposition using acids (H,SO,4, HCI) and bases (NaOH, KOH,
Ca(OH),) as well as ammonium and ozone), thermal (in which steam heating, for
example, is used), and also biological (the use of microorganisms to degrade or digest
the cellulose and lignin) (Xu et al., 2011; Larsen et al., 2012; Karp et al., 2015; Loow et
al., 2016; Sharma et al., 2016; Chen et al., 2018; Rajendran et al., 2018). Acid
hydrolysis or base hydrolysis is relatively cheap and commonly used methods of
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chemical biomass pretreatment. The study of Rijal et al. (2012) showed the beneficial
effect of acid or base pretreatment as well as of grinding and heating in a pellet mill on
the efficiency of enzymatic hydrolysis of switchgrass biomass.

The process that follows pretreatment is enzymatic hydrolysis designed to convert
the cellulose and hemicelluloses to fermenting sugars, which include glucose and
xylose. This method uses the complexes of three enzymes (cellulases and
hemicellulases) which are produced by microorganisms and which have a synergistic
effect during the hydrolysis of cellulose (endo-B-1,4-glucanases, exo-p-1,4-glucanases,
and B-glucosidase) and hemicelluloses (endo-B-1,4-xylanases, exo-p-1,4-xylanases and
B-xylosidase). These polysaccharides are hydrolyzed to monosaccharides. The glucose
derived from the hydrolysis is usually subjected to fermentation using strains of the
yeast Saccharomyces cerevisiae and the bacterium Zymomonas mobilis. But xylose is
converted by other yeasts, such as Pachysolen tannophilus, Candida shehatae, and
Pichia stipitis (following Zabed et al., 2017). However, problems have been noted with
the use of xylose-fermenting yeasts due to their low tolerance to ethanol, slow
fermentation rate and difficulties with adjusting the reaction conditions (Keshwani and
Cheng, 2009). Therefore, strains of bacteria such as Escherichia coli and Zymomonas
mobilis have been modified in recent years using genetic engineering. Nevertheless, the
fermentation capacity of these strains is not sufficiently effective. Genetically modified
strains of Sacharomyces cerevisiae are currently used in the process of biomass
conversion to ethanol, which is common for xylose and glucose (Balan et al., 2012).

The results of studies on the efficiency of ethanol from switchgrass biomass, with
reference to other biomass resources, using in process Sachcaromyces cerevisiae are
presented by Guragain et al. (2014) (Table 5).

Table 5. Ethanol production at shake flask level using fermentation of biomass hydrolyzed
using S. cerevisiae. (Guragain et al., 2014)

Ethanol yield Productivit Ethanol yield Ethanol yield
Type of biomass (9-9™ glucose ucuvity (9-g™* pretreated (9-9* raw
(g:1"-h™) . .

consumed) biomass) biomass)
Switchgrass 0.492 £ 0.003 2.17+0.039 0.16 +0.0029 0.10+0.003
Wheat straw 0.492 +0.003 2.87 +0.003 0.22 £ 0.0002 0.12+0.003
Miscanthus 0.489 + 0.007 2.27+0.030 0.17 +£0.0022 0.10 +£0.001
Sorghum bagasse 0.494 £ 0.005 2.80 +£0.081 0.21 +£0.0061 0.13 +0.003

Productivity was measured for 15 h of fermentation at 30 °C and expressed as gram of ethanol produced
per liter per hour

The yeast Saccharomyces cerevisieae only ferment hexoses and are not able to use
pentoses contained in biomass. Therefore, other microorganisms that do not have this
negative trait are used for the fermentation of sugars and are competitive to S. cerevisa
strains in terms of the amount of ethanol produced (Kurylenko et al., 2014). Abdullahi
et al. (2017) studied the effect of N fertilization and acidic switchgrass biomass
hydrolysis on ethanol yield. Pre-treatment was carried out with HCI (concentrations of
3, 4 and 5%). Saccharomyces cerevisiae and Gram-negative Zymomonas mobilis were
used in the fermentation process. The microorganisms were used singly and in
combination. The beneficial effects of nitrogen doses of 50 and 75 kg N-ha™ and
treatment with 4% acid on the content of reducing sugars in the hydrolyzate were found.
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The most ethanol was obtained when the hydrolyzate was fermented using the
combination of Saccharomyces cerevisiae and Zymomonas mobilis.

Hydrothermal pretreatment is recommended for grass biomass (Alvira et al., 2010;
Kim et al., 2011). As a result of the hydrothermal degradation of lignocellulosic
biomass, liquid and solid fractions containing useful bioproducts of the
depolymerisation of complex sugars can be obtained. Kim et al. (2011) showed that the
content of glucose and xylose in switchgrass biomass processed by hydrothermolysis
was higher than after the following pre-treatment methods: AFEX (ammonia fiber
exolosion), SAA (soaking aqueous ammonia), lime and dilute sulfuric acid. According
to Suryawati et al. (2009) temperature 200 °C and time10 min are the best conditions
for the hydrothermolysis of switchgrass. Under these conditions, Suryawati et al. (2008)
reported an increase in glucan content from 36.6 to 56.6% (dry basis) and a reduction in
the xylan content from 21.0 to 2.4% (dry basis) in the solid fraction of switchgrass.

The most problematic step in the biochemical method of obtaining ethanol is the
hydrolysis. It is related to the fact that simple sugars which are the end products of
enzymatic hydrolysis inhibit the activity of enzymes: cellulases and hemicellulases. For
complete hydrolysis of lignocellulose polysaccharides, the sugars released should be
directly (in the same tank) transformed by fermenting organisms into ethanol. It is
possible in the process of simultaneous saccharification and fermentation (SSF process)
(Kurylenko et al., 2014). Faga et al. (2010) conducted research on fermentation of
switchgrass biomass using the SSF process. For the pretreatment of biomass,
hydrothermolysis (water in the subcritical state, temperature 200 °C, holding time
10 min, 10% (w/w) solids loading) was applied. The following yeast strains were used
for the fermentation: Kluyveromyces marxianus IMB 1, IMB 2, IMB 3, IMB 4 and IMB
5 (culture at 45 °C) and Saccharomyces cerevisiae DsA (culture at 37 °C). The
fermentation process was carried out for: 72 h (K. marxianus IMB 1, IMB 2, IMB 4 and
IMB 5), 96 h (K. marxianus IMB 3) and 7 days (S. cerevisiae DsA). The effect of buffer
pH on bioethanol production by S. cerevisiae DsA was also investigated. It was found
that in 96 and 120 h of fermentation, the strains IMB 3 and S. cerevisiae DsA were
characterized by a higher yield of ethanol production in relation to other K. marxianus
strains. In the final fermentation stage, the bioethanol production efficiency for IMB 3,
IMB 1, IMB 5 strains was at a similar level, but lower than for IMB 3 and S. cerevisiae.
With the lowering of the pH from 5.5 to 4.8, reduction of ethanol production by S.
cerevisiae DsA was observed. Research Sykes et al. (2016) indicate that ethanol
efficiency method is significantly reduced by the use of biomass switchgrass infected
with rust.

Bioethanol from switchgrass biomass can also be obtained without pre-treatment,
which reduces the costs of the process. Chung et al. (2014) proposed the use of a
genetically modified strain of Caldicellulosiruptor bescii for fermentation. Genetic
modification consisted of among others on the introduction of a gene responsible for
coding the enzyme allowing ethanol synthesis. A gene isolated from Clostridium
thermocellum was used for this purpose. The degree of biomass processing using the
Caldicellulosiruptor bescii recombinant was about 30% and 1.7 moles of ethanol was
obtained from each one mole of glucose. Fu et al. (2011) and Yee et al. (2014) studied
the production efficiency of bioethanol from biomass of genetically modified
switchgrass. Transgenic switchgrass was characterized by a decreased expression of the
COMT (Caffeic acid O-methyltransferase) gene, which is responsible for the coding of
one of the key enzymes in the lignin biosynthetic pathway. As a result, with the use of
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Clostridium thermocellum, a greater production of bioethanol from transgenic
switchgrass biomass in relation to unmodified biomass was obtained.

Ethanol yield from switchgrass biomass from field-scale production ranged from
about 2300 to 3500 L-ha™ in depends on biomass yielding (Schmer et al., 2008). Net
Energy Yield (NEY) of this biofuel ranged from 50 to more than 75 GJ-ha™. However
the complex technological process of bioethanol production from lignocellulosic
feedstocks involves significant costs. Moreover, the technology of producing liquid
biofuels from this type of biomass has not been fully identified. In particular, the
economic aspect is a barrier to the production of second generation biofuels being
quickly spread. Energy inputs on the production and processing of switchgrass under
the U.S. conditions are 50% higher than the energy generated from the ethanol produced
from this crop (Pimentel and Patzel, 2005).

Conversion of switchgrass biomass to gaseous fuels

In spite of the continuous development of bioethanol production from woody
feedstocks, the reaction costs are still high, while the variation in biomass composition
requires the selection of appropriate hydrolyzing enzymes. Thus, more practical and less
costly possibilities of using biomass are sought. One of them is the production of
gaseous fuels (Boateng et al., 2006).

Biomass-derived gaseous fuels can be obtained using various processes, including
among others: thermal process (gasification and pyrolysis (Table 6)) and biochemical:
anaerobic digestion. The former one is high-temperature conversion of biomass to
gaseous fuels under the influence of a gasifying agent. On the other hand, pyrolysis is a
process that does not require access of external oxidizing and reducing agents and hence
can be a stand-alone process or one of the stages of gasification or combustion
(Piechocki et al., 2010). The pyrolysis products are: non-condensable gases (CO, COa,
CHyg, and Hy), bio-oil (liquid) and bio-char (solid). Depending on the time of pyrolysis,
the yield of these products varies. As a result of gasification synthesis gas (syngas) is
produced, whose main components are as follows: H,, N2, H,O, CH,4, CO and CO,. The
amount and composition of the synthesis gas varies depending on the conditions of the
gasification process (Damartzis and Zabaniotou, 2011; Sarkar et al., 2014). Lower
heating value (LHV) of gases which produced in gasification and pyrolysis of
switchgrass biomass are respectively: 4 MJ-Nm™ and 5.9 MJ-kg™ (Elbersen, 2001).

Table 6. Thermal conversion products of switchgrass biomass. (Elbersen, 2001)

Product Gasification Pyrolysis
H, 5% -
CH, 3% 5%
CO 11% 32%
Other tar Bio-ail, charcoal

Pyrolysis can be carried out in a reactor equipped with a mechanism that provides the
flow and simultaneous mixing of the feedstock (e.g. a rotating drum reactor or a screw
reactor). The syngas production efficiency is higher and the quality of syngas is better
when biomass harvested at later dates is pyrolyzed (Boateng et al., 2006). Subsequently,
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through catalytic conversion bioethanol can be obtained from the synthetic gas derived
using this method.

In studies by Boateng et al. (2007) with the use of a fluidized-bed reactor, the bio-oil
efficiency was over 60% by mass and the energy conversion efficiency was in the range
of 52%-81%. He et al. (2009) studied the effect of feedstock moisture contents and
pyrolysis temperature (T) on the yield and physicochemical properties of the obtained
bio-oil. It was shown that under conditions: moisture of 10% and T = 450 °C, moisture
of 15% and T = 550 °C, the obtained bio-oils were characterized by the best physical
properties. In addition, experience has shown that by modifying only two parameters of
the pyrolysis process, it is possible to significantly affect the efficiency and properties
of the obtained biofuel.

According to Boateng et al. (2007), Bridgeman et al. (2007) and He et al. (2009) the
chemical composition of bio-oil made from switchgrass is dominated by oxygen
compounds, mainly acids, alcohols, ketones, phenols and furans. The mentioned
compounds and the presence of water give the hydrophilic character of bio-oil, which
limits its useful properties. It should be noted that the water must be separated if the bio-
oil is used to produce fuels (Imam and Capareda, 2012). The aqueous phase contained
in bio-oil is attempted to be used for the production of hydrogen by means of microbial
electrolysis (Borole and Mielenz, 2011). The presence in char and bio-oil of mainly
derivatives of phenols, furans and cyclopentanones was also reported by Pilon and
Lavoie (2013), who studied the switchgrass pyrolysis at temperatures 300, 400 and
500 °C and in the atmosphere of two different gases: N, and CO,. The studies also
showed the variability of biochar and bio-oil shares as well as their calorific value as a
function of temperature and type of inert gas. In the process conducted at 500 °C, less
biochar was obtained than at temperatures of 300 and 400 °C in both N, and CO;
environments. At 300 °C and in a CO, atmosphere the char content was higher than at
this temperature in the N, environment. The calorific value of biochar at 300 °C and in
the CO, atmosphere showed a lower calorific value than at the same temperature under
the N atmosphere (22.2 vs. 24.5 MJ-kg™). In turn, the calorific value of bio-oil at the
temperature of 300 and 400 °C was similar in both atmospheres (~15 MJ-kg™) and at a
temperature of 500 °C it was higher in the atmosphere of CO..

Research Mohamed et al. (2016) indicate that the use of catalysts in the pyrolysis
process can improve the quality of bio-oil obtained from switchgrass biomass. The
catalysts were used individually (KsPOyg; clinoptilolite; activated carbon) and in a
mixture (KsPOy4 + clinoptilolite; KsPO,4 + bentonite). It was found that bio-oils obtained
in the presence of catalysts (KsPO, (10, 20, 30 wt.%), clinoptilolite (20 wt.%),
combinations (10 wt.% K3PO, + 10 wt.% clinoptilolite, 10 wt.% K3PO, + 10 wt.%
bentonite, 10 wt.% K3PO, + 10 wt.% bentonite) were characterized by lower water
content and viscosity in relation to bio-oil obtained without the use of catalyst. The
presence of catalysts also positively influenced the quality parameters of biochar,
including composition, surface area and porosity. The variability of bio-oil properties
(including viscosity, pH, calorific value) obtained from various tests makes it
impossible to determine the appropriate quality standards, which in turn is a barrier to
the use of this product on an industrial scale (He et al., 2009).

To gasify switchgrass biomass, fluidized bed boiler technology is most
recommended, since fluidized bed boilers can use biofuels with a low volume density
and a low ash melting point. In the process of switchgrass gasification using this
technology, only light tar fractions are formed and boiler slagging does not occur.
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However, a disadvantage of this gasification method is the high carbon content in ash
(Elbersen, 2001).

Methods of pretreatment of biomass, ie torrefaction and densification, may lead to
obtaining syngas with better properties. Torrefaction is a high-temperature drying
process in which a solid fuel (biocarbon) with improved properties towards the raw
biomass is obtained. The basic methods of biomass densification are: briquetting and
pelleting. Densification increases the volume density of biomass, which increases its
usefulness for energy purposes. Sarkar et al. (2014) studied switchgrass biomass
gasification, which was pre-treated with torrefaction (at 230 and 270 °C), densification
(pelleting) and combined treatment: torrefaction and densification. Gasification was
carried out at 700, 800 and 900 °C. The oxidizing agent was air. An increase in H, and
CO concentrations in the synthesis gas and its lower heating value (LHV) with
increasing temperature was observed. The largest amounts of produced H, (0.03 kg kg™
biomass) and CO (0.72 kg-kg™ biomass) showed synthesis gas (LHV = 5.08 MJ -m'3)
obtained at 900 °C. This gas came from biomass gasification, which was subjected to a
combined treatment.

Research Pasangulapati et al. (2012) indicate that the content of cellulose,
hemicellulose and lignin in the switchgrass biomass affects the quality of gas obtained
as a result of thermal conversion. According to the authors, higher content of cellulose
and hemicellulose in relation to lignins results in a higher proportion of CO and CO,
than CH, in the produced gas. Switchgrass and wheat straw in comparison to other
biomass tested (eastern red cedar and dry distilled grains with solubles (DDGS)) were
characterized by the highest efficiency of coal conversion: 94 and 95%, respectively. In
the studies of Torreiero et al. (2018) biomass gasification process (Nicotiana glauca,
Panicum virgatum, Elytrigia elongata) was tested. It was shown that the conversion
efficiency of carbon from switchgrass biomass was the highest: 80% (oxidizing agent:
air) and 91.3% (oxidizing agent: enriched air).

The syngas obtained from switchgrass biomass can be subjected to bacterial
fermentation to produce bioethanol. For this purpose is best suited a syngas with a high
content of carbon monoxide and hydrogen and small content of tar. Fermentation of
syngas occurs with the use of anaerobic microorganisms, including from the genus
Clostridium. According to Tanner (2008) the fermentation of syngas results in the
production of 30% more bioethanol in relation to the biochemical conversion method
using the same amount of biomass. Pardo-Planas et al. (2017) conducted simulation
studies on the optimization of gasification of biomass with steam to a syngas rich in
carbon monoxide and hydrogen. The paper analyzed the values of fuel-air equivalence
ratio (ER) and molar ratio of steam to biomass (SBR) and the influence of their value on
the quantity and percentage composition (CO and H; content) of the produced syngas. It
was shown that in simulated conditions the efficiency of synthesis gas conversion to
ethanol was 63.5%. According to the authors, the hybrid method, ie the combination of
gasification with fermentation, is a promising method for producing bioethanol from
switchgrass biomass.

Qian et al. (2013) studied the effect of biomass type (switchgrass, sorghum straw and
red cedar) and fuel-air equivalence ratio ER (0.20, 0.25 and 0.28) on the
physicochemical properties of char obtained as a result of gasification. It was shown
that with the increase of the ER index, the following char parameters increased:
Brunauer-Emmett-Teller (BET) surface area and ash content, while the content of
moisture and fixed carbon decreased.
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Gaseous fuel from switchgrass biomass can be also obtained in the biochemical
conversion process: anaerobic digestion (AD). In this process, microorganisms
participate, which under anaerobic conditions convert organic substances of the raw
material into biogas. The main components of biogas are: methane and carbon dioxide.
The usefulness of switchgrass biomass for biogas production results from its chemical
composition. Especially some of switchgrass germplasm could be of interest for biogas
producers: biomass of octoploid switchgrass ecotype No. 64 by chemical composition
was similar to that of reed canary grass, which is characterized by high energy potential
(Butkuté et al., 2013). It should be also noted that the solid fraction of post-fermentation
residue can be used for the production of solid biofuels, which increases the energy and
economic efficiency of the project (Czekata et al., 2018).

Anaerobic fermentation is a labile process whose normal course depends on many
factors, including the content of lignins in the substrate. Lignins are resistant to
biodegradation (hardly decomposed by methane bacteria) and therefore cause low
methane production and reduce process efficiency. In order to use switchgrass biomass
more efficiently for the synthesis of methane, pre-treatment is carried out by various
methods: mechanical, chemical, thermal or biological (Rodriguez et al., 2017). These
methods are similar to those used at the initial preparation stage for the production of
bioethanol. Literature data demonstrate the effect of pre-treatment on the efficiency of
methane production from switchgrass biomass (Frigon et al., 2012; Papa et al., 2015;
Capecchi et al., 2016). Biological methods of pre-treatment, i.e. ensiling and the use of
enzymes, are an alternative to physical and chemical methods due to the less
onerousness for the environment. For the production of biogas to be possible throughout
the year, the maintenance of switchgrass biomass is necessary. One of the treatments for
the preservation of biomass is its ensiling (Bélanger et al., 2012). This process not only
allows the biomass to be stored for a long period of time without loss, but also to ensure
that physico-chemical composition remains unchanged during storage. The stability of
the composition of switchgrass biomass is extremely important when it is used for the
production of biogas (Herrmann et al., 2011). This composition, however, is altered due
to side reactions, e.g. secondary fermentation, which may occur in the ensiling process.
The production of silage is based on the metabolic processes of lactic acid bacteria.
Therefore, in order to improve the stability of aerobic silage, it is recommended to use
microbiological preparations containing strains of lactic acid bacteria. In view of the
further use of ensiled biomass for the production of biogas, absolutely
heterofermentative bacterial strains (eg, Lactobacillus buchneri, Lactobacillus brevis)
are particularly useful (Liu et al., 2016). Under anaerobic conditions, the strains of these
bacteria ferment simple sugars, both pentoses and hexoses, among others to lactic acid
and acetic acid. Lactic acid is a biomass conservation factor in the ensiling process.
Whereas, acetic acid is a component that methane bacteria use in the production of
biomethane in methane fermentation. In order to obtain good quality silage, both
bacterial and bacterial-enzymatic inoculum are used. Kuprys-Caruk (2017) investigated
the effect of the addition of bacterial preparations Lactosil and 11CH4 on the quality of
silage and biogas production, among others from switchgrass. Both preparations
contained heterofermentative lactic acid bacteria and differed in the absence of
homofermentative bacteria (11CH4). It was found that silages made with the addition of
both Lactosil and 11CH4 were characterized by a higher content of lactic acid in
relation to the control. The content of acetic acid was higher in silage with the addition
of Lactosil, and the lower in silage with the preparation 11CH4 compared to silage
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made without the addition of these preparations. Significant more biogas was obtained
from silage with the addition of 11CH4, which contained the least hemicelluloses and
lignins. The problem of the effect of additives on the quality of silage and biogas yield
was also investigated by Zhao et al. (2017). In the conducted experiment, the authors
demonstrated a positive effect of the combined addition of the strain of Lactobacillus
brevis and the xylanase enzyme on the volume of biogas production from switchgrass
silage. The xylanase enzyme breaks down the lignocellulose hydrolytically into
products that are used by the strain of Lactobacillus brevis. The use of this enzyme
resulted in lowering the lignin content, which positively affected the quality of the
obtained silage. Another way to optimize biogas production is to use mixed
fermentation feeds, i.e. prepared on the basis of two types of substrates. One of the most
common practices of this type is the mixing of plant biomass with manure. Due to the
buffering properties of manure, the risk of lowering the pH in the fermenter and
consequently stopping the fermentation process is reduced. Ahn et al. (2010) studied the
effect of co-fermentation of manure with switchgrass silage on biogas yield in
thermophilic conditions (55 °C). For mixture of switchgrass silage with swine manure, a
53% volatile solids reduction (VS) and a biogas yield of 0.373 L CHy4-g™VS were noted.
However, for the other two mixtures (silage of switchgrass + dairy manure and silage of
switchgrass + poultry manure) the reduction rates of VS and biogas yields were clearly
lower: 9.3%, 0.028 L CH,-gVS and 20%, 0.002 L CH,4 g™V, respectively. It should
be noted that the higher share of ensiled biomass in the batch, the more acidification of
the digester and the complete refraction of the process may occur. This is due to both
the low pH of the silage and the production in the digester with the wrong composition
and proportion of the substrate mixture of larger amounts of volatile fatty acids (VFA)
(Thamsiriroj et al., 2012). In the studies of Ahn et al. (2010) high concentration of VFA
was observed during fermentation of mixtures (silage of switchgrass + dairy manure
and silage of switchgrass + poultry manure), which was maintained until the end of the
process. The methane bacteria could not digest the accumulated acids, which led to
acidification of the fermenter and a decrease in biomethane production capacity from
these mixtures. For this reason, it is important to determine the right ratio of substrates
used and to select the optimal initial loading of the digester with the charge of organic
compounds. In addition, the content of dry matter in the digester, which has a
significant influence on the yield of biogas, depends on the proportion of substrates in
the mixture. Zheng et al. (2015) investigated the effect of various manure dairy farm to
biomass relation to methane production in mesophilic conditions. The substrates were
mixed in the following total solid ratios (TS): 4:0, 3:1, 2:2, 1:3 and 0:4. It was found
that the co-digestion mixture with the ratio of 2:2 substrates showed the highest
efficiency of methane production (158.6 mL CHs-g™VS). In comparison to the
monofermentation of manure and switchgrass, the increase in methane production was
74.5% and 18.3%, respectively.

Among vegetable raw materials, maize is most commonly used in biogas
installations. Research of Barbanti et al. (2014) shows that the production capacity of
methane from switchgrass biomass is lower (217 mL CH4-g™VS) in relation to maize
production (316 mL CHs-g™VS). This is due to the higher content of structural
carbohydrates and lignins in swtchgrass biomass in relation to maize biomass (Barbanti
et al.,, 2014). The data provided in the literature also indicate differences in the
production of biogas from switchgrass resulting from fluctuations in the composition
and volume of its biomass yield. These characteristics are influenced by the variety,
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habitat and climate conditions of the crop and the applied agrotechnics. It seems
therefore justified that varieties of switchgrass intended for biogas should be selected in
terms of the same indicators as in the case of maize. These indicators include the
highest possible dry matter content-ha™, low ash content, and lignin and the ability to
ensilage (BiogasMagazine, 2012). Selection of varieties with the use of agrotechnics
corresponding to local conditions and optimally selected parameters of methane
fermentation should result in intensification of biogas production.

Summary

In the world, switchgrass is a species that is used more and more frequently for
energy purposes. This species has many positive traits that make this plant very
attractive and worthy of spreading. From the agricultural point of view, an enormous
advantage of switchgrass is that it has low soil and fertilization requirements;
switchgrass is also characterized by high resistance to diseases and pests and thereby it
is relatively easy and cheap to grow. Moreover, it exhibits great durability and high
biomass productivity over a long period of time and due to this it can be used in a given
field for even 10 years without a significant decrease in yield. When switchgrass is used
as an energy crop, it is possible to produce bioethanol, biogas (biomethane) and
synthesis gas. Biomass of this species can also be co-fired with coal. The effectiveness
of these processes is dependent on the moisture content, the ash content and
composition as well as the lignin content in switchgrass biomass.
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