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ABSTRACT
Pakarinen, Outi
Methane and hydrogen production from crop biomass through anaerobic digestion
Jyväskylä: University of Jyväskylä, 2011, 96 p.
(Jyväskylä Studies in Biological and Environmental Science
ISSN 1456-9701; 229)
ISSN 978-951-39-4459-9 (nid.)
ISBN 978-951-39-4460-5 (PDF)
Yhteenveto: Metaanin ja vedyn tuottaminen energiakasveista anaerobiprosessissa
Diss.
The feasibility of methane and hydrogen production from energy crops through
anaerobic digestion was evaluated in this thesis. The effects of environmental
conditions, e.g. pH and temperature, as well as inoculum source on H2 yield were
studied in batch assays. In addition, the effects of pre-treatments on methane and
hydrogen yield as well as the feasibility of two-stage H2 + CH4 production was
evaluated. Moreover, the effect of storage on methane yield of grasses was evaluated.
Monodigestion of grass silage for methane production was studied, as well as shifting
the methanogenic process to hydrogenic. Hydrogen production from grass silage and
maize was shown to be possible with heat-treated inoculum in batch assays, with
highest H2 yields of 16.0 and 9.9 ml gVSadded–1 from untreated grass silage and maize,
respectively. Pre-treatments (NaOH, HCl and water-extraction) showed some potential
in increasing H2 yields, while methane yields were not affected. Two-stage H2 + CH4
producing process was shown to improve CH4 yields when compared to traditional
one-stage CH4 process. Methane yield from grass silage monodigestion in continuously
stirred tank reactor (CSTR) with organic loading rate (OLR) of 2 kgVS (m3d)–1 and
hydraulic retention time (HRT) of 30 days was at most 218 l kgVSfed–1. Methanogenic
process was shifted to hydrogenic by increasing the OLR to 10 kgVS (m3d)–1 and
shortening the HRT to 6 days. Highest H2 yield from grass silage was 42 l kgVSfed–1
with a maximum H2 content of 24 %. Energy crops can be successfully stored even for
prolonged periods without decrease in methane yield. However, under sub-optimal
storage conditions loss in volatile solids (VS) content and methane yield can occur.
According to present results energy crops such as grass silage and maize can be
converted to hydrogen or methane in AD process. Hydrogen energy yields are
typically only 2-5 % of the methane energy yields, but the overall energy yield of the
process can be increased by two-stage H2 + CH4 producing process. In addition, the
ongoing methanogenic process can be shifted towards hydrogen production by
increasing the OLR and shortening the HRT. However, the process needs further
research to optimize especially the H2 production.
Keywords: Energy crop; grass silage; hydrogen; methane; pre-treatment; storage; twostage anaerobic process.
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1 INTRODUCTION
1.1 Background
Methane (CH4) and hydrogen (H2) are valuable gaseous compounds which can
be used as fuels or chemicals. Nowadays, hydrogen is mainly utilized as a
reductant in oil refining, and ammonia and methanol production (Muradov &
9H]LURùOX   ZKLOH PHWKDQH LV DOPRVW HQWLUHO\ used for heat and power
production and increasingly also as a vehicle fuel (Thomas & Dave 2003). For
fuel cells hydrogen is often the preferred fuel, while methane or even biogas
(containing CH4 and CO2) can be used in e.g. solid oxide fuel cells (Murray et al.
1999, Xuan et al. 2009). When methane is used as a traffic fuel instead of
gasoline CO2 emissions can be reduced about 25 % (Wang & Huang 1999),
while the main advantage of H2 as a fuel is the absence of CO2, CO and
hydrocarbon emissions (Marbán & Valdés-Solís 2007, Balat 2008) as the major
oxidation product is water vapour (small amount of NOx).
Hydrogen has a high energy content on mass basis (lower heating value of
120 MJ kg–1) as compared to methane (50 MJ kg-1) and gasoline (44 MJ kg-1),
while the energy content on volume basis (10.8 MJ (Nm3)–1), is, however, less
than one third that of CH4 (35.9 MJ (Nm3)–1, Balat 2008). The sustainability of
methane and hydrogen depends on the production process and the original
energy source (fossil or renewable) (Ball & Wietschel 2009). Currently, H2 is
almost entirely produced from fossil energy sources, mainly by steamreforming of natural gas (Mueller-Langer et al. 2007) and the methane used
derives almost entirely from fossil natural gas.
Biomass is available in various forms such as organic waste, animal
manure, energy crops and crop residues for renewable energy production
(Hoogwijk et al. 2003). Biomass can be converted into energy using
thermochemical and biotechnological processes of which anaerobic digestion
(AD) is a competitive concept for methane production in both energy efficiency
and environmental impact comparison studies (Fredriksson et al. 2006). AD can
use various crop materials and wastes as substrates while nutrients can be
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recirculated for further cultivation (Fredriksson et al. 2006). Moreover,
carbohydrate rich crop biomass could be especially suitable for H2 production
through AD (Chong et al. 2009). Energy crops are considered as the major
resource among the biomass for renewable energy production (Hoogwijk et al.
2003) and crops with high biomass yields and efficient conversion into energy
are considered most sustainable.
Grasses are classified among potential crops for biogas production in
northern conditions due to their potential high CH4 yield per hectare and
suitability in current agricultural cultivation, harvest and storage practices (e.g.
Lehtomäki et al. 2008a, Prochnow et al. 2009). Moreover, maize is increasingly
used as feedstock for CH4 production especially in Germany and Austria due to
its high biomass yield (Amon et al. 2007) and maize and grass silage are the
most applied co-substrates in agricultural biogas plants in Germany (Weiland
2006). In addition, grass and maize based biogas production has been found
feasible in terms of energy and CO2 balance (Gerin et al. 2008). In this summary
the main focus is on AD process as a means for converting crop biomass for
renewable energy, especially for hydrogen production.

1.2 Anaerobic digestion pathways
1.2.1 Hydrolysis
Anaerobic digestion of solid substrates is typically divided to four main steps
(Fig. 1). In hydrolysis, organic polymers are degraded by enzymes to soluble
compounds, which are further degraded to e.g. volatile fatty acids (VFA), H2
and CO2 during acidogenesis. VFAs are oxidized in acetogenesis to acetate, H2
and CO2 (very low partial pressure of H2 is needed) which are further
converted to methane in methanogenesis (Madigan et al. 2009).
In the hydrolysis (Fig. 1) organic polymers are degraded into soluble
monomers, e.g. cellulose is hydrolyzed to glucose units in enzymatic reactions
(Malherbe & Cloete 2002). Efficient hydrolysis of cellulose involves at least
WKUHH JURXSV RI HQ]\PHV QDPHO\ HQGRJOXFDQDVHV H[RJOXFDQDVHV DQG ǃglucosidase. More enzymes are required for complete degradation of
hemicellulose because of its greater complexity compared to cellulose. Of these,
xylanase is the best studied. Anaerobic bacterial species, especially Clostridium
spp. (e.g. C. cellobioparum, C. acetobutylicum) contain complexed cellulase
systems which enables high hydrolysis efficiency (Ljungdahl & Eriksson 1985,
Malherbe & Cloete 2002). Other anaerobic bacteria with cellulolytic activity are
e.g. Acetivibrio cellulolyticus, Ruminococcus albus and Eubacterium cellusolvens
(Ljungdahl & Eriksson 1985). The enzymatic hydrolysis of lignin is limited due
to its irregular shape (Malherbe & Cloete 2002) and lignin is hardly degraded in
anaerobic conditions (Jimenez et al. 1990). Hydrolysis rate coefficients
(constants) for solid materials are normally in the order of 0.1-0.3 day–1
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Complex polymers
e.g. cellulose, starch, hemicelluloses, proteins
HYDROLYSIS
Monomers
e.g. sugars, amino acids
ACIDOGENESIS
H2 + CO2

(HOMO)ACETO
GENESIS

Acetate

Propionate
Butyrate etc.
ACETOGENESIS

Acetate
H2 + CO2

CH4 + CO2

FIGURE 1

Acetate

METHANOGENESIS

CH4 and H2 production from polymeric substrates. Dark fermentative
hydrogen production shown with dashed line (partially adapted from
Madigan et al. 2009).

(Weiland 2010, Angelidaki et al. 2011), while kinetic coefficients of the firstorder rate of hydrolysis for energy crops and crop residues are reported to be
0.009-0.094 day–1 (Lehtomäki et al. 2005a).
1.2.2 Acidogenesis
The soluble compounds formed in the hydrolysis (e.g. glucose, xylose) are
further oxidized to e.g. VFAs (acetic, propionic, butyric etc.), H2 and CO2 in the
acidogenesis step (Fig. 1) (also referred to as fermentation) by fermentative
bacteria. In fermentation, some of the molecules of the substrate are reduced,
whereas others are oxidized, usually to CO2. In many fermentation reactions
redox balance is maintained by the production of molecular hydrogen (H2) as
protons (H+) of the water serve as electron acceptor. Production of hydrogen is
related to the activity of an iron-sulfur protein called ferredoxin, an electron
carrier of low redox potential. The transfer of electrons from ferredoxin to H+ is
catalyzed by the enzyme hydrogenase (Madigan et al. 2009). Thus, hydrogen
production is dependent on the presence of a hydrogen-producing enzyme
containing complex metallo-clusters as active sites (Bartacek et al. 2007). The
energetics of hydrogen production are somewhat unfavourable, so that most
fermentative organisms only produce a relatively small amount of H2 along
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with other fermentation products (Madigan et al. 2009) as fermentations have
been optimized by evolution to produce cell biomass and not hydrogen
(Hallenbeck 2005). Hydrogen production in acidogenesis, i.e. dark fermentative
hydrogen production, is covered in more detail in Section 1.2.
1.2.3 Acetogenesis
In acetogenesis VFAs (e.g. propionic and butyric acids) are oxidized by
acetogenic bacteria to acetic acid and H2, which are used as substrates in
methanogenesis (Fig. 1). Interspecies hydrogen transfer (e.g. to methanogens)
makes otherwise energetically unfavourable reaction possible. Most acetogenic
bacteria that produce acetate are gram-positive Bacteria, and many are species of
the spore-forming Clostridium (e.g. C. aceticum) or the non-spore-forming
Acetobacterium (e.g. A. woodii, Madigan et al. 2009). Acetogenic bacteria typically
grow more slowly when compared to acidogenic bacteria. Most acetogenic
bacteria can grow heterotrophically by fermenting sugars (Madigan et al. 2009).
Homoacetogens consume CO2 and H2 producing acetate according to the
following equation (1).
4 H2 + 2HCO3– + H+ń&+3COO– + 4 H2O

(1)

1.2.4 Methanogenesis
Methanogens are obligate anaerobic Archaea (Madigan et al. 2009), divided into
five phylogenetic orders, namely Methanosarcinales, Methanobacteriales,
Methanomicrobiales, Methanococcales and Methanopyrales showing diverse cell
morphology and optimal growth conditions (Angelidaki et al. 2011). Three
classes of methanogenic substrates are known, i.e. CO2 type substrates (CO2,
CO, formate), methyl substrates (methanol, methylamine, dimethylamine,
trimethylamine) and acetotrophic substrates (acetate) (Madigan et al. 2009). In
anaerobic digesters treating wastewater biosolids, 70 % of the methane derives
from acetate and 30 % from hydrogen. Acetotrophic methanogens degrade
acetic acid according to Equation (2).
CH3COO– + H2O ń CH4 + HCO3

(2)

Hydrogenotrophic methanogens produce methane autotrophically from carbon
dioxide (carbon source and electron acceptor) and hydrogen (electron donor).
Methanogenesis from H2 and CO2 is presented in Equation (3).
CO2 + 4H2 ń CH4 + 2 H2O

(3)

Anaerobic reactions will ultimately lead to production of CH4 and CO2, thus, in
traditional AD process the biogas is mainly composed of methane (50-70 %) and
carbon dioxide (Madigan et al. 2009).
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1.3 Hydrogen production in acidogenesis
1.3.1 Theoretical hydrogen yield and hydrogen producing micro-organisms
Theoretical maximum of 12 moles of H2 from one mole of glucose is not
thermodynamically possible reaction. Instead, the highest H2 production (4
moles) can be achieved, when one mole of glucose (C6H12O6) is degraded to 2
moles of acetate (Equation 4), resulting in COD reduction of 33 % in the form of
H2 (Bartacek et al. 2007). When glucose is degraded to butyrate, in theory 2
moles of H2 per one mole of glucose (Equation 5) can be produced (Hallenbeck
2005). Theoretical maximum from one mole of xylose (C5H10O5) is 3.33 moles H2
with acetate as the sole end product (Cui et al. 2010), while theoretical
maximum from one mole of sucrose (C12H22O11) is 8 moles of H2 (Logan et al.
2002).
C6H12O6 + 4H22ńDFHWDWH&22 + 4H2

(4)

C6H12O6 + 2H22ńEXW\UDWH&22 + 2H2

(5)

Among a large number of microbial species, strict anaerobes such as clostridia
(e.g. C. pasteurianum, C. butyricum, C. beijerinkii), are efficient producers of
hydrogen, with theoretical H2 yield of 4 moles per mole of glucose. Practical
yields from these fermentations are near 2 or slightly above (Nath & Das 2004,
Hallenbeck 2005, Mohan 2009), as some of the substrate is used as energy and
carbon source for bacteria (Kapdan & Kargi 2006), other degradation products
than acetic acid can be produced, and H2 consuming reactions can occur (Li &
Fang 2007). Hydrogen is produced during the exponential growth phase of
clostridia (Bartacek et al. 2007) and in addition to acetate, fermentation can yield
ethanol, butyrate, butanol and acetone (Hawkes et al. 2002, Nath & Das 2004,
Hallenbeck 2005). Clostridia form spores under unfavourable conditions, such
as lack of nutrients or heat-treatment and are highly sensitive to oxygen
(Bartacek et al. 2007).
In addition, facultative anaerobic bacteria, such as enteric bacteria, can
produce at most 2 moles of H2 per mole of glucose (Nath & Das 2004,
Hallenbeck 2005, Kapdan & Kargi 2006), while in practise about one half of this
theoretical H2 yield is observed (Hallenbeck 2005). Enterobacter sp. can tolerate
oxygen (Bartacek et al. 2007) and carry out a mixed-acid fermentation
producing lactate, ethanol, acetate, formate, H2, CO2, succinate and butanediol.
In mixed cultures, mesophilic Clostridium sp. and thermophilic
Thermoanaerobacterium sp. are the species most often indicated (Bartacek et al.
2007). Moreover, extreme-thermophilic (70 °C) hydrogen (+ethanol) producers
(from glucose) have been found; e.g. Thermoanaerobacter, Thermoanaerobacterium
and Caldanaerobacter (Zhao et al. 2009).
In addition to hexose or pentose utilizing H2-producers, some bacteria,
e.g. C. cellulolyticum, C. acetobutylicum X9, C. cellobioparum and C. thermocellum

14
are capable of H2 production from cellulose (Levin et al. 2009, Madigan et al.
2009, Ren et al. 2009), with e.g. acetic acid, lactic acid, succinic acid and ethanol
as fermentation products (Madigan et al. 2009). Moreover, species such as C.
butyricum, C. acetobutylicum, C. cellobioparum, C. pasteurianum and C. perfringens
are capable of fermentation of starch and pectin in addition to sugars, with
fermentation products of acetone, butanol, ethanol, isopropanol, butyric acid,
acetic acid, propionic acid and lactic acid (Madigan et al. 2009). H2 yields from
cellulose are typically between 1-2 mol (mol hexose)–1 (Levin et al. 2009).
Recently H2 yield of 10.1 mmol (g cellulose)–1 has been reported (Wang et al.
2011a), while 2.32 mol (mol glucose)–1 has been obtained from starch in CSTR
(Akutsu et al. 2008). Factors affecting cellulose degradation are among others
initial and final pH, substrate type and concentration as well as inhibition by
degradation products (Ren et al. 2009).
1.3.2 Inoculum for hydrogen production
In a typical AD process hydrogen is produced, but is not detected, as it is
immediately consumed by hydrogen consuming micro-organisms, e.g.
methanogens, homoacetogens and sulphate-reducing bacteria (Madigan et al.
2009). It has been shown, that hydrogen production instead of methane is
possible, by adjusting the process parameters and by inactivating H2 consuming
micro-organisms. In batch hydrogen production this is typically achieved by
heat-treating the inoculum, as hydrogen producers are spore-forming, and can
thus survive under severe conditions (heat, acidic or alkaline pH), while
hydrogen consumers, e.g. methanogens can not (O-Thong et al. 2009). However,
heat-treatment is energy intensive (Wang & Zhao 2009) and H2 consuming
micro-organisms can be introduced with the substrate in continuous processes.
It has also been shown, that bacterial diversity can be diminished after heattreatment (Baghchehsaraee et al. 2008) and heat-treatment is not always
necessary for hydrogen production (e.g. Antonopoulou et al. 2008, Pan et al.
2008, Ohnishi et al. 2010). Other methods for preparation of hydrogen
producing inoculum include organic shock load, acid, base and chemical
inhibitors, e.g. 2-bromoethanesulfonic acid (BESA) and acetylene (Bartacek et al.
2007, Hawkes et al. 2007, O-Thong et al. 2009). During shock load VFAs, H2,
CO2 and formate accumulate, which can lead to inhibition of methanogens.
Load-shock has been found as an effective method for preparing H2 producing
inoculum with H2 yield of 1.96 mol (mol hexose)–1 (O-Thong et al. 2009) and
with higher species diversity as compared to heat-treated inoculum. In
addition, some researchers prefer to use the indigenous microflora of the
substrate without any inoculum addition (Antonopoulou et al. 2008, Wang &
Zhao 2009, Antonopoulou et al. 2011). In practical applications, hydrogen
producing system should be easily obtained and thus shifting the ongoing
(typically methanogenic) process to hydrogen production could be an
interesting opportunity. Typically, as compared to methanogenic process,
shorter HRT, higher OLR and lower pH are favoured in hydrogenic process
(Hawkes et al. 2002).
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In addition to mixed culture, pure cultures can be used for H2 production.
However, the use of pure cultures is expensive and technically difficult
requiring aseptic conditions. Besides, pure cultures have limited metabolic
capabilities in degrading polymeric carbohydrates such as starch and cellulose
(Argun & Kargi 2009) and they can easily be contaminated by H2 consuming
micro-organisms (Bartacek et al. 2007). Thus, mixed cultures could be more
suitable to complex substrates, such as energy crops (Hallenbeck 2009,
Hallenbeck & Ghosh 2009).
1.3.3 The effect of pH and substrate concentration on hydrogen production
Optimal pH (Table 1) for hydrogen production differs from one study to
another, but a pH level between 5 and 7 is usually favoured (Fang & Liu 2002,
Khanal et al. 2004, Kapdan & Kargi 2006, Bartacek et al. 2007, Guo et al. 2010).
Simplest and most economic method for methanogen inhibition could be
biokinetic control, mainly utilization of low pH (Valdez-Vazquez & PoggiVaraldo 2009) as the optimum pH for growth of Clostridium sp. is in the range
4.5-5.5, whereas optimum pH for methanogens is around 7 (Bartacek et al.
2007). Low pH (5.5) has been found as an effective method for continuous H2
production from household solid waste as otherwise methane was produced
even with short HRT of 2-6 days at pH controlled to 7 (Liu et al. 2008a).
In acidogenesis VFAs are formed in addition to hydrogen as metabolic
products. Fermentative bacteria are incapable of further breaking down the
acids and acid accumulation causes a rapid drop of pH and subsequent
inhibition of bacterial hydrogen production (Nath & Das 2004). When hydrogen
production is prevented, more reduced end-products e.g. ethanol (Equation 6),
butanol and lactic acid (7), will be formed. These degradation products contain
additional H atoms that are not liberated as gas (Nath & Das 2004, Akutsu et al.
2009a, Madigan et al. 2009). Hydrogen consumption can occur e.g. when formic
acid (8) is produced. Thus, drop in pH can result in shift in metabolic pathways
as well as changes in microbial communities (Guo et al. 2010).
C6H12O6 ń&+3CH2OH + 2CO2

(6)

C6H12O6 ń&+3C(OH)HCOOH

(7)

H2 + HCO3– ń HCOO– + H2O

(8)

However, hydrogen and ethanol can be formed simultaneously according to
Equation (9) (Akutsu et al. 2009b).
C6H12O6 + H22ń+2 + 2CO2 + C2H5OH + CH3COOH

(9)
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TABLE 1

Several factors (such as temperature and pH) have an effect on H2 yield in
dark fermentation. The main factors are listed below as well as some of the
relevant references.

Factor
Temperature

Effect
Higher H2
yields can be
obtained in
higher
temperatures.

Mechanism
Conversion of acetate to H2
can become favorable.
H2 consuming reactions, e.g.
lactate and propionate
production and
homoacetogenesis can be
prevented.
Growth is typically faster at
higher temperatures.

References
Nath & Das (2004)
Akutsu et al. (2009a)
Luo et al. (2010a)

pH2

Higher H2
yields can be
obtained if pH2
is kept low.

Increasing pH2 inhibits H2
production.

Nath & Das (2004)
Liu et al. (2006)
Nguyen et al. (2010)

Loading/
substrate
concentration

Optimal
substrate
concentration
is dependent
on e.g.
substrate and
inoculum.

After optimal substrate
concentration bacterial
metabolism can shift towards
alcohol production, which
results in decreased H2 yield.
High load can be used to
inhibit methanogens.

Fan et al. (2006a)
Wang et al. (2006)
Zhang et al. (2007)
Fan et al. (2008)
Akutsu et al. (2009a)
García-Peña et al. (2009)
O-Thong et al. (2009)

pH

Optimal pH
differs from
one study to
another,
typically pH
between 5-7 is
favoured.

Optimum pH for clostridia is
around 5, in addition, low pH
can be used to inhibit
methanogens.

Fang & Liu (2002)
Khanal et al. (2004)
Kapdan & Kargi (2006)
Bartacek et al. (2007)
Liu et al. (2008a)
Valdez-Vazquez &
Poggi-Varaldo (2009)
Guo et al. (2010)

HRT

Typically short
HRT favors H2
production

Acidogenic H2 producers
grow faster compared to H2
consuming methanogens,
which can be washed away
from the reactor.

'DV 9H]LURùOX(2001)
Hawkes et al. (2002)
Davila-Vazquez et al.
(2008)
Valdez-Vazquez &
Poggi-Varaldo (2009)

Substrate concentration affects the metabolites produced and thus the H2 yield
(Table 1). In one study, the optimum glucose concentration was found to be 10
g l–1, as higher (20 and 30 g l–1) concentrations resulted in decreased H2 yield
and more reduced end products such as ethanol (García-Peña et al. 2009).
Metabolic shift from acid to solvent production occurred with sucrose
concentration of 30 gCOD l–1, whereas optimum concentration for H2
production was found to be 20 gCOD l–1 (Wang et al. 2006). A maximum H2
yield from starch was obtained at a substrate concentration of 20 g l–1, as at
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higher concentrations the amount of formic and lactic acids increased (Akutsu
et al. 2009a). Optimal substrate concentration for H2 production from beer lees
(Fan et al. 2006a), bio-pretreated corn stalk (Fan et al. 2008) and HCl-treated
cornstalk (Zhang et al. 2007) was 20, 15 and 15 g l–1, respectively, whereas with
higher substrate concentrations H2 yields decreased.
1.3.4 Effect of temperature on hydrogen production
Thermophilic process (Table 1) has the potential to achieve a greater hydrogen
yield and higher hydrogen production rate than mesophilic process
(Hallenbeck 2005, Valdez-Vazquez et al. 2005, Bartacek et al. 2007). The
conversion of acetate to hydrogen (Equation 10) is thermodynamically
unfaYRXUDEOHDWPRGHUDWHWHPSHUDWXUH ¨G0 = +104.6 kJ (mol)–1) and is strongly
determined by the H2 partial pressure (Nath & Das 2004).
CH3COOH + 2 H22ń+2 + CO2

(10)

Moreover, higher temperatures might inhibit H2 consumers and suppress
lactate forming bacteria (Davila-Vazquez et al. 2008, Chong et al. 2009).
Propionic acid production from glucose consumes 2 moles of H2 per one mole
of glucose degraded (Li & Fang 2007) and it is known that propionic acid
bacteria can ferment e.g. lactic acid and carbohydrates (Madigan et al. 2009).
Hydrogen production from starch was found more stable in thermophilic
conditions, as in mesophilic conditions hydrogen was consumed by
homoacetogens (Akutsu et al. 2009a). Moreover, hydrogen yield from cassava
stillage improved from 14 to 70 ml gVS–1 when temperature was increased from
37 to 60 °C. This was caused by decrease in propionate concentration and
inhibition of homoacetogenesis in thermophilic conditions (Luo et al. 2010a).
1.3.5 The effect of HRT on hydrogen production
Short HRT of 0.5-12 h (i.e. high dilution rate) can be used to wash out
methanogens in continuous processes with liquid substrates (Table 1), e.g. with
sucrose or glucose containing wastewaters or hydrolysates (Davila-Vazquez et
al. 2008, Valdez-Vazquez & Poggi-Varaldo 2009). This is based on the fact, that
methanogens grow slower compared to acidogens (Hawkes et al. 2002) and the
specific growth rates of methanogens are much lower than those of H2producing bacteria (0.0167 and 0.083 h–1, respectively; Valdez-Vazquez and
Poggi-Varaldo 2009). Microbial populations, which have larger growth rate
than the dilution rate (μmax > D, inverse of HRT) can stay in the reactor.
Fermentative bacteria have doubling time between 0.16 and 2 h (Das &
9H]LURùOX ZKHUHDVWKHGRXEOLQJWLPHRIPHWKDQRJHQVLVtypically longer.
However, with solid substrates, like energy crops, the hydrolysis is typically
rate-limiting (Vavilin et al. 1996) and longer HRT is needed to allow hydrolysis.
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1.3.6 Partial pressure of hydrogen
Several factors have been shown to affect H2 yield and rate of production in
dark fermentation. Increasing partial pressure of hydrogen (pH2; Table 1) is
known to be the major factor inhibiting H2 production (Hawkes et al. 2002,
Nath & Das 2004). In batch assays without sparging the head-space volume can
be critical. The optimal headspace to liquid ratio for hydrogen production in a
study with batch assays was found to be 80:40 (Nguyen et al. 2010). Increase in
pH2 can be prevented by constant flushing with some inert gas, e.g. N2 and thus
also interspecies hydrogen transfer can be prevented (Hallenbeck 2005,
Massanet-Nicolau et al. 2010). In addition to removal of H2, removal of CO2 can
lead to increased H2 yield (Nath & Das 2004) due to inhibition of
homoacetogenesis. Intermittent sparging with N2 increased H2 yield from 1.82
to 3.24 mol (mol glucose)–1 by Thermotoga neapolitana (Nguyen et al. 2010).
Upgraded biogas (CO2 and H2S removed) was used to sparge a laboratory
reactor treating HSW and resulted in doubling the hydrogen production (Liu et
al. 2006). However, sparging may not be practical, as the diluted gas stream is
more expensive to purify (Hallenbeck 2005).
1.3.7 The effect of nutrients on hydrogen production
Hydrogen production requires nutrients for bacterial metabolism and growth.
Effects of nitrogen and phosphate have been studied to some extent, as well as
the effects of micronutrients. However, the results obtained are sometimes
controversial and very dependent on e.g. the substrate and inoculum used (Li &
Fang 2007). Micronutrients found essential for hydrogen production are e.g.
magnesium, sodium, zinc and iron (sucrose as a substrate, Lin & Lay 2005), as
iron is needed in hydrogenase-enzyme (Kapdan & Kargi 2006). Moderate
addition of Fe2+ (113.7 mg l–1) was shown to improve H2 yield from HCl-treated
beer lees (Cui et al. 2009), whereas the highest H2 yield of 311 ml (g glucose)–1
by mixed culture was obtained with Fe2+ concentration of 300-350 mg l–1 (Wang
& Wan 2008a). Moreover, addition of Ni2+ at concentration of 0.1 mg l–1 resulted
in highest H2 yield of 296 ml (g glucose)–1 by mixed culture (Wang & Wan
2008b). However, micronutrients can inhibit hydrogen production if applied in
too high concentration. It has been shown, that acclimated microbial consortia
remained active with Na+ concentration of up to 6 g l–1 while without
acclimation decrease in specific hydrogen production activity was observed
with Na+ concentration of 0.27 to 21 g l–1 (sucrose as a substrate, heat-treated
inoculum, Kim et al. 2009).
1.3.8 Hydrogen production from model substrates
Most studies on H2 production have used soluble model substrates like sucrose
or glucose (e.g. Lin et al. 2007, García-Peña et al. 2009). Rather high H2 yield of
3.6 molH2 (mol glucose)–1 was obtained with heat-treated methanogenic
inoculum and the produced biogas (H2 content 43 %) was used to fuel proton-
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exchange-membrane fuel cell (PEMFC, García-Peña et al. 2009). In addition,
continuous hydrogen production from sucrose (3.71 molH2 (mol sucrose)–1) by
immobilized culture for over 300 days has been successfully demonstrated. The
produced biogas (around 40 % H2) was purified via a CO2 absorber and silicagel desiccator (H2 purity > 99 %) for PEMFC (Lin et al. 2007). However, to
reduce the cost of H2 production, a lower-cost and more sustainable substrate
(biomass or organic waste) should be used as a feedstock (Lin et al. 2007).

1.4 Two-stage hydrogen and methane production
In dark fermentative hydrogen production the energy yield in the form of H2 is
rather low, and lot of degradation by-products, e.g. VFAs and alcohols are
present in the digestate. Two-stage AD producing both H2 and CH4 has been
suggested as a feasible technology to improve the overall energy conversion
efficiency (Hallenbeck 2009, Hallenbeck & Ghosh 2009). The growth rates and
pH optima are different for acidogens and methanogens (Liu et al. 2004) and
thus, in a two-stage AD system, faster growing acidogens are developed in the
first-stage hydrogenic reactor and are involved in the production of VFAs and
H2. On the other hand, slow growing acetogens and methanogens are
developed in the second-stage methanogenic reactor, in which the produced
VFAs are further converted to CH4 and CO2 (Fig. 2). In addition, the optimal
temperature for hydrolysis/acidogenesis can differ from optimal temperature
for methanogenesis (Ward et al. 2008). Two-phase processes thus allow the
selection and enrichment of different micro-organisms in each phase and can
increase the stability of the process (Demirer & Chen 2005).

Feed

FIGURE 2

1st stage
H2 production
pH ~5-6
shorter HRT (e.g. < 8 d)
higher OLR

VFAs
etc.

2nd stage
CH4 production
pH ~7-8
longer HRT (e.g. > 20 d)
lower OLR

Two-stage hydrogen and methane production with some suggestions as
optimal conditions.

The application of two-stage AD process for sequential H2 and CH4 production
has been proposed as a promising technology for better process performance
and higher energy yields as compared to the traditional one-stage CH4
production process (e.g. Cooney et al. 2007, Antonopoulou et al. 2008). Twostage H2 + CH4 system has been shown to improve CH4 yield when compared
to traditional one-stage methane process, as e.g. 21 % more CH4 was obtained in
a two-stage system from household solid waste (Liu et al. 2006) and 22 % more

20
from lipid-extracted microalgae (Yang et al. 2011). Besides improving methane
yield, H2 stage has been shown to enable higher OLR and shorter HRT in the
subsequent methanogenic stage (Ueno et al. 2007a) and better effluent quality
with less propionate and other VFAs (Wang et al. 2011b) when compared to
one-stage system. Continuous laboratory experiments for two-stage H2 and CH4
production have been carried out, by using e.g. cheese whey (Venetsaneas et al.
2009), olive pulp (Koutrouli et al. 2009), sweet sorghum extract (Antanopoulou
et al. 2008) food waste (Chu et al. 2008, Wang & Zhao 2009, Lee et al. 2010),
potato waste (Zhu et al. 2008), and household solid waste (Liu et al. 2006) as
substrates. Even pilot-scale H2 + CH4 production has been applied, with
garbage and office paper as a substrate (Ueno et al. 2007b).
In the traditional two-stage system the first stage is not optimized for H2
production (Zhu et al. 2008). Extraction of H2 formed during acidogenic first
stage should in theory result in reduced CH4 yields as H2 is now longer
available for methanogens (Mohan 2009). It has been previously suggested, that
H2 and CO2 containing gas from the first stage could be fed into the
methanogenic stage (Jarvis et al. 1995). However, in practise CH4 yields from
the second stage have in many cases increased when compared to methane
yields from one-stage systems, most probably due to improved hydrolysis and
acidogenesis in the first stage.
In theory one mole of glucose is degraded to 3 moles of CH4 and 3 moles
of CO2 (Angelidaki et al. 2011) in traditional AD, ignoring biomass synthesis
(DiStefano & Palomar 2010; Table 2). In two-stage H2 + CH4 process one mole of
glucose could be degraded in the first stage to 4 moles of H2, 2 moles of CO2
and 2 moles of acetate. These two moles of acetate could be degraded in the
second, methanogenic process to 2 moles of CH4 and 2 moles of CO2. Thus, the
overall equation (11) in two-stage system would be (Cheng et al. 2010,
DiStefano & Palomar 2010):
C6H12O6 ń+2 + 2CH4 + 4CO2

(11)

According to these reactions, the total energy yield in two-stage H2 + CH4
system could in theory be increased by 6.7 % (from 2.41 to 2.57 MJ (mol
glucose)–1) and the share of H2 could be at most 38 % of the total energy yield
(Table 2).
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TABLE 2

Theoretical H2, CH4 and energy (MJ and kWh) yield from one mole of glucose
(M = 180 g mol–1) assuming that glucose is degraded to acetate, H2 and CO2 in
the first stage.

Process
H2 production in the
first stage

CH4 production in the
second stage

CH4 production
one-stage process

in

Unit

H2
4
89.6
0.97
0.27

CH4
0
0
0
0

mol
L
MJ
kWh
total (MJ/kWh)

0
0
0
0

2
44.8
1.61
0.45

mol
L
MJ
kWh

0
0
0
0

mol
L
MJ
kWh

2.57/0.71
3
67.2
2.41
0.67

1.5 Crop biomass for methane and hydrogen production
1.5.1 Composition of crops
The chemical composition of crops determines among other factors the rate of
hydrogen or methane production and the ultimate hydrogen or methane yield.
Herbaceous plants are mainly composed of cellulose, hemicelluloses and lignin,
with smaller amounts of other structural polymers, e.g. waxes and proteins
(McKendry 2002). Cellulose is the most abundant organic material on the earth
(Cowling & Kirk 1976). It is a linear polymer of glucose linked through ǃ-1,4linkages and contains both amorphous and crystalline regions, the crystalline
regions considered to be more difficult to degrade (Walker & Wilson 1991,
Malherbe & Cloete 2002). The degree of polymerization (DP), i.e. the number of
glucose units, range from 500 to 25 000 (Malherbe & Cloete 2002). The
disaccharide obtained from partial hydrolysis of cellulose is called cellobiose
(McMurry 1998). Hemicellulose is a heteropolysaccharide composed of
different hexoses (glucose, mannose), pentoses (e.g. xylose) and glucoronic acid
(Malherbe & Cloete 2002, McKendry 2002). It is more soluble than cellulose and
is frequently branched with DP of 100 to 200. Xylan is the most common
hemicellulose component in grasses (Malherbe & Cloete 2002, McKendry 2002).
6WDUFK LV EUDQFKHG JOXFRVH SRO\PHU OLQNHG WKURXJK Ĵ-1,4-linkages and the
disaccharide from partial hydrolysis of starch is called maltose (McMurry et al.
1998). Lignin is a highly irregular and insoluble, high molecular-weight
polymer consisting of phenylpropane subunits, namely p-hydroxyphenyl (H-
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type), guaiacyl (G-type) and syringyl (S-type) units (Malherbe & Cloete 2002,
McKendry 2002). Typically cellulose accounts 40-50 % of plant material by
weight, while hemicelluloses account 20-40 % (McKendry 2002). When plant
matures the lignin content typically increase (McDonald et al. 1991).
Several factors, e.g. growth conditions, fertilization, harvesting and
storage can affect on composition of crops. Grass silage has been shown to be
composed of carbohydrates (45 % of TS), lignin (17 % of TS), proteins (10 % of
TS) and extractives (8.4 % of TS) with higher heat content of 18.3 MJ kgVS–1
(Lehtomäki et al. 2007), while in another study the cellulose, hemicelluloses and
lignin contents were found as 32, 24 and 3.6 % of grass silage TS (Jagadabhi et
al. 2011). The composition of maize varies as well, but according to one study
maize was mainly composed of cellulose (44 % of TS), hemicelluloses (15 % of
TS), starch (29 % of TS) and lignin (7 % of TS) (Oleskowicz-Popiel et al. 2011).
The energy content of biomass is similar for all plant species, laying in the range
17-21 MJ kgVS–1 (4.7-5.8 kWh kgVS–1) (McKendry 2002).
1.5.2 Storage of energy crops
Energy crops need to be stored so that methane (or hydrogen) can be produced
throughout the year and/or when the demand and/or price for energy are
highest. Ensiling is a biological storage process during which lactic acid bacteria
(LAB) use the sugars in the crop to produce lactic acid (lactic acid fermentation)
and lower the pH to a level inhibitory to other bacteria (McDonald et al. 1991).
This traditional way of storing fodder crops could also be suitable for energy
crops (Egg et al. 1993, Oleskowicz-Popiel et al. 2011). Crops contain high
amounts of non-structural carbohydrates which are easily degradable and thus
can be lost during processing and suboptimal storage conditions. During
storage, it is important to minimize energy losses, and ensiling has been shown
to conserve over 90 % of the energy content of crops (Egg et al. 1993). However,
prolonged storage typically increases organic matter losses (Herrmann et al.
2011).
Different kind of additives, such as acids or biological ones can be used to
promote the ensiling process. Addition of acid lowers the pH and thus inhibits
the growth of detrimental microorganisms; however, acids may cause corrosion
of equipment and health problems. Enzymes enhance the hydrolysis of crop
material and subsequently increase the content of sugars convertible by LAB.
Bacterial inoculants can be used to increase the amount of LAB, and in
combination with the addition of enzymes and LAB, enzymes degrade the plant
cell wall and release carbohydrates for lactic acid fermentation (McDonald et al.
1991).
Ensiling is affected by several factors such as the chemical characteristics
of crop in question and the solids content (i.e. moisture content), which can be
controlled by the stage of maturity of the crop, by pre-wilting (Egg et al. 1993)
and by using an absorbent during ensiling (Singh et al. 1996). The solids content
of the crop to be ensiled affects the total bacterial count and the rate of
fermentation, which is usually more restricted the higher the solids content.

23
This is reflected in higher pH, higher soluble carbohydrate values, lower levels
of lactic, acetic and butyric acids, and inhibition of the deamination of amino
acids with high solids content (McDonald et al. 1991). With low solids content
pH critical for well preserved silage is lower compared to that in high solids
contents. For grasses with dry matter content of 20 % the critical pH has been
found to be 4.0. Unless the soluble carbohydrate levels are very high, the
ensiling of crops with a low solids content will encourage a clostridial
fermentation, resulting in energy losses and a silage of low nutritional value
(Egg et al. 1993, McDonald et al. 1991). During the storage of low solids crops
baling might be impossible due to leachate formation. It has been assumed that
leachate would not be formed, if crops are dried to a TS content of 29 % or
above and that overall losses of solids would be minimised around a TS content
of 25-30 % (McDonald et al. 1991). In contrast, if the pre-wilting period is too
long, respiration will cause energy losses and the sugar content of the crop may
fall. Moreover, high solids crops are also susceptible to mould (Buxton &
O´Kiely 2003). When the crops are used for energy production, ensiling
conditions do not necessarily have to be as strictly controlled as with fodder
crops. Field drying can lower transportation costs since much less water would
be transported with the biomass; however, the savings in transportation must
be balanced with the dry matter losses that occur during field drying (Egg et al.
1993).
1.5.3 Pre-treatments of energy crops
Lignocellulosic biomass, such as energy crops, is mainly composed of cellulose,
hemicelluloses and lignin, which are tightly linked to each other in a complex
structure and due to its heterogeneity and crystallinity, microbial hydrolysis is
rather slow (Taherzadeh & Karimi 2008). Therefore, pre-treatment of
lignocellulosic biomass might be needed in order to improve the rate of
hydrolysis and to increase the carbohydrate availability and hence H2 and CH4
production rates and yields (Fan et al. 2006a,b, Hendriks & Zeeman 2009). The
purpose is to break the lignin seal, disrupt the crystalline structure of cellulose
and increase the surface area of cellulose (Walker & Wilson 1991, Mosier et al.
2005). Different physical, chemical or biological pretreatments have shown to
enhance the degradation of the lignocellulose for biofuel production (e.g.
reviews by Taherzadeh & Karimi 2008, Hendriks & Zeeman 2009).
Pre-treatments can be performed either in ambient or elevated
temperature and pressure. For instance hydrothermal treatment (OleskowiczPopiel et al. 2011) and steam-explosion are stated as an effective method to pretreat lignocellulosic biomass (Kaparaju et al. 2009), however, the applied high
temperature and pressure can result in formation of inhibitory products (Datar
et al. 2007). For example acetic acid, terpenes, alcohols and aromatic
compounds can be produced from hemicellulose degradation, furfural, 5-HMF
and levulinic acid from sugar degradation and aromatic or polyaromatic
compounds from lignin degradation (Ren et al. 2009). Moreover,
thermochemical treatments combining either acids or alkalis and high
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temperature have been applied for lignocellulose pre-treatment (e.g.
Taherzadeh & Karimi 2008, Cao et al. 2009, Chen et al. 2009). The disadvantages
associated with chemical treatments are the cost of reagent, requirement of
heat/and pressure and the capital cost of the pre-treatment system. Moreover,
chemical pre-treatment can result in loss of fermentable carbohydrates and
production of inhibitory compounds (Weimer et al. 2009).
Pre-treatments can also be carried out in ambient temperatures and
pressures. Among the methods of pre-treatment, water extraction alone can
enhance the hydrolysis of lignocellulosic biomass. For example, free sugars can
be extracted from sweet sorghum stalks using water at 30 °C (Antonopoulou et
al. 2008). Alkali pre-treatment processes typically utilize lower temperatures
and pressures compared to other pretreatment technologies (Mosier et al. 2005).
Alkalis such as NaOH and Ca(OH)2 have been shown to improve hydrolysis by
breaking the bonds between hemicelluloses and lignin as well as swell the
fibres and increase the pore size even when applied at room temperature
(Pavlostathis & Gossett 1985, Gunaseelan 1995, Neves et al. 2006). Besides
alkalis, acids can also be used in pre-treatment methods for lignocellulosic
biomass. Acids, such as HCl, can be used to hydrolyse cellulose to glucose
(Goldstein et al. 1984) and to improve solubility of hemicelluloses and thus
enhance anaerobic degradation even at ambient or moderate temperatures
(Hendriks & Zeeman 2009).
1.5.4 Methane production from crop biomass
There are several methods of renewable energy production from crop biomass,
one being the AD process. Energy crops can be co-digested for instance in farmscale digesters with animal manure for methane production. Moreover,
monodigestion of energy crops in different one- or two-stage reactor
configurations has also been studied (e.g. Lehtomäki et al. 2008b, Koch et al.
2009) and applied in full-scale plants (Resch et al. 2008) despite the possible
drawbacks associated with the nutrient deficiency and lack of buffer capacity
(Koch et al. 2009). Typical methane yields from crop material vary between 250
and 400 m3 tVS–1 (Amon et al. 2007, Seppälä et al. 2009) and the methane
content in the biogas is around 50 % (Lübken et al. 2010).
Pre-treatments have been applied to improve hydrolysis and methane
yield from energy crops (Taherzadeh & Karimi 2008, Hendriks & Zeeman 2009).
Alkalis such as NaOH and Ca(OH)2 have been shown to improve hydrolysis
and CH4 production from biomass (Pavlostathis & Gossett 1985, Gunaseelan
1995, Neves et al. 2006). However, no clear conclusion on the effect of pretreatments on methane yield can be given, as the effect of pre-treatment can
differ e.g. between crop species (Table 3). When evaluating the effect of a pretreatment (or storage), the methane (or hydrogen) yield should be expressed
based on the original VS of the substrate, thus taking into account the possible
losses during the treatment.
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TABLE 3

The effect of (thermo)-chemical pre-treatments on methane potential of some
selected crop-based substrates.

Substrate
Hay

CH4 yield (ml gVS–1)
320
280
300
230
250
320
70
170
250
280

Pre-treatment
untreated
calcium hydroxide 85 °C
ammonium 120 °C
maleic acid 150 °C
Straw
untreated
ammonium 120 °C
Bracken
untreated
calcium hydroxide 85 °C
Rice straw untreated
acetic+propionic
acid+autoclaving
Grass
untreated
alkaline
Sugar beet untreated
tops
alkaline

230
270
310
340

Reference
Fernandes et al. (2009)

Zhao et al. (2010)
Lehtomäki et al. (2004)

1.5.5 Hydrogen production from crop biomass
H2 production from biomass through different methods has been reviewed in
WKH OLWHUDWXUH UHFHQWO\ .DOLQFL HW DO  %DODW  .ǊUWD\   Of late, the
interest towards dark fermentative H2 production has increased as the rates of
H2 production are rather high, variety of feedstock can be used as substrate and
the process is not dependent on light energy (Nath & Das 2004, Chong et al.
2009). Crop biomass containing carbohydrates is considered as an ideal
feedstock for dark fermentative H2 production (Kapdan & Kargi 2006, Akutsu
et al. 2009b, Chong et al. 2009) and dark fermentative H2 production from
agricultural feedstock has been reviewed recently (Chong et al. 2009, Guo et al.
2010). Hydrogen yield from energy crops, crop residues or plant materials
show wide variation (Table 4), which are largely explained by differences in
experimental conditions (pH, inoculum source, temperature, loading etc.) and
characteristics of the substrate. Some of the research focus on H2 production
from pre-treated energy crops, namely the sugar rich extract, typically extracted
either after water extraction (Antonopoulou et al. 2011) or steam-explosion
(Datar et al. 2007, Kongjan et al. 2010). Both mixed and pure cultures have been
used for H2 production from energy crops and crop residues. Most of the earlier
studies are carried out in batch experiments, while some continuous H2
production studies have been reported more recently. H2 contents in semicontinuous or continuos experiments have been around 58, 45, 52-57 and 30-40
% for cassava stillage (Luo et al. 2010b), potato waste (Zhu et al. 2008), sugar
beet (Hussy et al. 2005) and sweet sorghum extract (Antonopoulou et al. 2008,
2011).
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TABLE 4

Hydrogen yields from some crop based and agro industrial substrates.

Substrate

System

Bean curd waste
Beer lees
-untreated
-NaOH-treateda
-HCl-treateda
Beer lees
-untreated
-HCl-treated a

Batch
Batch

Cabbage
Carrot
Cassava stillage

Batch
Batch
Batch
SC
CSTR

37
37
60

Batch

36

Cheese whey
Corn stalk
-untreated
-lactic acid treated
-bio-pretreated
Corn stalk
-untreated
-NaOH-treateda
-HCl-treateda
Fodder maize
Fruit peel waste
Olive pulp
Olive pulp

T
(°C)
35
36

H2 yield

Reference

14-21 ml gVS–1

Noike & Mizuno (2000)
Fan et al. (2006)

7.6 ml gTVS–1
11.5 ml gTVS–1
68.6 ml gTVS–1
Batch

35

35

Cui et al. (2009)
3 ml (g dry beer lees)–1
53 ml (g dry beer
lees)–1
26-62 ml gVS–1
45-71 ml gVS–1
65 ml gVS–1
52 ml gVS–1
0.61-0.78 mol (mol
glucose consumed)–1

Okamoto et al. (2000)
Okamoto et al. (2000)
Luo et al. (2010b)
Venetsaneas et al. (2009)
Fan et al. (2008)

20 ml gVS–1
133 ml gVS–1
176 ml gVS–1
Batch

36

Batch
ACF

35
nr

CSTR
Batch
CSTR
Batch
Batch

35
55

Pineapple waste
Poplar leaves
-untreated
-HCl-treated
-enzyme-treated
Potato waste
Rice (boiled)
Rice bran
Rice slurryd

37
35

CSTR
Batch
Batch
Batch

Ryegrass (wilted)
Ryegrass (fresh)
Spent grains
Sugarcane

Batch
Batch
Batch
Batch

35
37
35
37
55
35
35
40
35

Sugar beet
pulp+extract

CSTR
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Zhang et al. (2007)
3 ml gTVS–1
57 ml gTVS–1
150 ml gTVS–1
62 ml gTSadded–1
459 ml gVSdestroyed–1b
0.19 mmol gTS–1
1.6 mmol gTS–1
0.32 mmol gTS–1
5.92 mmol gCOD–1
15 ml gTS–1
33.5 ml gTS–1
44.9 ml gTS–1
30 ml gTS–1
19-96 ml gVS–1
31-61 ml gVS–1
346 ml (g ch)–1
210 ml (g ch)–1
76 ml gTSadded–1
22 ml gTSadded–1
13 ml gTVS–1
170 ml (=7.5 mmol)
gVS–1
0.9 mol (mol hexose
converted)–1

Kyazze et al. (2008)
Vijayaraghavan et
(2007)
Koutrouli et al. (2009)
Gavala et al. (2005)
Wang et al. (2006)
Cui et al. (2010)

Zhu et al. (2008)
Okamoto et al. (2000)
Noike & Mizuno (2000)
Fang et al. (2006)
Kyazze et al. (2008)
Kyazze et al. (2008)
Chou et al. (2008)
Hafner (2007)
Hussy et al. (2005)

al.
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TABLE 4

Continues.

Substrate

System

Sugar beet pulp
-untreated
-alkaline-treated

Batch

Sweet sorghum
extract

CSTR

35

Sweet sorghum
extract

CSTR

35

Water hyacinth
(NaOH+enzymatic
hydrolysis)
Wheat bran
Wheat straw
-untreated
-HCl-treatedc
Wheatfeed

Batch

35

Batch
Batch

35
36

Batch
CSTR
CSTR

T
(°C)
35

35

Wheat straw
70
hydrolysate
aboiled for 30 minutes
bcalculated from the data given
cmicrowave heating
dsteaming 100 °C for 30 min
nr = not reported

H2 yield

Reference
Ozkan et al. (2011)

90 ml gCOD–1
116 ml gCOD–1 = 50
ml (g pulp)–1
10.4 ml (g sweet
sorghum)–1 = 0.86 mol
(mol glucose
consumed)–1
8.8 ml (g sweet
sorghum)–1 = 0.74 mol
(mol glucose
consumed)–1
52 ml gTVS–1

10-43 ml gVS–1
0.5 ml gTVS–1
68.1 ml gTVS–1
56 ml gTS–1
56 ml gTS–1
178 ml (g sugars)–1

Antonopoulou et al. (2008)

Antonopoulou et al. (2011)

Cheng et al. (2010)
Noike & Mizuno (2000)
Fan et al. (2006b)
Hawkes et al. (2008)
Kongjan et al. (2010)

Pre-treatments can be applied to improve hydrolysis and thus H2 yield
(Taherzadeh & Karimi 2008). HCl treatment has been shown to improve H2
production from corn stalk (Table 4), as H2 yield of 150 ml gTVS–1 was obtained
from pre-treated corn stalk compared to H2 yield of 3 ml gTVS–1 from untreated
material (Zhang et al. 2007). In another study 20 ml gVS–1 was obtained from
untreated corn stalk (Table 4) while the bio-pretreatment (microbial additive,
not specified) increased H2 yield to 176 ml gVS–1 (Fan et al. 2008). Furthermore,
hydrogen yields from HCl-treated beer lees (0.2 % HCl, boiling 30 min) and
wheat straw wastes were roughly nine and 136-times greater compared to yield
from these untreated substrates (Fan et al. 2006a,b; Table 4). With higher HCl
concentrations H2 yield decreased, apparently due to inhibition caused by the
Cl– anion (Fan et al. 2006a). Hydrolysate of steam-exploded corn stover was
used for H2 production with yield of 2.84-3 mol (mol sugar)–1 (Datar et al. 2007).
However, after steam-explosion 50-85 % of the carbohydrates remained in the
solid fraction and the applied microbial consortia was not able to produce H2
from this solid fraction, apparently due to lack of cellulolytic micro-organisms
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(Datar et al. 2007). In another study corn stalk pre-treated by steam-explosion
produced at most 63.7 ml H2 g–1 corn stalk (Lu et al. 2009). It has to be noticed,
that comparison of the different studies is difficult due to different experimental
conditions and different units and temperatures used to express the H2 yield.
In addition to mixed cultures, pure cultures have been used for H2
production from crop biomass. H2 yield by Caldicellulosiruptor saccharolyticus at
70 °C was 50 ml gTS–1 from wheat straw, 30 ml gTS–1 from sweet sorghum and
16 ml gTS–1 from maize leaves (Ivanova et al. 2009). Corn stalk pre-treated by
mild acid pre-treatment (sulfuric acid, 170 °C, 30 min) and enzymatic
hydrolysis was used for H2 production by Caldicellulosiruptor saccharolyticus.
Severe inhibition was observed when sugar concentration was 7.5 g l–1 or more,
possibly caused by HMF and furfural formed during the pre-treatment
(Panagiotopoulos et al. 2009). H2 yield of 2.6 mol H2 (mol glucose consumed)–1
was obtained with Ruminococcus albus from the sorghum water extract (mainly
sucrose), corresponding to 60 l H2 kg–1 wet sorghum biomass (Ntaikou et al.
2008). Clostridium thermocellum produced 1.67 mol H2 (mol glucose)–1 from pretreated corn stover, containing 59 % cellulose and 25 % lignin (Lalaurette et al.
2009). Hydrolysate from corn stover pre-treated with dilute acid hydrolysis was
used for H2 production by Thermoanaerobacterium thermosaccharolyticum W16
with hydrogen yield of 2.24 mol (mol sugar)–1 (Cao et al. 2009). Steam-exploded
corn straw was used for H2 production by C. butyricum AS1 .209. H2 yield was
at most 68 ml g–1, whereas H2 yield of 9 ml g–1 corn straw was obtained without
pre-treatment (Li & Chen 2007).

2 OBJECTIVES
The main objective of this thesis was to evaluate the feasibility of hydrogen and
methane production from energy crops through the anaerobic digestion
process. The subobjectives were:
 To evaluate the effect of storage in field conditions and in the laboratory
on the CH4 yield of a mixture of grasses and ryegrass (I).
 To determine the H2 production potential of grass silage and the effects
of the source and heat-treatment of the inoculum, as well as the effects of
initial pH, temperature and the VS ratio on H2 yield in batch processes
(II).
 To evaluate the effects of pre-treatments on H2 and CH4 yield from grass
silage (III) and maize (IV) in batch assays.
 To assess the feasibility of two-stage H2 + CH4 production from grass
silage (III) and maize (IV) in batch assays.
 To evaluate the possibility of shifting the ongoing methanogenic process
to hydrogen production and to determine the feasibility of grass silage
monodigestion for methane production in CSTR (V).

3 MATERIALS AND METHODS
3.1 Main experiments of the thesis
Main experiments, substrates used and the target energy carrier (H2 and/or
CH4) in this thesis are summarized in Table 5.
TABLE 5

Substrate
Grass
mixture
and
ryegrass
Grass
silage and
glucose

Grass
silage

Maize

Grass
silage

Main experiments in this thesis showing the objectives, substrates used,
energy carrier (H2 and/or CH4) produced, mode and size of the system as
well as the temperature used.
Objective
The effects of storage on VS loss and
CH4 yield
 The effect of initial TS content
 The effect of biological
ensiling additive
To determine the H2 production
potential from grass silage
 The effects of inoculum
source, initial pH, temperature
and VS ratio
Two-stage H2+CH4 production from
grass silage
 The effect of NaOHpretreatment
Two-stage H2+CH4 production from
maize
 The effects of water-extraction
and HCl-treatment
The possibility of shifting CH4
producing process to H2 production
 Monodigestion of grass silage
for CH4 production

Energy
carrier
CH4

System
(volume)
Batch
(1000 ml)

Temp.
(°C)
35

Paper

H2

Batch
(118 ml)

35, 55
and 70

II

H2 and
CH4

Batch
(1000 ml)

55 (H2)
35
(CH4)

III

H2 and
CH4

Batch
(118 ml)

55 (H2)
35
(CH4)

IV

H2 and
CH4

CSTR
(3001500 ml)

35

V

I
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Detailed description of the materials and methods are in the following chapters
and in the original articles (I-V).

3.2 Substrates and inocula
The crop materials used in (I) were a grassmixture of timothy (Phleum pratense,
63 % of seed mixture), red clover (Trifolium pratense, 17 %) and meadow fescue
(Festuca arundinacea, 20 %) (henceforth referred to as grass) and ryegrass
(Lolium multiflorum). Grass silage (a mixture of timothy, Phleum pratense and
meadow fescue, Festuca pratensis) was used as a substrate in II, III and V.
Besides, analytical grade D(+)-glucose (EC NO 200-075-1, Sigma, Steinheim,
Germany) was used as a control substrate (II). Dried maize (variety Cerruti)
was used as a substrate in experiments described in paper IV. All crop materials
were obtained from a farm in Laukaa, Central-Finland (Table 6).
TABLE 6

Characteristics of the substrates used in the experiments.

Substrate
Grass
Ryegrass
Grass-field
Ryegrass-field
(pre-wilted)
Grass silage
Grass silage
Maize (dried)
Grass silage

TS (% ww)
15.6
13.3
14.6
44.4

VS (% ww)
13.9
11.7
13.4
39.6

VS/TS (%)
89
88
92
89

pH
6.1
6.4
6.1
6.2

SCOD (mg gTS–1)
158
217
71
242

25.9
27.2
91.8
43.7

24.0
23.4
89.0
40.8

93
86
97
93

4.3
4.1
6.3
4.0

229
190
211
239-373

Paper
I
I
I
I
II
III
IV
V

In the laboratory storage experiments (I) fresh crop material was first chopped
with a garden chopper to ca. 5 cm particle size. In II, III and V grass silage was
stored at –20 ºC until used. Prior to use, it was thawed overnight at room
temperature and chopped into particles of ~ 1 cm with scissors or a household
blender. In IV fresh maize (whole crop, including stem, leaves and corn) was
chopped with garden chopper to a particle size of 1-2 cm and dried at 60 °C for
24 h. Dried maize was stored at 20 °C for six weeks and was cut to a particle
size of ca. 0.5-1 cm prior to start of the experiments.
The feed for CSTRs (V) was prepared daily by diluting 7.4 g grass silage
wet weight (ww) (corresponding to 3.3 gTS and 3.1 gVS) with 43 g of water
(days 1-27) or nutrient solution (day 28 onwards). Thus, during the whole run,
feed TS and VS was maintained at 6.6 and 6.2 %, respectively. Nutrient solution
contained (mg (kg feed)–1) 1183 NH4Cl, 1056 K2HPO4, 422 MgSO4, 42
CaCl2*2H2O, 8.45 FeCl2*4H2O, 0.21 H2BO3, 0.21 ZnCl2, 0.21 NiCl2*6H2O, 0.16
CuCl2*2H2O, 2.11 MnCl2*4H2O, 0.21 (NH4)6Mo7O24*4H2O, 0.38 AlCl3*6H2O and
8.45 CoCl2*6H2O.
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The inoculum was obtained from a mesophilic farm biogas reactor
treating cow manure and confectionery by-products (Laukaa, Finland). Besides,
in II, inoculum from a mesophilic digester at a municipal WWTP (Jyväskylä,
Finland) was used, after increasing the TS concentration by centrifuging. In
hydrogen production batch assays (III, IV) inoculum was heat-treated by
boiling for 30 minutes to inactivate H2-consuming micro-organisms and to
enrich spore-forming H2 producers. In II, inoculum was used with and without
heat-treatment, whereas in V, no heat-treatment was applied (Table 7).
TABLE 7

Characteristics of the inocula used in the experiments.

Source
Farm
Farm

HT
TS (%ww)
no
5.6
no
6.3
yes
6.3
no
6.1
WWTPa
yes
7.2
Farm
no
5.6
yes
7.8
Farm
no
6.0
yes
6.4
Farm
no
4.1
asolid fraction after centrifuging
HT = heat-treatment

VS (%ww)
4.3
4.8
4.9
3.0
3.5
4.3
6.0
4.8
5.1
3.0

pH
7.9
8.1
9.6
7.8
9.0
7.9
9.2
7.6
9.2
7.8

SCOD (g l–1)
10.6
7.9
10.6
1.8
8.2
12.0
15.9
3.7
4.4
3.0

Paper
I
II

III
IV
V

3.3 Experimental set-up
3.3.1 Storage experiments (I)
Storage experiments were performed both in laboratory and in field scale. In
laboratory storage experiments part of the chopped material was spread on top
of a plastic net and dried in a thin layer for 24 and 48 h at 20 °C, while part of
the material was used fresh (drying 0 h). Biological ensiling additive (Josilac,
manufacturer Josera Erbacher GmbH & Co) containing both LAB (Lactobacillus
plantarum and Pediococcus acidlactiti, total amount 1.5 u 1011 CFU (g Josilac)–1)
and enzymes (cellulase, pectinase and xylanase) was added (6.8 g (tww)–1) to
part of the fresh and dried crop materials while part of the materials did not
receive additive. The crop materials (range 154-500 g ww) were packed in
polyethylene bags and placed in a 5 l plastic silo equipped with water locks to
enable the release of gas from the silos. Silos were flushed for about 3 minutes
with N2 to remove O2 and maintained at 20 °C. After storage (3 and 6 months)
the silos were weighed and samples taken for analysis. Experiments were
performed in duplicate.
In field storage experiments crops were baled in plastic-covered round
bales immediately (only grass) after cutting or after 24 h pre-wilting in the field.
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Additive (same as in laboratory trials) was added to part of the pre-wilted crops
during baling with round baler (19 g (tww)–1 for grass and 24 g (tww)–1 for
ryegrass). Bales were weighed with pallet truck scales (Tamtron, Finland) at the
beginning of the storage trials and after eleven months of storage. Bales were
stored outside in ambient conditions, the temperature ranging during the year
from ca. –30 °C to 30 °C. From the bales samples were taken manually using an
auger, and after sampling the plastic cover was repaired with tape. Samples
were taken from different bales at different times.
3.3.2 Pre-treatments (III, IV)
For alkaline pretreatment experiment (III) grass silage (184 g ww,
corresponding to 50 gTS and 46.5 gVS, particle size ca. 1-2 cm) was placed into 1
l glass bottles and distilled water (866 g) was added to obtain a TS concentration
of 5 %. Solid NaOH (2 g) was added to obtain a dose of 4 % NaOH gTS–1. For
water-extraction and acid treatment experiment (IV) maize (32.7 g ww,
corresponding to 30 gTS and 28.1 gVS), was placed into two 1 l glass bottles and
distilled water (297 g) was added to obtain a TS concentration of 10 %. To have
water extracted material one bottle was incubated as such. For acid treated
material, 0.6 ml HCl (37 %) was added to obtain a dose of 2 % HCl gTS–1.
Prepared bottles were mixed in an orbital shaker for 24 h at 20 °C (III, IV). After
treatment the materials were sieved by gentle manual pressure through a
metallic sieve (bore size approximately 1 mm) into solid and liquid fractions.
For batch assays, the solid and liquid fractions were used separately (III) or
combined in the ratios that were actually generated during the treatments (IV).
3.3.3 Methane and hydrogen potential batch assays (I-IV)
Methane potentials were determined in batch assays in duplicate or triplicate in
either 1 l glass bottles (I, III) or 118 ml serum bottles (IV) incubated statically at
35 °C. 250 ml (I, III) or 20 (IV) g of inoculum was added in each bottle and
requisite amount of substrate to give substrate to inoculum VS-ratio of 1 (except
for stored crops in laboratory conditions when ratio was 0.5 (I) and for NaOH
treated solid and liquid fractions the ratios were 0.8 and 0.2 (III)). Bottles were
filled to a liquid volume of 750 ml (I, III) or 60 ml (IV) with distilled water and
NaHCO3 (3 g l–1) was added as buffer (I, III, IV). Finally, bottles were flushed
with N2 to remove O2 from the headspace and closed with silicon rubber caps
(I, III) or butyl rubber stoppers (IV). The produced gas was collected in
aluminium gas bags (I, III). The CH4 assays were performed at 35 °C for 70-80
(I), 56 (III) or 77 (IV) days.
Hydrogen potentials were determined in batch assays in duplicate or
triplicate in either 1 l glass bottles (III) or 118 ml serum bottles (II, IV), incubated
statically at 35 (II), 55 (II-IV) or 70 °C (II). First, 28-41 g (II), 100 g (III) or 12 g (IV)
inoculum was added and subsequently substrate to obtain the desired substrate
to inoculum VS ratio (1-2 in II, 2, 1.6 and 0.2 for grass silage, NaOH treated solid
and liquid fractions, respectively, in III and 2 in IV). In the control substrate
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assays glucose (5 g l–1) was added (II). Bottles were filled to total volume of 60
ml (II), 650 ml (III) or 78 ml (IV) with distilled water. When necessary, pH was
adjusted to 4 (II), 5 (II) or 6 (II, III, IV) with 5 M HCl and 5 M NaOH. Finally,
bottles were flushed with N2 to remove O2 from the headspace and closed with
silicon rubber caps (III) or butyl rubber stoppers (II, IV). Assays were
terminated after H2 production ceased, which was after 11-31 days of
incubation (II). The control assays, with inoculum and water only, were
incubated under the same conditions. All bottles were mixed manually before
each gas analysis.
In the H2 assays (III, IV) bottles were first incubated for two (IV) and/or 14
days (III, IV), and then sampled (200 g in III and 38 g in IV) after which 250 (III)
or 20 g (IV) of methanogenic inoculum was added and the contents of the
bottles were flushed and closed as in the CH4 assays and then incubated for 57
(III), 75 (IV, after 2 d H2 stage) or 63 days (IV, after 14 d H2 stage) at 35 °C.
3.3.4 CSTR reactors (V)
CH4 production from grass silage was studied in 2 parallel semi-continuously
fed CSTRs (M1 and M2) each with a total volume of 2 l at 35 ºC. During the
start-up, reactors were filled with 1500 ml of inoculum (working volume) and
flushed with N2 for 5 minutes to ensure anaerobic conditions. Semi-continuous
feeding was initiated 14 days after the start-up and considered as day 1 of the
experimental period. Reactors were fed manually once on every weekday
(Monday through Friday) with a plastic syringe. Digestate was removed just
prior to the each feeding. The amount removed was about 5-10 % less than the
daily feed volume in order to maintain the constant working volume. The
reactors were mixed continuously using a magnetic stirrer (300 rpm).
NaHCO3 was added as buffer at a total dosage of 9 g reactor–1 during days
23-30 and at 0.5 g d–1 (9.8 g (kg feed)–1) during days 41-105. From day 106
onwards, NaHCO3 was added only in M1 at a dosage of 2 g d–1 (corresponds to
38 g (kg feed)–1).
On day 78, both reactors were opened and the reactor contents were
mixed and distributed equally between M1 and M2. From day 79 onwards, M1
was continued as methanogenic reactor and operated at the same OLR and
HRT as earlier (OLR 2 kgVS (m3d)–1, HRT 30 days, liquid volume 1.5 l). On the
other hand, hydrogen production was induced in M2 by reducing the working
volume from 1500 to 300 ml and feeding at the same feed amount. Thus, the
OLR in M2 was increased to 10 kgVS (m3d)–1 and HRT was decreased to 6 days.
OLR and HRT were calculated for five feeding days per week.

3.4 Analyses and calculations
TS and VS were analysed according to Standard Methods (APHA 1998) and pH
was measured with a Metrohm 774 pH-meter (Metrohm, Switzerland, I-IV) or
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with a Radiometer Copenhagen PHM82 (V). COD was analysed according to SFS
5504 (Finnish Standards Association 1988). Soluble COD (SCOD) from the crops
was analysed after the leaching test, which was modified from SFS-EN 12457-4
(Finnish Standards Association 2002). Particle size used in the leaching test
YDULHGEHWZHHQDQGPP DVDJDLQVWPPLQWKHVWDQGDUG DPRXQWRI
crop was 50 gTS (as against 90 ± 5 gTS in the standard) and filtration was done
through a glass fibre filter paper (GF50, Schleicher & Schuell, Dassel, Germany,
as against 0.45 μm membrane filter in the standard).
VFA (I, III-V) content were measured with a GC equipped with a FID
(Perkin Elmer Autosystem XL GC, PE FFAP column 30 m u 0.32 mm u 25 μm,
carrier gas helium, oven 100 to 160 ºC (20 ºC min–1), detector and injector 225
ºC). Individual VFAs were expressed as mg l–1 or converted to COD according
to conversion factors (g COD (g acid)–1 1.066 for AA, 1.512 for PA, 1.816 for BA
and IBA, 2.037 for VA and IVA and 2.204 for CA, respectively).
Gas samples were taken through stoppers from the gas phase with a
pressure-locked glass syringe (Supelco, Pressure-Lok® Series A-2 Syringe,
Bellefonte, USA). In reactor experiments (V), gas sample was taken before daily
removal and feeding. CH4 (I, IV: methane assays) content were measured with a
GC equipped with a FID (Perkin Elmer Arnel Clarus 500 GC, Perkin Elmer
Alumina column 30 m u 0.53 mm, carrier gas argon, oven 100 ºC, detector 225
ºC and injector 250 ºC). Gas composition (H2, CH4 and CO2) was analysed with
a Perkin Elmer Arnel Clarus 500 gas chromatograph (II-IV H2 assays and V))
equipped with a thermal conductivity detector (TCD) and Supelco Carboxen™
1010 PLOT fused silica capillary column (30 m u 0.53 mm). Argon (15 ml min–1)
was used as the carrier gas and the temperature of the oven, detector and
injector were 200, 230 and 225 ºC, respectively. The amount of biogas formed in
methane potential assays (I, III) and in reactor experiments (V) was measured
using the water displacement method, while in other assays (II-IV) manometric
method was used.
In calculating the CH4 and H2 potentials and yields (I-IV) the gas
production from inoculum was subtracted from those of the samples. In the
article I CH4 potentials were calculated as m3 kgVSadded–1. CH4 yields were
calculated as m3 tww–1 (based on the mass of wet material added) and m3 toww–1
(based on the original wet weight of the material taking into account losses
during storage). Gas (H2 and CH4) yield (II-IV) is given as ml gVSadded–1, except
from glucose (II), when unit ml or ml (g glucose added)–1 (II) is used. In some
assays H2 peaked twice (II, III) but, when calculating the actual H2 yield, only
the higher peak was taken into account. In the alkaline pre-treatment
experiments (III) the gas yield (unit ml gVSoriginal–1) was calculated by relating
the gas produced from treated fractions to the initial VS of grass silage
(untreated). To be able to compare the pre-treated to untreated grass silage, the
gas yield of solid and liquid fractions were counted (defined as combined gas
yield) (III). With pre-treated maize, amounts of solid and liquid that would
have been generated during the pretreatments were used in batch assays. The
gas yields of the pre-treated maize were thus directly related to the VS of
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untreated maize (IV). In the two-stage processes CH4 yield was related to the
amount of VS added at the beginning of the first stage (III, IV). In CSTR
experiments (V) gas yield is given as l kgVSfed–1. Results were converted to
standard conditions (T = 273K, p = 1 bar) in IV and V.
When calculating the energy yields of produced hydrogen and/or
methane, lower heating values of 10.8 and 35.9 MJ (Nm3)–1 (corresponding to 3
and 10 kWh (Nm3)–1) were used, respectively.
In IV the data were subjected to analysis of variance (ANOVA) (SPSS
1999). Dunnett´s t-test was used to compare all other treatments against control
if the F-WHVWZDV VLJQLILFDQWDW3%HIRUHSHUIRUPLQJ$129$GDWDZHUH
subjected to Welch’s test to evaluate the homogeneity of variance.

4 RESULTS
4.1 The effect of storage on methane yield of grasses
The effect of storage on VS losses and methane yield of grass and ryegrass was
studied in laboratory and field scale (I). The effects of storage for 2 and 6
months on VS loss and CH4 yield of grass and ryegrass stored at different solids
contents (i.e. after initial drying for 0, 24 and 48 h) and with and without
biological additive (Josilac) were studied in laboratory conditions (Tables 8-10).
Drying increased the initial TS from 13-16 (nondried, defined as low solids) to
19-20 (24 h dried, defined as medium solids) and to 27-30 % (48 h, defined as
high solids). After two months pH had fallen from initial 6.1-6.5 below 5.6 in all
the experimental conditions except with high solids grass, which had higher
initial pH (6.5), only additive addition enabling a lower pH (5.5). Further
storage to 6 months increased pH by over two units at most and a pH below 6.2
was maintained only with low solids grass and high solids ryegrass. Additive
enabled lower pH at all solid contents compared to crops without additive,
more clearly with ryegrass. Storage decreased the VS/TS ratio at all solids
contents with both crops (from 89 to 83 % with grass and from 88 to 78 % with
ryegrass), more clearly with crops stored for 6 months. Storage of grass at all
solids contents resulted in a loss of VS of about 20 % at 2 months and about 2835 % at 6 months, while with ryegrass loss of VS at 6 months was lower at high
solids (VS loss 20-27 %) compared to low solid contents (VS loss 52 %; Tables 8,
9). Storage increased SCOD values and increasing solids content resulted in a
lower VFA concentration and a lower proportion of VFA from SCOD. Acetic
acid was the main VFA with grass and ryegrass stored for six months, along
with smaller amounts of propionic, isobutyric, butyric, isovaleric, valeric and
caproic acids (Table 10). Storage increased CH4 potential (m3 kgVSadded–1) by at
most 42 and 25 % with grass and ryegrass, respectively, although, with no clear
trends in relation to solids content or storage time. In some cases CH4 potential
decreased during storage. However, storage mainly decreased CH4 yield (m3
toww–1, taking the VS losses into account) which was best preserved with high
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solids ryegrass where the percentages of original CH4 yield were 98 and 91 after
2 and 6 months, respectively (Tables 8, 9).
The effect of storage on VS loss and CH4 yield (storage losses taken into
account) of grass and ryegrass stored with and without additive was studied in
field conditions for 11 months (Tables 11, 12). Grass was stored immediately
after harvesting and after 24 h pre-wilting, which increased the TS from 14.6 to
18.2 %. After 3 months storage, pH was 5.0-5.2 and 4.5-4.9 with grass and
ryegrass, respectively, and remained around 5 even after 11 months of storage,
except in the bale with pre-wilted grass stored for 6 months, in which pH had
increased to 8.8. The measured SCOD values, TS and VS concentrations varied
during the follow-up period without showing clear trends or permanent
changes in their ranges, which is probably an effect of the ambient conditions
but is also due to variation between individual bales. This was observed
especially with ryegass with lower TS concentration after one month of storage
compared to fresh crop and crop stored for longer periods. Storage with
nondried and pre-wilted grass slightly increased the CH4 potential, and storage
with ryegrass decreased it. Loss of mass (ww) in grass bales during 11 months
of storage was between 18 and 29 % (data not shown), but with ryegrass no
mass loss occurred. After 11 months of storage the best preserved CH4 yield (m3
toww–1, VS loss included) was found with nondried grass, 96 % of the original
yield (Tables 11, 12).

TABLE 8
Pre-wilting
time (h)
0

Without
additive
With
additive

24

Without
additive
With
additive

48

Without
additive
With
additive

ainitial

Effect of drying and storage on chemical characteristics and CH4 yield (m3 toww–1, storage losses taken into account) of grass in
laboratory trials. Standard deviation of methane potential is given after ±.
Storage
time
(months)
0
2
6
0
2
6
0
2
6
0
2
6
0
2
6
0
2
6

pH

SCOD
(mg gTS–1)

TS (%)

VS (%)

VS/TS
(%)

VS loss
(%)

CH4
(m3 kgVSadded–1)

CH4
(m3 tww–1)

CH4
(m3 toww–1)

6.1
5.0
6.0
6.1
5.0
5.5
6.2
5.4
8.2
6.2
5.6
7.7
6.5
6.5
8.8
6.5
5.5
8.6

160
310
350
160
270
330
130
320
280
130
260
360
130
170
190
130
170
340

15.6
13.0
12.1
15.6
13.3
12.1
19.8
16.4
14.6
19.8
16.3
13.9
26.7
22.8
21.1
26.7
22.5
19.9

13.9
11.3
10.3
13.9
11.7
10.4
17.6
14.3
12.2
17.6
14.1
11.9
23.6
19.8
17.7
23.6
19.6
16.9

89.1
86.9
85.1
89.1
88.0
86.0
89.0
87.2
83.4
89.0
86.5
85.6
88.4
86.8
83.9
88.4
87.1
84.9

nr
20.0
28.1
nr
17.8
28.3
nr
21.1
34.1
nr
21.8
35.3
nr
19.1
29.2
nr
19.8
31.5

0.36
0.42 ± 0.01
0.43 ± 0.05
0.36a
0.42 ± 0.02
0.43 ± 0.03
0.36a
0.51 ± 0.01
0.39 ± 0.01
0.36a
0.48 ± 0.06
0.39 ± 0.05
0.36a
0.42 ± 0.01
0.32 ± 0.04
0.36a
0.41 ± 0.01
0.41 ± 0.00

49.8
47.8
44.0
49.8
49.7
45.0
63.3
72.9
47.6
63.3
68.2
46.8
84.8
83.8
56.6
84.8
80.7
69.6

49.8
47.0
42.7
49.8
48.6
43.1
49.8
55.9
35.7
49.8
52.5
35.4
49.8
47.6
31.5
49.8
45.9
39.1

CH4 production potential was tested only with the low solids sample, without additive.
nr = not relevant

TABLE 9

Effect of drying and storage on chemical characteristics and CH4 yield (m3 toww–1, storage losses taken into account) of ryegrass in
laboratory trials. Standard deviation of methane potential is given after ±.

Pre-wilting
time (h)
0

Without
additive
With
additive

24

Without
additive
With
additive

48

Without
additive
With
additive

ainitial

Storage
time
(months)
0
2
6
0
2
6
0
2
6
0
2
6
0
2
6
0
2
6

pH

SCOD
(mg gTS–1)

TS (%)

VS (%)

VS/TS
(%)

VS loss
(%)

CH4
(m3 kgVSadded–1)

CH4
(m3 tww–1)

CH4
(m3 toww–1)

6.4
4.8
6.7
6.4
4.3
7.0
6.3
4.5
7.5
6.3
4.7
5.9
6.5
4.4
6.2
6.5
4.2
4.9

220
370
350
220
350
340
200
190
330
200
240
320
230
170
320
230
160
300

13.3
9.9
7.6
13.3
10.1
7.6
18.8
16.1
10.8
18.8
14.9
12.4
30.4
27.2
24.4
30.4
28.3
26.1

11.7
8.4
5.9
11.7
8.7
6.0
16.6
13.9
8.5
16.6
12.7
10.2
26.5
23.4
20.4
26.5
24.4
22.2

88.0
84.8
77.6
88.0
86.1
78.9
88.3
86.3
78.7
88.3
85.2
82.2
87.2
86.0
83.6
87.2
86.2
85.1

nr
29.6
51.8
nr
26.9
50.8
nr
18.0
51.3
nr
25.1
51.3
nr
14.2
27.0
nr
10.4
20.0

0.41 ± 0.02
0.47 ± 0.04
0.45 ± 0.04
0.41a
0.44 ± 0.01
0.48 ± 0.01
0.41a
0.41 ± 0.02
0.40 ± 0.01
0.41a
0.49 ± 0.01
0.43 ± 0.07
0.41a
0.46 ± 0.01
0.51 ± 0.00
0.41a
0.39 ± 0.01
0.43 ± 0.02

47.6
39.9
26.7
47.6
38.5
28.8
67.5
56.3
33.8
67.5
62.8
43.7
107.9
108.3
103.9
107.9
94.7
94.5

47.6
39.1
25.6
47.6
37.9
27.6
47.6
38.9
22.7
47.6
43.4
29.7
47.6
46.5
43.5
47.6
40.7
39.8

CH4 production potential was tested only with the low solids sample, without additive.
nr = not relevant
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TABLE 10
Crop

Grass

Ryegrass

VFAs (mgCOD gTS–1) of grass and ryegrass stored for 6 months.
Drying
time
(h) (+ A)
Fresh
0
24
48
0+A
24 + A
48 + A
Fresh
0
24
48
0+A
24 + A
48 + A

A = additive
nd = not detected
- = no sample

AA

PA

IBA

BA

IVA

VA

CA

Total
VFA

0.2
71.1
43.6
18.0
71.8
5.1

nd
21.7
14.7
8.8
23.8
1.5

nd
16.4
9.9
3.6
8.8
0.5

nd
50.3
16.3
3.4
30.0
1.1

nd
16.1
10.3
5.1
13.0
0.6

nd
7.6
2.8
0.7
2.9
0.0

nd
9.7
2.4
0.0
1.2
0.0

0.2
192.9
100.0
39.7
151.5
8.9

VFA/
SCOD
(%)
0.1
55.1
35.3
20.5
46.2
2.6

0.1
42.9
27.9
25.1
73.6
31.6
10.2

nd
8.0
8.1
6.2
26.0
12.9
3.0

nd
7.5
3.7
0.7
8.7
7.8
1.1

nd
17.0
4.2
2.2
30.0
19.0
1.2

nd
8.4
5.7
1.3
12.9
11.4
0.9

nd
5.7
1.6
0.0
2.8
5.9
0.0

nd
13.9
6.6
0.0
0.0
21.2
0.0

0.1
103.4
57.8
35.5
154.0
109.7
16.4

0.05
29.8
17.3
11.0
45.6
34.7
5.5

TABLE 11

Effects of pre-wilting, storage time and biological additive on chemical characteristics and CH4 potential of grass under field
conditions. Standard deviation of methane potential is given after ±.

Treatment

Nondried

Pre-wilted

Pre-wilted+
additive

nd = not determined

Storage
time
(months)
0
1
3
6
11
0
1
3
6
11
0
1
3
6
11

pH

SCOD
(mg gTS–1)

TS (%)

VS (%)

VS/TS
(%)

CH4
(m3 kgVSadded–1)

CH4
(m3 tww–1)

CH4
(m3 toww–1)

6.1
4.7
5.0
4.8
5.4
6.0
5.1
5.2
8.8
5.3
6.2
5.4
5.1
5.4
5.0

70
210
270
170
160
100
250
280
70
310
180
320
180
150
170

14.6
17.1
17.1
17.3
16.4
18.2
20.0
17.4
17.9
17.7
17.0
17.0
20.3
17.9
21.5

13.4
15.7
15.7
16.0
15.0
16.8
18.3
15.7
15.9
16.2
15.7
15.2
18.5
16.5
20.0

91.8
91.8
91.8
92.5
91.5
92.3
91.5
90.2
88.8
91.5
92.4
89.4
91.1
92.2
93.0

0.47 ± 0.02
0.14 ± 0.03
0.49 ± 0.05
0.47 ± 0.01
0.49 ± 0.02
0.41 ± 0.00
0.48 ± 0.01
0.42 ± 0.02
0.26 ± 0.01
0.48 ± 0.02
0.50 ± 0.04
0.38 ± 0.01
0.37 ± 0.04
0.37 ± 0.00
0.46 ± 0.01

62.6
21.5
76.3
74.8
73.4
68.4
87.2
66.1
40.8
78.2
78.8
58.0
57.9
61.1
92.0

62.6
nd
nd
nd
60.0
54.5
nd
nd
nd
46.0
67.3
nd
nd
nd
55.7

TABLE 12

Effects of pre-wilting, storage time and biological additive on chemical characteristics and CH4 potential of ryegrass under field
conditions. Standard deviation of methane potential is given after ±.

Treatment

Pre-wilted

Pre-wilted+
additive

nd = not determined

Storage
time
(months)
0
1
3
11
0
1
3
11

pH

SCOD
(mg gTS–1)

TS (%)

VS (%)

VS/TS
(%)

CH4
(m3 kgVSadded–1)

CH4
(m3 tww–1)

CH4
(m3 toww–1)

6.2
7.5
4.9
4.5
5.8
7.1
4.5
4.3

240
140
200
260
280
180
140
350

44.4
30.3
44.4
37.4
42.2
27.6
26.6
33.3

39.6
26.0
39.9
32.9
37.8
24.4
22.6
29.0

89.2
85.8
89.9
88.0
89.6
88.4
85.0
87.1

0.48 ± 0.09
0.33 ± 0.04
0.44 ± 0.01
0.39 ± 0.02
0.48 ± 0.09
0.32 ± 0.08
0.39 ± 0.02
0.37 ± 0.01

188.7
85.1
177.7
127.8
180.0
79.2
88.4
106.2

188.7
nd
nd
127.8
188.7
nd
nd
111.8
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4.2 Hydrogen production from grass silage and maize
4.2.1 The effect of inoculum on hydrogen production from grass silage
The effect of heat-treatment of the inocula and initial pH adjustment (to pH 6)
on H2 production from grass silage (VS ratio of 1) and from glucose was studied
in batch assays (35 °C) using two different inocula, namely inoculum from farm
and inoculum from WWTP (II; Table 13).
H2 was produced from grass silage and glucose with heat-treated and/or
pH-adjusted inoculum of farm origin, while inoculum from WWTP produced
H2 from glucose only (Table 13). With inoculum of farm origin the highest H2
yield from grass silage (11.5 ml gVSadded–1, 31 % of the biogas) and glucose (45.3
ml (g glucose added)–1) occurred when the inoculum was both heat-treated and
pH-adjusted. Without heat-treatment both inocula produced mainly CH4 from
grass silage and glucose, while pH-adjusted inoculum from farm also produced
some H2 (3.6 ml gVSadded–1) from grass silage and glucose (8.4 ml (g glucose
added)–1). The heat-treatment inhibited CH4 production from both substrates
with both inocula (Fig. 3). Typically, in all the assays H2 production started
within 24 hours and ceased within 5 days of incubation (Fig. 3). The final pH in
all the assays with grass silage was around 6 (5.8-6.6), except with heat-treated
inoculum from WWTP (final pH of 6.9-7.1) (Table 13).
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Mean H2 ʕ DQG&+4 ʆ SURGXFWLRQIURPJUDVVVLODJH DERve, unit ml gVS–1)
using heat-treated inoculum of farm origin and from glucose (below, unit ml
g–1) using heat-treated inoculum from WWTP without (A & B) and with (C &
D) initial pH adjustment to 6.

TABLE 13

H2 and CH4 yield (±standard deviation) from inocula and substrates (inoculum subtracted), SCOD at the end of the assays and pH at
the beginning and at the end of the assays (VS ratio of 1, assays done in duplicate).

Inoculum

HT

pH (initial/final)
SCOD (g l–1)
H2 (ml gVS–1)
No
Grass Glucose
No
Grass Glucose
No
Grass
Glucosea
substrate
substrate
substrate
Farm
no
8.6/7.6 6.5/6.6 8.4/7.9
4.3
9.5
3.6
0.3 ± 0.3 2.1 ± 1.3
0.0 ± 0
Farm
no
6/6.7
6/6.2
6/4.3
2.5
7.0
4.7
0.4 ± 0.1 3.6 ± 0.7
8.4 ± 6.9
Farm
yes
9.5/8.5 6.2/6.1 9.5/6.6
8.2
12.2
4.4
0.3 ± 0
7.2 ± 2.7
0.5 ± 0.7
Farm
yes
6/6.4
6/5.9
6/5.8
4.2
12.8
5.3
0.5 ± 0.4 11.5 ± 0 45.3 ± 25.5
WWTP
no
7.9/7.3 5.9/7.1 7.9/6.9
0.3
1.4
0.2
0.0 ± 0
0.0 ± 0
0.0 ± 0
WWTP
no
6/6.5
6/6.9
6/6.4
0.2
1.6
0.3
0.0 ± 0
0.0 ± 0
6.6 ± 0.3
WWTP
yes
9.1/7.3 6.1/5.9 9.1/6.0
3.2
6.2
4.5
0.2 ± 0
0.1 ± 0.2
9.7 ± 1.2
WWTP
yes
6/6.7
6/5.8
6/5.7
2.0
7.4
4.5
0.0 ± 0
0.2 ± 0.1 35.9 ± 3.2
aunit ml (g glucose)–1

No
substrate
27.0 ± 0.1
9.5 ± 1.0
0.3 ± 0.3
1.4 ± 0.1
9.7 ± 0.7
8.1 ± 0
0.4 ± 0.3
0.7 ± 0

CH4 (ml gVS–1)
Grass
Glucosea
6.3 ± 1.4
13.8 ± 0.5
0.0 ± 0
0.0 ± 0
49.0 ± 1.2
48.2 ± 1.4
0.0 ± 0
0.0 ± 0.0

301.1 ± 7.6
0.0 ± 0.0
0.0 ± 0
0.0 ± 0
87.6 ± 5.1
90.2 ± 1.7
0.0 ± 0
0.0 ± 0
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4.2.2 The effects of VS ratio, temperature and initial pH on hydrogen yield
from grass silage
The effects of different VS ratios and temperature (VS ratio of 1) on H2 yield
was studied in batch assays using heat-treated inoculum of farm biogas plant
(II). H2 yield increased from 3.2 to 6.2 ml gVSadded–1 when the VS ratio was
increased from 1 to 2 (Table 14, Fig. 4). H2 production increased from 3.2 to 7.2
and 16.0 ml gVS–1 with corresponding H2 percentages of 6, 15 and 35 %, when
temperature was increased from 35 to 55 and 70 ºC, respectively. Time taken to
reach maximum H2 yield was longer at 70 °C (around 25 days) compared to 55
°C (10 days) and 35 °C (3-4 days). At 55 °C H2 was consumed after the initial
peak on day 1, and a second H2 production phase was detected after day 3 (Fig.
4). SCOD at the end of the assays increased when the higher VS ratio was used.
In contrast pH was not affected (range 5.1-5.2). The final pH was lower at 55 ºC
compared to 35 ºC and 70 ºC and SCOD was lowest at 70 ºC (9.5 g l–1), second
lowest at 35 ºC (10.5 g l–1) and highest at 55 ºC (11.8 g l–1) (Table 14).
The effect of initial pH (4, 5 and 6) on H2 yield from grass silage was
studied in batch assays at 35 ºC using a VS ratio of 2. H2 yield was highest at
initial pH of 5 (4.0 ml gVSadded–1), while at pH 6 H2 yield was 0.9 ml gVSadded–1.
At pH 4 no H2 was produced. The final pH (4.9) and SCOD of the grass silage at
initial pH 5 and 6 did not differ, while at pH 4 final pH and SCOD were lower
(Table 14).
TABLE 14

Effect of temperature, VS ratio and initial pH on final pH, SCOD and H2
yield (±standard deviation) from heat-treated inoculum and grass silage (H2
production from inoculum subtracted).

T
VS
pH (initial/final)
(°C) ratio No substrate Grass
35
1:1
6/6.1
6/5.2
35
1.5:1
nr
6/5.1
35
2:1
nr
6/5.2
55
1:1
6/5.8
6/5.1
70
1:1
6/5.9
6/5.4
35
2:1
6/6.2
6/4.9
35
2:1
5/5.8
5/4.9
35
2:1
4/4.5
4/4.4
bd = below detection limit
nr = not relevant

SCOD (g l–1)
No substrate Grass
5.0
10.5
nr
14.5
nr
16.5
5.5
11.8
5.0
9.5
5.0
14.7
3.7
14.2
2.3
8.6

H2 (ml gVSadded–1)
No substrate
Grass
0.4 ± 0.2
3.2 ± 1.2
nr
4.3 ± 1.3
nr
6.2 ± 0.7
1.4 ± 0.5
7.2 ± 0.2
4.0 ± 0.8
16.0 ± 1.7
bd
0.9 ± 0.3
bd
4.0 ± 3.2
bd
bd
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Mean H2 ʕ  DQG &+4 ʆ  SURGXFWLRQ (unit ml gVSadded–1) from grass silage
using VS ratio of 1 (A) and 2 (C) (temperature 35 °C) and at temperature of 55
°C (B) and of 70 °C (D) (VS ratio of 1).

4.2.3 The effects of pre-treatments on hydrogen production from grass silage
and maize
Grass silage (III) and maize (IV) were subjected to water extraction (maize),
alkaline (NaOH, grass silage) and acid (HCl, maize) pre-treatments (3.2.2) to
study their effects on H2 and CH4 yields. After pre-treatments crops were
separated into solid and liquid fractions. NaOH treatment increased the pH of
grass silage from 4.1 to 6.4, whereas water-extraction and HCl-treatment
decreased the pH of maize from 6.3 to 5.5 and 4.5, respectively. 18 % of the
grass silage VS was solubilised into liquid fraction after NaOH-treatment,
whereas 9 % of the maize VS was solubilised into liquid fraction after waterextraction and HCl-treatment (Table 15).
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TABLE 15

Characteristics of the pre-treated fractions of grass silage (III) and maize (IV).

Crop

Fraction

TS
(g)
50
41
9

VS
(g)
46.5
39
5

pH

untreated
NaOH-treated solid
NaOH-treated liquid

ww
(g)
184
302
750

4.1
6.4
6.4

SCOD
(g l–1)
190a
na
10.1

Grass silage

Maize

untreated
water-extracted solid
water-extracted liquid
HCl-treated solid
HCl-treated liquid

32.7
228
102
229
102

30
30.1
2.7
27.6
2.8

28.1
28.9
2.3
26.2
2.3

6.29
5.46
5.46
4.53
4.53

211a
na
21.1
na
18.1

Paper
III

IV

aunit

mg gTS–1
na = not available

H2 production from grass silage and NaOH treated solid and liquid fractions
(separately) were studied in batch assays at 55 °C with heat-treated inoculum
from farm (III; Fig. 5, Table 16). H2 production peaked within 1-2 days with all
the studied substrates but H2 was consumed within 2-3 days (Fig. 5). Secondary
H2 production was observed with silage and solid fraction as substrates
although the replicates showed some variation especially with silage (Fig. 5).
The average H2 potential of grass silage was 5.6 ml gVSadded–1. The
corresponding values for solid and liquid fractions were 3.4 and 31.1 ml
gVSadded–1, respectively (Table 16).
The calculated combined H2 yield from NaOH treated grass silage was
slightly higher (6.5 ml g VSoriginal–1) than that of untreated grass silage (5.6 ml
gVS–1) with liquid fraction accounting for 56 % of the total H2 potential (Table
16). No CH4 production was noticed in the H2 assays except for the assays with
liquid fraction, where CH4 production was noticed after 4 days of incubation.
The CH4 potential obtained from the liquid fraction was 135 ml gVSadded–1
(Table 16).
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FIGURE 5

H2 production from grass silage (up), NaOH-treated solid (middle) and liquid
fractions (down). Data from the triplicate assays ʕʄʆ 

At the end of the H2 assays, pH was 4.8-5.0 in all assays except with the liquid
fraction where it was 6.3. The final SCOD values were as high as 7.3 g l–1 with
grass silage after the H2 stage. In the H2 assays, the final total VFA-CODs with
substrates were 1810-4790 mg l–1, contributing from 48 to 70 % of the final
SCOD (Table 16). Acetate was the main VFA (Table 16). In the H2 assays the
amount of SCOD increased by 39 and 49 % with grass silage and solid fraction
as substrates. In contrast, with liquid fraction the amount of SCOD decreased
by 43 % during H2 assay (Table 16).
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TABLE 16

H2 and CH4 yields of untreated and pre-treated grass silage in one- and twostage batch assays as well as pH, SCOD and main metabolic products after
H2-stage. Moreover, the changes in SCOD, AA and PA concentrations during
H2 assays are shown. Standard deviation in parenthesis when applicable.
Untreated

H2-stage

+
CH4 stage

pH
SCOD (g l–1)
SCOD change (%)
H2 (ml gVSadded–1)
H2 (ml gVSoriginal–1)
H2 (ml gVSoriginal–1) comb
TVFA (mg l–1)
TVFA/SCOD (%)
AA(mg l–1), % of TVFA
AA change (%)
PA (mg l–1), % of TVFA
PA change (%)
BA (mg l–1), % of TVFA

5.02
7.3 (0.23)
+39
5.64 (0.63)
na
na
3569
65
2197 (179), 62
+179
284 (28), 8
+137
906 (30), 25

NaOH-treated
solid
4.77
3.6 (0.1)
+49
3.38 (1.05)
2.85

NaOH-treated
liquid
6.29
3.8
–43
31.14 (0.47)
3.61
6.46
2028
1463
70
48
1520 (90), 75
1027, 70
+3556
+36
136 (58), 7
299, 20
+193
+250
325 (39), 16
48, 3

pH
SCOD (g l–1)
CH4 (ml gVSadded–1)
CH4 (ml gVSoriginal–1)
(ml gVSoriginal–1) comb

7.48
3.0 (0.1)
467 (18)
na
na

7.43
2.9 (0.1)
490 (32)
413

pH
SCOD (g l–1)
CH4 (ml gVSadded–1)
CH4 (ml gVSoriginal–1)
(ml gVSoriginal–1) comb
na = not applicable

7.36
3.0 (0.23)
431 (3)
na
na

7.40
2.4 (0.1)
299 (30)
252

One-stage
CH4

7.52
3.4 (0.2)
520
60
473
7.47
2.4 (0.14)
703 (10)
82
334

H2 production from untreated, water-extracted and HCl-treated maize (IV) was
studied in batch assays for 2 and 14 d (Fig. 6, Table 17). For batch assays, the
fractions after pre-treatments were combined in actual ratios that were formed
during the pre-treatments. The produced biogas was composed of H2 and CO2,
and was free of CH4. After 2 d of incubation, average H2 yields of 5.6 and 1.9 ml
gVSadded–1 were obtained from untreated and water-extracted maize,
respectively (P < 0.05). In contrast, no H2 was produced from HCl-treated
maize. After 14 d of incubation, the highest average H2 yield of 20.5 ml
gVSadded–1 was obtained from HCl-treated maize, followed by water-extracted
(18.0 ml gVSadded–1) and untreated maize (9.9 ml gVSadded–1) (Table 17).
However, no statistically significant difference in H2 yields was noticed
between the treatments (P > 0.05).
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FIGURE 6

Cumulative H2 production from untreated (A), water-extracted (B) and HCltreated (C) maize in 14 d H2 assays (replicates shown). Note the different
scale in y-axis. Results from 2 d assays shown with lines only.

Table 17 presents the pH levels in H2 assays at the end of 2 d and 14 d of
incubation. The pH decreased due to fermentation from 6 to 4.9 (2 d assay) and
to 4.3 (14 d) with untreated maize as a substrate. The dominant metabolic
products were acetic acid and butyric acid (Table 17). The concentration of VFA
varied with incubation period and pre-treatment method. In 2 d H2 assays, the
predominant VFA was acetic acid in the untreated (77 % of total VFA) and HCltreated maize (78% of total VFA), while more or less equal concentration of
acetic and butyric acids were present in the water-extracted maize (43 % of total
VFA). Average acetic acid concentrations were approximately the same in the
HCl-treated (288 mg l–1) and water-extracted maize (275 mg l–1) after 2 d H2
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TABLE 17

2d
H2-stage

+
CH4 stage

14 d
H2-stage

+
CH4 stage

One-stage
CH4

H2, CH4 and energy yields of untreated and pre-treated maize in one- and
two-stage batch assays as well as pH, SCOD and main metabolic products
after H2-stage. Standard deviation in parenthesis when applicable.
Conversion factors of 3 and 10 kWh per 1 Nm3 have been used for H2 and
CH4, respectively.

pH
SCOD (g l–1)
H2 (ml gVSadded–1)
energy (kWh tVS–1)
TVFA (mg l–1)
TVFA/SCOD (%)
AA(mg l–1), % of TVFA
PA (mg l) –1, % of TVFA
BA (mg l–1), % of TVFA

Untreated
4.85
4.83 (0.76)
5.6 (0.7)
16.8
122
3
94 (29), 77
15 (0), 12
5 (4), 4

Water-extracted
5.28
4.50 (0.35)
1.9 (0.8)
5.7
634
21
275 (8), 43
64 (2), 10
274 (390), 43

HCl-treated
5.19
5.00 (0.30)
0.0
0
368
9
288 (35), 78
21 (1), 6
8 (8), 2

CH4 (ml gVSadded–1)
energy (kWh tVS–1)
energy total (kWh tVS–1)

342 (8)
3420
3437

358 (37)
3580
3586

397 (5)
3970
3970

pH
SCOD (g l–1)
H2 (ml gVSadded–1)
energy (kWh tVS–1)
TVFA (mg l–1)
TVFA/SCOD (%)
AA(mg l–1), % of TVFA
PA (mg l–1), % of TVFA
BA (mg l–1), % of TVFA

4.30
3.70 (0.35)
9.9 (8.0)
29.7
454
18
201 (124), 44
17 (3), 4
226 (165), 50

5.15
3.70 (0.35)
18.0 (12.6)
54.0
1196
47
562 (504), 47
63 (18), 5
544 (324), 45

5.02
4.60 (0.20)
20.5 (11.1)
61.5
1007
34
346 (138), 34
26 (3), 3
580 (261), 58

CH4 (ml gVSadded–1)
energy (kWh tVS–1)
energy total (kWh tVS–1)

311 (38)
3110
3140

357 (47)
3570
3624

368 (41)
3680
3742

CH4 (ml gVSadded–1)
energy (kWh tVS–1)

321 (23)
3210

328 (7)
3280

312 (15)
3120

assays (Table 17). In 14 d H2 assays, the share of butyric acid increased in all
assays, being highest in the HCl-treated maize assays (58 % of total VFA). The
concentration of butyric acid (580 mg l–1) in the HCl-treated maize was 1.6 times
higher than that of acetic acid. On the other hand, the concentration of
propionic acid remained unchanged with increase in incubation time in the
respective assays. However, the highest propionic acid concentration was
observed in the water-extracted maize (63 mg l–1) compared to that of HCltreated maize (21-26 mg l–1) or untreated maize (15-17 mg l–1).
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4.3 Methane production from grass silage and maize
4.3.1 Methane yield in batch assays, the effect of pre-treatments
CH4 production from grass silage and NaOH treated solid and liquid fractions
(separately) were studied in batch assays at 35 °C (III). Highest CH4 yield of 703
ml gVSadded–1 was obtained from the liquid fraction followed by 430 ml gVS
added–1 from grass silage and 299 ml gVSadded–1 from the solid fraction (Table 16).
The calculated combined CH4 yield of the NaOH pre-treated grass silage was
334 ml gVSoriginal–1 and was lower than that of the untreated grass silage (430 ml
gVSadded–1) (Table 16).
Methane production from untreated, water-extracted and HCl-treated
maize (IV) was studied in batch assays at 35 °C (Table 17). In one-stage CH4
assays, CH4 yield of 321 ml gVSadded–1 was obtained from untreated maize.
However, no significant difference in CH4 yield was obtained with the studied
pre-treatments (P > 0.05). The average CH4 yields were 328 and 312 ml gVSadded–
1 for water-extracted and HCl-treated maize, respectively.
4.3.2 Methane production after hydrogen stage
Methane production from grass silage and NaOH treated solid and liquid
fractions were studied in batch assays after H2 stage (III). On comparison to
one-stage process, two-stage process (H2 and CH4 assays) resulted in increased
CH4 yields by 8 % for grass silage and 64 % for solid fraction. The increase in
CH4 yields for grass silage was from 431 to 467 ml gVSoriginal–1 and for solids
fraction from 252 to 412 ml gVSoriginal–1. On the other hand, CH4 yield of the
liquid fraction in two-stage process was lower (60 ml gVSoriginal–1) compared
with one-stage process (80 ml gVSoriginal–1) (Table 16). CH4 production of solid
fraction was faster in two-stage process compared to one-stage process. The
opposite was true with liquid fraction (Fig. 7). At the end of all the CH4 assays,
pH varied between 7.3 and 7.5 (Table 16). SCOD values between 2.4 and 3.5 g l–1
were detected after the one- and two-stage CH4 assays (Table 16). After CH4
assays no VFAs were detected.
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FIGURE 7

Average cumulative CH4 yield (ml VSadded–1) from grass silage (up), NaOHtreated solid (middle) and liquid fractions (down) witKRXW Ō DQGZLWK ʄ +2
stage.

Methane production from untreated, water-extracted and HCl-treated maize
(IV) was studied in batch assays after H2 stage (2 and 14 days). The highest CH4
yield of 397 ml gVSadded–1 was obtained with HCl-treated maize. The average
increase in CH4 yields were 24 % and 27 % compared to the CH4 yields obtained
from untreated (321 ml gVSadded–1) and HCl-treated (312 ml gVSadded–1) maize in
one-stage processes. This difference in yield was statistically significant when
compared to that obtained with untreated and HCl-treated maize in one-stage
assays (P < 0.05). On comparison to 2 d H2 stage, 14 d incubation period
resulted in either decreased CH4 yields (untreated and HCl-treated maize) or
did not further improve (water-extracted) the CH4 yields (Table 17). Two-stage
process with 14 d H2 stage showed higher initial CH4 production rates
compared with the two-stage process with 2 d H2 stage or one-stage CH4
process (Fig. 8).
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FIGURE 8

Cumulative CH4 production (ml gVSadded–1, inoculum subtracted) from
untreated (A), water-extracted (B) and HCl-treated maize (C) in one-stage
CH4 ŏ DVVD\VDQGLQ&+4 DVVD\VDIWHUWZR ʄ DQGGD\V ʆ +2 stage.

4.3.3 Methane production from grass silage in CSTRs
Methane production from grass silage (V) was studied in 2 parallel CSTRs at 35
ºC with an OLR of 2 kgVS (m3d)–1 and HRT of 30 days (Fig. 9, 10, Table 18).
After the initial start-up of feeding, specific methane yield rose to around 200 l
kgVSfed–1 by day 15. Thereafter, methane production dropped sharply with a
corresponding decrease in pH (Fig. 9) and increase in total volatile fatty acid
(TVFA) concentration (Fig. 10). In order to raise the pH, buffer (NaHCO3)
addition was initiated on day 23 and was substituted with nutrient solution
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FIGURE 9

CH4 and H2 ʆ FRQWHQWVS+6&2'DQGGDLO\ELRJDVYROXPHRI0 RSHQ 
and M2 (closed). Lines represent the shift (d. 79) and change in buffer dosage
(d. 106). Note that liquid volume of M2 was reduced from 1.5 l to 0.3 l on day
79.
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FIGURE 10

79)$ Ō  DFHWLF ʄ  SURSLRQLF ʆ  EXW\ULF ¹  LVR-YDOHULF ¨  DQG FDSURLF
DFLG ʊ FRQFHQWUDWLRQVLQ0 XS DQG0 EHORZ /LQHVUHSUHVHQWWKHVKLIW
(d. 79) and change in buffer dosage (d. 106).

TABLE 18

Average specific and volumetric methane yields of methanogenic CSTRs.
Results of M2 shown between days 41-78 only. Standard deviation in
parenthesis.

Days
41-78
79-105
106-122

CH4 l kgVSfed–1
218 (25)
198 (18) (M2)
185 (20)
140 (18)

CH4 m3 (m3d)–1
0.44 (0.05)
0.40 (0.04) (M2)
0.37 (0.04)
0.28 (0.04)

from day 28 onwards. However, TVFA concentration continued to increase
further to reach 5.7-6.5 g l–1 by day 31. The concentration of acetic acid and
propionic acid, the main components of TVFAs, were 4.2-5.1 and 0.6-0.7 g l–1,
respectively (Fig. 10).
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Despite the addition of buffer and nutrients, both reactors did not recover
and thus reactors were kept unfed between days 31 and 40 (Fig. 9, 10). During
this unfed period, TVFA concentration decreased to 2.2-2.9 g l–1 and pH
increased to 7.7. Feeding was resumed on day 41 with an OLR of 2 kgVS (m3d)–1
and HRT of 30 days. The mean methane production during days 41-78 was 198218 l CH4 kgVSfed–1 with an average CH4 content of 50-54 % (Table 18). During
the same period, SCOD concentration was between 12 and 15 g l–1. However,
daily buffer addition (9.8 g (kg feed)–1) was needed in order to keep the pH
close to 7. Nevertheless, TVFA concentration increased from 2.2 to 5.7 g l–1 in
M1 and from 2.9 to 6.3 g l–1 in M2. Besides acetic acid, propionic acid
accumulation was also noticed in both M1 and M2. The increase in propionic
acid concentration was from 0.1 to 0.7 g l–1 in M1 and from 0.5 to 0.8 g l–1 in M2.
VS reduction during this period was between 49 and 57 % in both reactors.
Mixing the M1 and M2 reactor contents (day 78) and continuing M1 as
methanogenic reactor with an OLR of 2 kgVS (m3d)–1 and HRT of 30 days
resulted in a mean specific methane yield of 140 l kgVSfed–1 and volumetric
methane yield of 0.28 m3 (m3d)–1 (Table 18). This yield was lower than the
methane yield of 218 l kgVSfed–1 obtained prior to mixing of the reactor contents.
The SCOD concentration during the days 78-105 increased from 13.8 to 17.6 g l–1
with a corresponding decrease in pH (Fig. 9). Due to this decrease in pH, more
buffer was added (38.2 g (kg feed)–1) from day 106 onwards. However, TVFA
concentration increased from 5.5 g l–1 to 9.9 g l–1. The main components of
TVFA were acetic (6.1 g l–1), propionic (2.4 g l–1) and iso-valeric acids (0.5 g l–1).
Iso-butyric (0.3 g l–1), butyric (0.3 g l–1) and valeric acids (0.1 g l–1) were also
present but at a lower concentrations (Fig. 10).

4.4 Shifting methanogenic process to hydrogenic process
Methanogenic CSTR (V) treating grass silage (M2) was shifted to H2 production
by increasing the OLR from 2 to 10 kgVS (m3d)–1 and by decreasing the HRT
from 30 to 6 days (day 79; Fig. 9, 10). Immediately after the changes in operation
strategy, CH4 concentration dropped rapidly from ca. 50 % to below detection
limit. H2 production was first detected 12 days (on day 90) after the shift in
operational strategy. Thereafter, H2 concentration increased steadily during the
next 30 days of operation and fluctuated between 10 and 24 % depending upon
the feeding cycle, with lowest H2 concentration of < 10 % noticed after the nonfed weekends (Fig. 9). This shift in operational strategy through increased OLR
and decreased HRT resulted in a sharp drop in pH from 7 to 5.6 (day 90) and
then increased slowly to reach 6 (since day 92). On the other hand, SCOD and
TVFA concentrations increased from 15.3 to 31.6 g l–1 and from 6.3 to 15 g l–1,
respectively (day 106). Among the TVFA components, the increase in acetic acid
concentration was small (from 4.8 to 6.8 g l–1) compared to caproic acid, which
increased from negligible to 3.9 g l–1 (day 106). Butyric acid concentration
reached its highest concentration of 4.8 g l–1 on day 99. On day 106, buffer
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addition was stopped (29 days of addition) which resulted in a decrease in
SCOD concentration to around 20 g l–1 with a simultaneous drop in pH (Fig. 9).
However, H2 content remained at the same level as noticed during the buffer
addition period. In addition, the concentration of TVFA especially that of acetic
acid decreased while the concentration of caproic acid remained more or less
constant (Fig. 10). TVFA-COD accounted 68-80 % of the SCOD during the
shifting period (days 79-120). VS reduction was at the end of reactor experiment
18 %.
During the 40 days of operation at a higher OLR of 10 kgVS (m3d)–1, the
highest daily H2 yield was 42 l kgVSfed–1. Nevertheless, the mean daily biogas
production showed a decreasing trend, being at highest around 400 ml d–1 (Fig.
9) and thus, the average specific and volumetric H2 yields obtained were 9 l
kgVSfed–1 and 0.06 m3 (m3d)–1, respectively.

5 DISCUSSION
5.1 Main findings of the thesis
The results of the present study showed that both hydrogen and methane can
be harnessed from energy crops by anaerobic digestion process. Highest
hydrogen yields from batch assays were 16 and 9.9 ml gVSadded–1 for untreated
grass silage and maize, respectively, under the studied experimental conditions.
The methane yields from untreated crops were in the range 320-480 ml
gVSadded–1. The effects of temperature and pH on hydrogen yield in batch assays
were shown. Inducing hydrogen production in a methanogenic CSTR treating
grass silage was shown to be possible by increasing the OLR and shortening the
HRT with highest hydrogen yield of 42 l kgVSfed–1. Pre-treatments (alkaline,
acid and water-extraction) showed some potential for elevating H2 yields,
whereas the methane yields were not affected. Two-stage H2 + CH4 process
resulted in increased methane yields when compared to traditional one-stage
CH4 process, mainly due to improved hydrolysis and acidogenesis in the first
step. Monodigestion of grass silage for methane production in CSTR resulted in
methane yield of 198-218 l kgVSfed–1. However, long term monodigestion was
not feasible with the applied OLR and HRT due to accumulation of VFAs.
Ensiling was proven to be a proper method for storage of crops intended for
biomethane production. These results thus provide knowledge on how crop
biomass could be converted into H2 and/or CH4, although further research is
needed especially for optimizing the hydrogen production step. These results
are discussed in detail in the following sections.

5.2 Effect of storage on methane yield of grasses
The present results show that the CH4 yield (VS losses during storage taken into
account) of energy crops can be maintained by appropriate ensiling conditions
for even after 11 months in ambient conditions, while, in contrast, in suboptimal
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storage conditions over 50 % of the CH4 yield can be lost. Several factors, such
as crop species, pre-wilting, harvest time, additives and storage time can affect
the ensiling process, and thus the final effect on CH4 yield can be complex.
Ensiling has been found as an appropriate method for storing crops for biogas
and ethanol production in other studies as well (Mähnert et al. 2005, Vervaeren
et al. 2010, Herrmann et al. 2011, Oleskowicz-Popiel et al. 2011).
This and other studies (Table 19) suggest that the CH4 potential (m3
kgVSadded–1, storage losses not included) of energy crops can in some cases be
increased during storage, which thus acts as a pre-treatment step. The increase
in CH4 potential is due to degradation of structural polysaccharides into more
easily degradable intermediates (Egg et al. 1993, Kung et al. 2003). However, the
methane potential can even decrease during the storage in some cases. In this
study, storage time had no clear impact on CH4 potential, which was also the
situation in a previous study with grass (Lehtomäki et al. 2005b). It has to be
noted, that the increase in methane potential does not necessarily result in
increase in energy yield per hectare due to possible storage losses.
TABLE 19

Examples of selected studies with crop-based materials showing the
improvement in methane potential (per VS added) after storage.

Substrate
Grass
Ryegrass
Grass
Sugar beet tops
Whole crop maize
Maize
Sorghum
Forage rye
Triticale
Maize

CH4 potential (ml gVSadded–1)
before storage
after storage
360
480
410
490
230
310
310
370
380
540
330
380
320
350
290
350
340
370
380
420

Reference
This study, Paper I
(Lehtomäki et al. 2005b)
(Neureiter et al. 2005)
(Herrmann et al. 2011)

(Vervaeren et al. 2010)

According to this study VS loss during storage seems to be a major factor in
determining the preservation of CH4 yield: the smaller the VS loss the better
was the CH4 yield preserved. With ryegrass the smallest VS loss was obtained
with high solids ryegrass (48 h dried, TS 30.4 %) while with grass the effect of
initial TS on VS loss was less evident VS losses being even slightly higher for
high solids than for low solids grass. High VS losses were characterised by a
higher/increased final pH, while low VS losses were obtained in conditions in
which final pH was low, as in the case of high solids ryegrass and low solids
grass, with additive addition further lowering pH. The chemical characteristics
of the crop species in question also have an effect on ensiling properties; for
example the buffering capacity of legumes (such as clover) is usually higher
than of grasses (McDonald et al. 1991), which may partly explain the relatively
high pH of grass in some of the study samples.
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Thus, during suboptimal storage conditions large proportion of CH4 yield
can be lost, as shown by the fact that after 6 months of storage, losses in CH4
yield were at most 37 and 52 % with grass and ryegrass, respectively, in
laboratory studies, and 17 and 41 %, respectively, in field studies after 11
months. These losses in CH4 yield were probably caused by secondary
fermentation (e.g. Sebastian et al. 1996), which led to a rise in pH and loss of VS
and, in some cases also, to loss of CH4 potential. It has been stated that if there
are insufficient amount of water soluble carbohydrates present in the silage, or
the solids content is too low, secondary fermentation by clostridia can occur.
Clostridia ferment sugars and lactate mainly into butyrate, while minor
amounts of formate, acetate, propionate, ethanol and butanol can also be
produced. In secondary fermentation CO2 is released, resulting in increased pH
and, with rising pH, conditions may become favourable for the proteolytic
clostridia, which break down proteins and amino acids into amines, amides,
and ammonia, thus causing a further increase in pH (Egg et al. 1993, Woolford
1984). Clostridial fermentation during storage is undesirable, because the
butyrate fermentation pathway results in considerable loss of gross energy
through the loss of molecular H2 (Egg et al. 1993). In the present study higher
initial solids content resulted in a decreased VFA concentration at six months
with stored grass and ryegrass. This is partly in accordance with previous
results, hence lower concentrations of propionic and n-butyric acids and higher
concentrations of lactic- and acetic acids were found with wilted comfrey silage
compared to unwilted crop (Wilkinson 2003). In this study, which included
crops with lower solids, other VFAs, such as propionic and butyric acid, were
also present. This is, as discussed above, an indication of secondary
fermentation. With low solids crops small amounts of valeric and caproic acids
were also present. These acids are thought to be formed from acetic and
propionic or acetic and n-butyric acid by removal of molecular H2 and it is
known that some clostridia and a rumen bacterium are capable of catalysing
these reactions (Zauner & Küntzel 1986). Unfortunately, lactic acid was not
analysed in this study. Usually VS losses during ensiling are lower (McDonald
et al. 1991, Egg et al. 1993) as obtained in this study. In earlier studies between
1.6 and 15.7 % of TS was lost when storing elephantgrass and energycane
(Woodard et al. 1991), 2.9 % when storing maize silage for 90 days (Filya 2004)
and TS losses of switchgrass during six months of storage (round bales, no
plastic) averaged 13 % (Sanderson et al. 1997).
In the present study the role of biological additive in improving or
preserving CH4 yield was not noteworthy, as was also the situation with grass
and sugar beet tops (Lehtomäki et al. 2005b) and whole crop maize (Neureiter
et al. 2005). Additives have led to lower pHs in previous studies as well; e.g.,
bacterial inoculant resulted in lower pH in lupin silages (Fraser et al. 2005),
whole crop barley silage (Zahiroddini et al. 2004) and forage pea and field bean
silages (Fraser et al. 2001). According to this study addition of biological
additive resulted in reduced VS loss with ryegrass at six months of storage,
whereas with grass the effect of additive on VS loss was less clear.
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In this study mass losses on the field scale were negligible with ryegrass,
probably due to the high initial TS content (44.4 %), while mass losses of grass
varied between 18 and 29 %, the smallest mass loss observed with grass stored
without pre-wilting. Mass losses for crops stored in laboratory studies have
generally been less than 2.5 % (Weinberg et al. 2002, Neureiter et al. 2005). In
the present study mass losses varied between 2.9 and 4.6 % for grass and
between 4.0 and 5.1 % for ryegrass after 3 months of storage. Mass losses in
laboratory studies are usually lower than in field studies as in the field leachate
losses increase mass loss.

5.3 Hydrogen production from grass silage and maize in batch
process
5.3.1 Hydrogen production from grass silage and maize
The present results show that it is possible to produce H2 from grass silage (II,
III) and maize (IV) in a batch process and that the yields are highly dependent
on several factors (II-IV). The highest H2 yield from grass silage (16 ml gVSadded–
1) was obtained at 70 °C using heat-treated inoculum from a farm digester (II),
while the highest average H2 yield from untreated maize (IV) was 9.9 ml
gVSadded–1 under the studied experimental conditions (heat-treated inoculum,
55 °C, substrate to inoculum VS-ratio of 2). The H2 yields were comparable or
slightly lower to yields obtained with other energy crops or crop residues.
Previously, H2 yields of 3, 16, 20 and 62 ml gTS–1 have been reported from
untreated corn stalk (Zhang et al. 2007), maize leaves (Ivanova et al. 2009), corn
stalk (Fan et al. 2008) and fodder maize (Kyazze et al. 2008), respectively, while
H2 yield of 22-76 ml gVS–1 has been obtained from ryegrass (Kyazze et al. 2008).
Reasons for this variation in H2 yields even with similar substrates in the
literature are e.g. differences in operational conditions (e.g. pH, temperature,
loading and headspace volume), inoculum and chemical characteristics of the
substrate in question.
5.3.2 The effect of inoculum on hydrogen production from grass silage
Heat-treated inoculum from the farm biogas digester treating cow manure was
more efficient in producing H2 from grass silage compared to the digested
sludge from WWTP (II), and was thus selected for further use (III, IV).
Inoculum derived from cow manure presumably contains rumen microorganisms which are capable of degrading lignocellulosic substrates such as
grass silage. Unlike dairy farm sludge, sewage sludge apparently contains low
amounts of cellulose utilizing micro-organisms while the dominant microorganisms in sewage sludge are capable of degrading, e.g., glucose (Chen 1983).
Under the studied experimental conditions (VS-ratio 1, temperature 35 °C),
heat-treatment of the inoculum seemed to be necessary for H2 production from
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grass silage in batch assays (II), as without heat-treatment, methane was
produced. Thus, heat-treatment (boiling 30 minutes) was chosen as a suitable
pre-treatment method for H2 production batch assays (III, IV). In addition,
initial pH adjustment to 6 as compared to situation without pH adjustment was
shown to improve H2 yield from grass silage (II), and was thus chosen as a
suitable pH in further experiments (III, IV).
In the present batch assays (II-IV), inoculum was heat-treated at the
normal boiling temperature of water, which has recently been shown to
decrease the species diversity and H2 yield compared to lower (e.g. 65 °C)
treatment temperatures (Baghchehsaraee et al. 2008). It could be possible to
produce H2 from grass silage and maize without heat-treating the inoculum, as
H2 production from different substrates without heat-treating the inocula has
been shown to be possible (Antonopoulou et al. 2008, Pan et al. 2008, O-Thong
et al. 2009, Ohnishi et al. 2010). In addition, the results obtained in the present
study (V) further confirm, that heat-treatment is not necessary for obtaining H2
production in continuous process.
5.3.3 The effect of temperature on hydrogen production
Both the present (II) and previous studies (Table 20; Pan et al. 2008) indicate
that thermophilic conditions can favour H2 production compared to mesophilic
conditions. H2 yield from grass silage increased with increasing temperature
and highest H2 yield was obtained at 70 °C. Higher H2 yields at higher
temperatures might be expected given the fact that higher temperatures favour
H2 formation but not H2-consuming reactions (Lepistö 1999, Shin et al. 2004,
Luo et al. 2010a), such as methane and propionate formation. Moreover, the
higher H2 yield in thermophilic conditions is also explained by the optimal
temperature of the hydrogenase enzyme, which is reported to lie between 50
and 70 °C (Koesnandar et al. 1991). In addition, acidogenic H2 producers are
reported to be mostly thermophilic heat-resistant bacteria (Fang et al. 2002, Liu
& Fang 2002).
TABLE 20
Substrate
Grass silage

Examples of studies with different substrates showing improved hydrogen
yields at elevated temperatures.

Temperature (°C)
35
55
70
Food waste
35
55
Organic waste
35
55
Starch-rich
35
55
wastewater
a = calculated from the data given

H2 yield
3 ml gVS–1
7 ml gVS–1
16 ml gVS–1
12 ml (g hexose)–1a
112 ml (g hexose)–1a
165 ml gVSremoved–1
360 ml gVSremoved–1
47 ml (g starch)–1
78 ml (g starch)–1

Reference
This study, Paper II

(Shin et al. 2004)
(Valdez-Vazquez et al. 2005)
(Zhang et al. 2003)
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In both the present and earlier studies the time taken to reach the maximum H2
yield was longer at thermophilic conditions compared to mesophilic conditions.
This was probably caused by the low initial amounts of thermophilic microorganisms in the inoculum, which was of mesophilic origin (Shin et al. 2004).
Heat-treated inoculum from farm digester was thus shown to be suitable for
hydrogen production from grass silage, even with elevated temperatures of 55
and 70 °C despite the mesophilic origin of the inoculum. Temperature of 55 °C
was chosen for further H2 production experiments (III, IV), as it was thought to
be more easily applicable in practice than the higher temperature of 70 °C.
5.3.4 The effect of substrate concentration and pH on hydrogen production
Substrate concentration apparently has a significant effect on microbial
metabolic pathways and on H2 production. According to results obtained in the
present study (II) a higher substrate concentration (i.e. higher substrate to
inoculum VS ratio) in batches might be preferable for dark fermentative H2
production from grass silage. However, when a certain substrate threshold is
exceeded and the partial pressure of H2 is increased, bacteria may shift their
metabolism from H2 and VFA to alcohol production (Okamoto et al. 2000, Fan
et al. 2004, Fan et al. 2006a). Too high a substrate concentration would result in
the accumulation of VFA and a fall in pH, which would inhibit H2 producers.
The optimal TS concentration for H2 production seems to be very dependent,
e.g., on the substrate used and, apparently, on the substrate to micro-organism
ratio. Increased H2 yield with increasing substrate concentration has been
reported, e.g., for lean meat (2.5 ml gVS–1 at TS 4 %, 7.1 ml gVS–1 at TS 12 %;
Okamoto et al. 2000), food waste (46 ml gVS–1 at VS 0.3 %, 92 ml gVS–1 at VS 0.6
%; Shin et al. 2004) and wheat straw waste (13.8 and 68.1ml gVS–1 at substrate
concentrations of 0.5 and 2.5 %, respectively; Fan et al. 2006b). In contrast, with
carbohydrate-rich substrates a TS concentration of 2-5 % was found preferable
for H2 production, while at higher TS concentrations (tested up to 15 %) H2
yield per gram VS decreased (Okamoto et al. 2000). Similarly, H2 yield from
wheat straw waste (Fan et al. 2006b) and HSW (Liu et al. 2008b) fell with higher
substrate concentrations from 68 ml gVS–1 to 16 ml gVS–1 at substrate
concentrations of 2.5 and 3.5 %, respectively (wheat straw) and from 84 to 24 ml
gVSadded–1 at substrate concentrations of 1 and 2 g l–1 (HSW). Despite the initial
results (II) of the increased H2 yield with increasing substrate concentration, the
VS-ratio of 2 might have been too high in further experiments (III, IV) and
resulted in rapid drop in pH and suboptimal conditions for H2 production.
The optimal pH for H2 production from grass silage seems to lie between 5
and 6 (II). At the optimal pH acetate and butyrate producers are assumed to
overcome propionate producers, thereby increasing the H2 yield (Fan et al.
2006a). Optimal pH for H2 production by Clostridium butyricum was reported to
be in the range 5.5-6.0, as at a lower pH both cell growth and H2 production
were inhibited and at a higher pH cell growth was more efficient than H2
production (Chen et al. 2005). With initial pH 4 no H2 was produced (II). The
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pH 4 has also been found inhibitory in other studies using substrates such as
starch (Liu & Shen 2004) and wheat straw wastes (Fan et al. 2006b). Thus, based
on these results from II, pH was initially adjusted to 6 in H2 batch assays (III
and IV).
According to present results (II-IV) optimal conditions for H2 production
are very case-dependent. High substrate concentration (i.e. VS ratio) applied
resulted in enhanced acidification and drop in pH, which in some cases
dropped close or even below 5 (II-IV). This makes the interpretation of the
results challenging, as H2 production might have ceased due to low pH and
potential H2 yields are thus underestimated. For example with untreated maize
(IV) pH dropped to 4.85, which was below the optimum pH of 5.5 required for
H2 production (Fang & Liu 2002). Therefore, with proper control of pH, H2
yield from grass silage and maize could probably be improved, as has been
shown e.g. with glucose (Karadag & Puhakka 2010).
5.3.5 The effect of pre-treatments
The pre-treatments applied in the present study showed some potential in
improving hydrogen yields, although pre-treatment conditions needs further
optimization. The slightly enhanced combined H2 yield (from 5.6 ml VS–1 to 6.5
ml VSoriginal–1) noticed with NaOH treated grass silage in the present study (III)
could be due to enhanced hydrolysis. Water-extraction and HCl-treatment
increased the average H2 yield from maize (IV), even though the result was not
statistically significant, most probably due to suboptimal conditions, as
discussed previously. Thus, the effect of pre-treatments on H2 yield in the
present study can be unreliable, as the low final pH in solid fraction of NaOHtreated grass silage (III) and untreated maize assays (IV) may have led to low
H2 yield of these respective substrates. Previously, pre-treatments have been
applied with the purpose of elevating H2 production. For example 68 mlH2
gVS–1 was obtained with acid-treated straw compared to 0.5 mlH2 gVS–1 with
untreated straw (Fan et al. 2006b) and 3, 57 and 147 ml H2 gTVS–1 were obtained
from untreated, NaOH and HCl treated cornstalk (Zhang et al. 2007),
respectively. During the HCl pre-treatment, hydrolysis can be promoted by
partial removal of hemicellulose or lignin and an increase in the amount of
soluble sugars (Zhang et al. 2007). The increase in H2 yield following water
extraction was apparently due to the enhanced hydrolysis and acidogenesis.
This was evident from the decrease in pH from 6.3 to 5.5 after water extraction.
Previously, water incubation in slightly acidic (initial pH 5) conditions has
shown to improve hydrolysis of grass (Lehtomäki et al. 2004) and free sugars
from sweet sorghum stalks was extracted by using water at 30 °C (Ntaikou et al.
2008).
5.3.6 Pattern of hydrogen production and consumption
The present results show, that H2 production from grass silage and maize
typically occur fast after initiation of the batch assays (II-IV). The phenomenon
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of two peaks in hydrogen production at 55 °C (II, III) could be due to the fact,
that due to rapid acidification pH dropped and led to inhibition of H2producers. Then, a population that tolerated lower pH was enriched and
second peak of hydrogen was produced (Pan et al. 2008). Similar observation
has been previously reported in the case of acidified sludge (Ting & Lee 2007)
and food waste (Pan et al. 2008, Han & Shin 2004). It was noticed, that H2
production from HCl-treated maize started after longer lag phase (2 days)
compared to untreated and water-extracted maize (IV), indicating that the
process was inhibited. A similar observation was also reported by Cui et al.
(2010). In the above study, H2 production from HCl-treated poplar leaves was
initially inhibited but the final H2 yield was however higher than that obtained
from untreated poplar leaves (Cui et al. 2010). With the aim of H2 production
from solid crop materials, longer incubation time might be needed, as was also
suggested by previous researchers (Ntaikou et al. 2008). In the above mentioned
study, H2 production from sorghum continued for 12 d and the authors
suggested that the limiting factor in H2 production from cellulosic and
hemicellulosic materials was the hydrolysis phase (Ntaikou et al. 2008).
However, use of adapted microbial consortia could probably improve the H2
production rates and yields as indicated by a study in which repeated batch
cultivation were performed on household solid waste (Liu et al. 2008b). In the
above study, H2 yield of 84 ml gVSadded–1 was obtained in 15 d with first
generation, whereas 170 ml gVSadded–1 was obtained after 4 d of incubation with
fifth generation culture.
In the present study with grass silage as a substrate (II, III) H2 was in most
cases consumed after the exponential H2 production phase, apparently by
homoacetogenic and propionate-producing bacteria, as only a negligible
amount of CH4 was produced (Hussy et al. 2003, Oh et al. 2003, Park et al. 2005,
Hawkes et al. 2007). High concentration of acetic acid (62-79 % of VFA) at the
end of the H2 assays (III) could indicate the homoacetogenesis, and that the
homoacetogens survived the heat-treatment, as has been shown previously (Oh
et al. 2003) and/or were introduced with non-sterilized substrate. In addition,
also propionate fermentation consumes H2 (Hussy et al. 2003) and produces
propionate, acetate and valeriate (Lee et al. 2004) and might have occurred in
the present study (III). However, it should be noted that VFA analysis at the
end of the experiment can not be used as a reliable indicator of H2 production
and consumption pathways, as H2 is constantly produced and consumed
during the assay with mixed culture. Therefore, continuous monitoring of VFAs
during the experimental run would give more reliable data of hydrogen
production and consumption.
The fact that in the H2 assays with NaOH-treated liquid fraction (III) CH4
production started after H2 production phase, despite the use of heat-treated
inoculum could indicate that the applied heat-treatment (boiling 30 minutes) of
the inoculum was not capable of destroying all methanogenic activity. In fact
methanogens have been shown to survive even 10 h at 105 °C (Ueki et al. 1997).
The reason that CH4 production was observed only in assays with liquid
fraction could be due to its higher final pH (6.3) compared to solid fraction and
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grass silage, in which the final pHs were 4.7-5.0, thus too low for methanogens.
Methane production has been observed from heat-treated inoculum (100 °C 1 h)
with HSW as a substrate, methane production being inhibited only at pH of 5.5
or less (Liu et al. 2006).
One possible explanation for the rather low H2 yield of grass silage (II, III)
in the present study could be the composition of the substrate. During ensiling,
water-soluble carbohydrates of the crop material are converted to fermentation
products (e.g. lactic and acetic acid) and some H2 can be lost during the ensiling
process, losses being higher during suboptimal conditions (McDonald et al.
1991). These fermentation products (lactic and acetic acids) are stated to be
hardly degraded into H2 during acidogenesis, thus the ensiling has been
suggested as a suboptimal storage method for crops intended for dark
fermentative hydrogen production (Martínez-Pérez et al. 2007). However, the
impact of ensiling on H2 yield from energy crops is not clear, as actually, lactic
acid has been shown to be degraded into H2 in some studies (Matsumoto &
Nishimura 2007, Baghchehsaraee et al. 2009).
5.3.7 Effects of methodology on hydrogen yield in batch assays
In batch-type assays the increasing partial pressure of H2 is known to inhibite
H2 production (Hawkes et al. 2002). The headspace to liquid volume ratio in the
present study has apparently been too low (58:60 (II), 350:650 (III), 40:78 (IV))
for efficient H2 production, and inhibition due to increased partial pressure of
H2 probably occurred (II-IV). To be able to obtain more reliable results, larger
headspace volume should be used (Oh et al. 2009) as the optimal headspace to
liquid volume ratio for hydrogen production was found to be 80:40 (Nguyen et
al. 2010). The inhibiting effect of pH2 can be avoided by the constant removal of
H2 from the system. Logan et al. (2002) obtained a 43 % higher H2 yield when
using a respirometric (continuous gas release) method compared to the
traditional Owen (an intermittent pressure release) method. In addition, H2consuming homoacetogenesis can be inhibited by CO2 removal, and, higher H2
yields were achieved when CO2 was removed from the culture liquid by
bubbling with argon gas (H2 yield increased from 0.52 to 1.09 mol mol–1
glucose; Tanisho et al. 1998) or by chemical absorption into KOH (H2 yield
increased from 1.4 to 2.0 mol (mol glucose)–1; Park et al. 2005). Thus, H2
production from grass silage and maize in batch assays could be improved e.g.
through gas sparging of a reactor content, which has previously shown to
improve H2 yield from grass silage by 75 % (from 13 to 23 ml gVSadded–1; Tähti et
al. 2008).
It seems that traditional batch assays may not be the best way to evaluate
the H2 production potential of different substrates as this method tends to
underestimate the H2 yield achievable in continuous reactors (Oh & Logan
2005). In the present study, some variation in H2 yields between replicate
bottles was observed; a phenomenon, which has also been reported by previous
researchers (Kalogo & Bagley 2008, Liu et al. 2008b). The reason for variation in
H2 yields might be due the presence of relatively low number of H2-producing
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bacteria in the heat-treated inoculum (Baghchehsaraee et al. 2008), the
heterogeneity of the substrate and/or inoculum used and the several pathways
for H2 production/consumption. Besides, the lack of continuous gas
composition measurements may also have influenced the H2 yields found here
(II-IV). Thus, better methods would apparently improve the reliability of the
results obtained from the type of batch assays generally used to study H2
potential. Moreover, H2 yield from grass silage and maize could probably be
increased by use of well adapted inoculum, which has been accomplished in a
previous study with HSW (Liu et al. 2008b).

5.4 Shifting methanogenic process to hydrogenic
According to present results (V), shifting methanogenic reactor to hydrogenic is
possible by increasing the OLR and shortening the HRT. High OLR resulted in
the build-up of VFAs and decrease in pH, which inhibited the methane
production and hydrogen consumption by the hydrogenotrophic methanogens.
The low pH (5.5-6.5) in the present study has apparently favoured acidogens
instead of methanogens. The optimal pH for methanogens is in the quite
narrow range close to 7, whereas the acidogenic H2 producing bacteria can
grow at lower pH of < 6 (Valdez-Vazquez & Poggi-Varaldo 2009). Thus,
increase in OLR as an operational strategy was shown to be a proper method
for inducing H2 production from an already operating mesophilic
methanogenic system. The fact that CH4 production ceased and H2 accumulated
in the reactor indicates the shift in microbial community (Liu et al. 2002,
Demirel & Scherer 2008) and the inhibition of methanogens throughout the
experimental run. It has previously been reported that hydrogen production
without treating the inoculum has been feasible e.g. from garbage waste
(Ohnishi et al. 2010) and household solid waste (Liu et al. 2008a) and load-shock
method was found as a simple method for enriching H2 producers (O-Thong et
al. 2009). Moreover, low pH (5.5) has shown to be an effective method for
continuous H2 production from household solid waste (Liu et al. 2008a) as
methane production was noticed even with short HRT of 2-6 days at pH
controlled to 7.
Short HRT of 0.5-12 h (i.e. high dilution rate) can be used to wash out
methanogens in continuous processes with liquid substrates, e.g., with sucrose
or glucose containing wastewaters (Davila-Vazquez et al. 2008, Valdez-Vazquez
& Poggi-Varaldo 2009). However, with solid substrates, like grass silage, the
hydrolysis is the typically rate-limiting (Vavilin et al. 1996) and longer HRTs are
needed to allow hydrolysis. It is thus concluded that the high OLR was the
main operational strategy that could affect the shift in the anaerobic digestion
process from methane to hydrogen production rather than the short HRT of 6
days. One possible way to increase H2 yield from grass silage could be through
pre-treatment of the substrate and use of hydrolysate for H2 production, as in
that case very short HRT could be used.
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The highest specific H2 yield of 42 l kgVSfed–1 obtained in the present study
is comparable to H2 yield obtained in batch assays (at most 44 l kgVSadded–1, data
not shown). However, the low mean specific (9 l kgVSfed–1) and volumetric H2
yields (0.06 m3 (m3d)–1) obtained in the present study might be due to high
concentrations of VFAs. Previous studies have shown that high VFA levels
would inhibit hydrogen production (Wang et al. 2008, Chong et al. 2009,
Valdez-Vazquez & Poggi-Varaldo 2009). For instance, H2 yield in the present
study decreased with a corresponding increase in the concentration of caproic
acid. A similar observation in the increased caproic acid production in
continuous reactor processes under mesophilic condition was reported (Jung et
al. 2010). This is attributed to the fact that at pH 4-5, caproic acid production is
thermodynamically favoured by the consumption of 1 mol of butyric and acetic
acids along with 2 mol of H2 (Jung et al. 2010). Based on the present results, it
seems advantageous to adjust the pH close to 6 as higher H2 yields were
obtained in the period with constant buffer addition.
The high TVFAs (from acetic to caproic acids) conversion to SCOD,
accounted for up to 80 % of the measured SCOD, indicates high acidification
efficiency. The remaining degradation products have most probably been lactic
acid and alcohols (not measured). Lactic acid was probably present in the
substrate, as in a typical ensiling process, water soluble carbohydrates of the
crop are mainly degraded to lactic acid (McDonald et al. 1991). Moreover, lactic
acid can be produced during acidogenesis and it does not result in H2
production (Nath & Das 2004).
Further research would be needed to find optimal conditions for both
hydrogen and VFAs production, as high concentrations of VFAs can inhibit
both hydrogen production (Wang et al. 2008, Chong et al. 2009) and hydrolysis
(Vavilin et al. 2008). In addition, hydrogen production from sewage biosolids in
continuous mode was shown to be improved by nitrogen sparging (MassanetNicolau et al. 2010), a method, that could be tested with crops as well.
Moreover, research of prevailing microbial population could give valuable data
of hydrogen production and consumption processes. This data could be
combined to data of pH (Yasin et al. 2011) and metabolic products (Karadag &
Puhakka 2010) to be able to control the process towards hydrogen production.

5.5 Methane production from grass silage and maize
5.5.1 Methane yield in batch assays, the effect of pre-treatments
According to present results methane yield from untreated grass silage (431 ml
gVSadded–1, III) and maize (321 ml gVSadded–1, IV) in batch assays are in the same
range as previously reported from similar crop materials as methane yield from
different grasses and different maize varieties varied between 253-394 ml gVS–1
(Seppälä et al. 2009) and 268-365 ml gVS–1 (Amon et al. 2007), respectively. The
pre-treatments applied in the present study (NaOH-treatment for grass silage
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(III) and water-extraction and HCl-treatment for maize (IV)) did not show any
positive effect on methane yield. Actually, the alkaline treatment decreased the
combined CH4 yield (334 ml gVSoriginal–1) compared to untreated grass silage
(431 ml gVSadded–1) which was especially due to low CH4 potential of the solid
fraction under the current experimental conditions (III). Alkaline treatment is
expected to break the lignocellulosic structure, swell the fibres and increase the
pore size, thus improving hydrolysis (Pavlostathis & Gossett 1985, Gunaseelan
1995, Neves et al. 2006). Some studies have previously shown that alkalis such
as NaOH can increase methane yield of e.g. wheat straw (Pavlostathis &
Gossett 1985). Definitely the dose of alkali (or acid) and conditions of the
treatment (e.g. temperature) play also a major role in the hydrolysis, and they
should be optimised to obtain stimulating effects on CH4 yield. In their study
with wheat straw (Pavlostathis & Gossett 1985), the best methane yield (280 ml
gCODadded–1 as compared to 120 ml gCODadded–1 from untreated) was obtained
when alkali concentration of 50 g NaOH 100 gTS–1 was applied, which was
more than 10 times higher than in the present study (4 g 100gTS–1). In the study
of Neves et al. (2006) NaOH concentration of 30 g 100gTS–1 was used, which
increased the methane yield from barley waste from 25 to 222 ml gVSinitial–1,
while methane yield from Parthenium increased from 152 to 203 and 236 ml
gVSadded–1 after HCl (32 g 100gTS–1) and NaOH (12 g 100gTS–1) treatments at
room temperature, respectively (Gunaseelan 1995).
5.5.2 Methane production after hydrogen stage
Acidogenic H2 production can not be considered a complete treatment process
due to high amount of undegraded by-products such as VFA (Ueno et al. 2004).
VFAs can be degraded to methane in traditional AD thus improving the overall
energy efficiency (Kovács et al. 2004, Kraemer & Bagley 2005). The present
results (III, IV) show that application of two-stage anaerobic digestion with a
thermophilic H2 production as first stage and mesophilic CH4 production as
second stage can improve CH4 yields compared with one-stage mesophilic CH4
process. The increase in methane yields in two-stage process compared with
one-stage process were 8, 64, 7, 9 and 27 % with grass silage, NaOH-treated
solid fraction of grass silage (III), untreated maize, water-extracted maize and
HCl-treated maize (IV), respectively. The higher methane yields in a two-stage
compared with one-stage process was attributed to the fact the thermophilic H2
production stage apparently enhanced hydrolysis of the solid substrates and
resulted in increased solubilisation and VFA production. This was evident from
increase in SCOD and VFA concentrations after the H2 stage (III, IV).
In two-stage assays with maize (IV), methane yields after 14 d H2-stage
were similar (water-extracted) or slightly lower (untreated and HCl-treated
maize) on comparison to 2 d H2 stage. This was evident from the decrease in the
SCOD levels with increase in duration of H2 stage from 2 to 14 d, although H2
yields and the amount of VFA typically increased with longer H2-stage (14 d). A
similar observation of higher methane yield after lower hydrogen and VFA
yield was observed with pre-treated (NaOH+enzymatic hydrolysis) water
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hyacinth as a substrate (Cheng et al. 2010). The authors concluded that the
mixed methanogenic culture was able to hydrolyse the substrate and further
utilize the hydrolysis by-products (Cheng et al. 2010). However, in the present
study, the two-stage process with 14 d H2 stage showed higher initial CH4
production rates compared with the two-stage process with 2 d H2 stage or onestage CH4 process (IV) due to the higher amount of VFA.
Overall, these results were in agreement with previous studies (Liu et al.
2006, Cooney et al. 2007, Ting & Lee 2007, Ueno et al. 2007a) which showed that
hydrolysis and acidogenesis in the first stage can be enhanced by low pH and
high temperature leading to an elevated digestion efficiency (Zhu et al. 2008)
and CH4 yields in the second stage (Liu et al. 2006, DiStefano & Palomar 2010).
However, it seems essential to find the optimal conditions for the first stage, as
in a recent study (Siddiqui et al. 2011) with food waste and sewage sludge the
two-stage H2 + CH4 process actually led to decrease in energy production when
compared to one-stage CH4 process. This was mainly attributed to high VS
degradation in the first stage (47 %; Siddiqui et al. 2011).
5.5.3 Methane production from grass silage in CSTRs
The results from the present study showed that the long-term monodigestion of
grass silage at an OLR of 2 kgVS (m3d)–1 and HRT of 30 days is not feasible and
would result in low methane yields due to accumulation of VFA. The mean
methane yields of 200-220 l CH4 kgVSfed–1 obtained (Table 21) were slightly
lower than the methane yields of 260 l CH4 kgVSfed–1 reported during the
monodigestion of grass silage at an OLR of 3.5 kgVS–1 and HRT of 50 days in a
loop reactor (Koch et al. 2009). On the other hand, the volumetric CH4 yield of
0.40-0.44 m3 (m3d)–1 and VS reductions of 49-57 % obtained in the present study
were in the same range (0.4 m3 (m3d)–1 and 41-52 %, respectively) as those
reported by Lehtomäki et al. (2007) during the co-digestion of grass silage with
cow manure in CSTR.
TABLE 21

Methane yields from grass monodigestion in different kind of reactors.

Substrate

Reactor

Grass silage
Grass silage

CSTR
Loop
reactor
LBR
+
UASB
CSTR
CSTR

Grass silage

OLR
kgVS (m3d)–1
2
3.5

HRT
days
30
50

na

55

200

153a
20

300
250-300

Grass
1.4
Grass-clover
up to 7
silage
na = not available
acalculated from the data given
LBR = leach bed reactor

CH4 yield
l kgVS–1
200-220
260

Reference
This study
(Koch et al. 2009)
(Lehtomäki et al. 2008b)
(Mähnert et al. 2005)
(Jarvis et al. 1997)
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The reason for the low methane production efficiency in the present study was
most probably due to the build-up of VFAs, which is attributed to the inhibition
of acetate consumption by acetate utilizing methanogens and VFA degradation
by acetogens. This was evident by the high concentrations of VFAs especially
acetic acid (6.1 g l–1) and propionic acid (2.4 g l–1). This high concentration of
propionic acid in the present study might have been a reason for the process
failure. Previous studies have shown that propionic acid at a concentration of
0.9 g l–1 has resulted in decreased methanogenic growth rates and thus methane
yields (Wang et al. 2009a). Propionate accumulation has been shown to inhibit
propionate degradation while acetate accumulation can inhbite both acetate
and propionate degradation (Kus & Wiesmann 1995). Besides direct VFA
accumulation, other factors such as lack of trace nutrients or accumulation of
inhibitory levels of Na+ through NaHCO3 additions may have also resulted in
the process failure. For instance, the amount of nickel (Ni) supplied through
nutrient solution addition in the present study (0.05 mg (kg feed)–1) might have
been too low. Previous study with maize model substrate (cellulose and starch)
showed that a 12-fold higher addition of Ni (0.6 mg kg FM–1) was required for
stable biogas production (Pobeheim et al. 2011). Ni has been reported to be an
essential trace nutrient to achieve high acetate to methane conversion rate (Kida
et al. 2001). On the other hand, no selenium (Se) or tungsten (W) was added in
the present study, both of which have previously been shown to be
advantageous for biogas process (Lebuhn et al. 2008, Plugge et al. 2009).
However, the impact of nutrient addition in the present study was not clear, as
the recommended concentrations for trace elements show high variation
(Demirel & Scherer 2011) and no control without nutrient addition was
operated. Furthermore, addition of NaHCO3 for buffering the process had
apparently resulted in accumulation of Na+ in the reactor. The calculated Na+
concentration was 2.7 g (kg feed)–1, which was apparently reached in the reactor
around day 73 of the experiment and was further increased to 10.4 g kg–1 at day
106. The role of NaHCO3 on decreasing process performance is however not
clear as the concentration of sodium that causes 50 % reduction in cumulative
methane yield has been reported to show wide range, from 5.6 to 53 g l–1 (Chen
et al. 2008), depending on e.g. adaptation of the system.
According to present and previous studies (e.g Lebuhn et al. 2008; Table
21), step-wise increase in OLR or generally lower OLR and/or longer HRT
might be feasible in energy crop monodigestion. Higher methane yields have
been obtained typically when the reactors were operated either with lower OLR
and/or longer HRTs, as applied in the present study. In addition to OLR and
HRT, feeding regime and mixing can affect the process. In the present study the
substrate was fed only once per day, which is the method typically applied in
laboratory studies. However, it has been shown that feeding of the silage
should be done several times (12-24) per day due to the high lactic acid
concentration and the low substrate pH, which can affect the process stability
and gas yield (Krieg 2005). In mono-digestion of grass, special attention has to
be given to proper mixing (e.g. Koch et al. 2009) as grass tends to float more
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easily when compared e.g. to maize (Thamsiriroj & Murphy 2010), a
phenomenon, which was observed in the present study as well.

5.6 Energy aspect of hydrogen and methane from energy crops
According to present results H2 production from energy crops, such as grass
silage and maize is possible even without pre-treatment of the substrate.
However, the potential for energy production per hectare in the form of H2
from untreated grass silage and maize through dark fermentation under these
circumstances remain low when compared to CH4 production, which is in
accordance with other studies (Zhu et al. 2008, Wang et al. 2009b, DiStefano &
Palomar 2010). According to the present results from batch assays, annual
energy production in the form of hydrogen from one hectare of grass and maize
would only be around 74-163 m3, thus corresponding to around 0.5 MWh ha–1
(Table 22). However, when calculated from the highest hydrogen yield in the
CSTR (V), hydrogen and energy yields of 314-431 m3 ha–1 and 0.9-1.3 MWh ha–1
could be obtained, which is in the same range, as estimated from ryegrass
cultivated in UK (392-501 m3H2 ha–1, 18-23 tTS ha–1 a–1, Kyazze et al. 2007).
Under optimal experimental conditions hydrogen yields from these energy
crops could be even further improved. According to present study up to 41 and
51 MWh ha–1 of energy could be obtained if grass silage or maize were directly
converted to CH4 by a traditional anaerobic digestion process (Table 22). This
yield is in the same range as previously calculated for grasses (12-54 MWh ha–1)
(Lehtomäki et al. 2008a, Seppälä et al. 2009), while the highest energy yield from
maize has been calculated to be even 90 MWh ha–1a–1 (Seppälä et al. submitted).
TABLE 22
Crop

Grass
silage
Maize

H2, CH4 and energy yields of grass silage and maize. Conversion factors of
3 and 10 kWh per 1 Nm3 have been used for H2 and CH4, respectively.

Yield
tTS ha–1
8-11 a

H2
m3

tTS–1

m3

ha–1

CH4
MWh

ha–1

m3

tTS–1

m3

ha–1

MWh ha–1

296630-41
4079
8-17 b
301e
240624-51
5112
aLehtomäki et al. (2008a) bSeppälä et al. submitted, cPaper II, dPaper III, ePaper IV, fPaper V
14.8c
39.2f
9.3 e

119-163
314-431
74-158

0.36-0.49
0.94-1.29
0.22-0.47
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Theoretical hydrogen yield from crops can be calculated, if the chemical
composition is known. Carbohydrate content of grass silage was 45 % of TS
(Lehtomäki et al. 2007), while in another study the content of cellulose and
hemicellulose accounted 56 % of TS (Jagadabhi et al. 2011). One ton TS would
thus contribute to around 450-560 kg of carbohydrates. If all the carbohydrates
are assumed to be glucose (M=180 g mol–1) and theoretical conversion of 4
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moles of H2 per one mole of glucose could be achieved, this could give 224-279
m3H2 tTS–1, thus corresponding to 672-836 kWh tTS–1. When converted to
methane in traditional AD (Table 2), this could give 168-209 m3CH4 tTS–1, thus
corresponding to 1680-2090 kWh tTS–1.
Hydrogen production alone clearly is not beneficial due to lower energy
yield as compared to traditional methane production. However, it was shown
in this study (III, IV), that the acidogenic H2 stage could be used as a pretreatment method to enhance the methane yield in the second stage. Non-sterile
fermentation was actually mentioned as one of low-cost pre-treatment of
lignocellulose already in 1981 (Datta 1981). Besides improving methane yield,
H2 stage has been shown to enable higher OLR and shorter HRT in the
subsequent methanogenic stage (Ueno et al. 2007a) and better effluent quality
with less propionate (Wang et al. 2011b) when compared to one-stage system.
The results from the present study (III) suggests that the highest (calculated)
CH4 yield from grass silage (495 ml gVSoriginal–1) could be obtained, if grass
silage is first pre-treated with NaOH and the solid fraction obtained after solidsliquid separation is incubated in two-stage process consisting of a thermophilic
H2 production as the first stage and mesophilic CH4 production as the second
stage. On the other hand, the liquid fraction could be used for one-stage CH4
production directly. In the present study (IV), the highest CH4 yield (397 ml
gVSadded–1) from maize was obtained when maize was first subjected to HCltreatment and then digested in a two-stage process consisting (2 d H2 stage).
However, it should be noted that the results were obtained from batch
experiments and cannot be directly extrapolated to large-scale continuous
processes. In practice, the increases in CH4 yields have to be balanced with the
costs for the pre-treatment, additional equipment and higher investment and
operational costs of two-stage processes. Nevertheless, this short first H2 stage
could probably be embedded in a current pre-treatment and/or the mixing tank
in agricultural biogas reactors.
Thus, in the future it might be possible to produce both H2 and CH4 from
energy crops (Fig. 11).

Biogas (H2, CO2)
120 kWh tVS-1

Cultivation
Harvesting

Storage

Pretreatment

Hydrogen
stage

Biogas (CH4, CO2)
3 MWh tVS-1

Methane
stage

Digestate

FIGURE 11

The possible biohydrogen and –methane from energy crops-chain. According
to present study at least around 120 kWh tVS–1 could be produced in the form
of H2 without negative impact on following methanogenic step producing
around 3 MWh tVS–1.
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The process could be preceded by one or several pre-treatments (e.g. acid
and/or enzymatic hydrolysis) followed by H2 producing acidogenic reactor
(short HRT, high OLR, pH around 5-6) and subsequently the traditional
methanogenic stage (longer HRT, lower OLR, neutral pH). In this system both
H2 and CH4 could be produced, and, moreover, the actual energy yield could be
improved when compared to traditional one-stage CH4 system. In this kind of
two-stage system at least around 40 m3H2 tVS–1 (=120 kWh, highest H2 yield in
CSTR obtained in this study) and around 300 m3CH4 tVS–1 (=3000 kWh) could
be produced. The total energy production would thus be 3120 kWh tVS–1, and
the share of H2 would be around 4 % of the energy and about 12 % of the
volume of H2 and CH4 mixture. However, more research would be needed
especially for optimizing the hydrogenic first stage to improve and stabilize
both H2 and VFA yields. Produced hydrogen and methane could be upgraded
either as separate or mixed gas streams for further use. Hydrogen, up to at least
17 % of the volume, could be injected into natural gas grid to improve the
properties of methane (Haeseldonckxa & D’haeseleer 2007) and hydrogen and
methane mixtures have shown good combustion characteristics even with low
H2 percentages (Karim et al. 1996).

6 CONCLUSIONS
This thesis shows that anaerobic digestion process can be used to convert
energy crops for both hydrogen and/or methane. The two-stage H2 + CH4
process showed potential in improving methane yield from both grass silage
and maize. With the aim of hydrogen production the ongoing methanogenic
process could be shifted on hydrogen production by controlling the operational
parameters (OLR and HRT).
H2 production from grass silage and maize through dark fermentation
was shown to be possible. The preferred inoculum was obtained from a farm
scale digester, while digested sewage sludge did not produce H2 from grass
silage. The highest H2 yield from grass silage was achieved at a temperature of
70 °C. Highest hydrogen yields from batch assays were 16 and 9.9 ml gVSadded–1
for untreated grass silage and maize, respectively, under the studied
experimental conditions. The optimal initial pH for H2 production from grass
silage according to this study was between 5 and 6, while at pH 4 no H2 was
produced. A VS ratio of 2 was shown to increase H2 production compared to
lower VS ratios under the experimental conditions. Pre-treatments (alkaline,
acid and water-extraction) showed some potential for elevating H2 yields.
Hydrogen producing CSTR can be obtained by increasing the OLR and
shortening the HRT of methane producing CSTR. This leads to increase in
TVFAs and decrease in pH, which inhibits hydrogen consuming methanogens.
At most 42 l H2 kgVS–1 was obtained from grass silage with OLR of 10 kgVS
(m3d)–1 and HRT of 6 days.
In a two-stage H2 and CH4 process, CH4 production from grass silage,
NaOH treated solid fraction of grass silage, untreated, water-extracted and
HCl-treated maize was found to increase by 8, 64, 7, 9 and 27 %. In addition, the
initial CH4 production was faster when compared to CH4 production in onestage CH4 assays. Pre-treatments applied in the present study did not improve
CH4 yield from grass silage and maize in one-stage batch assays. According to
the present study at most about 218 l CH4 kgVS–1 can be obtained from grass
silage monodigestion in CSTR with OLR of 2 kgVS (m3d)–1 and HRT of 30 days.
However, initial OLR of 2 kgVS (m3d)–1 was shown to be too high and HRT of

78
30 days too short for stable methane production from grass silage
monodigestion in CSTR, thus stepwise increase in OLR and/or longer HRT
could be suggested.
Ensiling of energy crops used for CH4 production was shown to be a
feasible method for preserving the CH4 yield even 11 months in boreal field
conditions. Under appropriate storage conditions 87 and 91 % in laboratory
conditions and 96 and 68 % in field conditions, of CH4 yield of grass and
ryegrass, respectively, were recovered. According to this study VS loss during
storage seems to be a major factor in determining the preservation of CH4 yield.
H2 yield from grass silage and maize were moderate and the energy value
is not comparable to CH4 energy yield. However, H2 production stage could act
as a pre-treatment step, thus improving hydrolysis and acidogenesis for the
subsequent methanogenic step. In the future, it could be possible to produce
both H2 and CH4 from energy crops in a two-stage concept.

79
Acknowledgements
The research described in this thesis was carried out at the Department of
Biological and Environmental sciences, University of Jyväskylä. This work was
financially supported by Finnish Graduate School for Energy Science and
Technology, EU 6th Framework Programme and Nordic Energy Research.
I am very grateful to my supervisor professor Jukka Rintala for this
opportunity to do this research and thesis in his guidance. Special thanks also to
my co-authors, Annimari Lehtomäki, Prasad Kaparaju, Hanne Tähti and Sanna
Oikari (née Rissanen) for their help in experimental work, planning and
writing. Special thanks to laboratory technicians Leena Siitonen and Mervi
Koistinen for their valuable help throughout the years, and for Nipa Pukkila,
Hanne Tähti, Hanna Koponen and Suvi Bayr for their help with laboratory
work. Many thanks to Kalmari family and Metener Ltd for providing the
substrates and the experimental site for the field experiments. The technical
personnel at the department deserve many thanks for their help with
equipments, including too tight gas bottles etc. All the people working in the
“koehalli” during these years with me, including for instance Anni, Sari, Teija,
Shanthi, Juha, Leena, Kaitsu, Mari, Saija, Suvi and Viljami, are highly
acknowledged for their help in practical things and most enjoyable discussions.
Warmest thanks to everyone at Environmental Science section and especially to
everyone joining the coffee breaks, thanks for relaxing discussions and support.
Special thanks to Anssi Lensu for editing this thesis.
Last but definitely not least, I want to thank my family and friends and
especially my own family, Ari, Joonas and Oona for providing me something
else to do during this work.

80

YHTEENVETO (RÉSUMÉ IN FINNISH)
Metaanin ja vedyn tuottaminen energiakasveista anaerobiprosessissa
Siirtymällä
uusiutuvaan
energiaan
voidaan
vähentää
fossiilisten
energialähteiden käytöstä aiheutuvia ympäristövaikutuksia. Metaania ja vetyä
voidaan käyttää lämmön ja sähkön tuotannossa sekä liikennepolttoaineena.
Molempia voidaan tuottaa anaerobiprosessissa esimerkiksi kasvibiomassasta.
Tässä väitöstyössä tutkittiin metaanin ja vedyn tuottamista kasveista
anaerobiprosessissa. Työssä tutkittiin varastointitavan ja -keston vaikutusta
kasvien orgaanisen aineen ja metaanintuottopotentiaalin säilymiseen. Lisäksi
tutkittiin pimeäfermentatiivista vedyn tuotantoa säilönurmesta ja maissista,
sekä eri olosuhdetekijöiden vaikutusta vetysaantoon. Myös kaksivaiheisen vety
+ metaani -prosessin toimintaa arvioitiin panoskokeissa. Lisäksi selvitettiin
pelkän kasvimateriaalin (säilönurmi) soveltuvuutta jatkuvatoimiseen metaanintuottoon sekä metanogeenisen prosessin muuntamista vetyä tuottavaksi.
Kasvien varastointitutkimuksessa merkittävimmäksi tekijäksi metaanisaannon säilymisessä osoittautui orgaanisen aineen häviöt varastoinnin aikana.
Monissa tapauksissa varastointi jopa paransi kasvien metaanipotentiaalia
(m3CH4 tVSlisätty–1) (lisättyä orgaanista ainetta kohti). Tämä johtui luultavasti
siitä, että varastoinnin aikana kasvimassa hajoaa mm. orgaanisiksi hapoiksi,
jotka ovat nopeasti hyödynnettävissä biokaasuprosessissa. Enimmillään 96 ja 68
% heinäseoksen ja raiheinän metaanisaannosta (varastointihäviöt huomioiden)
säilyi kenttäolosuhteissa 11 kuukauden varastoinnin aikana.
Tässä tutkimuksessa havaittiin, että säilönurmesta ja maissista voidaan
tuottaa vetyä anaerobisesti. Parhaiten vedyntuotantoon soveltui maatilakohtaisesta biokaasureaktorista peräisin oleva ymppi (ts. mikrobisiirros), joka
lämpökäsiteltiin keittämällä vetyä kuluttavien metanogeenien inhiboimiseksi.
Olosuhteiden, kuten lämpötilan, pH:n ja substraatti-ymppi -suhteen vaikutusta
vedyntuotantoprosessiin tutkittiin. Esikäsittelyjen avulla voitiin hieman
kasvattaa vetysaantoa, ja suurimmat vetysaannot säilönurmesta ja maissista
panosprosesseissa olivat 16 ja 22 m3H2 tVSlisätty–1.
Tutkitut esikäsittelyt eivät vaikuttaneet säilönurmen ja maissin metaanisaantoihin panosprosesseissa. Sen sijaan vetyvaihe lisäsi metaanisaantoa
kaksivaiheisessa panosprosessissa verrattuna yksivaiheiseen metaaniprosessiin.
Vedyntuotantovaihe toimi esikäsittelynä edistäen kasvimassan hydrolyysiä ja
happokäymistä, joiden seurauksena metaanintuotanto tehostui. Jatkuvatoimisessa reaktorikokeessa säilönurmen hajotus metaaniksi ei toiminut
valituilla prosessiparametreilla (kuormitus 2 kgVS (m3d)–1 ja viipymä 30 d), sillä
orgaanisten happojen kertymisen vuoksi metaanintuotanto inhiboitui. Jos
kasvimassaa käsitellään ilman lantaa tai muuta substraattia tämänkaltaisessa
jatkuvatoimisessa reaktorissa, voisi operoiminen pidemmällä viipymällä,
alhaisemmalla kuormituksella ja/tai kuormituksen asteittainen nostaminen
edesauttaa prosessin toimivuutta.
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Kun säilönurmesta metaania tuottavan reaktorin kuormitusta nostettiin (2
ń  NJ96 (m3d)-1) ja viipymää lyhennettiin (30 ń  G  PHWDDQLQWXRWWR
inhiboitui ja reaktori alkoi tuottaa vetyä. Korkein vetysaanto tässä reaktorissa
oli 42 m3H2 tVSlisätty–1. Vedyntuotanto ei kuitenkaan ollut stabiilia ja
lisätutkimuksia tarvitaan erityisesti optimaalisten prosessiolosuhteiden
löytämiseksi vedyntuoton maksimoimiseksi.
Hehtaarikohtainen energiasaanto kasveista vetynä oli pieni verrattuna
energiasaantoon metaanina, ollen enimmillään 1.3 MWh ha–1, kun taas
metaanienergiasaanto oli enimmillään 51 MWh ha–1. Silti vedyntuotanto
kasveista voisi olla kannattavaa, sillä kaksivaiheinen vety + metaani -prosessi
voi lisätä metaanisaantoa verrattuna yksivaiheiseen metaanin tuotantoon.
Tulevaisuudessa voisi olla mahdollista tuottaa kasvimassasta sekä vetyä että
metaania kaksivaiheisella anaerobiprosessilla.
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Abstract
The eﬀect of storage on chemical characteristics and CH4 yield (taking into account loss of VS during storage) of a mixture of grasses
and ryegrass, ensiled as such (low solids content) and after drying (medium and high solids) with and without biological additive, were
studied in ﬁeld and laboratory trials. Up to 87% and 98% of CH4 yield was preserved with low solids grass (initial TS 15.6%) and high
solids ryegrass (initial TS 30.4%), respectively, after storage for 6 months, while under suboptimal conditions at most 37% and 52% of
CH4 yield were lost. Loss in CH4 yield was mainly due to VS loss, presumably caused by secondary fermentation as also suggested by
increasing pH during storage. Biological additive did not assist in preserving the CH4 yield.
 2008 Elsevier Ltd. All rights reserved.
Keywords: Anaerobic digestion; Biogas; Energy crop; Grass; Storage

1. Introduction
Renewable energy can be produced from crops through
diﬀerent conversion processes. CH4 production through
anaerobic digestion appears to be a competitive concept
in both energy eﬃciency and environmental impact comparison studies (e.g. Fredriksson et al., 2006). Anaerobic
digestion appears as a widely applicable technology, as it
can use various crops and wastes as substrates and nutrients can be recirculated. The valuable gaseous end-product, CH4, is a ﬂexible energy carrier which can be used
for heat, power and traﬃc biofuel production (e.g. Plöchl
and Heiermann, 2006).
It has been proposed that 1545 million tons of agricultural biomass, half in the form of energy crops, could be
used for CH4 production each year in the European Union
*
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(Amon et al., 2001). In Europe, especially in Austria and
Germany, the biogas production is tightly linked to agricultural sector (Plöchl and Heiermann, 2006). For example,
up to 4000 m3 of CH4 could be obtained from 1 ha of grass
cultivated in Finland (Lehtomäki et al., in press) and up to
9000 N m3 from maize cultivated in Austria (Amon et al.,
2007). Grasses are classiﬁed among potential crops for biogas production in northern conditions due to their potential high CH4 yield per hectare and suitability in current
agricultural cultivation, harvest and storage practices (e.g.
Lehtomäki et al., in press).
Energy crops can rather easily be stored so that energy
can be produced throughout the year and/or when the
demand and/or price for energy are highest. Crops contain
high amounts of non-structural carbohydrates which are
easily degradable and thus can be lost during processing
and suboptimal storage conditions. Ensiling is a traditional
way of storing fodder crops and may also suit energy crops
used for CH4 production (Egg et al., 1993). Ensiling is a
biological process during which LAB break down the sugars in the crop (lactic acid fermentation) and lower the pH
to a level inhibitory to other bacteria (McDonald et al.,
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Nomenclature
CFU
FID
GC
h
LAB
NH4-N
Ntot

colony-forming unit
ﬂame ionization detector
gas chromatograph
hour
lactic acid bacteria
ammonium nitrogen
total nitrogen

1991). During storage, it is important to minimize energy
losses, and ensiling has been shown to conserve over 90%
of the energy content of crops (Egg et al., 1993). Both fresh
and ensiled grass species have been found suitable for biogas production in previous studies (Mähnert et al., 2002,
2005).
Ensiling is aﬀected by several factors such as the solids
content (i.e. moisture content) and chemical characteristics
of the crop in question. Previous studies, performed mostly
with fodder crops, have shown that the solids content of
silage can be controlled by the stage of maturity of the
crop, by pre-wilting (Egg et al., 1993) and by using an
absorbent during ensiling (Singh et al., 1996). The solids
content of the crop to be ensiled aﬀects the total bacterial
count and the rate of fermentation, which is usually more
restricted the higher the solids content, as reﬂected in
higher pH, higher soluble carbohydrate values, lower levels
of lactic, acetic and butyric acids, and inhibition of the
deamination of amino acids (McDonald et al., 1991). With
low solids content pH critical for well preserved silage is
lower compared to that in high solids contents. For grasses
with dry matter content of 20% the critical pH has been
found to be 4.0. Unless the soluble carbohydrate levels
are very high, the ensiling of crops with a low solids content
will encourage a clostridial fermentation, resulting in
energy losses and a silage of low nutritional value (Egg
et al., 1993; McDonald et al., 1991). During the storage
of low solids crops baling might be impossible due to leachate formation. It has been assumed that leachate would not
be formed, if crops are dried to a TS content of 29% or
above and that overall losses of solids would be minimized
around a TS content of 25–30% (McDonald et al., 1991).
In contrast, if the pre-wilting period is too long, respiration
will cause energy losses and the sugar content of the crop
may fall. Moreover, high solids crops are also susceptible
to mould (Buxton and O’Kiely, 2003). When the crops
are used for energy production, ensiling conditions do
not necessarily have to be as strictly controlled as with fodder crops. Field drying can lower transportation costs since
much less water would be transported with the biomass;
however, the savings in transportation must be balanced
with the dry matter losses that occur during ﬁeld drying
(Egg et al., 1993). To our knowledge the eﬀect of initial solids (TS) content on ensiling and CH4 production has not
been reported earlier.

oww
SCOD
TCOD
TS
VFA
VS
WSC

original wet weight
soluble chemical oxygen demand
total chemical oxygen demand
total solids
volatile fatty acid
volatile solids
water soluble carbohydrates

Diﬀerent kind of additives can be used to promote the
ensiling process. Addition of acid lowers the pH; however,
acids may cause corrosion of equipment and health problems. Enzymes enhance the hydrolysis of crop material
and subsequently increase the content of sugars convertible
by LAB. Bacterial inoculants can be used to increase the
amount of LAB, and in combination with the addition of
enzymes and LAB, enzymes degrade the plant cell wall
and release carbohydrates for lactic acid fermentation
(McDonald et al., 1991). Some authors suggest the use of
these inoculants in the storage of grasses (e.g. Lehtomäki
et al., submitted for publication).
The objective of this study was to evaluate the eﬀect of
storage (2–11 months) with and without biological additive
containing both enzymes and LAB in boreal ﬁeld conditions and in the laboratory on the CH4 yield and chemical
characteristics of a mixture of grasses (timothy, red clover
and meadow fescue) and ryegrass, considered suitable for
CH4 production. Also the eﬀect of drying, i.e., initial solids
content was studied in the laboratory.
2. Methods
2.1. Substrates
The substrates used were (1) a mixture of timothy
(Phleum pratense, 63% of seed mixture), red clover (Trifolium pratense, 17%) and meadow fescue (Festuca arundinacea, 20%), henceforth grass, and (2) ryegrass (Lolium
multiﬂorum, 17% of seed mixture, 83% oat, Avena sativa,
harvest was mainly composed of ryegrass as oat was only
used as a companion crop and was harvested at the ﬁrst
harvest in June) harvested (Laukaa, Finland) in June
(grass) and in August 2005 (ryegrass) for ﬁeld and in September for the laboratory trials.
2.2. Laboratory trials
Crop material was ﬁrst chopped with a garden chopper
to ca. 5 cm particle size. Part of the chopped material was
spread on top of a plastic net and dried in a thin layer for
24 and 48 h at 20 C, while part of the material was used
fresh.
Biological ensiling additive (Josilac, manufacturer Josera Erbacher GmbH & Co) containing both LAB (Lactoba-
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cillus plantarum and Pediococcus acidlactiti, total amount
1.5 * 1011 CFU/g Josilac) and enzymes (cellulase, pectinase
and xylanase) was added (6.8 g/tww) to part of the fresh and
dried crop materials while part of the materials did not
receive additive. The crop materials (range 154–500 g
(ww)) were packed in polyethylene bags and placed in a
5 l plastic silo equipped with water locks to enable the
release of gas from the silos. Silos were ﬂushed for about
3 min with N2 to remove O2 and placed in 20 C. After
storage the silos were weighed and samples taken for analysis. Experiments were performed in duplicate.
2.3. Field trials
Crops were baled in plastic-covered round bales immediately (only grass) or after 24 h pre-wilting in the ﬁeld.
Additive (same as in laboratory trials) was added evenly
to part of the pre-wilted crops from a container (connected
to tractor and round baler) by continuously pumping
through small nozzles (19 g/tww for grass and 24 g/tww for
ryegrass). Bales were weighed with pallet truck scales
(Tamtron, Finland) at the beginning of the storage trials
and after 11 months of storage. Bales were stored outside
in ambient conditions, the temperature ranging during
the year from 30 C to 30 C. After each studied storage
time, one sample (ca. 10 l) was taken manually using an
auger, and after sampling the plastic cover was repaired
with tape.
2.4. CH4 assays
For the CH4 assays inoculum (average values from different assays; pH 7.9, TS 5.6%, VS 4.3%, TCOD 43.5 g/l,

SCOD 10.6 g/l, Ntot 2.5 g/l, NH4-N 1.3 g/l) was obtained
from farm digester treating cow manure and industrial confectionary by-products (Laukaa, Finland). Assays were
performed in triplicate 1 l glass bottles. Two hundred and
ﬁfty millilitre of inoculum was added in each bottle and
requisite amount of crop to give substrate to inoculum
VS-ratio of 1:1 (except for stored crops in laboratory conditions when ratio was 1:2). Bottles were ﬁlled to a liquid
volume of 750 ml with distilled water and 3 g/l NaHCO3
was added as buﬀer. Assays with inoculum only were incubated as controls. Finally, bottles were ﬂushed with N2 to
remove O2 from the headspace and closed with silicon rubber caps. The produced gas was collected in aluminium gas
bags. CH4 potentials were calculated as m3CH4/kgVS
added with CH4 of inoculum subtracted. CH4 yields were
calculated as m3CH4/tww and m3CH4/toww, in which VS
and mass losses during storage were taken into account.
2.5. Analysis
TS and VS were analysed according to Standard Methods (APHA, 1998) and pH was measured with a Metrohm
774 pH-meter. COD was analysed according to SFS 5504
(Finnish Standard Association, 1988) and SCOD from
the fresh and stored crops was analysed according to the
modiﬁed SFS-EN 12457-4 (Finnish Standard Association,
2002). VFA and CH4 content were measured with GCs
equipped with a FID (VFA: Perkin–Elmer Autosystem
XL GC, PE FFAP column 30 m * 0.32 mm * 25 lm, carrier gas helium, oven 100–160 C (20 C/min), detector
and injector 225 C; CH4: Perkin–Elmer Arnel Clarus 500
GC, Perkin–Elmer Alumina column 30 m * 0.53 mm, carrier gas argon, oven 100 C, detector 225 C and injector

Table 1
Eﬀect of drying and storage on chemical characteristics and CH4 yield of grass in laboratory trials
Pre-wilting time (h)

Storage time
(months)

pH

SCOD
(mg/gTS)

TS
(%)

VS
(%)

VS/TS
(%)

VS loss
(%)

CH4
(m3/kgVS)

CH4
(m3/tww)

CH4
(m3/toww)

0

0
2
6
0
2
6

6.14
4.99
5.98
6.14
4.95
5.49

158
309
350
158
274
328

15.6
13.0
12.1
15.6
13.3
12.1

13.9
11.3
10.3
13.9
11.7
10.4

89.1
86.9
85.1
89.1
88.0
86.0

0
20.0
28.1
0
17.8
28.3

0.36
0.42 ± 0.01
0.43 ± 0.05
0.36a
0.42 ± 0.02
0.43 ± 0.03

49.8
47.8
44.0
49.8
49.7
45.0

49.8
47.0
42.7
49.8
48.6
43.1

0
2
6
0
2
6

6.2
5.35
8.20
6.2
5.62
7.71

131
320
283
131
261
356

19.8
16.4
14.6
19.8
16.3
13.9

17.6
14.3
12.2
17.6
14.1
11.9

89.0
87.2
83.4
89.0
86.5
85.6

0
21.1
34.1
0
21.8
35.3

0.36a
0.51 ± 0.01
0.39 ± 0.01
0.36a
0.48 ± 0.06
0.39 ± 0.05

63.3
72.9
47.6
63.3
68.2
46.8

49.8
55.9
35.7
49.8
52.5
35.4

0
2
6
0
2
6

6.47
6.5
8.76
6.47
5.47
8.58

131
169
194
131
171
344

26.7
22.8
21.1
26.7
22.5
19.9

23.6
19.8
17.7
23.6
19.6
16.9

88.4
86.8
83.9
88.4
87.1
84.9

0
19.1
29.2
0
19.8
31.5

0.36a
0.42 ± 0.01
0.32 ± 0.04
0.36a
0.41 ± 0.01
0.41 ± 0.00

84.8
83.8
56.6
84.8
80.7
69.6

49.8
47.6
31.5
49.8
45.9
39.1

Without
additive
With
additive

24

Without
additive
With
additive

48

Without
additive
With
additive

a

Initial CH4 production potential was tested only with the low solids sample, without additive.
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250 C). The amount of biogas was measured using the
water displacement method.
3. Results
The eﬀects of initial drying on the chemical characteristics of grass and ryegrass were studied in laboratory conditions (Tables 1 and 2). Drying increased the initial TS of
the two crops from 13.3–15.6 (nondried, deﬁned as low solids) to 18.8–19.8 (24 h dried, deﬁned as medium solids) and
to 26.7–30.4% (48 h, deﬁned as high solids). Drying
increased the pH from 6.14 up to 6.47 (48 h drying) and
from 6.36 to 6.5 for grass and ryegrass, respectively.
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The eﬀects of storage for 2 and 6 months on the chemical
characteristics and CH4 yield of grass and ryegrass stored at
diﬀerent solids contents and with and without biological
additive were studied in laboratory conditions (Tables 1–
3). After 2 months pH had fallen below 5.6 in all the experimental conditions except with high solids grass, which had
higher initial pH (6.47), only additive addition enabling a
lower pH (5.47). Further storage to 6 months increased
pH by over two units at most and a pH below 6.2 was maintained only with low solids grass and high solids ryegrass.
Additive enabled lower pH at all solid contents compared
to crops without additive, more clearly with ryegrass. Storage decreased the VS/TS ratio at all solids contents with

Table 2
Eﬀect of drying and storage on chemical characteristics and CH4 yield of ryegrass in laboratory trials
CH4
(m3/tww)

CH4
(m3/toww)

Pre-wilting time (h)

Storage time
(months)

pH

SCOD
(mg/gTS)

TS (%)

VS (%)

VS/TS
(%)

VS loss
(%)

CH4
(m3/kgVS)

0

0
2
6
0
2
6

6.36
4.82
6.73
6.36
4.3
7.04

217
374
347
217
354
338

13.3
9.9
7.6
13.3
10.1
7.6

11.7
8.4
5.9
11.7
8.7
6.0

88.0
84.8
77.6
88.0
86.1
78.9

0
29.6
51.8
0
26.9
50.8

0.41 ± 0.02
0.47 ± 0.04
0.45 ± 0.04
0.41a
0.44 ± 0.01
0.48 ± 0.01

47.6
39.9
26.7
47.6
38.5
28.8

47.6
39.1
25.6
47.6
37.9
27.6

0
2
6
0
2
6

6.28
4.54
7.46
6.28
4.65
5.92

196
185
334
196
237
316

18.8
16.1
10.8
18.8
14.9
12.4

16.6
13.9
8.5
16.6
12.7
10.2

88.3
86.3
78.7
88.3
85.2
82.2

0
18.0
51.3
0
25.1
51.3

0.41a
0.41 ± 0.02
0.40 ± 0.01
0.41a
0.49 ± 0.01
0.43 ± 0.07

67.5
56.3
33.8
67.5
62.8
43.7

47.6
38.9
22.7
47.6
43.4
29.7

0
2
6
0
2
6

6.5
4.39
6.16
6.5
4.19
4.90

234
172
324
234
158
300

30.4
27.2
24.4
30.4
28.3
26.1

26.5
23.4
20.4
26.5
24.4
22.2

87.2
86.0
83.6
87.2
86.2
85.1

0
14.2
27.0
0
10.4
20.0

0.41a
0.46 ± 0.01
0.51 ± 0.00
0.41a
0.39 ± 0.01
0.43 ± 0.02

107.9
108.3
103.9
107.9
94.7
94.5

47.6
46.5
43.5
47.6
40.7
39.8

Without additive

With additive

24

Without additive

With additive

48

Without additive

With additive

a

Initial CH4 production potential was tested only with the low solids sample, without additive.

Table 3
VFAs (mgCOD/gTS) of grass and ryegrass stored for 6 months
Crop

Drying time (h)
(+A)

Acetic
acid

Propionic
acid

Isobutyric
acid

Butyric
acid

Isovaleric
acid

Valeric
acid

Caproic
acid

Total
VFA

VFA/SCOD
(%)

Grass

Fresh
0
24
48
0+A
24 + A
48 + A

0.2
71.1
43.6
18.0
71.8
–
5.1

nd
21.7
14.7
8.8
23.8
–
1.5

nd
16.4
9.9
3.6
8.8
–
0.5

nd
50.3
16.3
3.4
30.0
–
1.1

nd
16.1
10.3
5.1
13.0
–
0.6

nd
7.6
2.8
0.7
2.9
–
0.0

nd
9.7
2.4
0.0
1.2
–
0.0

0.2
192.9
100.0
39.7
151.5
–
8.9

0.1
55.1
35.3
20.5
46.2
–
2.6

Ryegrass Fresh
0
24
48
0+A
24 + A
48 + A

0.1
42.9
27.9
25.1
73.6
31.6
10.2

nd
8.0
8.1
6.2
26.0
12.9
3.0

nd
7.5
3.7
0.7
8.7
7.8
1.1

nd
17.0
4.2
2.2
30.0
19.0
1.2

nd
8.4
5.7
1.3
12.9
11.4
0.9

nd
5.7
1.6
0.0
2.8
5.9
0.0

nd
13.9
6.6
0.0
0.0
21.2
0.0

0.1
103.4
57.8
35.5
154.0
109.7
16.4

0.05
29.8
17.3
11.0
45.6
34.7
5.5

A = Additive.
– = No sample.
nd = Not detected.
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both crops (from 89.1% to 83.4% with grass and from 88.0%
to 77.6% with ryegrass), more clearly with crops stored for
6 months. Storage of grass at all solids contents resulted in a
loss of VS of about 20% at 2 months and about 28–35% at
6 months, while with ryegrass loss of VS at 6 months was
lower at high solids (VS loss 20–27%) compared to low solid
contents (VS loss 52%; Tables 1 and 2). Storage increased
SCOD values and increasing solids content resulted in a
lower VFA concentration and a lower proportion of VFA
from SCOD. Acetic acid was the main VFA with grass
and ryegrass stored for 6 months, along with smaller
amounts of propionic, isobutyric, butyric, isovaleric, valeric
and caproic acids (Table 3). Storage increased CH4 potential (m3/kgVS) by at most 42% and 25% with grass and ryegrass, respectively, although, with no clear trends in relation
to solids content or storage time. In some cases CH4 potential decreased during storage. Storage mainly decreased
CH4 yield (m3/toww) which was best preserved with high solids ryegrass where the percentages of original CH4 yield
were 98 and 91 after 2 and 6 months, respectively (Tables
1 and 2).

The eﬀect of storage on chemical characteristics and
CH4 yield of grass and ryegrass stored with and without
additive was studied in ﬁeld conditions (Tables 4 and 5).
Grass was stored immediately after harvesting and after
24 h pre-wilting, which increased the TS from 14.6% to
18.2%. After 3 months storage, pH was 5.0–5.2 and 4.5–
4.9 with grass and ryegrass, respectively, and remaining
around 5 even after 11 months of storage, except in the bale
with pre-wilted grass stored for 6 months, in which pH had
increased to 8.8. The measured SCOD values, TS and VS
concentrations varied during the follow-up period without
showing clear trends or permanent changes in their ranges,
which is probably an eﬀect of the ambient conditions but is
also due to variation between individual bales. This was
observed especially with ryegass with lower TS concentration after 1 month of storage compared to fresh crop and
crop stored for longer periods. Storage with nondried
and pre-wilted grass slightly increased the CH4 potential,
and storage with ryegrass decreased it. Loss of mass (ww)
in grass bales during 11 months of storage was between
18% and 29% (data not shown), but with ryegrass no mass

Table 4
Eﬀects of pre-wilting, storage time and biological additive on chemical characteristics and CH4 potential of grass under ﬁeld conditions
Treatment

Storage time (months)a

pH

SCOD (mg/gTS)

TS (%)

VS (%)

VS/TS (%)

CH4 (m3/kgVS)

CH4 (m3/tww)

CH4 (m3/toww)

Nondried

0 (June)
1 (July)
3 (September)
6 (December)
11 (May)

6.08
4.72
5.02
4.79
5.38

71
213
265
165
162

14.6
17.1
17.1
17.3
16.4

13.4
15.7
15.7
16.0
15.0

91.8
91.8
91.8
92.5
91.5

0.47 ± 0.02
0.14 ± 0.03
0.49 ± 0.05
0.47 ± 0.01
0.49 ± 0.02

62.6
21.5
76.3
74.8
73.4

62.6
nd
nd
nd
60.0

Pre-wilted

0 (June)
1 (July)
3 (September)
6 (December)
11 (May)

6.02
5.05
5.22
8.79
5.27

100
247
280
72
307

18.2
20.0
17.4
17.9
17.7

16.8
18.3
15.7
15.9
16.2

92.3
91.5
90.2
88.8
91.5

0.41 ± 0.00
0.48 ± 0.01
0.42 ± 0.02
0.26 ± 0.01
0.48 ± 0.02

68.4
87.2
66.1
40.8
78.2

54.5
nd
nd
nd
46.0

Pre-wilted +
additive

0 (June)
1 (July)
3 (September)
6 (December)
11 (May)

6.22
5.44
5.12
5.44
5.03

177
316
176
148
171

17.0
17.0
20.3
17.9
21.5

15.7
15.2
18.5
16.5
20.0

92.4
89.4
91.1
92.2
93.0

0.50 ± 0.04
0.38 ± 0.01
0.37 ± 0.04
0.37 ± 0.00
0.46 ± 0.01

78.8
58.0
57.9
61.1
92.0

67.3
nd
nd
nd
55.7

nd = Not determined.
a
Sampling month in parenthesis.

Table 5
Eﬀects of storage time and biological additive on chemical characteristics and CH4 potential of ryegrass under ﬁeld conditions
Treatment

Storage time (months)a

pH

SCOD (mg/gTS)

TS (%)

VS (%)

VS/TS (%)

CH4 (m3/kgVS)

CH4 (m3/tww)

CH4 (m3/toww)

Pre-wilted

0 (August)
1 (September)
3 (November)
11 (July)

6.2
7.47
4.88
4.51

242
143
200
262

44.4
30.3
44.4
37.4

39.6
26.0
39.9
32.9

89.2
85.8
89.9
88.0

0.48 ± 0.09
0.33 ± 0.04
0.44 ± 0.01
0.39 ± 0.02

188.7
85.1
177.7
127.8

188.7
nd
nd
127.8

Pre-wilted +
additive

0 (August)
1 (September)
3 (November)
11 (July)

5.81
7.09
4.49
4.32

281
176
142
351

42.2
27.6
26.6
33.3

37.8
24.4
22.6
29.0

89.6
88.4
85.0
87.1

0.48 ± 0.09
0.32 ± 0.08
0.39 ± 0.02
0.37 ± 0.01

180.0
79.2
88.4
106.2

188.7
nd
nd
111.8

nd = Not determined.
a
Sampling month in parenthesis.
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loss occurred. After 11 months of storage the best preserved CH4 yield was found with nondried grass, 96% of
the original yield (Tables 4 and 5).
4. Discussion
The present results show that the CH4 yield of energy
crops can be maintained by appropriate ensiling conditions
for even after 11 months in ambient conditions, while, in
contrast, in suboptimal storage conditions over 50% of
the CH4 yield can be lost. Several factors, such as crop species, pre-wilting, harvest time, additives and storage time
can aﬀect the ensiling process, and thus the ﬁnal eﬀect on
CH4 yield can be complex. Ensiling has been found as an
appropriate method for storing grasses for biogas production earlier as well (Mähnert et al., 2002, 2005).
According to our study VS loss during storage seems to
be a major factor in determining the preservation of CH4
yield: the smaller the VS loss the better was the CH4 yield
preserved. With ryegrass the smallest VS loss was obtained
with high solids ryegrass (48 h dried, TS 30.4%) while with
grass the eﬀect of initial TS on VS loss was less evident VS
losses being even slightly higher for high solids than for low
solids grass. One of the main reasons for pre-wilting silage
is to increase the content of dry matter and thereby prevent
the growth of clostridia, which is usually restricted at TS
above 25–30%, which range is also thought to minimize
dry matter losses (McDonald et al., 1991). High VS losses
were characterised by a higher/increased ﬁnal pH, while
low VS losses were obtained in conditions in which ﬁnal
pH was low, as in the case of high solids ryegrass and
low solids grass, with additive addition further lowering
pH. Dawson et al. (1999) also observed higher pH with
wilted grass silage, which might have been caused by proteolysis and changes in nitrogenous components occurring
during wilting and thus leading to inhibition of acidiﬁcation (McDonald et al., 1991). The chemical characteristics
of the crop species in question also have an eﬀect on ensiling properties; for example the buﬀering capacity of
legumes (such as clover) is usually higher than of grasses
(McDonald et al., 1991), which may partly explain the relatively high pH of grass in some of our study samples.
According to our results storage can enhance the CH4
potential (m3/kgVS) of crops, which can further help in
maintaining a high CH4 yield (m3/toww) despite quite high
VS losses in some cases. The present and previous studies
(e.g. Lehtomäki et al., submitted for publication) suggest
that the CH4 potential (m3/kgVS) of energy crops can in
some cases be increased during storage, which thus acts
as a pre-treatment step. Fifty-two percent higher CH4
potential was obtained from sugar beet tops stored for
6 months compared to fresh crop (Lehtomäki et al., submitted for publication) and 15% higher CH4 potential
was estimated from ensiled elephantgrass and energycane
compared to fresh crops (Woodard et al., 1991). The
CH4 potential of stored whole crop maize (0.48 m3/kgVS)
increased by 25% compared to fresh crop (0.38 m3/kgVS)

7079

(Neureiter et al., 2005), and the biogas potentials of ensiled
green pea shells (Madhukara et al., 1997), ensiled mangopeel (Madhukara et al., 1993) and ensiled pineapple peel
(Rani and Nand, 2004) increased by 9%, 58% and 22% during ensiling, respectively. The observed CH4 potential in
our study (0.51 m3/kgVS at maximum) was higher than
the CH4 potentials of fresh and ensiled perennial ryegrass,
cocksfoot and meadow foxtail (0.31–0.36 m3/kgVS)
(Mähnert et al., 2005), but this can be explained by diﬀerent chemical composition of the grass species and also by
diﬀerent duration of the batch assays (70–80 days in our
study compared to 28 days in study of Mähnert et al.,
2005). Storage with additives can further improve the
maintenance or even enhancement of CH4 potential; thus
the highest CH4 potential was obtained with grass and
sugar beet tops stored for 6 months with formic acid
(35% and 68% increase compared to fresh crops), while
LAB inoculant also increased CH4 potential by 4% and
42%, respectively (Lehtomäki et al., submitted for
publication). Bacterial inoculant, amylase and Clostridium
tyrobutyricum increased CH4 potential of stored whole
crop maize by 10%, 27% and 40% compared to fresh crop
(Neureiter et al., 2005). In our study, storage time had no
signiﬁcant impact on CH4 potential, which was also the situation in a previous study with grass, whereas with sugar
beet tops CH4 potential was usually higher after storage
for 6 months compared to 3 months (Lehtomäki et al., submitted for publication). The increase in CH4 potential during storage is assumed to be caused by degradation of
structural polysaccharides of plant material into more easily degradable intermediates (Egg et al., 1993). Celluloseand hemicellulose-degrading enzymes can enhance the
hydrolysis and improve the digestibility of organic matter
(Kung et al., 2003). In some situations silage might have
promoted degradation of the inoculum and thus caused
overestimation of the CH4 potentials of the substrates.
During suboptimal storage conditions large proportion
of CH4 yield can be lost, as shown by the fact that after
6 months of storage losses were at most 37% and 52% with
grass and ryegrass, respectively, in laboratory studies, and
17% and 41%, respectively, in ﬁeld studies after 11 months.
These losses in CH4 yield were probably caused by secondary fermentation (e.g. Sebastian et al., 1996), which led to a
rise in pH and loss of VS and, in some cases also, to loss of
CH4 potential. It has been stated that if there are insuﬃcient WSC present in the silage, or the solids content is
too low, secondary fermentation by Clostridia bacteria
can occur. Clostridia ferment sugars and lactate mainly
into butyrate, while minor amounts of formate, acetate,
propionate, ethanol and butanol can also be produced. In
secondary fermentation CO2 is released, resulting in
increased pH and, with rising pH, conditions may become
favourable for the proteolytic clostridia, which break down
proteins and amino acids into amines, amides, and ammonia, thus causing a further increase in pH (Egg et al., 1993;
Woolford, 1984). Clostridial fermentation is undesirable,
because the butyrate fermentation pathway results in con-
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siderable loss of gross energy through the loss of molecular
H2 (Egg et al., 1993). In the present study a higher initial
solids content resulted in a decreased VFA concentration
at 6 months with stored grass and ryegrass, which is partly
in accordance with previous results, hence lower concentrations of propionic and n-butyric acids and higher concentrations of lactic- and acetic-acids were found with wilted
comfrey silage compared to unwilted crop (Wilkinson,
2003). In our study, which included crops with lower solids,
other VFAs, such as propionic and butyric acid, were also
present. This is, as discussed above, an indication of secondary fermentation. With low solids crops small amounts
of valeric and caproic acids were also present. These acids
are thought to be formed from acetic and propionic or acetic and n-butyric acid by removal of molecular H2 and it is
known that some clostridia and a rumen bacterium are
capable of catalysing these reactions (Zauner and Küntzel,
1986). Unfortunately, lactic acid was not analysed in our
study.
In our study the role of biological additive in improving
or preserving CH4 yield was not noteworthy, as was also
the situation with grass and sugar beet tops (Lehtomäki
et al., submitted for publication) and whole crop maize
(Neureiter et al., 2005). In contrast, previous study suggested that formic acid could improve CH4 yield of grass
stored for 3 months by 22% compared to fresh crop (Lehtomäki et al., submitted for publication). According to our
results additive increased acetic acid concentration in low
and medium solids crops and decreased it in high solids
crops. In an earlier study addition of urea reduced the concentration of fermentation acids (Hill and Leaver, 2002)
and bacterial inoculant (L. plantarum) increased lactic acid
and reduced the acetic acid concentration in lupin (Fraser
et al., 2005), forage pea and ﬁeld bean silages (Fraser
et al., 2001). Additives have led to lower pHs in previous
studies as well; e.g., bacterial inoculant resulted in lower
pH in lupin silages (Fraser et al., 2005), whole crop barley
silage (Zahiroddini et al., 2004) and forage pea and ﬁeld
bean silages (Fraser et al., 2001). LAB additive was found
to be eﬀective only for wilted alfalfa (TS 31%), resulting in
a faster drop in pH compared with control (TS 22%)
(Schmidt et al., 2001). According to our study addition
of biological additive resulted in reduced VS loss with ryegrass at 6 months of storage, whereas with grass the eﬀect
of additive on VS loss was less clear. In earlier studies additives, e.g., urea (Hill and Leaver, 2002), bacterial inoculant
and hydrolytic enzymes (Zahiroddini et al., 2004), have
reduced dry matter losses during ensiling. However,
organic matter losses have also been higher in enzyme treated than untreated maize silage (Colombatto et al., 2004).
It should be noted that as in our study, as is usually done,
the additive was dosed on the basis of the wet weight of the
crop, drier crops received less additive per TS.
In our study mass losses on the ﬁeld scale were negligible
with ryegrass, probably due to the high initial TS content
(44.4%), while mass losses of grass varied between 18%
and 29%, the smallest mass loss observed with grass stored

without pre-wilting. In earlier studies between 1.6% and
15.7% of TS was lost when storing elephantgrass and energycane (Woodard et al., 1991), 2.9% when storing maize
silage for 90 days (Filya, 2004) and TS losses of switchgrass
during 6 months of storage (round bales, no plastic) averaged 13% (Sanderson et al., 1997). Mass losses for crops
stored in laboratory studies have generally been less than
5%. In the present study mass losses varied between 2.9%
and 4.6% for grass and between 4.0% and 5.1% for ryegrass
and after 3 months of storage 1.5–2.5% of mass of wheat
silage, 1.5–1.7% of corn silage (Weinberg et al., 2002) and
after 119 days 0.9–2.4% of whole crop maize silage were
lost (Neureiter et al., 2005). Mass losses in laboratory studies are usually lower than in ﬁeld studies as in the ﬁeld
leachate losses increase mass loss.
As the present results show, how energy crops for CH4
production are stored is an important issue since with
appropriate storage practices CH4 yield can be rather well
maintained, whereas with suboptimal storage conditions a
large proportion of CH4 yield can be lost. In this study the
more detailed investigation on the initial TS content was
performed in controlled, small-scale laboratory conditions
in 20 C, while storage in ﬁeld conditions was performed in
large round bales in varying temperature conditions. The
results obtained from the laboratory may not be fully comparative with those obtained in the ﬁeld; nevertheless the
CH4 recovery in the latter studies was promising. CH4 yield
in ﬁeld conditions could be probably further enhanced by
selection the correct type of storage; e.g., in large silos
losses might be lower compared to plastic-covered round
bales. The results obtained from the storage of fodder
crops may not be fully comparable with those of energy
crops, as VS losses of the energy crops can be balanced
by their enhanced CH4 potential (m3CH4/kgVS). Initial
drying, i.e., solids content, seems to have an important
eﬀect on maintaining CH4 yield, but if crops are used in
a biogas process without storage, it should be borne in
mind that the use of pre-wilted crops reduces transportation costs and that drier crops are also easier to handle
(Egg et al., 1993; McDonald et al., 1991). However, in
the ﬁeld losses during drying might occur and these losses
need to be balanced against the gains from lower transportation and handling costs.
5. Conclusions
Storage of energy crops to be used in biogas production
is an important issue to handle as crops need to be available throughout the year. Ensiling of energy crops used
for CH4 production was shown to be a feasible method
for preserving the CH4 yield even 11 months in boreal ﬁeld
conditions. Under appropriate storage conditions 87% and
91% in laboratory conditions and 96% and 68% in ﬁeld
conditions, of CH4 yield of grass and ryegrass, respectively,
were recovered. Initial solids content can aﬀect the ensiling
process and thus on chemical characteristics and CH4
potential of the crop. According to present study VS loss
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during storage seems to be a major factor in determining
the preservation of CH4 yield. Prolonged drying, i.e., a
higher initial TS content enabled better VS and CH4 yield
recovery with ryegrass, whereas with grass a lower initial
TS content resulted in the best preserved CH4 yield. Storage usually resulted in a lowered pH, which was necessary
for the preservation of CH4 yield. In the laboratory pH
increased between 2 and 6 months due to secondary fermentation. Biological additive did not improve preservation of the CH4 yield of the crops studied even though it
usually resulted in lower pH.
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Tengerdy, R.P., 2001. Enzyme assisted ensiling of alfalfa with enzymes
by solid substrate fermentation. Bioresour. Technol. 76, 207–212.
Sebastian, S., Phillip, L.E., Fellner, V., Idziak, E.S., 1996. Comparative
assessment of bacterial inoculation and propionic acid treatment of
aerobic stability and microbial populations of ensiled high-moisture
ear corn. J. Anim. Sci. 74, 447–456.
Singh, K., Honig, H., Zimmer, E., 1996. Fermentation pattern and
changes in cell wall constituents of straw-forage silages, straws and
partners during storage. Anim. Feed Sci. Technol. 61,
137–153.
Weinberg, Z.G., Ashbell, G., Hen, Y., Azrieli, A., Szakacs, G., Filya, I.,
2002. Ensiling whole-crop wheat and corn in large containers with
Lactobacillus plantarum and Lactobacillus buchneri. J. Ind. Microbiol.
Biot. 28, 7–11.
Wilkinson, J.M., 2003. A laboratory evaluation of comfrey (Symphytum
oﬃcinale L.) as a forage crop for ensilage. Anim. Feed Sci. Technol.
104, 227–233.

7082

O. Pakarinen et al. / Bioresource Technology 99 (2008) 7074–7082

Woodard, K.R., Prine, G.M., Bates, D.B., Chynoweth, D.P., 1991.
Preserving elephantgrass and energycane biomass as silage for energy.
Bioresour. Technol. 36, 253–259.
Woolford, M.K., 1984. The Silage Fermentation. Marcel Deccer, Inc.,
New York, USA.
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Without heat treatment, methane (CH4) was mainly produced, but heat treatment
efﬁciently inhibited CH4 production. pH adjustment to 6 further increased H2 production.
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The effects of initial pH (4, 5 and 6), temperature (35, 55 and 70  C) and the substrate to
inoculum volatile solids (VS) ratio (henceforth VS ratio) (1:1; 1.5:1 and 2:1) on H2 production
from grass silage were evaluated with heat-treated dairy farm digester sludge as inoculum.
Optimal pH was found to be between 5 and 6, while at pH 4 no H2 was formed. The highest
H2 yield was achieved at 70  C. H2 production also increased when the VS ratio was
increased. However, the overall energy value of H2 compared to that of CH4 production
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remained low.
& 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
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1.

Introduction

H2 is expected to be a major energy carrier in the future,
mainly due to its non-polluting nature and versatility as
fuel. H2 can be converted to heat and electricity or used
as trafﬁc fuel. In particular, it is assumed that the development of fuel cell technology will lead to the utilization
of H2 [1]. H2 should be produced from renewable energy
sources instead of non-renewable ones, thereby reducing
both the negative impact of energy production on the
environment and the use of non-renewable resources.
A variety of electrochemical, thermochemical and biological
processes can be used in the production of renewable
H2 [2].
Increasing interest has been shown in the development and
cultivation of crops which have high biomass yields and

which could efﬁciently be converted into energy. Anaerobic
digestion is considered a promising technology also for crop
conversion, as it uses most of the energy content of the crop
while the residual material, containing nutrients and some
carbon, can be recycled for further crop cultivation. Grasses
have been proposed as potential candidates for energy
production in northern climatic conditions due to their ease
and long tradition of cultivation, harvesting and storage. Dry
matter yields per hectare are also quite high (8–11 t/ha) and it
has been estimated that annually 28–38 MW h of CH4 energy
can be produced through anaerobic digestion from 1 ha of
grass [3].
CH4-rich biogas is increasingly being produced from wastes,
wastewaters, energy crops and agricultural residues, and
used for electricity, heat and trafﬁc fuel production [4]. Biogas
(main components CH4 and carbon dioxide (CO2)) is the end
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product of the gas phase in the anaerobic conversion of
organic material. This is a multistep process, ending with
methanogenesis in which acetate and H2 are converted to
CH4. In this digestion process H2 is formed during the
acidogenesis phase in combination with volatile fatty acid
(VFA) production and, as a by-product, is usually converted to
CH4 by methanogens. H2-producing bacteria species have
been found, e.g., among the Enterobacter, Bacillus and Clostridium. It might be possible to produce H2 instead of CH4
by adjusting the process parameters, e.g. hydraulic retention
time (HRT), pH and temperature and by inactivating
H2-consuming bacteria, e.g., by heat treatment [5]. However,
as it seems that the H2-producing pathway cannot convert all
the organic material [6] to H2, the process could be used to
produce both H2 and CH4, depending on the relative need for
the two energy sources in the future.
Several factors have been shown to affect H2 yield and rate
of production in dark fermentation. Increasing partial pressure of H2 (pH2) inhibits H2 production [5]. In some studies
thermophilic conditions have given a higher [7–10] H2 yield
than mesophilic conditions. Optimal pH differs from one
study to another, but a pH level between 5 and 7 is usually
favoured [11–13] for H2 production. Most studies on H2
production have used model substrates like sucrose or
glucose [8,11,12,14–18], while studies on solid substrates such
as food waste have been few [19–23]. Plant material, such as
pea-shells, rice, potato and carrot, has also been tested as
substrates for fermentative H2 production [20,22,24], but in
general studies on the use of potential energy crops are
scarce.
The objective of this study was to evaluate the H2
production potential of grass silage and the effects of the
source and heat treatment of the inoculum, as well as the
effects of pH adjustment, temperature and the volatile solids
(VS) ratio on H2 production in batch processes.

2.

Materials and methods

2.1.

Inocula and substrates

Two different inocula were used, namely, the digestate from a
mesophilic farm biogas process (Laukaa, Finland) digesting
cow manure and confectionery by-products, deﬁned as
inoculumF, and the mesophically digested sewage sludge
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from a municipal wastewater treatment plant (Jyväskylä,
Finland), deﬁned as inoculumS. The latter was centrifuged to
increase the total solids (TS) concentration (Table 1). Both
inocula were heat-treated by boiling for 30 min to inactivate
H2-consuming bacteria and to enrich spore-forming H2
producers.
Grass silage (a mixture of timothy, Phleum pratense and
meadow fescue, Festuca pratensis) was obtained from a farm
(Laukaa, Finland, 1.11.2004) and stored at 20  C until used.
Prior to use, it was thawed overnight at room temperature
and chopped into particles of 1 cm with a household blender
(Table 1). Glucose, used as a control substrate, was of
analytical grade DðþÞ-glucose (EC NO 200-075-1, Sigma,
Steinheim, Germany). Glucose was chosen as a control
substrate to evaluate the H2 production of the inocula with
a commonly used model compound.

2.2.

Batch experiments

The batch assays were performed in duplicate or triplicate in
118 mL glass bottles (Table 2). First, inoculum was added
(1.0 or 1.5 g VS of inoculumF per bottle; 1.2 g VS of inoculumS
per bottle). Subsequently, grass silage (1.0–2.0 g VS per bottle)
was added to obtain the desired VS ratio. In the control
substrate assays, glucose (5 g/L, corresponding to 300 mg/bottle,
VS ratio of 0.2 with inoculumF and 0.25 with inoculumS,
corresponding to theoretical H2 and CH4 yields of 149 and
112 mL, respectively) was added from 30 g/L stock solution.
Bottles were ﬁlled to total volume of 60 mL with distilled
water. When necessary, pH was adjusted to 4, 5 or 6 with 5 M
HCl and 5 M NaOH and contents were ﬂushed with nitrogen
gas to remove oxygen (Table 2). The control assays, with
inoculum only, were incubated under the same conditions.
Bottles were sealed with butyl rubber stoppers (Bellco Glass
Inc., NJ, USA) and aluminium crimps (Sigma-Aldrich, Wheaton aluminium cap, Steinheim, Germany), and incubated
statically at a constant temperature. Gas samples were taken
through stoppers from the gas phase with a pressure-locked
glass syringe (Supelco, Pressure-Loks Series A-2 Syringe,
Bellefonte, USA). Gas composition was analysed twice per day
during the ﬁrst 48 h and daily after that. Assays were
terminated after H2 production ceased, which was after
11–31 days of incubation.
Gas (H2 and CH4) production from the inocula only and from
grass silage is given as mL/g VS. Gas production of the

Table 1 – Characteristics of inocula and substrates (average values from all the experiments)
Inoculum
Farm
Farm
Sewage
Sewage
Grass silage
na: not analysed.
a
Unit mg/g TS.

Heat treatment

TS (%)

VS (%)

TCOD (g/l)

SCOD (g/l)

pH

No
Yes
No
Yes

6.3
6.3
6.1
7.2

4.8
4.9
3.0
3.5

76
107
58
51

7.9
10.6
1.8
8.2

8.1
9.6
7.8
9.0

–

25.9

24.0

na

229a

4.3
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Table 2 – Experimental set-up for different batch assays
Inoculum

Substrate

VS-ratio

pH adjustment
(target pH)

Temperature ð CÞ

InoculumF 1.5 g VS

Grass silage

1:1

No
Yes (6)

35
35

No
Yes (6)

35
35

1:1

No
Yes (6)
No
Yes (6)

35
35
35
35

1:1

No
Yes (6)
No
Yes (6)

35
35
35
35

1:1

No
Yes (6)
No
Yes (6)

35
35
35
35

Yes
Yes
Yes
Yes
Yes
Yes

35
35
35
35
55
70

Experiment

The effects of inoculum
source, heat treatment and
initial pH adjustment to 6

Glucose

Heat-treated inoculumF 1.5 g VS

Grass silage
Glucose

InoculumS 1.2 g VS

Grass silage
Glucose

Heat-treated inoculumS 1.2 g VS

Grass silage
Glucose

The effects of temperature,
initial pH and VS-ratioa

a

Heat-treated inoculumF 1.0 g VS

Grass silage

1.5:1
2:1
2:1
2:1
1:1
1:1

(6)
(6)
(5)
(4)
(6)
(6)

Triplicates.

12
Cum. gas (ml / gVS)

Cum. gas (ml / gVS)

12
10
8
6
4
2
0
2

4

6
Time (d)

8

10

8
6
4
2
0

12

12

12

10

10

Cum. gas (ml)

Cum. gas (ml)

0

10

8
6
4
2
0

0

2

4

6
Time (d)

8

10

12

0

2

4

6
Time (d)

8

10

12

8
6
4
2
0

0

2

4

6
Time (d)

8

10

12

Fig. 1 – Mean H2 ðEÞ and CH4 ðmÞ production from grass silage (above) using heat-treated inoculumF and from glucose (below)
using heat-treated inoculumS without (A and B) and with (C and D) initial pH adjustment to 6.

substrates is given minus the gas production of the inoculum.
Gas production from glucose is given as mL (Fig. 1) or
mL/g-glucose added (Table 3 and text). In some assays H2

peaked twice (discussed more in discussion section) but,
when calculating the actual H2 yield, only the higher peak
was taken into account.
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301:1  7:6
0:0  0:0
0:0  0
0:0  0
87:6  5:1
90:2  1:7
0:0  0
0:0  0

2.3.

6:3  1:4
13:8  0:5
0:0  0
0:0  0
49:0  1:2
48:2  1:4
0:0  0
0:0  0
27:0  0:1
9:5  1:0
0:3  0:3
1:4  0:1
9:7  0:7
8:1  0
0:4  0:3
0:7  0
2:1  1:3
3:6  0:7
7:2  2:7
11:5  0
0:0  0
0:0  0
0:1  0:2
0:2  0:1
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Analysis

Results

3.1.
The effects of source of inoculum, heat treatment and
initial pH adjustment on H2 production from grass silage and
from glucose as control

8.6/7.6
6/6.7
9.5/8.5
6/6.4
7.9/7.3
6/6.5
9.1/7.3
6/6.7

6.5/6.6
6/6.2
6.2/6.1
6/5.9
5.9/7.1
6/6.9
6.1/5.9
6/5.8

8.4/7.9
6/4.3
9.5/6.6
6/5.8
7.9/6.9
6/6.4
9.1/6
6/5.7

4.3
2.5
8.2
4.2
0.3
0.2
3.2
2.0

9.5
7.0
12.2
12.8
1.4
1.6
6.2
7.4

3.6
4.7
4.4
5.3
0.2
0.3
4.5
4.5

0:3  0:3
0:4  0:1
0:3  0
0:5  0:4
0:0  0
0:0  0
0:2  0
0:0  0

3.

a

Unit mL/g-glucose.

No
No
Yes
Yes
No
No
Yes
Yes
Farm
Farm
Farm
Farm
Sewage
Sewage
Sewage
Sewage
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The TS and VS were analysed according to Standard Methods
[25], and chemical oxygen demand (COD) according to
SFS 5504 [26]. The pH was measured with a Metrohm 774
pH-meter (Metrohm, Switzerland). Soluble COD (SCOD) from
the grass silage was analysed after the leaching test, which
was modiﬁed from SFS-EN 12457-4 (particle size used in the
leaching test varied between 10 and 25 mm (as against
p10 mm in the standard), amount of crop was 50 g TS
(as against 90  5 g TS in the standard) and ﬁltration was
done through a glass ﬁbre ﬁlter paper (GF50, Schleicher &
Schuell, Dassel, Germany, as against 0:45 mm membrane ﬁlter
in the standard)) [27].
Gas composition (H2, CH4 and CO2) was analysed with a
Perkin Elmer Arnel Clarus 500 gas chromatograph equipped
with a thermal conductivity detector (TCD) and Supelco
CarboxenTM 1010 PLOT fused silica capillary column
ð30 m  0:53 mmÞ. Argon (15 mL/min) was used as the carrier
gas and the temperatures of the oven, detector and injector
were 200, 230 and 225  C, respectively.

0:0  0
8:4  6:9
0:5  0:7
45:3  25.5
0:0  0
6:6  0:3
9:7  1:2
35:9  3:2

Glucosea
Grass
Grass
No
substrate

Grass

Glucose

No
substrate

Grass

Glucose

No
substrate

Glucosea

No
substrate

CH4 (mL/g VS)
H2 (mL/g VS)
SCOD (g/L)
pH (initial/ﬁnal)
Heat
treatment
Inoculum

Table 3 – H2 and CH4 production ( standard deviation) from inocula and substrates (inoculum subtracted), SCOD at the end of the assays and pH at the beginning and at
the end of the assays (VS ratio of 1:1, assays done in duplicate)
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The effect of heat treatment of the inocula and initial pH
adjustment (to pH 6) on H2 and CH4 production from glucose
and from grass silage (VS ratio of 1:1) was studied in batch
assays ð35  CÞ using two different inocula (Table 3). Typically,
in all the assays H2 production started within 24 h and ceased
after 5 days of incubation (Fig. 1). Each of the inocula alone
produced negligible amounts ðp0:5 mL=g VSÞ of H2 in all
conditions while, without heat treatment and pH adjustment,
both inocula produced CH4 (9.7–27.0 mL/g VS). pH adjustment
alone decreased CH4 production (8.1–9.5 mL/g VS), and heat
treatment further decreased CH4 production to negligible
amounts ðp0:4 mL=g VSÞ. At the end of the assays the ﬁnal
SCOD values of the pH-adjusted inocula were lower than
those of the unadjusted inocula (Table 3).
H2 was produced from grass silage and glucose with heattreated and/or pH-adjusted inoculumF, while inoculumS
produced H2 from glucose only. With inoculumF the highest
H2 production from grass silage (11.5 mL/g VS, 31% of the
biogas) and glucose (45.3 mL/g-glucose added) occurred when
the inoculum was both heat-treated and pH-adjusted. Without heat treatment both inocula produced mainly CH4 from
grass silage and glucose, while pH-adjusted inoculumF also
produced some H2 (3.6 mL/g VS) from grass silage and glucose
(8.4 mL/g-glucose added). The heat treatment inhibited CH4
production from both substrates with both inocula. The ﬁnal
pH in all the assays with grass silage was around 6 (5.8–6.6),
except with heat-treated inoculumS (ﬁnal pH of 6.9–7.1)
(Table 3).
With glucose, pH decreased by as much as around 3 units
with heat-treated inocula and 1.7 units with pH-adjusted
inoculumF, apparently due to the acidiﬁcation of glucose.
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In these assays no CH4 and small amounts of H2
(o10 mL=g-glucose) were detected. pH increased during the
assays with both pH-adjusted inocula alone (increase 0.4–0.7
units), and in all CH4-producing assays with grass (increase
0.1–1.2 units), while with glucose pH increased only with
pH-adjusted and CH4-producing inoculumS (Table 3).

3.2.
The effects of VS ratio, temperature and initial pH
adjustment on H2 production from grass silage
The effects of different VS ratios and temperature (VS ratio of
1:1) on H2 production were studied in batch assays using heattreated inoculumF. Inoculum as such and grass silage
produced no CH4 under any conditions. H2 production
increased from 3.2 to 6.2 mL/g VS (percentage of H2 in biogas
increased from 6% to 23%) when the VS ratio was increased
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from 1:1 to 2:1 (Table 4, Fig. 2). H2 production increased from
3.2 to 7.2 and 16.0 mL/g VS with corresponding H2 percentages
of 6%, 15% and 35%, when temperature was increased from 35
to 55 and 70  C, respectively. Time taken to reach maximum
H2 yield was longer at 70  C (around 25 days) compared to
55  C (10 days) and 35  C (3–4 days). At 55  C H2 was consumed
after the initial peak on day 1, and a second H2 production
phase was detected after day 3 (Fig. 2). SCOD at the end of the
assays increased when the higher VS ratio was used. In
contrast pH was not affected (range 5.1–5.2). The ﬁnal pH was
lower at 55  C compared to 35 and 70  C and SCOD was lowest
at 70  C (9.5 g/L), second lowest at 35  C (10.5 g/L) and highest
at 55  C (11.8 g/L) (Table 4).
The effect of initial pH (4, 5 and 6) on H2 production from
grass silage was studied in batch assays at 35  C using a VS
ratio of 2:1. H2 production was highest at pH 5 (4.0 mL/g VS),

Table 4 – Effect of temperature, VS ratio and initial pH on ﬁnal pH, SCOD and H2 production ( standard deviation) from
heat-treated inoculumF and grass silage (H2 production from inoculum subtracted)
T ð  CÞ

VS ratio

35
35
35
55
70
35
35
35

SCOD (g/L)

H2 (mL/g VS)

Grass

No substrate

Grass

No substrate

Grass

6/6.1

6/5.2
6/5.1
6/5.2
6/5.1
6/5.4
6/4.9
5/4.9
4/4.4

5.0

10.5
14.5
16.5
11.8
9.5
14.7
14.2
8.6

0:4  0:2

3:2  1:2
4:3  1:3
6:2  0:7
7:2  0:2
16:0  1:7
0:9  0:3
4:0  3:2
0:0  0

1:1
1.5:1
2:1
1:1
1:1
2:1
2:1
2:1

a
a

6/5.8
6/5.9
6/6.2
5/5.8
4/4.5

a
a

5.5
5.0
5.0
3.7
2.3

a
a

1:4  0:5
4:0  0:8
0:0  0
0:0  0
0:0  0

As control upper values can be used.

7
6
5
4
3
2
1
0

Cum. gas (ml/gVS)

Cum. gas (ml / gVS)

a

pH (initial/ﬁnal)
No substrate

0

10

5

7
6
5
4
3
2
1
0

15

0

5

10

15

Time (d)
25

7
6
5
4
3
2
1
0

Cum. gas (ml/ gVS)

Cum. gas (ml/gVS)

Time (d)

20
15
10
5
0

0

5

10

15
Time (d)

20

25

30

0

5

10

15

20

25

30

Time (d)

Fig. 2 – Mean H2 ðEÞ and CH4 ðmÞ production from grass silage using VS ratio of 1:1 (A) and 2:1 (C) (temperature 35  C) and at
temperature of 55  C (B) and of 70  C (D) (VS ratio of 1:1).
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while at pH 6 H2 production was 0.9 mL/g VS. At pH 4 no H2
was produced. The ﬁnal pH and SCOD of the grass silage at
initial pH 5 and 6 did not differ, while at pH 4 ﬁnal pH and
SCOD were lower (Table 4).

4.

Discussion

The present results show that it is possible to produce H2
from grass silage in a batch process and that the yields are
highly dependent on several factors. The highest amount was
obtained at 70  C using heat-treated inoculum from a dairy
farm digester. The H2 yield (16 mL/g VS added) was comparable to yields obtained with other solid substrates. For
example, 14–21 mL H2/g VS was produced from bean curd
manufacturing waste, 31–61 from rice bran, 10–43 from wheat
bran [28], 26–62 from cabbage and 19–96 from rice [20].
However, the potential for energy production from grass
silage through dark fermentation under these circumstances
would appear to remain low. According to the present results,
annual energy production from 1 ha of grass would only be
between 400 and 500 kW h. It is estimated that around
28–38 MW h of energy could be obtained if grass were directly
converted to CH4 by a traditional anaerobic digestion process
[3]. Thus to increase H2 yield from solid substrates such as
grass silage, measures such as substrate pre-treatment
appear to be essential. Pre-treatments have been applied
with the purpose of elevating H2 production [16,29–31]. For
example 68 mL H2/g VS was obtained with acid-treated straw
compared to 0.5 mL H2/g VS with untreated straw [31]. Moreover, it is possible that the H2 yield in the present study was
underestimated, as discussed below. Furthermore, H2 production through anaerobic digestion cannot be considered a
complete treatment process, since high amounts of byproducts such as VFA remain undegraded [6]. One way
to improve overall energy efﬁciency would be to produce
CH4 from the digestate produced by the dark fermentation
process [17,32].
Both the present and previous studies [7–10] indicate that
thermophilic conditions favour H2 production compared to
mesophilic conditions. This might be expected given the fact
that higher temperatures favour H2 formation but not
H2-consuming reactions [33]. The higher H2 yield is also
explained by the optimal temperature of the hydrogenase
enzyme, which is reported to lie between 50 and 70  C [34].
Acidogenic H2 producers are reported to be mostly thermophilic heat-resistant bacteria [18,35]. A higher H2 yield
was obtained at 55  C than at 35  C with food waste [9]
(112 (calculated by the authors) and 12 mL H2/g-hexose at 55
and 35  C, respectively) and with organic waste [10] (360 and
165 mL H2/g VS removed at 55 and 35  C, respectively). A
higher H2 yield was also reported at 55  C (78 mL H2/g-starch)
than at 35  C (47 mL H2/g-starch) with starch-rich wastewater
[8], due to H2-consuming reactions (propionate and CH4
formation) at 35  C [9]. In both the present and earlier studies,
lag time and the time taken to reach the maximum H2 yield
were longer in thermophilic conditions compared to mesophilic conditions. This was probably caused by the low initial
amounts of thermophilic micro-organisms in the inoculum,
which was of mesophilic origin [8].
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Heat-treated inoculum from the farm biogas digester
treating cow manure was more efﬁcient in producing H2
from grass silage compared to the digested sewage sludge.
Inoculum derived from cow manure presumably contains
rumen micro-organisms which are capable of degrading
lignocellulosic substrates such as grass silage. Unlike dairy
farm sludge, sewage sludge apparently contains low amounts
of cellulose utilizing micro-organisms while the dominant
micro-organisms in sewage sludge are capable of degrading,
e.g., glucose [36]. H2 production studies have mostly used
heat-treated digested sludge from municipal wastewater
treatment plants as inocula. To our knowledge, the use of
heat-treated sludge from a farm-scale anaerobic digester
treating cow manure has not been reported previously, while
heat-treated composted cow dung has been proven capable of
H2 production from sucrose and wheat straw waste [31,37].
According to the present results, heat treatment of the
inoculum seems to be necessary for H2 production from grass
silage. In contrast, H2 production from glucose, using digested
sludge and compost without heat treatment as inocula, has
been shown to be possible [38], although other treatments
such as pH control might also be necessary [30,39].
Substrate concentration apparently has a signiﬁcant effect
on microbial metabolic pathways and on H2 production.
According to our results a higher substrate concentration (i.e.,
higher substrate to inoculum VS ratio) in batches might be
preferable for fermentative H2 production from grass silage.
However, when a certain substrate threshold is exceeded and
the partial pressure of H2 is increased, bacteria may shift their
metabolism from H2 and VFA to alcohol production [20,31,37].
Too high a substrate concentration would also result in the
accumulation of VFA and a fall in pH, which would inhibit H2
producers. The optimal TS concentration for H2 production
seems to be very dependent, e.g., on the substrate used and,
apparently, on the substrate to micro-organism ratio. In
practical applications with mixed cultures the latter is
generally estimated using VS values, on the understanding
that these are only a very rough estimation of the bacterial
population. Increased H2 yield with increasing substrate
concentration has been reported, e.g., for lean meat
(2.5 mL/g VS at TS 4%, 7.1 mL/g VS at TS 12%) [20], food waste
(46 mL/g VS at VS 0.3%, 92 mL/g VS at VS 0.6%) [9] and wheat
straw waste (13.8 and 68.1 mL/g VS at substrate concentrations of 0.5% and 2.5%, respectively) [31]. In contrast, with
carbohydrate-rich substrates a TS concentration of 2–5% was
found preferable for H2 production, while at higher TS
concentrations (tested up to 15%) H2 yield per gram VS
decreased [20]. With wheat straw waste H2 yield fell with
higher substrate concentrations (68.1 and 16.3 mL/g VS at
substrate concentrations of 2.5% and 3.5%, respectively) [31].
In the present study, VS ratios up to 2 were studied. It might,
however, be worth studying VS ratios higher than 2, as the
highest H2 yield was achieved at a VS ratio of 2.
The optimal pH for H2 production from grass silage seems
to lie between 5 and 6, while at pH 4 no H2 was produced.
However, some H2 was produced from grass silage also at an
initial pH of ca. 6.2–6.5, which was the initial pH in assays
with inoculumF (pH 8.6 and 9.5) and grass silage (pH 4.3)
without initial pH adjustment. In contrast, pH adjustment to 6
was necessary for H2 production from glucose; thus the initial
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pH in glucose assays without pH adjustment was too high
(7.9–9.5). pH 4 has also been found inhibitory in other studies
using substrates such as starch [40] and wheat straw wastes
[31]. At the optimal pH, acetate and butyrate producers are
assumed to overcome propionate producers, thereby increasing the H2 yield [31]. Optimal pH for H2 production by
Clostridium butyricum was reported to be in the range of
5.5–6.0, as at a lower pH both cell growth and H2 production
were inhibited and at a higher pH cell growth was more
efﬁcient than H2 production [41]. The initial pH adjustment
used was apparently not sufﬁcient to buffer the pH in assays
with inocula alone as the pH tended to rise towards the
original pH of the inocula. With glucose, pH decreased (by as
much as 3 units), apparently due to effective acidiﬁcation, and
H2 was produced when the ﬁnal pH of p 6.6 was reached. In
some assays without heat treatment, methanogens were able
to convert H2 and the acids to CH4 and thus increase the pH.
It seems that traditional batch assays may not be the best
way to evaluate the H2 production potential of different
substrates as this method tends to underestimate the H2 yield
achievable in continuous reactors [42]. H2 is consumed by
homoacetogenic bacteria, which convert H2 and CO2 to
acetate [43–45] and propionate-producing bacteria [43]. In
some studies heat treatment has been incapable of destroying
homoacetogenic bacteria [44]. H2-consuming homoacetogenesis is assumed to be inhibited by CO2 removal, thus
increasing H2 yield. Hence, higher H2 yields were achieved
when CO2 was removed from the culture liquid by
bubbling with argon gas (H2 yield increased from 0.52 to
1.09 mol-H2/mol-glucose) [46] or by chemical absorption into
KOH (H2 yield increased from 1.4 to 2.0 mol-H2/mol-glucose)
[45]. In batch-type assays the increasing partial pressure of H2
may also inhibit H2 production [5] and this may also have
occurred in this study. The inhibiting effect of pH2 can be
avoided by the constant removal of H2 from the system. Logan
et al. [47] obtained a 43% higher H2 yield when using a
respirometric (continuous gas release) method compared to
the traditional Owen (an intermittent pressure release)
method. In the present study H2 was in most cases consumed
after the exponential H2 production phase, apparently by
homoacetogenic and propionate-producing bacteria, as only a
negligible amount of CH4 was produced.
The complex metabolism of H2 production and consumption and the heterogeneity of the substrate are possible
explanations for the slightly higher variation in H2 yield
between assays observed in this study compared with typical
CH4 production assays. The possible simultaneous production
and consumption of H2, as well as the lack of continuous gas
composition measurements, may also have inﬂuenced the H2
yields found here. Thus, better methods would apparently
improve the reliability of the results obtained from the type of
batch assays generally used to study H2 potential.

5.

Conclusions

 H2 production from grass silage through dark fermentation was shown to be feasible.

 The preferred inoculum was obtained from a farm scale
digester, while digested sewage sludge did not produce H2
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from grass silage. The inoculum needs to be heat-treated
to inhibit H2 consumers and enrich spore-forming H2
producers.
The highest H2 yield was achieved at a temperature of
70  C (under the experimental conditions at VS ratio 1 and
pH 6). At higher temperatures a longer time was required
to reach the maximum H2 yield than at lower temperatures (35 and 55  C).
The optimal pH for H2 production from grass silage
according to this study was between 5 and 6, while at pH
4 no H2 was produced.
A VS ratio of 2 was shown to increase H2 production
compared to lower VS ratios under this experimental
condition.
H2 yield from grass silage was moderate and its energy
value is not comparable to its CH4 yield. If grass silage or
other lignocellulosic material is to be used for H2 production, efﬁcient pre-treatment technologies or two-stage
systems (combined H2 and CH4 production) might be
needed to increase overall energy efﬁciency.
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[33] Lepistö R. Extreme thermophilic anaerobic process for
wastewater treatment. Doctoral thesis, Tampere University
of Technology; 1999. 124pp. Publications 261.
[34] Koesnandar, Nichio N, Yamamoto A, Nagai S. Enzymatic
reduction of cystine into cysteine by cell-free extract of
Clostridium thermocellum. J Ferment Bioeng 1991;72(1):11–4.
[35] Liu H, Fang HHP. Hydrogen production from wastewater by
acidogenic granular sludge. Wat Sci Tech 2002;47(1):153–8.
[36] Chen M. Adaptation of mesophilic anaerobic sewage fermentor populations to thermophilic temperatures. Appl
Environ Microb 1983;45:1271–6.
[37] Fan Y, Li C, Lay JJ, Hou H, Zhang G. Optimization of initial
substrate and pH levels for germination of sporing hydrogenproducing anaerobes in cow dung compost. Bioresource
Technol 2004;91:189–93.
[38] Kawagoshi Y, Hino N, Fujimoto A, Nakao M, Fujita Y,
Sugimura S, et al. Effect of inoculum conditioning on
hydrogen fermentation and pH effect on bacterial community relevant to hydrogen production. J Biosci Bioeng
2005;100(5):524–30.
[39] Morimoto M, Atsuko M, Atif AAY, Ngan MA, Fakhru‘l-Razi A,
Iyuke SE, et al. Biological production of hydrogen from
glucose by natural anaerobic microﬂora. Int J Hydrogen Energ
2004;29:709–13.
[40] Liu G, Shen J. Effects of culture and medium conditions on
hydrogen production from starch using anaerobic bacteria.
J Biosci Bioeng 2004;98:251–6.
[41] Chen WM, Tseng ZJ, Lee KS, Chang JS. Fermentative
hydrogen production with Clostridium butyricum CGS5 isolated from anaerobic sewage sludge. Int J Hydrogen Energ
2005;30:1063–70.
[42] Oh SE, Logan BE. Hydrogen and electricity production from a
food processing wastewater using fermentation and microbial fuel cell technologies. Water Res 2005;39:4673–82.
[43] Hussy I, Hawkes FR, Dinsdale R, Hawkes DL. Continuous
fermentative hydrogen production from a wheat starch coproduct by mixed microﬂora. Biotechnol Bioeng
2003;84:619–26.
[44] Oh SE, Ginkel van S, Logan BE. The relative effectiveness of
pH control and heat treatment for enhancing biohydrogen
gas production. Environ Sci Technol 2003;37:5186–90.
[45] Park W, Hyun SH, Oh SE, Logan BE, Kim IS. Removal of
headspace CO2 increases biological hydrogen production.
Environ Sci Technol 2005;39:4416–20.
[46] Tanisho S, Kurumoto M, Kadokura N. Effect of CO2 removal
on hydrogen production by fermentation. Int J Hydrogen
Energ 1998;23:559–63.
[47] Logan BE, Oh SE, Kim IS, Ginkel van S. Biological hydrogen
production measured in batch anaerobic respirometers.
Environ Sci Technol 2002;36:2530–5.

III
ONE-STAGE H2 AND CH4 AND TWO-STAGE H2 + CH4
PRODUCTION FROM GRASS SILAGE AND FROM SOLID
AND LIQUID FRACTIONS OF NAOH PRE-TREATED GRASS
SILAGE

by

Outi Pakarinen, Hanne Tähti & Jukka Rintala 2009
Biomass & Bioenergy 33: 1419-1427.

Reprinted with kind permission of Elsevier

biomass and bioenergy 33 (2009) 1419–1427

Available at www.sciencedirect.com

http://www.elsevier.com/locate/biombioe

One-stage H2 and CH4 and two-stage H2 D CH4 production
from grass silage and from solid and liquid fractions
of NaOH pre-treated grass silage
O.M. Pakarinen*, H.P. Tähti, J.A. Rintala
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1.

Introduction

Hydrogen (H2) and methane (CH4) are both valuable fuels and
can be used for heat and electricity production or used as
trafﬁc fuels – either separately or as a mixture of H2 and CH4
known as hythane [1]. H2 is the preferred fuel for fuel cells,
while CH4 can also be used in solid oxide fuel cells (e.g. see
Ref. [2]). On mass basis, H2 has a lower heating value (LHV) of
33.33 kWh kg1 which is over two times higher than LHV
of CH4 (13.90 kWh kg1). On volume basis, the energy content
of H2 (LHV of 2.995 kWh Nm3 (N meaning here the normal
conditions of temperature and pressure)) is, however, three

times less than that of CH4 (LHV of 9.968 kWh Nm3) (e.g. see
Refs. [3,4]).
Anaerobic degradation of organic matter is a complex
series of metabolic interactions among different anaerobic
microorganisms and is classiﬁed into four main stages,
namely, hydrolysis, acidogenesis, acetogenesis and methanogenesis. During hydrolysis, organic polymers, such as
cellulose, are degraded and solubilized into monomers, e.g.
glucose. Acidogenic bacteria then convert these solubilized
monomers to, e.g. volatile fatty acids (VFA) and H2. In the
traditional anaerobic digestion process H2 is usually not
detected as H2 is consumed during, e.g. homoacetogenesis

* Corresponding author. Tel.: þ358 14 260 4234; fax: þ358 14 260 2321.
E-mail address: outi.m.pakarinen@jyu.ﬁ (O.M. Pakarinen).
0961-9534/$ – see front matter ª 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biombioe.2009.06.006
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and methanogenesis to produce CH4 and CO2 as ﬁnal end
products. However, the process can be moved towards H2
production instead of CH4 by controlling the operational
parameters, e.g. pH and temperature (e.g. see Refs. [5,6]).
Owing to the advantageous properties of H2 as a fuel, there
is an increasing interest in H2 production from organic
substrates through anaerobic digestion, i.e. dark fermentative
H2 production (e.g. reviews of Refs. [5,6]). Dark fermentative H2
production has been intensively studied with model organic
compounds, e.g. glucose and sucrose, whereas less work has
been done with solid substrates (e.g. see Refs. [7,8]) and real
wastewaters. H2 yields from solid substrates were shown to be
dependent on the chemical nature of the substrate and
operational conditions. Previous researchers reported H2
yields of 36 ml g1 total solids (TS, converted by the authors
from 1.6 mmol g1 TS) from olive pulp [9], 170 ml g1 VS from
sugarcane [10], and 360 Nml g1 VSremoved from organic fraction of municipal solid waste (OFMSW) [11].
However, the H2 yields obtained through dark fermentation are typically only about 10–20% of the energy content of
the substrate [12]. Digestates or efﬂuents from dark fermentation can further be used to recover the residual energy
content as they usually contain VFAs and other degradation
products which are not degraded further to H2 due to thermodynamic restrictions (e.g. see Ref. [13]). According to
Hawkes et al. [14] there are three different possibilities for
a second stage in digestate treatment. These are photofermentation of acetate and butyrate to H2, microbial fuel cells
converting acetate and butyrate to electricity, and an anaerobic digestion process converting VFAs to CH4. A combined
two-stage H2 and CH4 process has been proposed as a promising technology as it has shown enhanced hydrolysis and
higher energy yields than a one-stage methanogenic process
(e.g. see Refs. [14–16]). Previous studies have demonstrated
that CH4 yields from household solid waste [16], artiﬁcial
organic solid waste [15] and wastewater sludge [17] can be
increased in two-stage processes compared to one-stage
processes. Moreover, two-stage H2 and CH4 production in
a pilot scale (ﬁrst stage 50 l, second stage 220 l) has also been
demonstrated successfully. In the above study, H2 and CH4
yields of 0.29 and 0.24 m3 kg1 VS added were obtained from
food waste at an organic loading rate of 12.5 kg VS m31 d1
[18]. In a two-stage system, the growth of acidogenic and
methanogenic bacteria is optimized separately. In the ﬁrst
stage, low pH (e.g. see Refs. [5,6]) and short hydraulic residence times (HRT) (1–2 days) are maintained thus favoring
acidogenic, H2-forming bacteria, while the conditions for
slower growing methanogens with neutral pH and longer HRT
(typically 10–20 days) are maintained in the second stage (e.g.
see Refs. [12,16]). In addition, a thermophilic or hyperthermophilic ﬁrst stage, which improves hydrolysis, is also an
efﬁcient method of pathogenic destruction (e.g. see Ref. [16])
and thermophilic conditions have so far shown to favour H2
formation (e.g. see Ref. [11]) by depressing H2 consuming
reactions [19].
Energy crops, i.e. crops grown speciﬁcally for the purpose
of energy production, are abundant producers of biomass. The
produced biomass can be used for CH4 and/or H2 production.
Crops are mainly composed of lignocellulose, that is, cellulose, hemicelluloses and lignin, which are tightly linked to

each other [20]. For successful utilisation of lignocellulosic
biomass for bioenergy production, pre-treatment such as
thermo-chemical [21] or steam-explosion [22] might be
essential. These pre-treatments have been shown to increase
carbohydrate availability and thus CH4 and H2 yields, e.g. see
Refs. [21,22]. In addition, alkaline treatments have also shown
to increase CH4 production of different lignocellulosic materials, e.g. see Refs. [23–26]. For example 9 and 15% more CH4
was obtained from alkaline-treated grass and sugar beet tops,
respectively, compared to untreated crops [26]. The increase
in CH4 yield was attributed mainly to the improved hydrolysis
as alkalis are known to break the bonds between hemicelluloses and lignin as well as swell the ﬁbres and increase
the pore size, e.g. see Refs. [23–26]. However, Na and K ions
present in the alkali can inhibit H2 and CH4 production [23,27]
and alkaline treatment can cause the degradation of lignocellulose to refractory and/or inhibitory aromatic compounds,
e.g. see Ref. [23].
The objective of this study was to evaluate the CH4 (mesophilic) production from grass silage in one-stage process and
to compare that with the combined H2 (thermophilic) and CH4
(mesophilic) production in two-stage process. In addition,
solid and liquid fractions separated from NaOH pre-treated
grass silage were also used as substrates. Finally, the total
energy production from one- and two-stage processes was
estimated. A potential energy crop, namely, grass silage, was
chosen as a substrate, as it is rather abundant in agricultural
sector and also showed potential in CH4 and H2 production in
our previous studies [28,29].

2.

Materials and methods

2.1.

Substrates

Grass silage (mixture of timothy, Phleum pratense, and meadow
fescue, Festuca pratensis, ensiled with bacterial inoculant AIV
Bioproﬁt (Kemira Growhow Ltd.) and stored in a silo for
2 months) was obtained from a farm (Laukaa, Finland). In
laboratory grass silage was stored at 20  C until used. Before
the analysis and experiments it was thawed overnight and cut
to a particle size of ca. 1–2 cm with scissors. Inoculum was
obtained from a mesophilic farm biogas reactor treating cow
manure and confectionary by-products as substrate (from the
same farm as the silage; Table 1). For the H2 assays it was heattreated by boiling for 30 min to inactivate methanogens and to
enrich spore-forming H2-producers (Table 1).

2.2.

Alkaline pre-treatment

Grass silage (184 g wet weight (ww), corresponding to 50 g TS
and 46.5 g VS, particle size ca. 1–2 cm) was placed into 1 l glass
bottle and distilled water (866 g) was added to obtain a TS
concentration of 5%, resulting in a ﬁnal mass of 1050 g. TS
concentration of 5% was chosen to enhance fractionation of
grass silage into solid and liquid fractions. Solid NaOH (2 g)
was added to obtain a dose of 4% NaOH g1 TS. Bottles were
closed and mixed in an orbital shaker for 24 h at 20  C. After
treatment the material was sieved by gentle manual pressure
through a metallic sieve (bore size approximately 1 mm) into
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Table 1 – Characteristics of substrates and inocula.
Substrate

pH

TS (%)

VS (%)

SCOD (g l1)

Acetic acid
(mg l1)

Propionic acid
(mg l1)

Isobutyric acid
(mg l1)

Grass silage
Solid fractionb
Liquid fractionb
Inoculum
Heat-treated inoculum

4.1
6.4
6.4
7.9
9.2

27.2
13.6
1.2
5.6
7.8

23.4
13.0
0.7
4.3
6.0

190.0a
62.4a
10.1
12.0
15.9

32.7a
1.9a
1566
7.4
264

5.4a
2.2a
258
bd
bd

bd
bd
12
bd
bd

bd ¼ below detection limit.
a Unit mg g1 TS.
b Solid and liquid fractions from NaOH treatment.

solid (302 g ww, 41 g TS, 39 g VS) and liquid (750 g ww, 9 g TS,
5 g VS) fractions (Table 1, Fig. 1).

2.3.

Batch assays

Batch assays were used to determine (1) CH4 (one-stage) and
(2) H2 followed by CH4 (two-stage) production from grass silage
as well as from solid and liquid fractions separated (in a way
expressed above) from NaOH pre-treated grass silage. All the
batch assays were performed in triplicate, using 1-l glass
bottles.
In the one-stage CH4 assays 250 g of inoculum and
substrate (41.9, 68.8 and 171 g ww of grass silage, solid and
liquid fractions, respectively) were added into the bottles.
With grass silage, a substrate to inoculum VS:VS-ratio of 1:1
was used while the amounts of solid and liquid fractions were
chosen to correspond to the volumes that would have been
generated from the grass silage (41.9 g) in the alkaline treatment. Thus, the substrate to inoculum VS:VS-ratios were

+ water
(866 g)
+ NaOH
(2 g)

Grass silage
184 g ww
50 g TS
46.5 g VS
9.5 g SCOD
0.2 SCOD/VS
1635 mg AA
270 mg PA
pH 4.1

Solid fraction
302 g ww
41 g TS
39 g VS
2.6 g SCOD
0.07 SCOD/VS
78 mg AA
90 mg PA
pH 6.4
Liquid fraction
750 g ww
9
g TS
5
g VS
7.6 g SCOD
0.84 SCOD/VS
1175 mg AA
194 mg PA
9
mg IBA
pH 6.4

Fig. 1 – Mass balance and chemical composition of grass
silage before and after NaOH pre-treatment and solid–
liquid separation: TS, VS, SCOD, VFAs. AA [ acetic acid,
PA [ propionic acid, IBA [ isobutyric acid.

0.8 and 0.2 for the solid and liquid fractions, respectively. Then
distilled water was added to produce a liquid volume of
750 ml, and NaHCO3 (3 g l1) was added as buffer. Finally, the
contents of the bottles were ﬂushed with N2 to remove
O2 from the headspace and sealed with butyl rubber stoppers.
The CH4 assays were incubated at 35  C for 56 days.
In the H2 assays 100 g of heat-treated inoculum and
substrate (47.1, 77.3 and 192.0 g ww of grass silage, solid and
liquid fractions, respectively) were added into the bottles.
A substrate to inoculum VS:VS-ratio was 2:1 with grass silage
and amounts of solid and liquid fractions were chosen as they
were produced from pre-treating 47.1 g of grass silage. The
substrate to inoculum VS:VS-ratios were 1.6 and 0.2 for the
solid and liquid fractions, respectively. Distilled water was
then added to produce a liquid volume of 650 ml and pH was
adjusted to 6 with 5 M NaOH and 5 M HCl. The bottles were
closed similarly as in the CH4 assays. In the H2 assays bottles
were ﬁrst incubated at 55  C for 14 days, and then sampled
(200 ml of the content for chemical analysis) after which 250 g
of methanogenic inoculum (Table 1) was added to initiate the
second-stage CH4 assay. Subsequently, the contents of the
bottles were ﬂushed and closed as in the one-stage CH4 assays
and then incubated for 57 days at 35  C.
In all assays control assays with inoculum (plus distilled
water) only were carried out to determine the H2 and CH4
potentials of the inocula, which were subtracted from those of
the substrates. In all CH4 assays the biogas produced was
collected in aluminium gas bags.

2.4.

Analysis and calculations

TS, VS, pH, soluble chemical oxygen demand (SCOD), gas
composition (H2 and CH4) and VFAs were analysed as
described previously [28,29]. Gas volume in the CH4 assays
was measured using water displacement method.
The gas production potential (deﬁned as H2 or CH4 potential) of the substrates is given as ml g1 VS added minus the
gas production of the inoculum. In the two-stage processes
CH4 potential was related to the amount of VS added at the
beginning of the ﬁrst stage, as VS loss in ﬁrst stage was
assumed to be minimal. In some H2 assays, H2 content in the
gas phase peaked twice. In these cases only the higher value
peak was used for calculating H2 potential. The gas yields in
assays incubated with NaOH pre-treated substrates were
calculated by relating the amount of gas produced from
treated fractions to the initial VS of grass silage (untreated)
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and expressed as ml g1 VSoriginal. In order to compare the pretreated with untreated grass silage, the gas yield obtained
from solid and liquid fractions was summed up (deﬁned as
combined gas yield). In H2 assays with liquid fraction as
substrate, data were presented from only one bottle as two of
the replicate assays were observed to leak after 7 days of
incubation.

3.

Results

3.1.

NaOH pre-treatment

Chemical composition of grass silage before and after solid–
liquid separation of NaOH pre-treated grass silage (24 h, 20  C)
is presented in Fig. 1. Chemical analysis showed that grass
silage had TS of 27% and VS of 23% with an SCOD/VS ratio of
0.2. After solid–liquid fractionation, about 84% of the original
VS were retained in the solid fraction whereas most of the
SCOD (80% of original SCOD) was transferred to liquid fraction
(Fig. 1). Thus, a solid fraction with relatively high VS and low
SCOD/VS (0.07) and a liquid fraction with low VS and high
(0.84) SCOD/VS were obtained. Among the analysed VFAs,
acetate was the main component in grass silage. Fractionation
resulted in a liquid fraction retaining ca. 72% of the original

80
70
60
50
40
30
20
10

Cum. H2 (ml)

0
50
45
40
35
30
25
20
15
10
5
0
50
45
40
35
30
25
20
15
10
5
0

acetate. pH of grass silage increased from 4.1 to 6.4 after NaOH
pre-treatment and solid–liquid fractionation (Fig. 1, Table 1).

3.2.
One-stage H2 or CH4 versus two-stage H2 and CH4
production
In the H2 assays, the H2 production peaked within 1–2 days
with all the studied substrates but H2 was consumed within
2–3 days (Fig. 2). Secondary H2 production was observed with
silage and solid fraction as substrates although the replicates
showed some variation especially with silage (Fig. 2). The
mean H2 potential (calculated as the maximum H2 production
during the experiment) of grass silage was 5.6 ml g1 VS. The
corresponding values for solid and liquid fractions were
3.4 and 31.1 ml g1 VS, respectively.
Similarly, CH4 production in the one-stage CH4 assays also
started immediately. Highest CH4 potential of 703 ml g1 VS
was obtained from the liquid fraction followed by 430 ml g1
VS from grass silage and 299 ml g1 VS from the solid fraction
(Table 2).
On comparison to one-stage process, two-stage process
(H2 and CH4 assays) resulted in increased CH4 yields by 8% for
grass silage and 64% for solid fraction. The increase in CH4
yields for grass silage was from 431 to 467 ml g1 VSoriginal and
for solid fraction from 252 to 412 ml g1 VSoriginal. On the other
hand, CH4 yield of the liquid fraction in two-stage process was
lower (60 ml g1 VSoriginal) compared with one-stage process
(80 ml g1 VSoriginal) (Table 2). CH4 production of solid fraction
was faster in two-stage process compared to one-stage
process. The opposite was true with liquid fraction (Fig. 3).
At the end of the H2 assays, pH was 4.8–5.0 in all assays
except with the liquid fraction where it was 6.3. At the end of
all the CH4 assays, pH varied between 7.3 and 7.5 (Table 3).
The ﬁnal SCOD values were as high as 7.3 g l1 with grass
silage after the H2 stage, whereas SCOD values between 2.4
and 3.5 g l1 were detected after the one- and two-stage CH4
assays (Table 3). In the H2 assays, the ﬁnal total VFA-CODs
with substrates were 1810–4790 mg l1, contributing from
48 to 70% of the ﬁnal SCOD (Table 4). Acetate was the main VFA
(Table 4). After CH4 assays no VFAs were detected. In the H2
assays the amount of SCOD increased by 39 and 49% with grass
silage and solid fraction as substrates. In contrast, with liquid
fraction the amount of SCOD decreased by 43% during H2 assay
(Table 5).

3.3.
Effect of NaOH pre-treatment on H2 and CH4
production

0

2

4

6

8

10

12

Time (d)
Fig. 2 – H2 (A, -, :) production from grass silage (up),
NaOH-treated solid (middle) and liquid fractions (down).
Data from the triplicate assays.

14

The calculated combined H2 yield from NaOH-treated grass
silage was higher (6.5 ml g1 VSoriginal) than that of untreated
grass silage (5.6 ml g1 VS) with liquid fraction accounting for
56% of the total H2 potential (Table 2). No CH4 production was
noticed in the H2 assays except for the assays with liquid
fraction, where CH4 production was noticed after 4 days of
incubation. The CH4 potential obtained from the liquid fraction was 135 ml g1 VS (Table 2). The calculated combined CH4
yield of the NaOH pre-treated grass silage was 334 ml g1
VSoriginal and was lower than that of the untreated grass silage
(430 ml g1 VS) (Table 2).
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Table 2 – H2 and CH4 production of the substrates in H2 and CH4 assays (standard deviation in parenthesis where
applicable).
Substrate

Grass silage
Solid fraction
Liquid fraction
Combined fractions

H2 assay

CH4 assay (after H2 stage)

CH4 assay (without H2 stage)

H2 ml g1 VSa

H2 ml g1 VSb

CH4 ml g1 VSa

CH4 ml g1 VSb

CH4 ml g1 VSa

CH4 ml g1 VSb

5.64 (0.63)
3.38 (1.05)
31.14 (0.47)
na

na
2.85
3.61
6.46

467 (18)
490 (32)
520
na

na
413
60
473

431 (3)
299 (30)
703 (10)
na

na
252
82
334

na ¼ not applicable.
Liquid fraction started to produce CH4 in H2 assay on day 4, with cumulative CH4 yield of 135 ml g1 VSa and 16 ml g1 VSb on day 14.
a Calculated per VS of the sample.
b Calculated per VS of the original grass silage (VS of the material before NaOH treatment or H2 assay).

Discussion

The present results show that the application of two-stage
anaerobic digestion with a thermophilic H2 production as ﬁrst
stage and mesophilic CH4 production as second stage can
improve CH4 yields compared with one-stage mesophilic CH4
process. The increase in methane yields in two-stage process
compared with one-stage process were 8 and 64% with grass
silage (Scenario 2) and solid fraction, respectively (Fig. 4, Table
2). The higher methane yields in a two-stage compared with
a one-stage process was attributed to the fact the thermophilic H2 production stage apparently enhanced hydrolysis of
the solid substrates and resulted in increased solubilisation
and VFA production. This was evident from 1.4-fold and
2.8-fold increase in SCOD and acetic acid concentrations from
grass silage after the ﬁrst H2 stage. The corresponding values
for solid fraction were 1.5 and 36.5, respectively. These results
are in accordance with previous studies [12,15–17], e.g. 21%
more CH4 was obtained from household solid waste from
a two-stage H2 and CH4 process compared to a one-stage
process [16]. With liquid fraction the effect of H2 stage was the
opposite, as SCOD concentration decreased by 43% during H2
assay and CH4 potential in second stage decreased to
193 ml g1 VS compared to CH4 potential of 700 ml g1 VS in
one-stage CH4 assay. However, it should be noted that the CH4
production of liquid fraction in two-stage process was still
increasing and could have reached the CH4 potential obtained
in the one-stage process. Shorter H2 stage for liquid fraction
could have been better and short HRT (e.g. 2 days) have been
used in H2 assays in previous studies, e.g. see Ref. [16].
NaOH pre-treatment of grass silage and fractionation into
solid and liquid fractions after treatment resulted in solid and
liquid fractions of quite different chemical characteristics and
gas production potentials. However, the alkaline treatment
decreased the combined CH4 yield (334 ml g1 VSoriginal)
compared to untreated grass silage (431 ml g1 VS) which was
especially due to low CH4 potential of the solid fraction.
Alkaline treatment is expected to break the lignocellulosic
structure, swell the ﬁbres and increase the pore size, thus
improving hydrolysis, e.g. see Refs. [23–25], but, on the other
hand, inhibiting aromatic degradation products can be
formed, e.g. see Ref. [23], which can partially explain the low
H2 and CH4 potentials of solid fraction in our study. Deﬁnitely
the dose of alkali and conditions of the treatment

(e.g. temperature) also play a major role in the hydrolysis, and
they should be optimized to obtain stimulating effects on CH4
potentials. However, it should also be noted that the effect of
NaOH addition cannot be reliably interpreted as addition of
water as such can also enhance hydrolysis. Moreover, control
treatment without NaOH addition was not performed in this

500
400
300
200
100
0

500

Cum. CH4 (ml g-1 VS)

4.

400
300
200
100
0
700
600
500
400
300
200
100
0

0

10

20

30

40

50

60

70

80

time (d)
Fig. 3 – Cumulative CH4 production (ml gL1 VS) from grass
silage (up), NaOH-treated solid (middle) and liquid fractions
(down) without (,) and with (-) H2 stage.
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Table 3 – pH and SCOD after the H2 assays and after two-stage and one-stage CH4 assays (standard deviation in
parenthesis).
H2 assay

Substrate

Two-stage and one-stage CH4 assay
SCOD (g l1)

pH

pH

SCOD (g l1)

Inoculum

6.17 (0.27)

2.1 (0.38)

7.41 (0.01)
7.35 (0.06)

3.5 (0.23)
3.3 (0.15)

Grass silage

5.02 (0.05)

7.3 (0.23)

7.48 (0.02)
7.36 (0.02)

3.0 (0.1)
3.0 (0.23)

Solid fraction

4.77 (0.02)

3.6 (0.1)

7.43 (0.01)
7.40 (0.04)

2.9 (0.1)
2.4 (0.1)

Liquid fraction

6.29

3.8

7.52 (0.04)
7.47 (0.02)

3.4 (0.21)
2.4 (0.14)

experiment. Nevertheless, some studies have shown that
alkalis such as NaOH can increase methane yields of, e.g.
wheat straw [23], grass and sugar beet tops [26].
The results from the present study also showed that dark
fermentative H2 production from grass silage with heattreated inoculum was possible. However, the H2 yield
(5.6 ml g1 VS) was rather low compared to other studies with
crop material, e.g. 170, 3.2, 57 and 147 ml H2 g1 VS were
obtained from sugarcane [10], and untreated, NaOH- and
HCl-treated cornstalk [7], respectively. One possible explanation for the rather low H2 yield in the present study is the
composition of the substrate. During ensiling, carbohydrates
of the crop material are converted to fermentation products
(e.g. lactic and acetic acid) which are not further degraded to
H2, and some H2 can be lost during the ensiling process, e.g.
see Refs. [30,31]. The slightly enhanced combined H2 yield
(from 5.6 to 6.5 ml g1 VSoriginal) noticed with NaOH-treated
grass silage in the present study was probably due to
enhanced hydrolysis. However, high variation in H2 production and consumption between the replicates with solid
substrates was observed in the present study, similarly, as
reported previously, e.g. see Ref. [32]. The possible reason for
this variation could be the heterogeneity of the substrate and/
or inoculum. In our study, both the liquid and solid fractions
produced H2. However, the H2 production curves were not
similar, as from the liquid fraction H2 was produced within
2 experimental days, whereas H2 production from grass silage
and solid fraction peaked twice (Fig. 1), a phenomenon which
has previously been reported in the case of acidiﬁed sludge
[17] and food waste [33]. The observed H2 consumption after

the initial peaking (ca. day 3, Fig. 2) in the present study could
be due to homoacetogenesis, where H2 and CO2 are converted
to acetate, e.g. see Ref. [14]. This was evident from the high
concentration of acetic acid (62–79% of VFA) at the end of the
H2 assays (Table 4). Thus, the probable homoacetogenesis in
the assays suggests that homoacetogens survived the heat
treatment and/or were introduced with non-sterilized
substrate. In addition, also propionate fermentation
consumes H2 and produces propionate, acetate and valeriate,
e.g. see Ref. [34] and might have occurred in the present study.
However, it should be noted that VFA analysis at the end of the
experiment cannot be used as a reliable indicator of
H2 production and consumption pathways, as H2 is constantly
produced and consumed during the assay with mixed culture.
Therefore, continuous monitoring of VFAs during the experimental run would give more reliable data.
The fact that in the H2 assays with liquid fraction CH4
production started after H2 production phase, despite the use
of heat-treated inoculum could indicate that the applied heat
treatment (boiling 30 min) to the inoculum was not capable of
destroying all methanogenic activities. In fact methanogens
have been shown to survive even 10 h at 105  C [35]. The
reason that CH4 production was observed only in assays with
liquid fraction could be due to its higher ﬁnal pH (6.3)
compared to solid fraction and grass silage, in which the ﬁnal
pHs were 4.7–5.0.
The results from the present study suggests that the
highest (calculated) CH4 yield from grass silage (495 ml g1
VSoriginal) can be obtained, if grass silage is ﬁrst pre-treated
with NaOH and the solid fraction obtained after solid–liquid

Table 4 – VFA concentrations (mg lL1) and proportion of individual VFAs of total VFAs at the end of the H2 assays (standard
deviation in parenthesis).
Substrate

Acetic acid
mg l

Inoculum
Grass silage
Solid fraction
Liquid fraction

1

398 (222)
2197 (179)
1520 (90)
1027

% VFA
79
62
75
70

Propionic acid
mg l

1

32 (8)
284 (28)
136 (58)
299

% VFA
6
8
7
20

Butyric acid
mg l

1

32 (21)
906 (30)
325 (39)
48

% VFA
7
25
16
3

Isob.
acid

Isoval.
acid

Caproic
acid

15 (8)
42 (2)
3 (5)
40

25 (8)
63 (2)
0
58

0
77 (9)
43 (9)
0

Total (mg l1)
VFA

COD

502
3569
2028
1463

608
4790
2518
1811

% of
SCOD
29
65
70
48
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Table 5 – Amount of SCOD, acetic and propionic acids at the beginning and at the end of H2 assays, and their changes.
Substrate

SCOD (g)

AA (mg)

PA (mg)

Beginning

End

Change (%)

Beginning

End

Change (%)

Beginning

End

Change (%)

1.59
2.43
0.66
1.94

1.37
3.38
0.98
1.11

14
39
49
43

26
419
20
301

259
1169
729
409

880
179
3556
36

–
69
23
50

21
164
68
174

–
137
193
250

Inoculum
Grass silage
Solid fraction
Liquid fraction

Impact of the inoculum subtracted.

grass silage converted to H2 [29], whereas 28–38 MWh ha1
could be obtained if grass were converted to CH4 [36]. Thus, if
H2 production is the main aim, then a more practical approach
would be to produce CH4 by a traditional anaerobic digestion
process and then reform the produced CH4 to H2 [12]. In the
future, if needed, also hythane could be produced from energy
crops even though the process needs further optimization.
Although alkaline treatment showed some improvement in
H2 yield in the present study, acid treatment could be also
tested as previous studies involving acid treatments showed
to be more efﬁcient than alkaline treatments in improving

separation is incubated in two-stage process consisting of
a thermophilic H2 production as the ﬁrst stage and mesophilic
CH4 production as the second stage. On the other hand, the
liquid fraction could be used for one-stage CH4 production
directly. However, the increase in CH4 yield (6–15%) has to be
compared with the costs associated with the NaOH treatment
and investment in the more complex two-stage process.
Although H2 production from grass silage was shown to be
possible, the energy yields per hectare remained low
compared to CH4 production. According to our previous
results only 0.5 MWh of energy was obtained from 1 ha of

1

GS

431
ml CH4 g-1 VS

2

GS

5.6 ml H2 g-1 VS
GS digestate

3

4

5

S

252 ml CH4 g-1 VS

L

82 ml CH4 g-1 VS

S

252 ml CH4 g-1 VS

L

3.6 ml H2 g-1 VS
L digestate

60 ml
CH4 g-1 VS

S

2.9 ml H2 g-1 VS
S digestate

413 ml
CH4 g-1 VS

3.6 ml H2 g-1 VS
L digestate

60 ml
CH4 g-1 VS

2.9 ml H2 g-1 VS
S digestate

413 ml
CH4 g-1 VS

GS

334
ml CH4 g-1 VS

GS

GS
L

S
6

467
ml CH4 g-1 VS

GS
L

312
ml CH4 g-1 VS

473
ml CH4 g-1 VS

495
ml CH4 g-1 VS

82
ml CH4 g-1 VS

Fig. 4 – Six different H2 and/or CH4 energy scenarios from grass silage with and without NaOH pre-treatment. GS [ grass
silage, S [ solid fraction from NaOH treatment, L [ liquid fraction from NaOH treatment. Gas yields (ml gL1 VS) are
calculated per original VS of untreated grass silage for easier comparison.
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H2 yields [7,17]. Alternatively, H2 production from grass silage
could be improved, e.g. through gas sparging of a reactor
content [37].

5.

Conclusions

 CH4 yield from grass silage and solid fraction from NaOH
treatment could be improved by 8 and 64% in a two-stage H2
and CH4 process compared to one-stage CH4 production.
 NaOH pre-treatment of grass silage increased the combined
H2 yield by 15%, whereas the pre-treatment resulted in 23%
decrease in the combined CH4 yield.
 Both H2 and CH4 potentials (per VS of sample) of liquid
fraction were higher than that noticed with solid fraction.
 Highest CH4 yield (495 ml g1 VSoriginal) could be obtained, if
grass silage was ﬁrst pre-treated with NaOH, and the separated solid fraction was digested in a two-stage (thermophilic H2 and mesophilic CH4) process while the liquid
fraction could be treated in a one-stage CH4 process directly.
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[29] Pakarinen O, Lehtomäki A, Rintala J. Batch dark fermentative
hydrogen production from grass silage: the effect of
inoculum, pH, temperature and VS ratio. Int J Hydrogen
Energy 2008;33:594–601.
[30] McDonald P, Henderson N, Heron S. The biochemistry of
silage. 2nd ed. Great Britain: Chalcombe Publications; 1991.
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1.

Introduction

AD is a multi-step biological process with H2 as a nonaccumulating intermediate product. Recently, the interest in
H2 production through AD, also known as dark fermentative
H2 production, has increased [1e3]. This is due to the fact that
the rates of H2 production are rather high and a variety of
feedstock can be used as a substrate. In traditional AD, H2 is
not detected as it is consumed immediately e.g. by hydrogenotrophic methanogens to produce CH4 and CO2. On the
other hand, H2 can be produced separately by engineering the

process conditions. However, the main limitation of dark
fermentative H2 production is the rather low energy recovery.
In order to completely utilize the organic acids produced
during dark fermentation and improve the overall energy
conversion efﬁciency, a two-stage AD concept consisting of
hydrogenic process followed by methanogenic process has
been suggested [1,4].
The application of a two-stage AD process for sequential H2
and CH4 production has been proposed as a promising technology for better process performance and higher energy
yields as compared to the traditional one-stage CH4

Abbreviations: AA, acetic acid; AD, anaerobic digestion; BA, butyric acid; CH4, methane; CO2, carbon dioxide; d, day; FID, ﬂame
ionization detector; H2, hydrogen; HSW, household solid waste; kWh, kilowatt-hour; MWh, Megawatt-hour; PA, propionic acid; SCOD,
soluble chemical oxygen demand; TCD, thermal conductivity detector; TS, total solids; TVS, total volatile solids; TVFA, total volatile fatty
acids; VFA, volatile fatty acids; VS, volatile solids; ww, wet weight.
* Corresponding author. Tel.: þ358 14 260 4234; fax: þ358 14 260 2321.
E-mail address: outi.m.pakarinen@jyu.ﬁ (O.M. Pakarinen).
0360-3199/$ e see front matter Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijhydene.2011.08.028
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production process [5,6]. In a two-stage AD system, relatively
fast growing acidogens and H2-producing microorganisms are
developed in the ﬁrst-stage hydrogenic reactor and are
involved in the production of VFA and H2. On the other hand,
the slow growing acetogens and methanogens are developed
in the second-stage methanogenic reactor, in which the
produced VFA are further converted to CH4 and CO2 [7]. In
a previous study, two-stage H2 and CH4 production in a batch
process has shown to improve the CH4 yield from grass silage
by 8% compared to a one-stage CH4 batch process [8]. Similarly, 21% more CH4 was obtained from a two-stage than onestage system loaded with household solid waste [9]. However,
the duration of the H2 process in the ﬁrst-stage has shown to
inﬂuence the H2 yields e.g. with a pure culture of Ruminococcus
albus [10] and, presumably, the CH4 yields from the subsequent second-stage methanogenic reactor. For instance,
a longer residence time may be needed for lignocellulosic
materials in order to enhance hydrolysis and acidogenesis.
However, the obtainable CH4 yields in the subsequent CH4
stage can be reduced if the duration of the H2 stage is too long.
Nevertheless, a short H2 stage could increase the loading
potential and thus reduce the operational costs.
Lignocellulosic biomass is an abundant and renewable
feedstock that is increasingly used for biofuels, chemicals and
power generation [11,12]. Moreover, H2 production from
biomass has been extensively reviewed in the literature
[13,14]. Lignocellulosic biomass is mainly composed of cellulose, hemicellulose and lignin, and is considered as an ideal
feedstock for dark fermentative H2 production due to its high
carbohydrate content, the preferred substrate for H2 production [2]. However, direct utilization of biomass by microorganism is very slow due to its heterogeneity and high degree
of polymerization and crystallinity. Therefore, pre-treatment
of lignocellulosic biomass is essential in order to increase
the carbohydrate availability and hence H2 and CH4 yield
[15e17]. Several pre-treatment methods viz., physical, chemical or biological have shown to enhance the biodegradation of
the lignocellulosic biomass [18]. Among the different pretreatments, water extraction alone can enhance the hydrolysis of lignocellulosic biomass. For instance, free sugars can
be extracted from sweet sorghum stalks by using water at
30  C [10]. Similarly, alkalis such as NaOH and Ca(OH)2 have
also shown to improve hydrolysis [18] as well as H2 [8] and CH4
[19] production from the biomass. In an earlier study, pretreatment of grass silage with NaOH resulted in a 15%
increase in H2 yield compared to untreated material [8]. In
addition to alkali, acids such as HCl, can be used to hydrolyze
cellulose to glucose [20] and improve solubility of hemicelluloses and thus enhance anaerobic degradation at
ambient or moderate temperatures [17]. HCl-treated corn
stalk resulted in higher H2 yields of 150 ml/gTVS compared to
3 ml/gTVS obtained with untreated material [21]. Furthermore, H2 yields obtained from HCl-treated beer lees and wheat
straw wastes were roughly 9 and 136-times more than those
obtained from their respective untreated substrates [15,16].
Among the energy crops, maize is increasingly used as
feedstock for CH4 production, especially in Germany and
Austria, due to its high biomass yield [12]. Maize has proven to
be a potential energy crop for biomethanation even in
southern Finland with a maximum energy yield of 90 MWh

per hectare [22]. Research on the production of H2 from maize
and its derivatives is still at an early stage. By using a mixed
microﬂora, H2 yields of 62 ml/gTS from fodder maize without
any pre-treatment has been reported in the literature [23]. To
our knowledge, H2 and CH4 production from pre-treated
maize in a two-stage sequential AD process by using
a mixed anaerobic culture has not been studied so far. The
objective of the present study was to evaluate the effects of
water extraction and acid (HCl) treatments on H2 and CH4
production from maize in one-stage (H2 or CH4) and two-stage
(H2 and CH4) batch assays. In addition, the effect of duration
(2 d and 14 d) of the ﬁrst-stage H2 process on the CH4 yields
from the second-stage was also investigated. Finally, the gross
energy production from one-stage (CH4 or H2) and two-stage
processes (H2 and CH4) was estimated.

2.

Materials and methods

2.1.

Substrates

Maize (variety Cerruti) was obtained from a farm in Laukaa,
Finland. At the laboratory, the whole maize crop (including
stem, leaves and corn) was chopped with a garden chopper to
a particle size of 1e2 cm and dried at 60  C for 24 h. The dried
maize was stored at room temperature (20  C) for 6 weeks
(Table 1). Prior to the start of the experiment, dried maize was
cut to a particle size of 0.5e1 cm. Inoculum was obtained from
a farm-scale biogas reactor treating cow manure and confectionary by-products (Table 1). For the H2 assays, inoculum was
heat-treated by boiling for 30 min in order to inactivate
methanogens and to enrich spore-forming H2-producers.

2.2.

Water extraction and acid pre-treatment

Water extraction and acid pre-treatments were performed in
1 L glass bottles. To each assay, 32.7 g ww of maize sample (TS
of 91.8% and VS of 86%, thus corresponding to 30 gTS and 28.1
gVS, respectively) and 297 ml of distilled water were added to
obtain a TS concentration of 10%. In order to obtain waterextracted material, one of the two replicate bottles was

Table 1 e Characteristics of inoculum, maize and solid
and liquid fractions from water extraction and HCl
treatment.
Substrate
pH
TS (%) VS (%) SCOD (g/l)
Untreated maize
Water extraction
Solid fraction
Liquid fraction
HCl-treatment
Solid fraction
Liquid fraction
Inoculum
Heatetreated inoculum

211a

6.29

91.8

86.0

5.46
5.46

13.2
2.6

12.7
2.2

21.1

4.53
4.53
7.60
9.19

12.0
2.7
6.0
6.4

11.4
2.3
4.8
5.1

18.1
3.7
4.4

b

b

a unit mg/gTS.
b not applicable.
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incubated as such. For acid pre-treatment, 0.6 ml of HCl (37%)
was added to obtain a concentration of 2% HCl/gTS. Prepared
bottles were mixed in an orbital shaker for 24 h at 20  C.
Thereafter, the water-extracted (pH of 5.46) and HCl-treated
materials (pH of 4.53, Table 1) were sieved through
a metallic sieve (pore size approximately 1 mm) by gentle
manual pressure into solid (TS of 13.2% and 12.0% with waterextracted and HCl-treated, respectively) and liquid fractions.
For batch assays, the solid and liquid fractions were combined
in the ratios that were actually generated during the pretreatments.

2.3.

gas yields from the pre-treated maize were thus related to the
VS of untreated maize. In the two-stage processes, CH4 yields
were calculated as the amount of VS added at the start of the
H2 stage. All results were converted to standard conditions
(T ¼ 273 K, p ¼ 1 bar).
The data were subjected to analysis of variance (ANOVA)
using the SPSS program [26]. Dunnett t-test was used to
compare all other treatments against control if the F-test was
signiﬁcant at P  0.05. Before performing ANOVA, data were
subjected to Welch’s test to evaluate the homogeneity of
variance.

Batch experiments

H2 and CH4 yield of the substrates were determined in batch
assays by using 118 ml serum bottles. To each assay, inoculum
(20 ml in CH4 assays and 12 ml in H2 assays) and subsequently
substrate were added. The substrate to inoculum VS-ratio
used was 1 for CH4 assays and 2 for H2 assays. Distilled
water was added to obtain a working volume of 60 ml in CH4
assays and 78 ml in H2 assays. The pH was adjusted to 7 (CH4
assays) and 6 (H2 assays) with 5 M NaOH and 5 M HCl. NaHCO3
(0.2 g) was added as a buffer in CH4 assays only. The reactor
contents were ﬂushed with nitrogen gas and sealed with butyl
rubber stoppers and aluminium crimps. Assays with inoculum only (with distilled water) were used as control. The
prepared CH4 assays were incubated statically in triplicate at
35  C for 77 days. On the other hand, H2 assays were ﬁrst
incubated at 55  C either for 2 d or 14 d. Upon completion of H2
experiments, the assays were opened and well homogenized
samples were drawn for chemical analysis (38 ml). The assays
were re-inoculated with 20 ml of methanogenic inoculum
(Table 1). The prepared assays were ﬂushed with nitrogen gas
once again and continued incubation at 35  C to obtain a total
incubation time of 77 d (75 d and 63 d after 2 d and 14 d H2
assays, respectively).

2.4.

3

Analysis and calculations

TS, VS, pH, SCOD and VFA were analysed as previously
described [24,25]. CH4 content in the methanogenic assays
was analysed with a GC (Perkin Elmer Arnel Clarus 500 GC)
equipped with a FID (Perkin Elmer Alumina column
30 m*0.53 mm, carrier gas argon, oven 100  C, detector 225  C
and injector 250  C). Gas composition (H2, CH4 and CO2) in
hydrogenic assays was analysed with the same GC equipped
with a TCD (Supelco Carboxen 1010 PLOT fused silica capillary column 30 m*0.53 mm, carrier gas argon, oven 200  C,
detector 230  C and injector 225  C). In H2 assays, gas
composition was analysed twice per day during the ﬁrst 2 days
and once per day thereafter. Over pressure was released
through a water lock system after every measurement and gas
composition was analysed before and after each pressure
release.
In batch assays, gas yields of the substrates were calculated as the amount of gas produced in millilitres per added
gVS (ml/gVSadded). Gas produced from the control assays was
subtracted from the sample assays. With pre-treated maize,
the amounts of solid and liquid fractions that were generated
during the pre-treatment were used in the batch assays. The

3.

Results and discussion

3.1.

H2 production from maize

H2 production from untreated, water-extracted and HCltreated maize was studied in batch assays for 2 and 14 d
(Table 2, Fig. 1). The produced biogas was composed of H2 and
CO2, and was free of CH4. After 2 d of incubation, average H2
yields of 5.6 and 1.9 ml/gVSadded were obtained from untreated
and water-extracted maize, respectively (P < 0.05). On the
contrary, no H2 was produced from HCl-treated maize, indicating that the process was inhibited. After 14 d of incubation,
the highest average H2 yield of 20.5 ml/gVSadded was obtained
from HCl-treated maize, followed by water-extracted (18.0 ml/
gVSadded) and untreated maize (9.9 ml/gVSadded) (Table 2).
However, no signiﬁcant difference in H2 yields was noticed
between the treatments (P > 0.05). On the other hand, the
interpretation of the H2 assays was indeed more challenging
as some variation in H2 yields between the replicate bottles
was observed even during the 14 d of incubation (Fig. 1).
Similar type variation has been reported also previously [8,27].
The present data shows that several days of incubation
time e.g. from 6 to 14 d was needed for major H2 production
from the studied materials (Fig. 1). The observed lag phase in
the present study was apparently due to the use of unadapted
inoculum and/or inoculum containing low amounts of H2
producers. Low or negligible H2 production during the initial
2 d indicated that the H2 yield was from the lag phase or initial
growth rate of the population. Furthermore, initial inhibitory
effect of HCl-treatment was evident. A similar observation
was also reported earlier where H2 production from HCltreated poplar leaves was initially inhibited but the ﬁnal H2
yield was however higher than that obtained from untreated
poplar leaves [28]. In addition, hydrolysis is considered as the
rate limiting step during the degradation of lignocellulosic
materials. For instance H2 production from sorghum
continued for 12 d and the authors suggested that hydrolysis
was the limiting step in H2 production from cellulosic and
hemicellulosic materials [10].
The reason for the variation in H2 yields might be due to the
low adaptation of the inoculum, presence of relatively low
number of H2-producing bacterial species in the heat-treated
inoculum [29], the heterogeneity of the substrate and/or
inoculum used and the several pathways for H2 production/
consumption. In the present study, inoculum was heat treated
at the normal boiling temperature of water, which has
recently been shown to decrease the species diversity and H2
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Table 2 e H2, CH4 and energy yields of untreated and pre-treated maize in one- and two-stage batch assays as well as pH,
SCOD and main metabolic products after H2-stage. Standard deviation in parenthesis when applicable. Conversion factors
of 3 and 10 kWh per 1 Nm3 have been used for H2 and CH4, respectively.
Untreated
Water-extracted
HCl-treated
2 d H2-stage

þ CH4 stage

14 d H2-stage

þ CH4 stage

One-stage CH4

pH
SCOD
H2 (ml/gVSadded)
Energy (kWh/tVS)
TVFA (mg/l)
TVFA/SCOD (%)
AA (mg/l), % of TVFA
PA (mg/l), % of TVFA
BA (mg/l), % of TVFA
CH4 (ml/gVSadded)
Energy (kWh/tVS)
Energy total (kWh/tVS)

4.85
4.83 (0.76)
5.6 (0.7)
16.7 (2.0)
122
3
94 (29), 77
15 (0), 12
5 (4), 4
342 (8)
3422 (81)
3438 (63)

5.28
4.50 (0.35)
1.9 (0.8)
5.8 (2.5)
634
21
275 (8), 43
64 (2), 10
274 (390), 43
358 (37)
3577 (371)
3582 (321)

5.19
5.00 (0.30)
0.0
0
368
9
288 (35), 78
21 (1), 6
8 (8), 2
397 (5)
3970 (50)
3970(50)

pH
SCOD
H2 (ml/gVSadded)
Energy (kWh/tVS)
TVFA (mg/l)
TVFA/SCOD (%)
AA (mg/l), % of TVFA
PA (mg/l), % of TVFA
BA (mg/l), % of TVFA
CH4 (ml/gVSadded)
Energy (kWh/tVS)
Energy total (kWh/tVS)

4.30
3.70 (0.35)
9.9 (8.0)
29.7 (24.1)
454
18
201 (124), 44
17 (3), 4
226 (165), 50
311 (38)
3110 (378)
3140 (328)

5.15
3.70 (0.35)
18.0 (12.6)
53.8 (37.8)
1196
47
562 (504), 47
63 (18), 5
544 (324), 45
357 (47)
3576 (471)
3630 (366)

5.02
4.60 (0.20)
20.5 (11.1)
61.4 (33.2)
1007
34
346 (138), 34
26 (3), 3
580 (261), 58
368 (41)
3684 (411)
3746 (357)

CH4 (ml/gVSadded)
Energy (kWh/tVS)

321 (23)
3210 (230)

328 (7)
3280 (70)

312 (15)
3120 (151)

yield compared to lower (e.g. 65  C) treatment temperatures
[29]. Nevertheless, use of adapted microbial consortia could
probably even greatly improve the H2 production rates and
yields as supposed by a study in which repeated batch cultivation were performed on household solid waste [27]. In the
above study, H2 yield of 84 ml/gVSadded was obtained in 15 d
with ﬁrst generation, whereas 170 ml/gVSadded was obtained
after 4 d of incubation with ﬁfth generation culture.
Water extraction and HCl treatment enhanced the average
H2 yields from maize from 14 d assays. However, the difference
was statistically insigniﬁcant due to rather high variation
between the replicates (P > 0.05). On comparison to untreated
maize yields, the average increase in H2 yields were 1.8 times
for water extraction and 2 times for HCl-treatment. During the
HCl pre-treatment, hydrolysis can be promoted by partial
removal of hemicellulose or lignin and thus resulting in an
increase in the amount of soluble sugars. Previously, an almost
50-fold increase in H2 yield was obtained from HCl-treated
corn stalk (150 ml/gTVS) compared to untreated stalks [21].
The increase in H2 yield was mainly attributed to the increased
amount of soluble sugars after HCl treatment [21]. The
increase in H2 yield following water extraction was apparently
due to the enhanced hydrolysis and acidogenesis. This was
evident from the decrease in pH from 6.3 to 5.5 after water
extraction. Water incubation in slightly acidic (initial pH 5)
conditions has shown to improve hydrolysis of grass [19]. In
addition, liquid hot water pre-treatment is known to remove
hemicelluloses and make cellulose more accessible [18].
Ntaikou et al. [10] also extracted free sugars from sweet

sorghum stalks by using water at 30  C. In the above study, H2
yield of 2.5 mol H2/mol glucose was obtained from the
sorghum water extract, which mainly contained sucrose. This
H2 yield was similar to the yield obtained from glucose [10].
Table 2 presents the pH levels in H2 assays at the end of 2 d
and 14 d of incubation. The pH decreased due to fermentation
from 6 to 4.9 (2 d assay) and to 4.3 (14 d) in assays with
untreated maize as a substrate. This indicates that the pH,
especially with untreated maize, was below the optimum pH
of 5.5 required for H2 production [30]. This low pH clearly
demonstrates that the conditions were not optimal for H2
production. Therefore, with proper control of pH, H2 yield from
maize could probably be improved. Moreover, the effect of pretreatments on H2 yield can be unreliable, as the low ﬁnal pH in
untreated maize assays may have led to low H2 yield. In
addition, substrate concentration might have been too high
and may have also resulted in low pH, which in turn may have
underestimated the obtainable H2 yield in this study. Previous
studies have shown that substrate concentration has
a profound effect on H2 yields. For instance, H2 yield from HSW
decreased from 84 to 24 ml/gVSadded when the substrate
concentration was increased from 1 to 2 g/l [31]. In addition,
the headspace volume in the present study has apparently
been too low (40 ml as compared to liquid volume of 78 ml) for
efﬁcient H2 production, and inhibition due to increased partial
pressure of H2 has probably occurred. To be able to obtain more
reliable results, larger headspace volume should be used.
Previously, H2 yields of 16, 20 and 62 ml/gTS have been reported from untreated maize leaves [31], corn stalk [32] and fodder
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concentration of propionic acid remained unchanged with
increase in incubation time in the respective assays. However,
the highest propionic acid concentration was observed in the
water-extracted maize (63 mg/l) compared to that of HCltreated maize (21e26 mg/l) or untreated maize (15e17 mg/l).
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30
25
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15

3.2.

10
5

The results from one-stage and two-stage CH4 production are
presented in Table 2 and Fig. 2. Methane production started
immediately in all assays. In one-stage CH4 assays, CH4 yield
of 321 ml/gVSadded was obtained from untreated maize. This
yield was in the same range as that reported from different
maize hybrids [33]. However, no signiﬁcant difference in CH4
yield was obtained with the studied pre-treatments (P > 0.05).
The average CH4 yields were 328 and 312 ml/gVSadded for
water-extracted and HCl-treated maize, respectively.
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Fig. 1 e Cumulative H2 production from untreated (A),
water-extracted (B) and HCl-treated (C) maize in 14 d H2
assays (replicates shown). Note the different scale in
y-axis. Results from 2 d assays shown with lines only.
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maize [23], respectively. Reasons for this variation in H2 yields
from maize in the literature are e.g. differences in operational
conditions (e.g. pH, temperature, loading and headspace
volume), inoculum and chemical composition of maize.
The concentrations of the main metabolic products are
presented in Table 2. The dominant metabolic products were
acetic acid and butyric acid. The concentration of VFA varied
with incubation period and pre-treatment method. In 2 d H2
assays, the predominant VFA was acetic acid in the untreated
(77% of total VFA) and HCl-treated maize (78% of total VFA),
while more or less equal concentration of acetic and butyric
acids were present in the water-extracted maize (43% of total
VFA). Average acetic acid concentrations in the HCl-treated
maize (288 mg/l) and water-extracted maize (275 mg/l) were
approximately the same (Table 2). In 14 d H2 assays, the share
of butyric acid increased in all assays, being highest in the
HCl-treated maize assays (58% of total VFA). The concentration of butyric acid (580 mg/l) in the HCl-treated maize was 1.6
times higher than that of acetic acid. On the other hand, the
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Time (d)
Fig. 2 e Initial cumulative CH4 production (ml/gVSadded,
inoculum subtracted) from untreated (A), water-extracted
(B) and HCl-treated maize (C) in one-stage CH4 (C) assays
and in CH4 assays after two (-) and 14 days (:) H2 stage.
The trend line is representative of the whole CH4
production batch test.

Please cite this article in press as: Pakarinen OM, et al., Hydrogen and methane yields of untreated, water-extracted and acid
(HCl) treated maize in one- and two-stage batch assays, International Journal of Hydrogen Energy (2011), doi:10.1016/
j.ijhydene.2011.08.028

6

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 1 ) 1 e7

Results from the two-stage process (Table 2) showed that
the hydrogenic stage could improve the average CH4 yields in
the second stage. The highest CH4 yield of 397 ml/gVSadded was
obtained with HCl-treated maize. The average increase in CH4
yields were 24% and 27% compared to the CH4 yields obtained
from untreated (321 ml/gVSadded) and HCl-treated (312 ml/
gVSadded) maize in one-stage processes. This yield was
statistically signiﬁcant when compared to that obtained with
untreated and HCl-treated maize in one-stage assays
(P < 0.05). The increase in methane yields in the two-stage
assays with the H2 stage was probably due to the fact that
hydrolysis and acidogenesis were improved thereby
promoting the production of VFA which were subsequently
converted into CH4 in the methanogenic reactor. On
comparison to 2 d H2 stage, 14 d incubation period resulted in
either decreased CH4 yields (untreated and HCl-treated maize)
or did not further improve (water-extracted) the CH4 yields
(Table 2). This was evident from the decrease in the SCOD
levels with increase in duration of H2 stage from 2 to 14 d,
although H2 yields and the amount of VFA typically increased
with increase in retention time (14 d). However, due to the
higher amount of VFA, the two-stage process with 14 d H2
stage showed higher initial CH4 production rates compared
with the two-stage process with 2 d H2 stage or one-stage CH4
process (Fig. 2). However, the conversion of VFAs of ﬁrst stage
to CH4 in the second stage accounted only 1e12% of the total
CH4 yield, thus suggesting, that hydrolysis and acidogenesis in
the ﬁrst stage were sub-optimal. The slightly higher methane
production rates in two-stage than in one-stage assays during
the initial 10 days indicate that the readily available VFA,
produced during the hydrogenic stage of the two-stage assays,
was converted rapidly into methane while hydrolysis was rate
limiting in one-stage assays. This trend however reversed
during the next 20e25 days. The reason for the low and steady
methane production rates during days 10e40 in two-stage
assays might be due to the time required for the further
hydrolysis of the less degradable material and/or limitations
in conversion of solubilized COD during several steps of
anaerobic degradation. Nevertheless, the higher methane
production rates in two-stage than in one-stage assays,
especially in pre-treated assays at the end indicate that
pretreatments improved the hydrolysis. Thus, these results
were in agreement with previous studies [6,8,9] which showed
that hydrolysis and acidogenesis in the ﬁrst stage can be
enhanced by low pH and high temperature leading to an
elevated digestion efﬁciency [34] and CH4 yields in the second
stage. The gas yields obtained from the two-stage process
with 14 d H2 stage were 9.9e20.5 ml/gVSadded of H2 and
311e368 ml/gVSadded of CH4. The corresponding values from
the two-stage process with 2 d H2 stage were 0e5.6 ml/
gVSadded of H2 and 342e397 ml/gVSadded of CH4 (Table 2).
In the present study, the highest CH4 yields (397 ml/
gVSadded) and calculated energy yields (3970 kWh/tVSadded)
from maize were obtained when maize was ﬁrst subjected to
HCl-treatment and then digested in a two-stage process consisting of a short (2 d) thermophilic H2 stage followed by
a mesophilic CH4 stage (Table 2). On the other hand, the
highest energy yield from H2 production alone was signiﬁcantly lower (61 kWh/tVSadded) than that obtained from CH4
production. However, it should be noted that the results in the

present study were obtained from batch experiments and
cannot be extrapolated to large-scale continuous process. In
practice, the increase in CH4 yields have to be balanced with
the costs for chemical pre-treatment, additional equipment
and higher investment and operational costs of two-stage
processes. Nevertheless, this short ﬁrst H2 stage could probably be embedded in a current pre-treatment and/or the
mixing tank in agricultural biogas reactors. However, more
research would be needed especially for optimizing the
hydrogenic ﬁrst stage to improve both H2 and VFA yields.

4.

Conclusions

The study showed that two-stage process consisting of a short
H2 (2 d) stage could improve CH4 yields by 7e27% than from
one-stage CH4 assays. In addition, initial methane production
was faster when compared to CH4 production in one-stage
assays. The average H2 yields from untreated, waterextracted and HCl-treated maize were 9.9, 18.0 and 20.5 ml/
gVSadded, respectively. However, due to suboptimal conditions
(pH decreased due to high substrate concentration) and low
adaptation of the inoculum, the substrate conversion in H2
assays was not maximal and resulted in low H2 yields as well
as variation between replicates. The pre-treatments (water
extraction and HCl-treatment) applied in the present study
resulted in no statistically signiﬁcant differences in one-stage
H2 (14 d) or CH4 yields. According to present study, highest CH4
yield (397 ml/gVSadded) from maize could be obtained if maize
was ﬁrst pre-treated with HCl and then digested in two-stage
process.
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a b s t r a c t
The possibility of shifting a methanogenic process for hydrogen production by changing the process
parameters viz., organic loading rate (OLR) and hydraulic retention time (HRT) was evaluated. At ﬁrst,
two parallel semi-continuously fed continuously stirred tank reactors (CSTR) were operated as methanogenic reactors (M1 and M2) for 78 days. Results showed that a methane yield of 198–218 L/kg volatile
solids fed (VSfed) was obtained when fed with grass silage at an OLR of 2 kgVS/m3/d and HRT of 30 days.
After 78 days of operation, hydrogen production was induced in M2 by increasing the OLR from 2 to
10 kgVS/m3/d and shortening the HRT from 30 to 6 days. The highest H2 yield of 42 L/kgVSfed was
obtained with a maximum H2 content of 24%. The present results thus demonstrate that methanogenic
process can be shifted towards hydrogen production by increasing the OLR and decreasing HRT.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
AD of solid substrates is a multi-step process, in which organic
polymers are ﬁrst degraded into soluble monomers during the
hydrolysis step e.g., cellulose is degraded to glucose units. During
the acidogenesis step, these soluble compounds are further degraded to e.g., VFA, H2 and CO2. Volatile fatty acids (e.g., propionic
and butyric acids) are then degraded by acetogenic bacteria to
acetic acid and H2, which are used as substrates during the methanogenesis (Demirel and Scherer, 2008; Valdez-Vazquez and
Poggi-Varaldo, 2009). In the traditional AD process, biogas is
mainly composed of methane (50–70%) and carbon dioxide (30–
50%) with some traces of H2S and water vapor. Although H2 is
produced during the AD process, it is not detected in the biogas
as it is consumed immediately by the hydrogen consuming
bacteria e.g., methanogens, homoacetogens and sulphate-reducing
bacteria (Valdez-Vazquez and Poggi-Varaldo, 2009).
In Europe, energy crops are commonly co-digested with animal
manure for methane production. However, monodigestion of energy crops in different reactor conﬁgurations viz., one- or twostage have been also studied (e.g., Koch et al., 2009; Lehtomäki
et al., 2008) and applied in full-scale plants (Resch et al., 2008)
Abbreviations: AD, anaerobic digestion; CSTR, continuously stirred tank reactor;
FM, fresh matter; HRT, hydraulic retention time; OLR, organic loading rate; SCOD,
soluble chemical oxygen demand; TS, total solids; TVFA, total volatile fatty acids;
VFA, volatile fatty acid; VS, volatile solids.
⇑ Corresponding author. Tel.: +358 14 260 4234; fax: +358 14 260 2321.
E-mail address: outi.m.pakarinen@jyu.ﬁ (O. Pakarinen).
0960-8524/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2011.07.020

despite the possible drawbacks associated with the nutrient deﬁciency and lack of buffer capacity (Koch et al., 2009). Besides methane production, hydrogen production from energy crops through
dark fermentation has been shown to be possible (Pakarinen
et al., 2008, 2009). However, research on hydrogen production
from energy crops in continuous experiments is limited.
Previously, several studies have shown that H2 production in
addition to CH4 production is possible from a wide variety of feedstocks by adjusting the process parameters and/or by inactivating
H2-consuming bacteria (Chong et al., 2009; Valdez-Vazquez and
Poggi-Varaldo, 2009). Typically in batch hydrogen production,
inoculum is generally heat-treated to inhibit H2-consuming bacteria e.g., methanogens (Davila-Vazquez et al., 2008). However, heattreatment is energy intensive and H2 consuming bacteria can be
introduced along with the substrate in a continuous process. Recently, it has been shown that heat-treatment is not necessary to
facilitate hydrogen production (Ohnishi et al., 2010). On comparison to methanogenic process, process parameters viz., shorter
HRT, higher OLR and lower pH (e.g., 5–6) are favored for hydrogen
production. Thus, simplest and most economic method for methanogen inhibition could be biokinetic control, mainly through utilization of low pH (Valdez-Vazquez and Poggi-Varaldo, 2009). In
practical applications, hydrogen producing system should be easily
established and thus shifting the ongoing (typically methanogenic)
process to hydrogen production could be an interesting opport
unity.
The objective of this study was to evaluate the possibility of
shifting the ongoing methanogenic process to hydrogen production
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by increasing the OLR and shortening the HRT. At ﬁrst, two parallel
mesophilic (35 °C) CSTRs were operated with an OLR of 2 kgVS/m3/
d and HRT of 30 days with grass silage as a substrate. After 79 days
of operation, the OLR of one of the two reactors was increased to
10 kgVS/m3/d and HRT was shortened to 6 days in order to inhibit
H2-consuming methanogens and facilitate hydrogen production.

2. Methods
2.1. Substrate and inoculum

2.2. Reactor experiments
CH4 production from grass silage was studied in two parallel
semi-continuously fed CSTRs (M1 and M2) with a total volume of
2 L at 35 °C. During the start-up, reactors were ﬁlled with
1500 mL of inoculum (working volume) and ﬂushed with N2 for
5 min to ensure anaerobic conditions. Semi-continuous feeding
was initiated 14 days after the start-up and considered as day 1
of the experimental period. Reactors were fed manually once on
every weekday (Monday through Friday) with a plastic syringe.
Digestate was removed just prior to the each feeding. The amount
removed was about 5–10% less than the daily feed volume in order
to maintain the constant working volume. The reactors were mixed
continuously using a magnetic stirrer (300 rpm).
During the whole run, feed TS and VS was maintained at 6.6%
and 6.2%, respectively, by diluting 7.4 gFM of grass silage (3.3 gTS
or 3.1 gVS) with 43 g of water (days 1–27) or nutrient solution
(day 28 onwards). Nutrient solution contained (mg/kg feed) 1183
NH4Cl, 1056 K2HPO4, 422 MgSO4, 42 CaCl22H2O, 8.45 FeCl24H2O,
0.21 H2BO3, 0.21 ZnCl2, 0.21 NiCl26H2O, 0.16 CuCl22H2O, 2.11
MnCl24H2O, 0.21 (NH4)6Mo7O244H2O, 0.38 AlCl36H2O and 8.45
CoCl26H2O. NaHCO3 was added as buffer at a dosage of 9 g/reactor
during days 23–30 and at 0.5 g/d (9.8 g/kg feed) during days 41–
105. From day 106 onwards, NaHCO3 was added only in M1 at a
dosage of 2 g/d (38 g/kg feed).
On day 78, both reactors were opened and the reactor contents
were mixed and distributed equally between M1 and M2. From day
79 onwards, M1 was continued as methanogenic reactor and operated at the same OLR and HRT as earlier (liquid volume 1500 mL).
On the other hand, hydrogen production was induced in M2 by
reducing the working volume from 1500 to 300 mL with constant
amount of feed. Thus, the OLR in M2 was increased from 2 to
10 kgVS/m3/d and HRT was decreased from 30 to 6 days.

Table 1
Characteristics of the grass silage and inoculum.

a

pH

TS (%/FM)

VS (%/FM)

SCOD (g/l)

Acetic acid (mg/l)

4.0
7.8

45.4
4.1

42.5
3.0

239–373a
7.2

3.8–5.9a
9

Unit mg/g TS.

Analyses were done as described previously (Pakarinen et al.,
2008, 2009). Gas composition was sampled and measured before
daily feeding. OLR and HRT were calculated for ﬁve feeding days
per week. H2 and CH4 yields were converted to standard temperature and pressure. When calculating the energy yields (in kWh) of
hydrogen and methane yields, conversion factors of 3 and 10 kWh/
Nm3 were used for hydrogen and methane, respectively.

3. Results and discussion

Grass silage (mixture of timothy and meadow fescue) stored in
a silo for about 5 months (Kalmari farm, Laukaa, Middle-Finland)
was used as substrate. At the laboratory, grass silage was packed
in small plastic bags and stored at 20 °C before further use. Before
each feeding, the substrate was cut to a particle size of ca. 0.5 cm
with a coffee bean grinder (Krups).
Inoculum was obtained from a mesophilic farm-scale reactor
treating cow manure and confectionary by-products. The characteristics of substrate and inoculum are presented in Table 1.

Grass silage
Inoculum
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2.3. Analysis and calculations

3.1. CH4 production in CSTRs M1 and M2 at 35 °C
Methane production from grass silage was studied in two parallel CSTRs at 35 °C with an OLR of 2 kgVS/m3/d and HRT of 30 days
(Figs. 1 and 2 and Table 2). After the initial start-up of feeding, speciﬁc methane yield rose to around 200 L/kgVSfed by day 15. Thereafter, methane production dropped sharply with a corresponding
decrease in pH (Fig. 1) and increase in TVFA concentration
(Fig. 2). In order to raise the pH, buffer (NaHCO3) addition was initiated on day 23 and was substituted with nutrient solution from
day 28 onwards. However, TVFA concentration continued to increase further to reach 5.7–6.5 g/l by day 31. The concentration
of acetic acid and propionic acid, the main components of TVFA,
were 4.2–5.1 and 0.6–0.7 g/l, respectively (Fig. 2).
Despite the addition of buffer and nutrients, both reactors did
not recover and thus reactors were kept unfed between days 31
and 40 (Figs. 1 and 2). During this unfed period, TVFAs concentration decreased to 2.2–2.9 g/l and pH increased to 7.7. Feeding was
resumed on day 41 with an OLR of 2 kgVS/m3/d and HRT of
30 days. The mean methane production during days 41–78 was
198–218 L CH4/kgVSfed with an average CH4 content of 50–54%
(Table 2 and Fig. 1). Thus, the highest average methane yield corresponded to energy yield of 2180 kWh/tVSfed. These methane yields
were slightly lower than the methane yields of 260 L/kgVSfed reported during the monodigestion of grass silage at an OLR of
3.5 kgVS/m3/d and HRT of 50 days in a loop reactor (Koch et al.,
2009). However, the methane yields obtained in the present study
were comparable to those obtained during the monodigestion of
grass silage (197 L/kgVSfed) in a two-stage systems consisting of
leach bed and UASB reactor system with a total HRT of 55 days
(Lehtomäki et al., 2008). On the other hand, the volumetric CH4
yield of 0.40–0.44 m3/m3/d and VS reductions of 49–57% (days
41–78) obtained in the present study were in the same range
(0.4 m3/m3/d and 41–52%, respectively) as those reported by Lehtomäki et al. (2007) during the co-digestion of grass silage with
cow manure in CSTR.
Between the days 41–78, SCOD concentration was between 12
and 15 g/l. However, daily buffer addition (9.8 g/kg feed) was
needed in order to keep the pH close to 7. Nevertheless, TVFA concentration increased from 2.2 to 5.7 g/l in M1 and from 2.9 to 6.3 g/
l in M2. Besides acetic acid, propionic acid accumulation was also
noticed in both M1 and M2. The increase in propionic acid concentration was from 0.1 to 0.7 g/l in M1 and from 0.5 to 0.8 g/l in M2.
Mixing the M1 and M2 reactor contents (day 78) and continuing
M1 as methanogenic reactor with an OLR of 2 kgVS/m3/d and
HRT of 30 days resulted in a mean speciﬁc methane yield of
140 L/kgVSfed and volumetric methane yield of 0.28 m3/m3/d (Table 2). This yield was lower than the methane yields of 218 L/
kgVSfed obtained prior to mixing of the reactors contents. The SCOD
concentration during the days 78–105 increased from 13.8 to
17.6 g/l with a corresponding decrease in pH (Fig. 1). Due to this
decrease in pH, more buffer was added (38.2 g/kg feed) from day
106 onwards. However, TVFA concentration increased from 5.5 to
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Fig. 2. Main VFAs in the M1 (up) and M2 (down). TVFA (h), acetic (j), propionic
(N), butyric (e), iso-valeric (D) and caproic (s) acids. Lines show the time of the
shift of M2 (day 79) and the time of change in buffer addition (day 106).
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Table 2
Average speciﬁc and volumetric methane yields of methanogenic CSTR (M1). Values
from M2 are shown between days 41 and 78 only. Standard deviation in parenthesis.

10
5

Days

CH4 (L/kgVSfed)

CH4 (m3/m3/d)

0
1600

41–78

1400

79–105
106–122

218 (25)
M2:198 (18)
185 (20)
140 (18)

0.44 (0.05)
M2: 0.40 (0.04)
0.37 (0.04)
0.28 (0.04)

Biogas (mL/d)

1200
1000
800
600
400
200
0

0

20

40

60

80

100

120

Time (d)
Fig. 1. CH4 and H2 (d in M2) contents in the biogas, pH, SCOD and daily biogas
volume of M1 (open) and M2 (black). Lines show the time of the shift of M2 (day 79)
and the time of change in buffer addition (day 106). Note that the working volume
of M2 was reduced from 1500 to 300 mL on day 79.

9.9 g/l. The main components of TVFA were acetic (6.1 g/l), propionic (2.4 g/l) and iso-valeric acids (0.5 g/l). Iso-butyric (0.3 g/l), butyric (0.3 g/l) and valeric acids (0.1 g/l) were also present but at a
lower concentrations (Fig. 2).
The results from the present study showed that the long-term
monodigestion of grass silage at an OLR of 2 kgVS/m3/d and HRT
of 30 days is not feasible and would result in low methane yields
due to accumulation of VFA, which is attributed to the inhibition
of acetate consumption by acetate utilizing methanogens and
VFA degradation by acetogens. This was evident by the high concentrations of VFAs especially acetic acid (6.1 g/l) and propionic
acid (2.4 g/l). This high concentration of propionic acid in the

present study might have been a reason for the process failure. Previous studies have shown that propionic acid at a concentration of
0.9 g/l has resulted in decreased methanogenic growth rates and
thus methane yields (Wang et al., 2009). Propionate accumulation
has been shown to inhibit propionate degradation while acetate
accumulation inhibits both acetate and propionate degradation
(Kus and Wiesmann, 1995). Besides direct VFA accumulation, other
factors such as lack of trace nutrients or accumulation of inhibitory
levels of Na+ through NaHCO3 additions may have also resulted in
the process failure. For instance, the amount of nickel (Ni) supplied
through nutrient solution addition in the present study (0.05 mg/
kg feed) might have been too low, as Ni has been reported to be
an essential trace nutrient to achieve high acetate to methane conversion rate (Kida et al., 2001). On the other hand, no selenium (Se)
or tungsten (W) was added in the present study, both of which
have previously been shown to be advantageous for biogas process
(Lebuhn et al., 2008; Plugge et al., 2009). However, the impact of
nutrient addition in the present study was not clear, as the recommended concentrations for trace elements show high variation
(Demirel and Scherer, 2011) and no control without nutrient addition was operated. Furthermore, addition of NaHCO3 for buffering
the process had apparently resulted in accumulation of Na+ in
the reactor. The calculated Na+ concentration was 2.7 g/kg feed,
which was apparently reached in the reactor around day 73 of
the experiment and was further increased to 10.4 g/kg feed at
day 106. The role of NaHCO3 on decreasing process performance
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is however not clear as IC50 for sodium inhibition has been reported to show wide range, from 5.6 to 53 g/l (Chen et al., 2008),
depending on e.g., adaptation of the bacterial population.
According to present and previous studies (e.g., Lebuhn et al.,
2008), step-wise increase in OLR or generally lower OLR and/or
longer HRT might be feasible in energy crop monodigestion. Higher
methane yields have been obtained typically when the reactors
were operated either with lower OLR and/or longer HRTs, as applied in the present study. When OLR was increased step-wisely
from 1 to 3.5 kgVS/m3/d (HRT decreased from 440 to 50 days) during 300 days, methane yields of 260 L/kgVS were obtained without
indication of reactor failure during monodigestion of grass silage in
a loop reactor (Koch et al., 2009). Mähnert et al. (2005) on the other
hand reported high methane yields of 300 L/kgVS during the
monodigestion of a mixture of three fresh grass species at a low
OLR of 1.4 kgVS/m3/d and long HRT of 153 days (calculated from
data given). Similarly, high methane yields of 455 L/kgVS have
been reported from perennial ryegrass silage in pilot-scale twostage CSTR with relatively low OLR of 0.5 kgVS/m3/d and long
HRT of 221 days (Thamsiriroj and Murphy, 2010). In addition to
OLR and HRT, feeding regime and mixing can affect the process.
In the present study the substrate was fed only once per day, which
is the method typically applied in laboratory studies. However, it
has been shown that feeding of the silage should be done several
times (12–24) per day due to the high lactic acid concentration
and the low substrate pH, which can affect the process stability
and gas yield (Krieg, 2005). In mono-digestion of grass, special
attention has to be given to proper mixing (e.g., Koch et al.,
2009) as grass tends to ﬂoat more easily when compared e.g. to
maize (Thamsiriroj and Murphy, 2010), a phenomenon, which
was observed in the present study as well.
3.2. Shifting methanogenic process to hydrogenic process
Methanogenic process in M2 was shifted to H2 production by
increasing the OLR from 2 to 10 kgVS/m3/d and by decreasing the
HRT from 30 to 6 days (day 79). Immediately after the changes in
operation strategy, CH4 concentration dropped rapidly from ca.
50% to below detection limit. H2 production was ﬁrst detected
12 days (on day 90) after the shift in operational strategy. Thereafter, H2 concentration increased steadily during the next 30 days of
operation and ﬂuctuated between 10% and 24% depending upon
the feeding cycle, with lowest H2 concentration of <10% noticed
after the non-fed weekends (Fig. 1). This shift in operational strategy through increased OLR and decreased HRT resulted in a sharp
drop in pH from 7 to 5.6 (day 90) and then increased slowly to
reach 6 (since day 92). On the other hand, SCOD and TVFA concentrations increased from 15.3 to 31.6 g/l and from 6.3 to 15 g/l,
respectively (day 106). Among the TVFA components, the increase
in acetic acid concentration was small (from 4.8 to 6.8 g/l) compared to caproic acid, which increased from negligible to 3.9 g/l
(day 106). Butyric acid concentration reached its highest concentration of 4.8 g/l on day 99. On day 106, buffer addition was
stopped (29 days of addition) which resulted in a decrease in SCOD
concentration to around 20 g/l with a simultaneous drop in pH
(Fig. 1). However, H2 content remained at the same level as noticed
during the buffer addition period. In addition, the concentration of
TVFA especially that of acetic acid decreased while the concentration of caproic acid remained more or less constant (Fig. 2). VS
reduction was at the end of reactor experiment 18%.
According to present results, shifting methanogenic reactor to
hydrogenic is possible by increasing the OLR and shortening the
HRT. High OLR resulted in the build-up of VFA and decrease in
pH, which inhibited the methane production and hydrogen consumption by the hydrogenotrophic methanogens. The low pH
(5.5–6.5) in the present study has apparently favoured acidogens
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instead of methanogens. The optimal pH for methanogens is in
the quite narrow range close to 7, whereas the acidogenic H2 producing bacteria can grow at lower pH of <6 (Valdez-Vazquez and
Poggi-Varaldo, 2009). Thus, increase in OLR as an operational strategy was shown to be a proper method for inducing H2 production
from an already operating mesophilic methanogenic system. The
fact that CH4 production ceased and H2 accumulated in the reactor
indicates the shift in microbial community (Demirel and Scherer,
2008) and the inhibition of methanogens throughout the experimental run. It has previously been reported that hydrogen production without treating the inoculum has been feasible e.g. from
garbage waste (Ohnishi et al., 2010) and household solid waste
(Liu et al., 2008) and load–shock method was found as a simple
method for enriching H2 producers (O-Thong et al., 2009). Moreover, low pH (5.5) has shown to be an effective method for continuous H2 production from household solid waste (Liu et al., 2008) as
methane production was noticed even with short HRT of 2–6 days
at pH controlled to 7.
Short HRT of 0.5–12 h (i.e. high dilution rate) can be used to
wash out methanogens in continuous processes with liquid substrates, e.g., with sucrose or glucose containing wastewaters (Davila-Vazquez et al., 2008; Valdez-Vazquez and Poggi-Varaldo, 2009).
However, with solid substrates, like grass silage, the hydrolysis is
typically rate-limiting (Vavilin et al., 2008) and longer HRTs are
needed to allow hydrolysis. HRT of 3 days was found optimal for
hydrogen production from household waste in CSTR, while HRT
less than 2 days limited hydrolysis and longer HRTs (up to tested
6 days) stimulated methanogenesis (Liu et al., 2008). High OLR
can be used to inhibit methanogens through shock–load, while
too high OLR can result in solvent production and thus reduce
the hydrogen yield. It is thus concluded that in the present study
the high OLR was the main operational strategy that could affect
the shift in the anaerobic digestion process from methane to
hydrogen production rather than the short HRT of 6 days. One possible way to increase H2 yield from grass silage could be through
pre-treatment of the substrate and use of hydrolysate for H2 production, as in that case very short HRT could be used.
The highest daily H2 yield of 42 L/kgVSfed, which corresponds to
an energy yield of 126 kWh/tVSfed, is comparable to H2 yield obtained in batch assays (at most 44 L/kgVSadded, data not shown).
This yield is in the same range, as previously obtained in semicontinuously fed CSTR from household solid waste (Liu et al.,
2006, Table 3), while the yield was slightly higher than obtained
from sweet sorghum extract (Antonopoulou et al., 2008), olive pulp
(Koutrouli et al., 2009) and garbage slurry (Ohnishi et al., 2010, Table 3). However, the yields from potato waste (Zhu et al., 2008) and
cassava stillage (Wang et al., 2011) were higher than obtained in
the present study (Table 3). The chemical composition of the substrate, together with operational parameters, affects the hydrogen
yield. The effect of OLR and HRT on hydrogen yield in CSTR from
solid substrates can be complex and research regarding this topic
is limited. In the present study the OLR was lower and the HRT
longer than in the above mentioned studies (Table 3), but it must
be noted that we didn’t try to optimize the process parameters.
In the present study, the mean daily biogas production showed
a decreasing trend, being at highest around 400 mL/d (Fig. 1). Thus,
the highest speciﬁc and volumetric H2 yields obtained were 19 L/
kgVSfed and 0.19 m3/m3/d (average between days 90 and 94),
respectively, while, during the 40 days of operation at a higher
OLR of 10 kgVS/m3/d, the average speciﬁc and volumetric H2 yields
obtained were 9 L/kgVSfed and 0.06 m3/m3/d, respectively. This decrease in H2 yield might be due to high concentrations of VFAs. Previous studies have been shown that high VFA levels would inhibit
hydrogen production (Chong et al., 2009; Valdez-Vazquez and Poggi-Varaldo, 2009; Wang et al., 2008). For instance, H2 yield in the
present study decreased with a corresponding increase in the
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Table 3
Examples of maximum H2 yields, OLR and HRT of some selected organic residues and
crop based materials in semi-continuously fed CSTRs.
Substrate

H2 yield (L/
kgVSfed)
a

OLR (kgVS/
m3/d)
b

HRT

Reference

Sugar beet pulp
Household solid
waste
Sweet sorghum
extract
Olive pulp

1.2
43

16
37.5

14 h
2d

Hussy et al. (2005)
Liu et al. (2006)

10.4c

34d,g

12 h

4.3e,g

43f,g

30 h

Garbage slurry

20–30

nr

Potato waste
Cassava stillage
Grass silage

65
74
42

41e
nr
10

14–
48 h
6h
3d
6d

Antonopoulou
et al. (2008)
Koutrouli et al.
(2009)
Ohnishi et al.
(2010)
Zhu et al. (2008)
Wang et al. (2011)
This study

nr = Not reported.
a
Unit mol/mol hexose converted, over 95% of the substrate was converted.
b
Unit kg total sugars/m3/d.
c
Unit L/kg sweet sorghum, as compared to 17.9 L/kg grass silage in the present
study.
d
Unit kg glucose/m3/d.
e
Unit L/kg TS.
f
Unit kgTS/m3/d.
g
Calculated from the data given.

concentration of caproic acid. A similar observation in the increased caproic acid production in continuous reactor processes
under mesophilic condition was reported (Jung et al., 2010). This
is attributed to the fact that at pH 4–5, caproic acid production is
thermodynamically favoured by the consumption of 1 mol of butyric and acetic acids along with 2 mol of H2 (Jung et al., 2010). Based
on the present results, it seems advantageous to adjust the pH
close to 6 as higher H2 yields were obtained in the period with constant buffer addition.
TVFA–COD accounted 68–80% of the SCOD during the shifting
period (days 79–120), thus indicating high degradation efﬁciency.
The remaining degradation products have most probably been lactic acid and alcohols (not measured). Lactic acid was probably
present in the substrate, as in a typical ensiling process, water soluble carbohydrates of the crop are mainly degraded to lactic acid.
Moreover, lactic acid can be produced during anaerobic digestion
process as well. In addition, lactic acid can be converted to propionic acid and the produced propionate may accumulate during
the subsequent methanogenic process (Wang et al., 2009). Furthermore, lactic acid bacteria (also present in silage) can inhibit H2producers through the excretion of bacteriocins (Valdez-Vazquez
and Poggi-Varaldo, 2009).
In the present study, the highest H2 energy yield (19 m3/tVSfed,
57 kWh/tVSfed) was less than 3% of the highest methane energy
yield (218 m3/tVSfed, 2180 kWh/tVSfed). In a similar study with potato waste, about 5% of the energy was obtained from hydrogen
production (111 kWh/tTS) compared to methane production
(2040 kWh/tTS) (Zhu et al., 2008). Thus, the energy value of hydrogen production remained rather low and hydrogen production
alone clearly is not beneﬁcial. However, in practical applications,
H2 producing acidogenic stage could be coupled to traditional
methanogenic stage converting VFAs and other degradation
products to CH4, thus improving the overall energy efﬁciency.
Moreover, the digestate of the hydrogenic process could be a good
substrate for the subsequent methanogenic step as the propionic
acid concentration was rather low and butyric and caproic acids
can be rather easily converted to acetic acid by acetogenic bacteria
(Ding and Wang, 2008; Wang et al., 2009). Two-stage H2 + CH4
system has been shown to improve CH4 yield when compared to
traditional one-stage methane process (Liu et al., 2006; Pakarinen
et al., 2009), mainly by improving hydrolysis and acidogenesis.

For instance, Liu et al. (2006) reported 21% more CH4 in a two-stage
system compared with one-stage system fed with household solid
waste. Besides improving methane yield, H2 stage has been shown
to enable higher OLR and shorter HRT in the subsequent methanogenic stage (Ueno et al., 2007) and better efﬂuent quality with less
propionate (Wang et al., 2011) when compared to one-stage system. Further research would be needed to ﬁnd optimal conditions
for both hydrogen and VFAs production, as high concentrations of
VFAs can inhibit both hydrogen production (Chong et al., 2009;
Wang et al., 2008) and hydrolysis (Vavilin et al., 2008). In the future it could be possible to produce both hydrogen and methane
from energy crops in a two-stage concept. Hydrogen could be upgraded and used separately, or, on the other hand, it could be, up to
at least 17% of the volume, injected into natural gas grid to improve
the properties of methane (Haeseldonckx and D́haeseleer, 2007).
4. Conclusions
Methanogenic process can be changed towards hydrogen production by increasing the OLR and shortening the HRT. This leads
to increase in TVFAs and decrease in pH, which inhibits hydrogen
consuming methanogens. At most 42 L H2/kgVSfed was obtained
with OLR of 10 kgVS/m3/d and HRT of 6 days. According to present
study at most about 218 L CH4/kgVSfed can be obtained from grass
silage monodigestion. However, initial OLR of 2 kgVS/m3/d was
shown to be too high and HRT of 30 days too short for stable methane production, thus stepwise increase in OLR and/or longer HRT
could be suggested.
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DQGJO\FRO\WLFFDSDFLW\RIORQJLVVLPXVGRUVL
PXVFOHWRPHDWTXDOLW\ZKHQGLIIHUHQWSLJ
EUHHGVDQGFURVVEUHHGVDUHFRPSDUHGS
<KWHHQYHWRS
.26.(11,(0,(6$7KHHFRORJLFDOVXFFHVVLRQ
DQGFKDUDFWHULVWLFVLQVPDOO)LQQLVK
SRO\KXPLFUHVHUYRLUVS<KWHHQYHWRS

+29,0$77,7KHOHNPDWLQJV\VWHPLQWKH
EODFNJURXVHWKHUROHRIVH[XDOVHOHFWLRQS
<KWHHQYHWRS




























0$577,/$6$//$'LIIHUHQWLDOH[SUHVVLRQRI
DVSDUWLFDQGF\FWHLQHSURWHLQDVHVJOXWDPLQH
V\QWKHWDVHDQGDVWUHVVSURWHLQ+9$LQ
JHUPLQDWLQJEDUOH\S<KWHHQYHWRS
+8+7$(6$(IIHFWVRIIRUHVWIUDJPHQWDWLRQRQ
UHSURGXFWLYHVXFFHVVRIELUGVLQERUHDOIRUHVWV
S<KWHHQYHWRS
2-$/$-2+$11$0XVFOHFHOOGLIIHUHQWLDWLRQLQ
YLWURDQGHIIHFWVRIDQWLVHQVHROLJRGH
R[\ULERQXFOHRWLGHVRQJHQHH[SUHVVLRQRI
FRQWUDFWLOHSURWHLQVS<KWHHQYHWR
S
3$/20b.,5,672%LRPDVVDQGGLYHUVLW\RI
PDFUR]RREHQWKRVLQWKHODNHOLWWRUDOLQ
UHODWLRQWRHQYLURQPHQWDOFKDUDFWHULVWLFVS
<KWHHQYHWRS
386(1,86-<5.,,QWUDVSHFLILFLQWHUDFWLRQVVSDFH
XVHDQGUHSURGXFWLYHVXFFHVVLQWKHILHOGYROH
S<KWHHQYHWRS
6$/0,1(1-$11((IIHFWVRIKDUPIXOFKHPLFDOV
RQVRLODQLPDOFRPPXQLWLHVDQG
GHFRPSRVLWLRQS<KWHHQYHWRS
.27,$+2-$11(6H[XDOVHOHFWLRQDQGFRVWVRI
VH[XDOVLJQDOOLQJLQDZROIVSLGHUS S 
<KWHHQYHWRS
.26.(/$-8+$)HHGLQWDNHDQGJURZWK
YDULDELOLW\LQ6DOPRQLGVS S 
<KWHHQYHWRS
1$$5$/$-211(6WXGLHVLQWKHPHFKDQLVPVRI
OHDGQHXURWR[LFLW\DQGR[LGDWLYHVWUHVVLQ
KXPDQQHXUREODVWRPDFHOOVS S 
<KWHHQYHWRS
$+27(,-$'HWHUPLQDQWVRIEUHHGLQJ
SHUIRUPDQFHRIWKH(XUDVLDQWUHHFUHHSHUS
S <KWHHQYHWRS
+$$3$5$17$$+7,&HOODQGWLVVXHFKDQJHVLQ
SHUFK 3HUFDIOXYLDWLOLV DQGURDFK 5XWLOXV
UXWLOXV LQUHODWLRQWRZDWHUTXDOLW\S
S <KWHHQYHWRS
62,0$6820$5.867KHHIIHFWVRISXOSDQG
SDSHUPLOOHIIOXHQWVRQILVKDELRPDUNHU
DSSURDFKS S <KWHHQYHWRS
0,.2/$-8+$7URSKLFOHYHOG\QDPLFVLQ
PLFURELDOEDVHGVRLOIRRGZHEVS S 
<KWHHQYHWRS
5$+.21(15,,77$,QWHUDFWLRQVEHWZHHQDJXOO
WDSHZRUP'LSK\OORERWKULXPGHQGULWLFXP
&HVWRGD DQGWURXW 6DOPRWUXWWD/ S
S <KWHHQYHWRS
.26.(/$(6$5HSURGXFWLYHWUDGHRIIVLQWKH
EDQNYROHS S <KWHHQYHWRS
+251(7$,1$(YROXWLRQRIIHPDOHFKRLFHLQWKH
EDQNYROHS S <KWHHQYHWRS
3,5+21(1-8+$1,6RPHHIIHFWVRIFXOWLYDWLRQRQ
WKHVPROWLQJRIWZRIRUPVRIEURZQWURXW
6DOPRWUXWWD S S <KWHHQYHWRS

/$$.62-281,6HQVLWLYLW\RIHFRV\VWHP
IXQFWLRQLQJWRFKDQJHVLQWKHVWUXFWXUHRIVRLO
IRRGZHEVS S <KWHHQYHWRS
1,.8/$78202'HYHORSPHQWRIUDGLRODEHOHG
PRQRFORQDODQWLERG\FRQVWUXFWVFDSDEOHRI
WUDQVSRUWLQJKLJKUDGLDWLRQGRVHLQWRFDQFHU
FHOOVS S <KWHHQYHWRS
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$,5(11(.$5,3URGXFWLRQRIUHFRPELQDQW
DYLGLQVLQ(VFKHULFKLDFROLDQGLQVHFWFHOOV
S S <KWHHQYHWRS
/<<7,.b,1(17$3$1,7KHUPDOELRORJ\RI
XQGHU\HDUOLQJ/DNH,QDUL$UFWLF&KDUU
6DOYHOLQXVDOSLQXVS S 
<KWHHQYHWRS
9,+,1(15$17$0$,-$&DQLQHSDUYRYLUXV
(QGRF\WLFHQWU\DQGQXFOHDULPSRUWS
S <KWHHQYHWRS
0$57,.$,1(1(6.2(QYLURQPHQWDOIDFWRUV
LQIOXHQFLQJHIIHFWVRIFKHPLFDOVRQVRLODQLPDOV
6WXGLHVDWSRSXODWLRQDQGFRPPXQLW\OHYHOV
S S <KWHHQYHWRS
$+/527+3(75,'LVSHUVDODQGOLIHKLVWRU\
GLIIHUHQFHVEHWZHHQZDWHUVWULGHU $TXDULXV
QDMDV SRSXODWLRQVS S 
<KWHHQYHWRS









6,3321(10$77,7KH)LQQLVKLQODQGILVKHULHV
V\VWHP7KHRXWFRPHVRISULYDWHRZQHUVKLSRI
ILVKLQJULJKWVDQGRIFKDQJHVLQDGPLQLVWUDWLYH
SUDFWLFHVS S <KWHHQYHWRS
/$00,$177,5HSURGXFWLYHVXFFHVVORFDO
DGDSWDWLRQDQGJHQHWLFGLYHUVLW\LQVPDOOSODQW
SRSXODWLRQVS S <KWHHQYHWRS
1,9$7(892(FRORJ\RIVWRFNHGEURZQWURXWLQ
ERUHDOODNHVS S <KWHHQYHWRS
38/..,1(1.$7-$7UDQVPLVVLRQRI
7ULDHQRSKRUXVFUDVVXVIURPFRSHSRGILUVWWR
FRUHJRQLGVHFRQGLQWHUPHGLDWHKRVWVDQG
HIIHFWVRQLQWHUPHGLDWHKRVWVS S 
<KWHHQYHWRS
3$55,6,/-$)HPDOHFKRLFHIRUPDOHGUXPPLQJ
FKDUDFWHULVWLFVLQWKHZROIVSLGHU+\JURO\FRVD
UXEURIDVFLDWDS S 
<KWHHQYHWRS
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9,52/$,1(1.$,-$6HOHFWLRQRIQDWXUHUHVHUYH
QHWZRUNV/XRQQRQVXRMHOXDOXHLGHQYDOLQWD
S S <KWHHQYHWRS
6(/,13,5..27XUYHYDURMHQWHROOLQHQNl\WW|MD
VXRSRKMDQK\|G\QWlPLQHQ6XRPHVVD
,QGXVWULDOXVHRISHDWODQGVDQGWKHUHXVHRI
FXWDZD\DUHDVLQ)LQODQGS)RUHZRUG
S([HFXWLYHVXPPDU\S
/(33b1(1+$55,7KHIDWHRIUHVLQDFLGVDQG
UHVLQDFLGGHULYHGFRPSRXQGVLQDTXDWLF
HQYLURQPHQWFRQWDPLQDWHGE\FKHPLFDOZRRG
LQGXVWU\+DUWVLKDSSRMHQMDKDUWVLKDSSRSH
UlLVWHQ\KGLVWHLGHQ\PSlULVW|NRKWDORNHPLDO
OLVHQSXXQMDORVWXVWHROOLVXXGHQOLNDDPLVVD
YHVLVW|LVVlS S 
<KWHHQYHWRS
/,1'675g0/((1$(YROXWLRQRIFRQVSLFXRXV
ZDUQLQJVLJQDOV1lN\YLHQYDURLWXVVLJQDD
OLHQHYROXXWLRS S <KWHHQYHWRS

0$77,/$(/,6$)DFWRUVOLPLWLQJUHSURGXFWLYH
VXFFHVVLQWHUUHVWULDORUFKLGV.lPPHN|LGHQ
OLVllQW\PLVPHQHVW\VWlUDMRLWWDYDWWHNLMlWS
S <KWHHQYHWRS
.$5(/6$$512(FRWR[LFLW\RISXOSDQGSDSHU
PLOOHIIOXHQWVLQILVK5HVSRQVHVDWELRFKHPLFDO
LQGLYLGXDOSRSXODWLRQDQGFRPPXQLW\OHYHOV
6HOOXMDSDSHULWHROOLVXXGHQMlWHYHVLHQ
HNRWRNVLVXXVNDORLOOH7XWNLPXVNDORMHQ
ELRNHPLDOOLVLVWDI\VLRORJLVLVWDVHNl
SRSXODDWLRMD\KWHLV|YDVWHLVWDS S 
<KWHHQYHWRS6DPHQYDWWLQJS
$$/721(1788/$(IIHFWVRISXOSDQGSDSHU
PLOOHIIOXHQWVRQILVKLPPXQHGHIHQFH 0HW
VlWHROOLVXXGHQMlWHYHVLHQDLKHXWWDPDW
LPPXQRORJLVHWPXXWRNVHWNDORLVVDS 
S 
+(/(1,860(5-$$JLQJDVVRFLDWHGFKDQJHVLQ
1)NDSSD%VLJQDOLQJ,NllQW\PLVHQYDLNX
WXV1)NDSSD%QVLJQDORLQWLLQS S 
<KWHHQYHWRS















+829,1(13,5-28OWUDYLROHWUDGLDWLRQLQ
DTXDWLF HQYLURQPHQWV8QGHUZDWHU89
SHQHWUDWLRQDQGUHVSRQVHVLQDOJDHDQG
]RRSODQNWRQ8OWUDYLROHWWLVlWHLO\QYHGHQDODL
QHQWXQNHXWXPLQHQMDVHQYDLNXWXNVHWOHYLLQ
MDHOlLQSODQNWRQLLQS S <KWHHQYHWR
S
3bb..g1(1-$5,3(..$)HHGLQJELRORJ\RI
EXUERW/RWDORWD / $GDSWDWLRQWRSURIXQGDO
OLIHVW\OH"0DWHHQ/RWDORWD / UDYLQQRQ
Nl\W|Q HULW\LVSLLUWHHWVRSHXPLDSRKMD
HOlPllQ"S S <KWHHQYHWRS
/$$621(13(..$7KHHIIHFWVRIVWUHDPKDELW
UHVWRUDWLRQRQEHQWKLFFRPPXQLWLHVLQERUHDO
KHDGZDWHUVWUHDPV.RVNLNXQQRVWXNVHQ
YDLNXWXVMRNLHQSRKMDHOlLPLVW||QS 
S <KWHHQYHWRS
3$621(1+$11$/((1$3ROOHQFRPSHWLWLRQLQ
VLOYHUELUFK %HWXODSHQGXOD5RWK $Q
HYROXWLRQDU\SHUVSHFWLYHDQGLPSOLFDWLRQVIRU
FRPPHUFLDOVHHGSURGXFWLRQ
6LLWHS|O\NLOSDLOXNRLYXOODS S 
<KWHHQYHWRS
6$/0,1(1(6$$QDHURELFGLJHVWLRQRIVROLG
SRXOWU\VODXJKWHUKRXVHE\SURGXFWVDQG
ZDVWHV6LLSLNDUMDWHXUDVWXNVHQVLYXWXRWWHL
GHQMDMlWWHLGHQDQDHURELQHQNlVLWWHO\S
S <KWHHQYHWRS
6$/2+$55,(IIHFWVRIXOWUDYLROHWUDGLDWLRQRQ
WKHLPPXQHV\VWHPRIILVK8OWUDYLROHWWL
VlWHLO\QYDLNXWXVNDODQLPPXQRORJLVHHQ
SXROXVWXVMlUMHVWHOPllQS S 
<KWHHQYHWRS
0867$-b59,.$,6$*HQHWLFDQGHFRORJLFDO
FRQVHTXHQFHVRIVPDOOSRSXODWLRQVL]HLQ
/\FKQLVYLVFDULD*HQHHWWLVWHQMDHNRORJLVWHQ
WHNLM|LGHQYDLNXWXVSLHQWHQPlNLWHUYDNNR
SRSXODDWLRLGHQHOLQN\N\\QS S 
<KWHHQYHWRS

-<9§6.</§ 678',(6 ,1 %,2/2*,&$/ $1' (19,5210(17$/ 6&,(1&(


7,..$3b,9,7KUHDWHQHGIORUDRIVHPLQDWXUDO
JUDVVODQGVSUHVHUYDWLRQDQGUHVWRUDWLRQ
1LLWW\NDVYLOOLVXXGHQVlLO\WWlPLQHQMD
HQQDOOLVWDPLQHQS S <KWHHQYHWRS

 6,,7$5,+(/,8OWUDYLROHWVHQVLWLYLW\LQELUGV
FRQVHTXHQFHVRQIRUDJLQJDQGPDWHFKRLFH
/LQWXMHQXOWUDYLROHWWLQl|QHNRORJLQHQPHU
NLW\VUDYLQQRQMDSXROLVRQYDOLQQDVVDS
S <KWHHQYHWRS
 9(57$,1(1/$85$9DULDWLRQLQOLIHKLVWRU\
WUDLWVDQGEHKDYLRXUDPRQJZROIVSLGHU
+\JURO\FRVDUXEURIDVFLDWD SRSXODWLRQV
3RSXODDWLRLGHQYlOLVHWHURWUXPPXWWDYDQ
KlPlKlNLQ+\JURO\FRVDUXEURIDVFLDWD NDVYXV
VDMDNl\WWl\W\PLVHVVlS S
<KWHHQYHWRS
 +$$3$/$$177,7KHLPSRUWDQFHRISDUWLFXODWH
RUJDQLFPDWWHUWRLQYHUWHEUDWHFRPPXQLWLHVRI
ERUHDOZRRGODQGVWUHDPV,PSOLFDWLRQVIRU
VWUHDPUHVWRUDWLRQ+LXNNDVPDLVHQRUJDDQLVHQ
DLQHNVHQPHUNLW\VSRKMRLVWHQPHWVlMRNLHQSRKMD
HOlLQ\KWHLV|LOOHKXRPLRLWDYLUWDYHVLHQ
NXQQRVWXVKDQNNHLVLLQS S <KWHHQYHWR
S
 1,66,1(1/,,6$7KHFROODJHQUHFHSWRULQWHJULQV
GLIIHUHQWLDOUHJXODWLRQRIWKHLUH[SUHVVLRQDQG
VLJQDOLQJIXQFWLRQV.ROODJHHQLLQVLWRXWXYDW
LQWHJULLQLWQLLGHQWRLVLVWDDQHURDYDVllWHO\MD
VLJQDORLQWLS S <KWHHQYHWRS
 $+/527+0(59,7KHFKLFNHQDYLGLQJHQH
IDPLO\2UJDQL]DWLRQHYROXWLRQDQGIUHTXHQW
UHFRPELQDWLRQ.DQDQDYLGLLQLJHHQLSHUKH
2UJDQLVDDWLRHYROXXWLRMDWLKHl
UHNRPELQDDWLRS S <KWHHQYHWRS

 +<g7</b,1(17$5-$$VVHVVPHQWRI
HFRWR[LFRORJLFDOHIIHFWVRIFUHRVRWH
FRQWDPLQDWHGODNHVHGLPHQWDQGLWV
UHPHGLDWLRQ.UHRVRRWLOODVDDVWXQHHQ
MlUYLVHGLPHQWLQHNRWRNVLNRORJLVHQULVNLQ
MDNXQQRVWXNVHQDUYLRLQWLS S
<KWHHQYHWRS
 68/.$9$3(..$,QWHUDFWLRQVEHWZHHQIDXQDO
FRPPXQLW\DQGGHFRPSRVLWLRQSURFHVVHVLQ
UHODWLRQWRPLFURFOLPDWHDQGKHWHURJHQHLW\LQ
ERUHDOIRUHVWVRLO0DDSHUlQHOL|\KWHLV|QMD
KDMRWXVSURVHVVLHQYlOLVHWYXRURYDLNXWXNVHW
VXKWHHVVDPLNURLOPDVWRRQMDODLNXWWDLVXXWHHQ
S S <KWHHQYHWRS
 /$,7,1(12//,(QJLQHHULQJRI
SK\VLFRFKHPLFDOSURSHUWLHVDQGTXDWHUQDU\
VWUXFWXUHDVVHPEOLHVRIDYLGLQDQG
VWUHSWDYLGLQDQGFKDUDFWHUL]DWLRQRIDYLGLQ
UHODWHGSURWHLQV$YLGLLQLQMDVWUHSWDYLGLLQLQ
NYDWHUQllULUDNHQWHHQMDI\VLRNHPLDOOLVWHQ
RPLQDLVXXNVLHQPXRNNDXVVHNlDYLGLLQLQ
NDOWDLVWHQSURWHLLQLHQNDUDNWHULVRLQWLS
S <KWHHQYHWRS
 /<<7,1(1$11(,QVHFWFRORUDWLRQDVDGHIHQFH
PHFKDQLVPDJDLQVWYLVXDOO\KXQWLQJ



















SUHGDWRUV+\|QWHLVWHQYlULW\VSXROXVWXNVHV
VDYLKROOLVLDYDVWDDQS S <KWHHQYHWR
S
1,..,/b$11$(IIHFWVRIRUJDQLFPDWHULDORQ
WKHELRDYDLODELOLW\WR[LFRNLQHWLFVDQGWR[LFLW\
RI[HQRELRWLFVLQIUHVKZDWHURUJDQLVPV
2UJDDQLVHQDLQHNVHQYDLNXWXVYLHUDVDLQHLGHQ
ELRVDDWDYXXWHHQWRNVLNRNLQHWLLNNDDQMD
WRNVLVXXWHHQYHVLHOL|LOOlS S
<KWHHQYHWRS
/,,5,0,5$&RPSOH[LW\RIVRLOIDXQDO
FRPPXQLWLHVLQUHODWLRQWRHFRV\VWHP
IXQFWLRQLQJLQFRQLIHURXVIRUUHVWVRLO$
GLVWXUEDQFHRULHQWHGVWXG\0DDSHUlQ
KDMRWWDMDHOL|VW|QPRQLPXRWRLVXXGHQPHUNLW\V
PHWVlHNRV\VWHHPLQWRLPLQQDVVDMDKlLUL|Q
VLHGRVVDS S <KWHHQYHWRS
.26.(/$7$1-$3RWHQWLDOIRUFRHYROXWLRQLQD
KRVWSODQW²KRORSDUDVLWLFSODQWLQWHUDFWLRQ
,VlQWlNDVYLQMDWl\VORLVNDVYLQYlOLQHQYXRUR
YDLNXWXVHGHOO\W\NVLlNRHYROXXWLROOH"S
S <KWHHQYHWRS
/$33,9$$5$-$5020RGLILFDWLRQVRIDFXWH
SK\VLRORJLFDOVWUHVVUHVSRQVHLQZKLWHILVK
DIWHUSURORQJHGH[SRVXUHVWRZDWHURI
DQWKURSRJHQLFDOO\LPSDLUHGTXDOLW\
,KPLVWRLPLQQDQDLKHXWWDPDQYHGHQODDGXQ
KHLNHQW\PLVHQYDLNXWXNVHWSODQNWRQVLLDQ
I\VLRORJLVHVVDVWUHVVLYDVWHHVVDS S
<KWHHQYHWRS
(&&$5'-$1$(IIHFWVRIFRPSHWLWLRQDQG
VHDVRQDOLW\RQOLIHKLVWRU\WUDLWVRIEDQNYROHV
.LOSDLOXQMDYXRGHQDLNDLVYDLKWHOXQYDLNXWXV
PHWVlP\\UlQHOLQNLHUWRSLLUWHLVLLQ
S S <KWHHQYHWRS
1,(0,1(1-281,0RGHOOLQJWKHIXQFWLRQLQJRI
H[SHULPHQWDOVRLOIRRGZHEV.RNHHOOLVWHQ
PDDSHUlUDYLQWRYHUNNRMHQWRLPLQQDQ
PDOOLQWDPLQHQS S <KWHHQYHWR
S
1<.b1(10$5.23URWHLQVHFUHWLRQLQ
7ULFKRGHUPDUHHVHL([SUHVVLRQVHFUHWLRQDQG
PDWXUDWLRQRIFHOORELRK\GURODVH,EDUOH\
F\VWHLQHSURWHLQDVHDQGFDOIFK\PRVLQLQ5XW
&3URWHLLQLHQHULWW\PLQHQ7ULFKRGHUPD
UHHVHLVVl6HOORELRK\GURODDVL,QRKUDQ
N\VWHLLQLSURWHLQDDVLQVHNlYDVLNDQ
N\PRVLLQLQLOPHQHPLQHQHULWW\PLQHQMD
N\SV\PLQHQ5XW&PXWDQWWLNDQQDVVD
S S <KWHHQYHWRS
7,,52/$0$5-$3K\ORJHQHWLFDQDO\VLVRI
EDFWHULDOGLYHUVLW\XVLQJULERVRPDO51$
JHQHVHTXHQFHV5LERVRPDDOLVHQ51$
JHHQLQVHNYHQVVLHQNl\WW|EDNWHHULGLYHU
VLWHHWLQI\ORJHQHHWWLVHVVlDQDO\\VLVVlS
S <KWHHQYHWRS
+21.$9$$5$-2+$11$8OWUDYLROHWFXHVLQIUXLW
IUXJLYRUHLQWHUDFWLRQV8OWUDYLROHWWLQl|Q
HNRORJLQHQPHUNLW\VKHGHOPLlV\|YLHQHOlLQ
WHQMDKHGHOPlNDVYLHQYlOLVLVVlYXRUR
YDLNXWXVVXKWHLVVDS S <KWHHQYHWR
S

-<9§6.</§ 678',(6 ,1 %,2/2*,&$/ $1' (19,5210(17$/ 6&,(1&(
 0$577,/$$5,(QJLQHHULQJRIFKDUJHELRWLQ
ELQGLQJDQGROLJRPHUL]DWLRQRIDYLGLQQHZ
WRROVIRUDYLGLQELRWLQWHFKQRORJ\$YLGLLQLQ
YDUDXNVHQELRWLLQLQVLWRPLVHQVHNl
ROLJRPHULVDDWLRQPXRNNDXVXXVLDW\|NDOXMD
DYLGLLQL²ELRWLLQLWHNQRORJLDDQS S
<KWHHQYHWRS
 -2.(/$-$5,/DQGILOORSHUDWLRQDQGZDVWH
PDQDJHPHQWSURFHGXUHVLQWKHUHGXFWLRQRI
PHWKDQHDQGOHDFKDWHSROOXWDQWHPLVVLRQV
IURPPXQLFLSDOVROLGZDVWHODQGILOOV.DDWR
SDLNDQRSHURLQQLQMDMlWWHHQHVLNlVLWWHO\Q
YDLNXWXV\KG\VNXQWDMlWWHHQELRKDMRDPLVHHQMD
W\SSLSllVW|MHQKDOOLQWDDQS S
<KWHHQYHWRS
 5$17$/$0$5.86-,PPXQRFRPSHWHQFHDQG
VH[XDOVHOHFWLRQLQLQVHFWV,PPXQRNRP
SHWHQVVLMDVHNVXDDOLYDOLQWDK\|QWHLVLOOlS
S <KWHHQYHWRS
 2.6$1(1788/$&RVWRIUHSURGXFWLRQDQG
RIIVSULQJTXDOLW\LQWKHHYROXWLRQRI
UHSURGXFWLYHHIIRUW/LVllQW\PLVHQNXVWDQ
QXNVHWMDSRLNDVWHQODDWXOLVllQW\PLVSDQRV
WXNVHQHYROXXWLRVVDS S <KWHHQYHWR
S
 +(,12-$1,6SDWLDOYDULDWLRQRIEHQWKLF
PDFURLQYHUWHEUDWHELRGLYHUVLW\LQERUHDO
VWUHDPV%LRJHRJUDSKLFFRQWH[WDQG
FRQVHUYDWLRQLPSOLFDWLRQV3RKMDHOlLQ\K
WHLV|MHQPRQLPXRWRLVXXGHQVSDWLDDOLQHQ
YDLKWHOXSRKMRLVLVVDYLUWDYHVLVVlHOL|PDDQ
WLHWHHOOLQHQ\KWH\VVHNlPHUNLW\VMRNLYHVLHQ
VXRMHOXOOHS S <KWHHQYHWRS
 6,,5$3,(7,.b,1(1$11('HFRPSRVHU
FRPPXQLW\LQERUHDOFRQLIHURXVIRUHVWVRLO
DIWHUIRUHVWKDUYHVWLQJPHFKDQLVPVEHKLQG
UHVSRQVHV3RKMRLVHQKDYXPHWVlPDDQ
KDMRWWDMD\KWHLV|KDNNXLGHQMlONHHQPXXWRN
VLLQMRKWDYDWPHNDQLVPLWS S <K
WHHQYHWRS
 .257(75$,1(3DUDVLWLVPUHSURGXFWLRQDQG
VH[XDOVHOHFWLRQRIURDFK5XWLOXVUXWLOXV/
/RLVWHQMDWDXGLQDLKHXWWDMLHQPHUNLW\VNDODQ
OLVllQW\PLVHVVlMDVHNVXDDOLYDOLQQDVVDS
S <KWHHQYHWRS
 689,/$03,-8+$1,$HURELFZDVWHZDWHU
WUHDWPHQWXQGHUKLJKDQGYDU\LQJ
WHPSHUDWXUHV²WKHUPRSKLOLFSURFHVV
SHUIRUPDQFHDQGHIIOXHQWTXDOLW\-lWHYHVLHQ
NlVLWWHO\NRUNHLVVDMDYDLKWHOHYLVVDOlPS|WL
ORLVVDS S <KWHHQYHWRS
 3b,9,1(1-866,'LVWULEXWLRQDEXQGDQFHDQG
VSHFLHVULFKQHVVRIEXWWHUIOLHVDQG
P\UPHFRSKLORXVEHHWOHV3HUKRVWHQMD
PXXUDKDLVSHVLVVlHOlYLHQNRYDNXRULDLVWHQ
OHYLQQHLV\\VUXQVDXVMDODMLVWROOLQHQPRQL
PXRWRLVXXVS S <KWHHQYHWRS

 3$$92/$5,.8&RPPXQLW\VWUXFWXUHRI
PDFURLQYHUWHEUDWHVEU\RSK\WHVDQGILVKLQ
ERUHDOVWUHDPV3DWWHUQVIURPORFDOWRUHJLRQDO
VFDOHVZLWKFRQVHUYDWLRQLPSOLFDWLRQV
6HONlUDQJDWWRPLHQYHVLVDPPDOWHQMDNDORMHQ





















\KWHLV|UDNHQQHSRKMRLVLVVDYLUWDYHVLVVl²
VllQQ|QPXNDLVXXGHWSDLNDOOLVHVWDPLWWDNDD
YDVWDDOXHHOOLVHHQMDOXRQQRQVXRMHOXOOLQHQ
PHUNLW\VS S <KWHHQYHWRS
68,..$1(16$11$&HOOELRORJ\RIFDQLQH
SDUYRYLUXVHQWU\.RLUDQSDUYRYLUXVLQIHNWLRQ
DONXYDLKHLGHQVROXELRORJLDS S
<KWHHQYHWRS
$+7,$,1(1-$5,-8+$1,&RQGLWLRQGHSHQGHQFH
RIPDOHVH[XDOVLJQDOOLQJLQWKHGUXPPLQJ
ZROIVSLGHU+\JURO\FRVDUXEURIDVFLDWD
.RLUDDQVHNVXDDOLVHQVLJQDORLQQLQNXQWR
ULLSSXYXXVUXPPXWWDYDOODVXVLKlPlKlNLOOl
+\JURO\FRVDUXEURIDVFLDWDS S <KWHHQ
YHWRS
.$3$5$-835$6$'(QKDQFLQJPHWKDQH
SURGXFWLRQLQDIDUPVFDOHELRJDVSURGXFWLRQ
V\VWHP0HWDDQLQWXRWRQWHKRVWDPLQHQ
WLODNRKWDLVHVVDELRNDDVXQWXRWDQWR
MlUMHVWHOPlVVlS S <KWHHQYHWRS

+b..,1(1-$1,&RPSDUDWLYHVHQVLWLYLW\RI
ERUHDOILVKHVWR89%DQG89LQGXFHG
SKRWRWR[LFLW\RIUHWHQH.DORMHQYDUKDLV
YDLKHLGHQKHUNN\\V89%VlWHLO\OOHMDUHWHHQLQ
89YDORLQGXVRLWXYDOOHWRNVLVXXGHOOHS
S <KWHHQYHWRS
125'/81'+(15,$YLGLQHQJLQHHULQJ
PRGLILFDWLRQRIIXQFWLRQROLJRPHUL]DWLRQ
VWDELOLW\DQGVWUXFWXUHWRSRORJ\$YLGLLQLQ
WRLPLQQDQROLJRPHULVDDWLRQNHVWlY\\GHQMD
UDNHQQHWRSRORJLDQPXRNNDDPLQHQS
S <KWHHQYHWRS
0$5-20b.,7,02-5HFUXLWPHQWYDULDELOLW\LQ
YHQGDFH&RUHJRQXVDOEXOD / DQGLWV
FRQVHTXHQFHVIRUYHQGDFHKDUYHVWLQJ
0XLNXQ&RUHJRQXVDOEXOD / YXRVLOXRNNLHQ
UXQVDXGHQYDLKWHOXMDVHQYDLNXWXNVHWNDODV
WXNVHHQS S <KWHHQYHWRS
.,/3,0$$-$11(0DOHRUQDPHQWDWLRQDQG
LPPXQHIXQFWLRQLQWZRVSHFLHVRISDVVHULQHV
.RLUDDQRUQDPHQWLWMDLPPXXQLSXROXVWXV
YDUSXVOLQQXLOODS S <KWHHQYHWRS

3g11,g7,,$$QDO\]LQJWKHIXQFWLRQRI
QXFOHDUUHFHSWRU1RULQPLFH+LLUHQ
WXPDUHVHSWRUL1RUQWRLPLQQDQWXWNLPLQHQ
S S <KWHHQYHWRS
:$1*+21*)XQFWLRQDQGVWUXFWXUH
VXEFHOOXODUORFDOL]DWLRQDQGHYROXWLRQRIWKH
HQFRGLQJJHQHRISHQWDFKORURSKHQRO
PRQRR[\JHQDVHLQVSKLQJRPRQDGVS
S 
</g1(12//,(IIHFWVRIHQKDQFLQJ89%
LUUDGLDQFHRQWKHEHKDYLRXUVXUYLYDODQG
PHWDEROLVPRIFRUHJRQLGODUYDH/LVllQW\YlQ
89%VlWHLO\QYDLNXWXNVHWVLLNDNDORMHQ
SRLNDVWHQNl\WWl\W\PLVHHQNXROOHLVXXWHHQMD
PHWDEROLDDQS S <KWHHQYHWRS
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 .8038/$,1(1720,7KHHYROXWLRQDQG
PDLQWHQDQFHRIUHSURGXFWLYHVWUDWHJLHVLQEDJ
ZRUPPRWKV /HSLGRSWHUD3V\FKLGDH 
/LVllQW\PLVVWUDWHJLRLGHQHYROXXWLRMDVlLO\
PLQHQSXVVLNHKUllMLOOl /HSLGRSWHUD
3V\FKLGDH S S <KWHHQYHWRS

 2-$/$.,56,'HYHORSPHQWDQGDSSOLFDWLRQVRI
EDFXORYLUDOGLVSOD\WHFKQLTXHV%DNXOR
YLUXVGLVSOD\WHNQLLNRLGHQNHKLWWlPLQHQMD
VRYHOOXNVHWS S <KWHHQYHWRS

 5$17$/$,1(10,11$/,,6$6HQVLWLYLW\RIVRLO
GHFRPSRVHUFRPPXQLWLHVWRKDELWDW
IUDJPHQWDWLRQ²DQH[SHULPHQWDODSSURDFK
0HWVlPDDSHUlQKDMRWWDMD\KWHLV|QYDVWHHW
HOLQ\PSlULVW|QSLUVWDORLWXPLVHHQS
S <KWHHQYHWRS
 6$$5,1(10$5,)DFWRUVFRQWULEXWLQJWRWKH
DEXQGDQFHRIWKHHUJDVLOLGFRSHSRG
3DUDHUJDVLOXVU\ORYLLQLWVIUHVKZDWHU
PROOXVFDQKRVW$QRGRQWDSLVFLQDOLV
3DUDHUJDVLOXVU\ORYLORLVl\ULlLVHQHVLLQW\PL
VHHQMDUXQVDXWHHQYDLNXWWDYDWWHNLMlW
$QRGRQWDSLVFLQDOLVSLNNXMlUYLVLPSXNDVVD
S S <KWHHQYHWRS
 /,/-$-8+$$VVHVVPHQWRIILVKPLJUDWLRQLQ
ULYHUVE\KRUL]RQWDOHFKRVRXQGLQJ3UREOHPV
FRQFHUQLQJVLGHDVSHFWWDUJHWVWUHQJWK
-RNHHQYDHOWDYLHQNDORMHQODVNHPLQHQVLYXW
WDLVVXXQWDLVHOODNDLNXOXRWDXNVHOODVLYX
DVSHNWLNRKGHYRLPDNNXXWHHQOLLWW\YLlRQJHO
PLDS S <KWHHQYHWRS
 1<.9,673(75,,QWHJULQVDVFHOOXODUUHFHSWRUV
IRUILEULOIRUPLQJDQGWUDQVPHPEUDQH
FROODJHQV,QWHJULLQLWUHVHSWRUHLQDILEULO
ODDULVLOOHMDWUDQVPHPEUDDQLVLOOHNROOD
JHHQHLOOHS S <KWHHQYHWRS
 .2,98/$1,,1$7HPSRUDOSHUVSHFWLYHRI
KXPLILFDWLRQRIRUJDQLFPDWWHU2UJDDQLVHQ
DLQHHQKXPXLVWXPLQHQWDUNDVWHOWXQDDMDQ
IXQNWLRQDS S <KWHHQYHWRS
 .$5921(1$166,7UDQVPLVVLRQRI'LSORVWRPXP
VSDWKDFHXPEHWZHHQLQWHUPHGLDWHKRVWV
'LSORVWRPXPVSDWKDFHXPORLVHQVLLUW\PLQHQ
NRWLORMDNDODLVlQQlQYlOLOOlS S
<KWHHQYHWRS
 1<.b1(10$5,+DELWDWVHOHFWLRQE\ULYHULQH
JUD\OLQJ7K\PDOOXVWK\PDOOXV/+DUMXNVHQ
7K\PDOOXVWK\PDOOXV/ KDELWDDWLQYDOLQWD
YLUWDYHVLVVlS S <KWHHQYHWRS
 +<1<1(1-8+$1,$QWKURSRJHQLFFKDQJHVLQ
)LQQLVKODNHVGXULQJWKHSDVW\HDUV
LQIHUUHGIURPEHQWKLFLQYHUWHEUDWHVDQGWKHLU
VHGLPHQWDU\UHPDLQV,KPLVWRLPLQQDQ
DLKHXWWDPDWNXRUPLWXVPXXWRNVHWVXRPDODLVLV
VDMlUYLVVlYLLPHNVLNXOXQHLGHQYXRGHQ
DLNDQDWDUNDVWHOWXLQDSRKMDHOlLQ\KWHLV|MHQ
DYXOODS S <KWHHQYHWRS

 3</..g3b,9,$W\SLFDO$HURPRQDVVDOPRQLFLGD
LQIHFWLRQDVDWKUHDWWRIDUPLQJRIDUFWLFFKDUU
6DOYHOLQXVDOSLQXV/ DQGHXURSHDQJUD\OLQJ
7K\PDOOXVWK\PDOOXV/ DQGSXWDWLYHPHDQVWR
SUHYHQWWKHLQIHFWLRQ(SlW\\SSLQHQ$HUR
PRQDVVDOPRQLFLGDEDNWHHULWDUWXQWDXKNDQD
KDUMXNVHOOH 7K\PDOOXVWK\PDOOXV/ MDQLHULlOOH
6DOYHOLQXVDOSLQXV/ ODLWRVNDVYDWXNVHVVDMD
PDKGROOLVLDNHLQRMDWDUWXQQDQHQQDOWD
HKNlLV\\QS S <KWHHQYHWRS
 38857,1(10,.$(/(YROXWLRQRIKHUPDSKUR
GLWLFPDWLQJV\VWHPVLQDQLPDOV.DNVL
QHXYRLVWHQOLVllQW\PLVVWUDWHJLRLGHQHYROXX
WLRHOlLPLOOlS S <KWHHQYHWRS

 72/9$1(1287,(IIHFWVRIZDVWHWUHDWPHQW
WHFKQLTXHDQGTXDOLW\RIZDVWHRQELRDHURVROV
LQ)LQQLVKZDVWHWUHDWPHQWSODQWV-lWWHHQ
NlVLWWHO\WHNQLLNDQMDMlWHODDGXQYDLNXWXV
ELRDHURVROLSLWRLVXXNVLLQVXRPDODLVLOODMlWWHHQ
NlVLWWHO\ODLWRNVLOODS S <KWHHQYHWR
S
 %2$',.:$6,2:868(QYLURQPHQWDQGKHDOWK
LQWKH$FFUDPHWURSROLWDQDUHD*KDQD
$FFUDQ *KDQD VXXUNDXSXQNLDOXHHQ\PSl
ULVW|MDWHUYH\VS S <KWHHQYHWRS

 /8..$5,7820$6(DUWKZRUPUHVSRQVHVWR
PHWDOFRQWDPLQDWLRQ7RROVIRUVRLOTXDOLW\
DVVHVVPHQW/LHURMHQYDVWHHW
PHWDOOLDOWLVWXNVHHQNl\WW|PDKGROOLVXXGHW
PDDSHUlQWLODQDUYLRLQQLVVDS S
<KWHHQYHWRS
 0$577,1(16$11$3RWHQWLDORIPXQLFLSDO
VHZDJHWUHDWPHQWSODQWVWRUHPRYHELV 
HWK\OKH[\O SKWKDODWH%LV HW\\OL
KHNV\\OL IWDODDWLQSRLVWDPLQHQMlWHYHVLVWl
\KG\VNXQWDMlWHYHGHQSXKGLVWDPRLOODS
S <KWHHQYHWRS
 .$5,62/$3,,$,PPXQRORJLFDOFKDUDFWHUL
]DWLRQDQGHQJLQHHULQJRIWKHPDMRUODWH[
DOOHUJHQKHYHLQ +HYE /XRQQRQ
NXPLDOOHUJLDQSllDOOHUJHHQLQKHYHLLQLQ
+HYE LPPXQRORJLVWHQRPLQDLVXXNVLHQ
NDUDNWHULVRLQWLMDPXRNNDXVS S
<KWHHQYHWRS
 %$**($11$0$5,$)DFWRUVDIIHFWLQJWKH
GHYHORSPHQWDQGVWUXFWXUHRIPRQRJHQHDQ
FRPPXQLWLHVRQF\SULQLGILVK.LGXV
ORLV\KWHLV|MHQUDNHQWHHVHHQMDNHKLW\NVHHQ
YDLNXWWDYDWWHNLMlWVLVlYHVLNDORLOODS
S <KWHHQYHWRS
 -b177,$5,(IIHFWVRILQWHUVSHFLILFUHODWLRQ
VKLSVLQIRUHVWHGODQGVFDSHVRQEUHHGLQJ
VXFFHVVLQ(XUDVLDQWUHHFUHHSHU/DMLHQ
YlOLVWHQVXKWHLGHQYDLNXWXVSXXNLLSLMlQ
SHVLQWlPHQHVW\NVHHQPHWVl\PSlULVW|VVl
S S <KWHHQYHWRS
 7<1..<1(1.$7-$,QWHUVSHFLILFLQWHUDFWLRQV
DQGVHOHFWLRQRQVHFRQGDU\VH[XDOFKDUDFWHUV
LQGDPVHOIOLHV/DMLHQYlOLVHWYXRURYDLNXWXN
VHWMDVHNVXDDOLRPLQDLVXXNVLLQNRKGLVWXYD
YDOLQWDVXGHQNRUHQQRLOODS S <K
WHHQYHWRS
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 +$.$/$+7,7(,-$6WXGLHVRIWKHOLIHKLVWRU\RID
SDUDVLWHDEDVLVIRUHIIHFWLYHSRSXODWLRQ
PDQDJHPHQW/RLVHQHOLQNLHUWRSLLUWHHW
SHUXVWDWHKRNNDDOOHWRUMXQQDOOHS S
<KWHHQYHWRS
 +<7g1(19(6$7KHDYLGLQSURWHLQIDPLO\
SURSHUWLHVRIIDPLO\PHPEHUVDQGHQJLQHHULQJ
RI QRYHO ELRWLQELQGLQJ SURWHLQ WRROV  $YLGLLQL
SURWHLLQLSHUKHSHUKHHQMlVHQWHQRPLQDLVXXN
VLDMDXXVLDELRWLLQLDVLWRYLDSURWHLLQL\|NDOXMD
S S <KWHHQYHWRS
 *,/%(57/(21$'HYHORSPHQWRIELRWHFKQRORJLFDO
WRROVIRUVWXG\LQJLQIHFWLRXVSDWKZD\VRI
FDQLQHDQGKXPDQSDUYRYLUXVHVS
S 
 6820$/$,1(1/277$5,,1$)ODYREDFWHULXP
FROXPQDUHLQ)LQQLVKILVKIDUPLQJ
FKDUDFWHULVDWLRQDQGSXWDWLYHGLVHDVH
PDQDJHPHQWVWUDWHJLHV)ODYREDFWHULXP
FROXPQDUH6XRPHQNDODQYLOMHO\VVl
NDUDNWHULVRLQWLMDPDKGROOLVHWWRUMXQWD
PHQHWHOPlWS S <KWHHQYHWRS

 9(+1,b,1(1((9$5,,..$%RUHDOILVKHVDQG
XOWUDYLROHWUDGLDWLRQDFWLRQVRI895DW
PROHFXODUDQGLQGLYLGXDOOHYHOV3RKMRLVHQ
NDODWMDXOWUDYLROHWWLVlWHLO\89VlWHLO\Q
YDLNXWXNVHWPROHN\\OLMD\NVLO|WDVROODS
S 
 9$,1,..$$166,0HFKDQLVPVRIKRQHVWVH[XDO
VLJQDOOLQJDQGOLIHKLVWRU\WUDGHRIIVLQWKUHH
F\SULQLGILVKHV5HKHOOLVHQVHNVXDDOLVHQ
VLJQDORLQQLQMDHOLQNLHUWRMHQHYROXXWLRQ
PHNDQLVPLWNROPHOODVlUNLNDODOODS
S <KWHHQYHWRS
 /8267$5,1(16$5,$QDHURELFRQVLWH
ZDVWHZDWHUWUHDWPHQWDWORZWHPSHUDWXUHV
-lWHYHVLHQNLLQWHLVW|MDN\OlNRKWDLQHQ
DQDHURELQHQNlVLWWHO\DOKDLVLVVDOlPS|WLORLV
VDS S <KWHHQYHWRS
 6(33b/b2772+RVWPDQLSXODWLRQE\
SDUDVLWHVDGDSWDWLRQWRHQKDQFH
WUDQVPLVVLRQ"/RLVWHQN\N\PDQLSXORLGD
LVlQWLllQVRSHXPDWUDQVPLVVLRQWHKRVWDPL
VHHQ"S S <KWHHQYHWRS
 6885,1,(0,0,,$*HQHWLFVRIFKLOGUHQ·V
ERQHJURZWK/DVWHQOXXVWRQNDVYXQJHQH
WLLNNDS S <KWHHQYHWRS
 72,92/$-281,&KDUDFWHUL]DWLRQRIYLUDO
QDQRSDUWLFOHVDQGYLUXVOLNHVWUXFWXUHVE\
XVLQJIOXRUHVFHQFHFRUUHODWLRQVSHFWURVFRS\
)&6 9LUXVQDQRSDUWLNNHOLHQVHNlYLUXVWHQ
NDOWDLVWHQUDNHQWHLGHQWDUNDVWHOXIOXRUHVHQVVL
NRUUHODDWLRVSHNWURVNRSLDOODS S
<KWHHQYHWRS
 ./(00(,1(63RO\DQGU\DQGLWVHIIHFWRQPDOH
DQGIHPDOHILWQHVV3RO\DQGULDMDVHQYDLNX
WXNVHWNRLUDDQMDQDDUDDQNHOSRLVXXWHHQS
S <KWHHQYHWRS
 /(+720b.,$11,0$5,%LRJDVSURGXFWLRQIURP
HQHUJ\FURSVDQGFURSUHVLGXHV(QHUJLD
NDVYLHQMDNDVYLMlWWHLGHQK\|G\QWlPLQHQ
ELRNDDVXQWXRWDQQRVVDS S <KWHHQ
YHWRS

 ,/0$5,1(1.$7-$'HIROLDWLRQDQGSODQW²VRLO
LQWHUDFWLRQVLQJUDVVODQGV'HIROLDDWLRMD
NDVYLHQMDPDDSHUlQYlOLVHWYXRURYDLNXWXNVHW
QLLWW\HNRV\VWHHPHLVVlS S <KWHHQYH
WRS
 /2(+5-2+17KLQKRUQVKHHSHYROXWLRQDQG
EHKDYLRXU2KXWVDUYLODPSDLGHQHYROXXWLRMD
Nl\WWl\W\PLQHQS S <KWHHQYHWRS

 3$8..86$78&RVWRIUHSURGXFWLRQLQDVHHG
EHHWOHDTXDQWLWDWLYHJHQHWLFSHUVSHFWLYH
/LVllQW\PLVHQNXVWDQQXNVHWM\YlNXRULDLVHOOD
NYDQWLWDWLLYLVHQJHQHWLLNDQQlN|NXOPDS
S <KWHHQYHWRS
 2-$/$.$7-$9DULDWLRQLQGHIHQFHDQGLWV
ILWQHVVFRQVHTXHQFHVLQDSRVHPDWLFDQLPDOV
LQWHUDFWLRQVDPRQJGLHWSDUDVLWHVDQG
SUHGDWRUV3XROXVWXVN\Y\QYDLKWHOXMDVHQ
PHUNLW\VDSRVHPDDWWLVWHQHOlLQWHQNHOSRLVXX
WHHQUDYLQQRQORLVWHQMDVDDOLVWDMLHQYXRUR
YDLNXWXVS S <KWHHQYHWRS
 0$7,/$,1(1+(/,'HYHORSPHQWRIEDFXORYLUXV
GLVSOD\VWUDWHJLHVWRZDUGVWDUJHWLQJWRWXPRU
YDVFXODWXUH6\|YlQVXRQLWXNVHHQ
NRKGHQWXYLHQEDNXORYLUXVGLVSOD\YHNWRULHQ
NHKLWWlPLQHQS S <KWHHQYHWRS

 .$//,2(9$5([SHULPHQWDOHFRORJ\RQWKH
LQWHUDFWLRQEHWZHHQWKH3XXPDODKDQWDYLUXV
DQGLWVKRVWWKHEDQNYROH.RNHHOOLVWD
HNRORJLDD3XXPDODYLUXNVHQMDPHWVlP\\UlQ
YlOLVHVWlYXRURYDLNXWXVVXKWHHVWDS S
<KWHHQYHWRS
 3,+/$-$0$5-20DWHUQDOHIIHFWVLQWKHPDJSLH
+DUDNDQlLWLYDLNXWXNVHWS S
<KWHHQYHWRS
 ,+$/$,1(1(,5$([SHULPHQWVRQGHIHQVLYH
PLPLFU\OLQNDJHVEHWZHHQSUHGDWRUEHKDYLRXU
DQGTXDOLWLHVRIWKHSUH\9DURLWXVVLJQDDOLHQ
MlOMLWWHO\SXROXVWXVVWUDWHJLDQDNRNHLWDSHWR²
VDDOLVVXKWHLVWDS S <KWHHQYHWRS

 /Ð3(=6(38/&5($1'5e67KHHYROXWLRQDU\
HFRORJ\RIVSDFHXVHDQGLWVFRQVHUYDWLRQ
FRQVHTXHQFHV(OLQWLODQNl\W|QMDUHYLLUL
Nl\WWl\W\PLVHQHYROXXWLRHNRORJLD
OXRQQRQVXRMHOXOOLVLQHVHXUDDPXNVLQHHQS
S <KWHHQYHWRS
78//$0,5$&ROODJHQUHFHSWRULQWHJULQV
HYROXWLRQOLJDQGELQGLQJVHOHFWLYLW\DQGWKH
HIIHFWRIDFWLYDWLRQ.ROODJHHQLUHVHSWRUL
LQWHJULLQLLHQHYROXXWLROLJDQGLQVLWRPLV
YDOLNRLYXXVMDDNWLYDDWLRQYDLNXWXVS 
S <KWHHQYHWRS
 6,1,6$/2788/$'LHWDQGIRUDJLQJRIULQJHG
VHDOVLQUHODWLRQWRKHOPLQWKSDUDVLWH
DVVHPEODJHV3HUlPHUHQMD6DLPDDQQRUSDQ
VXROLVWRORLV\KWHLV|WMDQLLGHQK\|G\QWlPLQHQ
K\ONHHQ\NVLO|OOLVHQUDYLQWRHNRORJLDQVHOYLWWl
PLVHVVlS S <KWHHQYHWRS
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 72,9$1(17(526KRUWWHUPHIIHFWVRIIRUHVW
UHVWRUDWLRQRQEHHWOHGLYHUVLW\0HWVLHQ
HQQDOOLVWDPLVHQPHUNLW\VNRYDNXRULDLVODMLVWRQ
PRQLPXRWRLVXXGHOOHS S <KWHHQYHWR
S
 /8':,**,/%(570HFKDQLVPVRISRSXODWLRQ
GHFOLQHVLQERUHDOIRUHVWJURXVH.DQDOLQWX
NDQWRMHQODVNXXQYDLNXWWDYDWWHNLMlWS 
S <KWHHQYHWRS
 .(72/$7$502*HQHWLFVRIFRQGLWLRQDQG
VH[XDOVHOHFWLRQ.XQQRQMDVHNVXDDOLYDOLQ
QDQJHQHWLLNNDS S <KWHHQYHWRS

 6(33b1(1-$11(7820$6,QWHUVSHFLILFVRFLDO
LQIRUPDWLRQLQKDELWDWFKRLFH/DMLHQYlOLQHQ
VRVLDDOLQHQLQIRUPDDWLRKDELWDDWLQYDOLQ
QDVVDS S <KWHHQYHWRS
 %$1',//$0$77+,$67UDQVPLVVLRQDQGKRVW
DQGPDWHORFDWLRQLQWKHILVKORXVH$UJXOXV
FRUHJRQLDQGLWVOLQNZLWKEDFWHULDOGLVHDVHLQ
ILVK$UJXOXVFRUHJRQLNDODWlLQVLLUW\PLQHQ
NDODLVlQWllQLVlQQlQMDSDULWWHOXNXPSSDQLQ
SDLNDOOLVWDPLQHQVHNlORLVLQQDQ\KWH\VNDODQ
EDNWHHULWDXWLLQS S <KWHHQYHWRS
=XVDPPHQIDVVXQJS
 0(5,/b,1(13b,9,([SRVXUHDVVHVVPHQWRI
DQLPDOVWRVHGLPHQWVFRQWDPLQDWHGE\SXOS
DQGSDSHUPLOOV6HOOXMDSDSHULWHROOLVXXGHQ
VDDVWXWWDPDWVHGLPHQWLWDOWLVWDYDQDWHNLMlQl
YHVLHOlLPLOOHS S <KWHHQYHWRS

 528778-$5..2*HQHWLFDQGSKHQRW\SLF
GLYHUJHQFHLQ'URVRSKLODYLULOLVDQG
'PRQWDQD*HQHHWWLQHQMDIHQRW\\SSLQHQ
HULODLVWXPLQHQ'URVRSKLODYLULOLVMD'PRQWDQD
ODMLHQPDKODNlUSlVLOOlS S <KWHHQ
YHWRS
 %(1(6+'$1,(/3/DUYDOOLIHKLVWRU\
WUDQVPLVVLRQVWUDWHJLHVDQGWKHHYROXWLRQRI
LQWHUPHGLDWHKRVWH[SORLWDWLRQE\FRPSOH[
OLIHF\FOHSDUDVLWHV9ÇNÇNÇUVÇPDWRWRXNNLHQ
HOLQNLHUWRMDWUDQVPLVVLRVWUDWHJLDWVHNÇYÇOL
LVÇQQÇQK\YÇNVLNÇ\WÙQHYROXXWLRS S
<KWHHQYHWRS
 7$,3$/(6$0,%DFWHULDOPHGLDWHGWHUUHVWULDO
FDUERQLQWKHIRRGZHERIKXPLFODNHV
%DNWHHULYlOLWWHLVHQWHUUHVWULVHQKLLOHQ
PHUNLW\VKXPXVMlUYLHQUDYLQWRNHWMXVVDS
S <KWHHQYHWRS
 .,/-81(10,..2$FFXPXODWLRQRI
RUJDQRFKORULQHVLQ%DOWLF6HDILVKHV
2UJDQRNORRUL\KGLVWHLGHQNHUW\PLQHQ,WlPH
UHQNDORLKLQS S <KWHHQYHWRS

 625081(1.$,0$5.86&KDUDFWHULVDWLRQRI
ODQGILOOVIRUUHFRYHU\RIPHWKDQHDQGFRQWURO
RIHPLVVLRQV.DDWRSDLNNRMHQNDUDNWHULVRLQWL
PHWDDQLSRWHQWLDDOLQK\|G\QWlPLVHNVLMD
SllVW|MHQYlKHQWlPLVHNVLS S
<KWHHQYHWRS
 +,/781(17(332(QYLURQPHQWDOIOXFWXDWLRQV
DQGSUHGDWLRQPRGXODWHFRPPXQLW\





















G\QDPLFVDQGGLYHUVLW\<PSlULVW|QYDLKWH
OXWMDVDDOLVWXVPXRNNDDYDW\KWHLV|QG\QD
PLLNNDDMDGLYHUVLWHHWWLlS S <KWHHQ
YHWRS
6<9b5$17$-$5,,PSDFWVRIELRPDQLSXODWLRQ
RQODNHHFRV\VWHPVWUXFWXUHUHYHDOHGE\VWDEOH
LVRWRSHDQDO\VLV%LRPDQLSXODDWLRQYDLNX
WXNVHWMlUYLHNRV\VWHHPLQUDNHQWHHVHHQYDNDL
GHQLVRWRRSSLHQDYXOODWDUNDVWHOWXQDS
S <KWHHQYHWRS
0$77,/$1,,1$(FRORJLFDOWUDLWVDV
GHWHUPLQDQWVRIH[WLQFWLRQULVNDQG
GLVWULEXWLRQFKDQJHLQ/HSLGRSWHUD3HUKRV
WHQXKDQDODLVXXWHHQYDLNXWWDYDWHNRORJLVHW
SLLUWHHWS S <KWHHQYHWRS
83/$3$8/$,QWHJULQPHGLDWHGHQWU\RI
HFKRYLUXV(FKRYLUXVQLQWHJULLQL
YlOLWWHLQHQVLVllQPHQRVROXXQS S
<KWHHQYHWRS
.(6.,1(17$3,2)HHGLQJHFRORJ\DQG
EHKDYLRXURISLNHSHUFK6DQGHUOXFLRSHUFD /
LQERUHDOODNHV.XKDQ 6DQGHUOXFLRSHUFD
/ UDYLQQRQNl\WW|MDNl\WWl\W\PLQHQ
ERUHDDOLVLVVDMlUYLVVlS S <KWHHQ
YHWRS
/$$..21(1-2+$11$,QWUDFHOOXODUGHOLYHU\RI
EDFXORYLUXVDQGVWUHSWDYLGLQEDVHGYHFWRUV
LQYLWUR²WRZDUGVQRYHOWKHUDSHXWLF
DSSOLFDWLRQV%DNXORYLUXVMDVWUHSWDYLGLLQL
JHHQLQVLLUWRYHNWRUHLQDLKPLVHQVROXLVVD
S S <KWHHQYHWRS
0,&+(/3$75,.3URGXFWLRQSXULILFDWLRQDQG
HYDOXDWLRQRILQVHFWFHOOH[SUHVVHGSURWHLQV
ZLWKGLDJQRVWLFSRWHQWLDO'LDJQRVWLVHVWL
WlUNHLGHQSURWHLLQLHQWXRWWRK\|QWHLVVROXVVD
VHNlQLLGHQSXKGLVWXVMDNDUDNWHULVRLQWL
S S <KWHHQYHWRS
/,1'67('7&$5,7$0DLQWHQDQFHRIYDULDWLRQLQ
ZDUQLQJVLJQDOVXQGHURSSRVLQJVHOHFWLRQ
SUHVVXUHV9DVWDNNDLVHWHYROXWLLYLVHWYDOLQWD
SDLQHHW\OOlSLWlYlWYDLKWHOXDYDURLWXVVLJQD
ORLQQLVVDS S <KWHHQYHWRS
%20$16$11$(FRORJLFDODQGJHQHWLFIDFWRUV
FRQWULEXWLQJWRLQYDVLRQVXFFHVV7KH
QRUWKHUQVSUHDGRIWKH&RORUDGRSRWDWREHHWOH
/HSWLQRWDUVDGHFHPOLQHDWD (NRORJLVWHQMD
JHQHHWWLVWHQWHNLM|LGHQYDLNXWXVNRORUDGRQ
NXRULDLVHQ /HSWLQRWDUVDGHFHPOLQHDWD
OHYLlPLVPHQHVW\NVHHQS S <KWHHQ
YHWRS
0b.(/b$11$7RZDUGVWKHUDSHXWLFJHQH
GHOLYHU\WRKXPDQFDQFHUFHOOV7DUJHWLQJDQG
HQWU\RIEDFXORYLUXV.RKWLWHUDSHXWWLVWD
JHHQLQVLLUWRDEDNXORYLUXNVHQNRKGHQQXVMD
VLVÇÇQPHQRLKPLVHQV\ÙSÇVROXLKLQS
S <KWHHQYHWRS
/(%,*5(&+5,6723+(0DWLQJEHKDYLRXURIWKH
EODFNJURXVH*HQHWLFFKDUDFWHULVWLFVDQG
SK\VLRORJLFDOFRQVHTXHQFHV7HHUHQ
SDULXWXPLVNÇ\WWÇ\W\PLQHQ*HQHHWWLVHWWHNLMÇW
MDI\VLRORJLVHWVHXUDXNVHWS 
S <KWHHQYHWRS

-<9§6.</§ 678',(6 ,1 %,2/2*,&$/ $1' (19,5210(17$/ 6&,(1&(
 .$..21(1(/,1$5HJXODWLRQRIUDIWGHULYHG
HQGRF\WLFSDWKZD\V²VWXGLHVRQHFKRYLUXV
DQGEDFXORYLUXV(FKRYLUXVQMD
EDNXORYLUXNVHQVROXXQVLVÇÇQPHQRQUHLWLWMD
VÇÇWHO\S S <KWHHQYHWRS
 7(1+2/$52,1,1(17(,-$5\HGRXEOHGKDSORLGV
²SURGXFWLRQDQGXVHLQPDSSLQJVWXGLHV
5XNLLQNDNVRLVKDSORLGLWyWXRWWRMDNÇ\WWÙ
NDUWRLWXNVHVVDS S <KWHHQYHWRS

 75(%$7,&.É/(1.$3UHGDWLRQULVNVKDSLQJ
LQGLYLGXDOEHKDYLRXUOLIHKLVWRULHVDQG
VSHFLHVLQWHUDFWLRQVLQVPDOOPDPPDOV
3HWRULVNLQYDLNXWXV\NVLO|QNl\WWl\W\PLVHHQ
HOLQNLHUWRSLLUWHLVLLQMD\NVLO|LGHQYlOLVLLQ
VXKWHLVLLQS S <KWHHQYHWRS
 3,(7,.b,1(1$11($UEXVFXODUP\FRUUKL]D
UHVRXUFHDYDLODELOLW\DQGEHORZJURXQG
LQWHUDFWLRQVEHWZHHQSODQWVDQGVRLOPLFUREHV
$UEXVNHOLP\NRUULWVDUHVXUVVLHQVDDWDYXXVMD
PDDQDODLVHWNDVYLHQMDPLNURELHQYlOLVHW
YXRURYDLNXWXNVHWS S <KWHHQYHWR
S
 $529,,7$-8..$3UHGLFWLYHPRGHOVLQ
DVVHVVPHQWRIPDFURLQYHUWHEUDWHVLQERUHDO
ULYHUV (QQXVWDYDWPDOOLWMRNLHQ
SRKMDHOlLPLVW|QWLODQDUYLRLQQLVVDS
S <KWHHQYHWRS
 5$6,6$,-$%LRJDVFRPSRVLWLRQDQGXSJUDGLQJ
WRELRPHWKDQH%LRNDDVXQNRRVWXPXVMD
SXKGLVWDPLQHQELRPHWDDQLNVLS
S <KWHHQYHWRS
 3$..$1(1.,56,)URPHQGRVRPHVRQZDUGV
0HPEUDQHVO\VRVRPHVDQGYLUDOFDSVLG
LQWHUDFWLRQV(QGRVRPHLVWDHWHHQSlLQ
/LSLGLNDOYRMDO\VRVRPHMDMDYLUXVNDSVLGLQ
YXRURYDLNXWXNVLDS S <KWHHQYHWR
S
 0$5..8/$(9(/,,1$8OWUDYLROHW%UDGLDWLRQ
LQGXFHGDOWHUDWLRQVLQLPPXQHIXQFWLRQRI
ILVKLQUHODWLRQWRKDELWDWSUHIHUHQFHDQG
GLVHDVHUHVLVWDQFH8OWUDYLROHWWL%VlWHLO\Q
YDLNXWXVNDODQWDXGLQYDVWXVWXVN\N\\QMD
LPPXQRORJLVHQSXROXVWXVMlUMHVWHOPlQWRLPLQ
WDDQS S <KWHHQYHWRS
 ,+$/$,1(17((08,QWUDQXFOHDUG\QDPLFVLQ
SDUYRYLUXVLQIHFWLRQ7XPDQVLVlLQHQG\QD
PLLNNDSDUYRYLUXVLQIHNWLRVVDS S
<KWHHQYHWRS
 .81778+(,',&KDUDFWHUL]LQJWKHEDFWHULDOILVK
SDWKRJHQ)ODYREDFWHULXPFROXPQDUHDQGVRPH
IDFWRUVDIIHFWLQJLWVSDWKRJHQLFLW\.DODSDWR
JHHQL)ODYREDFWHULXPFROXPQDUHEDNWHHULQ
RPLQDLVXXNVLDMDSDWRJHHQLVXXWHHQYDLNXWWD
YLDWHNLM|LWlS S
<KWHHQYHWRS
 .27,/$,1(17,77$6RODU89UDGLDWLRQDQG
SODQWUHVSRQVHV$VVHVVLQJWKHPHWKRGR
ORJLFDOSUREOHPVLQUHVHDUFKFRQFHUQLQJ
VWUDWRVSKHULFR]RQHGHSOHWLRQ$XULQJRQ
89VlWHLO\MDNDVYLHQYDVWHHWRWVRQLNDWRRQ
OLLWW\YLHQWXWNLPXVWHQPHQHWHOPLHQDUYLRLQWLD
S S <KWHHQYHWRS

 (,12/$-8+$%LRWLFR[LGDWLRQRIPHWKDQHLQ
ODQGILOOVLQERUHDOFOLPDWLFFRQGLWLRQV
0HWDDQLQELRWHNQLQHQKDSHWWDPLQHQNDDWRSDL
NRLOODYLLOHlVVlLOPDVWRVVDS S
<KWHHQYHWRS
 3,,52,1(16$,-$5DQJHH[SDQVLRQWRQRYHO
HQYLURQPHQWVHYROXWLRQDU\SK\VLRORJ\DQG
JHQHWLFVLQ/HSWLQRWDUVDGHFHPOLQHDWD/DMLHQ
OHYLQQHLV\\VDOXHHQODDMHQHPLQHQ
NRORUDGRQNXRULDLVHQHYROXWLLYLQHQI\VLRORJLD
MDJHQHWLLNNDS S <KWHHQYHWRS

 1,6.$1(1(,1$5,2QG\QDPLFVRISDUYRYLUDO
UHSOLFDWLRQSURWHLQ163DUYRYLUXVWHQ
UHSOLNDDWLRQSURWHLLQL16QG\QDPLLNND
S S <KWHHQYHWRS
 3(..$/$6$78)XQFWLRQDOFKDUDFWHUL]DWLRQRI
FDUERPR\OSKRVSKDWHV\QWKHWDVH,GHILFLHQF\
DQGLGHQWLILFDWLRQRIWKHELQGLQJVLWHIRU
HQ]\PHDFWLYDWRU.DUEDP\\OLIRVIDDWWL
V\QWHWDDVL,QSXXWWHHQSDWRORJLDQWRLPLQQDOOL
QHQNDUDNWHULVDDWLRMDHQWV\\PLQDNWLYDDWWRULQ
VLWRXWXPLVNRKGDQLGHQWLILNDDWLR
S S <KWHHQYHWRS
 +$/0(3$18'HYHORSLQJWRROVIRU
ELRGLYHUVLW\VXUYH\VVWXGLHVZLWKZRRG
LQKDELWLQJIXQJL7\ÙNDOXMDPRQLPXRWRLVXXV
WXWNLPXNVLLQWXWNLPXVNRKWHLQDSXXOODHOÇYÇW
VLHQHWS S <KWHHQYHWRS
 -$/$69825,0$77,9LUXVHVDUHDQFLHQW
SDUDVLWHVWKDWKDYHLQIOXHQFHGWKHHYROXWLRQRI
FRQWHPSRUDU\DQGDUFKDLFIRUPVRIOLIH
9LUXNVHWRYDWPXLQDLVLDORLVLDMRWNDRYDW
YDLNXWWDQHHWQ\N\LVWHQMDYDUKDLVWHQHOÇPÇQ
PXRWRMHQNHKLW\NVHHQS S <KWHHQYH
WRS
 3267,/$3(..$'\QDPLFVRIWKHOLJDQG
ELQGLQJGRPDLQVRILRQRWURSLFJOXWDPDWH
UHFHSWRUV,RQRWURRSSLVWHQJOXWDPDDWWL
UHVHSWRUHLGHQOLJDQGLQVLWRPLVGRPHHQLHQ
G\QDPLLNNDS S <KWHHQYHWRS

 32,.21(17$1-$)UHTXHQF\GHSHQGHQW
VHOHFWLRQDQGHQYLURQPHQWDOKHWHURJHQHLW\DV
VHOHFWLYHPHFKDQLVPVLQZLOGSRSXODWLRQV
)UHNYHQVVLVWlULLSSXYDYDOLQWDMD\PSlULVW|Q
KHWHURJHHQLV\\VOXRQQRQYDOLQWDDRKMDDYLQD
WHNLM|LQlOXRQQRQSRSXODDWLRVVDS S
<KWHHQYHWRS
 .(.b/b,1(1-8..$0DLQWHQDQFHRIJHQHWLF
YDULDWLRQLQVH[XDORUQDPHQWDWLRQ²UROHRI
SUHFRSXODWRU\DQGSRVWFRSXODWRU\VH[XDO
VHOHFWLRQ6HNVXDDOLRUQDPHQWWLHQJHQHHWWLVHQ
PXXQWHOXQVlLO\PLQHQ²SDULWWHOXDHGHOWlYlQ
MDVHQMlONHLVHQVHNVXDDOLYDOLQQDQPHUNLW\V
S S <KWHHQYHWRS
 6<5-b1(1-8..$(FRORJ\ILVKHULHVDQG
PDQDJHPHQWRIZLOGEURZQWURXWSRSXODWLRQV
LQERUHDOLQODQGZDWHUV/XRQWDLVWHQWDLPHQ
NDQWRMHQHNRORJLDNDODVWXVMDKRLWRSRKMRLVLOOD
VLVlYHVLOOlS S <KWHHQYHWRS
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 586.$026$//$6WUXFWXUHVLQWHUDFWLRQVDQG
SDFNLQJRIILODPLQGRPDLQV
)LODPLLQLGRPHHQLHQUDNHQWHHWYXRUR
YDLNXWXNVHWMDSDNNDXWXPLQHQS S
<KWHHQYHWRS
 +21.$1(10(5-$3HUVSHFWLYHVRQYDULDWLRQLQ
VSHFLHVULFKQHVVDUHDHQHUJ\DQGKDELWDW
KHWHURJHQHLW\3LQWDDODQHQHUJLDQMD
HOLQ\PSlULVW|MHQPRQLPXRWRLVXXGHQVXKGH
ODMLPllUllQS S <KWHHQYHWRS

 7,021(1-211$:RRGODQGNH\KDELWDWV$NH\
WRHIIHFWLYHFRQVHUYDWLRQRIIRUHVWELRGLYHUVLW\
$YDLQELRWRRSSLHQPHUNLW\VWDORXVPHWVLHQ
PRQLPXRWRLVXXGHQVlLO\PLVHOOHS S
<KWHHQYHWRS
 1850,1(1(/,6$5DWLRQDOGUXJGLVFRYHU\
6WUXFWXUDOVWXGLHVRISURWHLQOLJDQG
FRPSOH[HV5DWLRQDDOLQHQOllNHDLQH
VXXQQLWWHOX3URWHLLQLOLJDQGLUDNHQQH
NRNRQDLVXXNVLHQWXWNLPXVS S
<KWHHQYHWRS
 853$1(12//,6SDWLDODQGWHPSRUDOYDULDWLRQ
LQODUYDOGHQVLW\RIFRUHJRQLGVDQGWKHLU
FRQVHTXHQFHVIRUSRSXODWLRQVL]HHVWLPDWLRQ
LQ)LQQLVKODNHV0XLNXQMDVLLDQSRLNDV
WLKH\NVLHQVSDWLDDOLQHQMDDMDOOLQHQYDLKWHOXMD
VHQYDLNXWXNVHWSRLNDVPllUlDUYLRLQWLLQS
S <KWHHQYHWRS
 -<9b6-b59,-866,(QYLURQPHQWDOGULYHUVRIODNH
SURIXQGDOPDFURLQYHUWHEUDWHFRPPXQLW\
YDULDWLRQLPSOLFDWLRQVIRUELRDVVHVVPHQW
-ÇUYLV\YÇQWHLGHQSRKMDHOÇLQ\KWHLVÙMÇVÇÇWHOH
YÇW\PSÇULVWÙWHNLMÇWMDQLLGHQPHUNLW\VMÇUYLHQ
ELRORJLVHQWLODQDUYLRLQQLVVDS S
<KWHHQYHWRS
 .2,981(1-$5..2'LVFRYHU\RIáâLQWHJULQ
OLJDQGV7RROVDQGGUXJFDQGLGDWHVIRUFDQFHU
DQGWKURPEXVá2â1LQWHJULLQLOLJDQGLHQ
VXXQQLWWHOXOllNHDLKLRLWDMDW\|NDOXMDV\|YlQ
MDYHULWXOSDQKRLWRRQS S <KWHHQYH
WRS
 0g..g1(10,.$(/(YROXWLRQDU\FRQIOLFWVLQD
VPDOOPDPPDOEHKDYLRXUDOSK\VLRORJLFDO
DQGJHQHWLFGLIIHUHQFHVEHWZHHQWKHVH[HV
6XNXSXROWHQYlOLQHQNRQIOLNWLNl\WWl\W\PL
VHHQI\VLRORJLDDQMDJHQHWLLNNDDQOLLWW\YLVWl
ULVWLULLGRLVWDSLNNXQLVlNNlLOOlS S
<KWHHQYHWRS
 .25+21(1(6.23XKWDXVSDOYHOXWMDW\Ù\PSÇ
ULVWÙ2VWHWWXMHQVLLYRXVSDOYHOXLGHQODDGXQ
PLWWDXVPHQHWHOPÇWMDODDWXVHNÇVLLYRXNVHQ
YDLNXWXNVHWVLVÇLOPDQODDWXXQWLORMHQNÇ\WWÇ
MLHQNRNHPDDQWHUYH\WHHQMDW\ÙQWHKRNNXX
WHHQWRLPLVWRUDNHQQXNVLVVD0HWKRGVIRU
HYDOXDWLQJWKHTXDOLW\RIFOHDQLQJWKHIDFWRUV
WKDWLQIOXHQFHWKHTXDOLW\RIFOHDQLQJDQGWKH
TXDOLW\RIFOHDQLQJLQEXLOGLQJVS
6XPPDU\S

 .$5-$/$,1(10,..2(FKRYLUXVLQIHFWLRXV
HQWU\YLDQRYHOPXOWLYHVLFXODUERGLHV
(FKRYLUXVLQIHNWLRVROXQPRQLUDNNXODLVWHQ
UDNHQWHLGHQNDXWWDS S <KWHHQYHWR
S
 -$*$'$%+,3$'0$6+$17+,0HWKRGVWR
HQKDQFHK\GURO\VLVGXULQJRQHDQGWZRVWDJH
DQDHURELFGLJHVWLRQRIHQHUJ\FURSVDQGFURS
UHVLGXHV+\GURO\\VLQWHKRVWDPLQHQHQHU
JLDNDVYLHQMDNDVYLWlKWHLGHQ\NVLMDNDNVLYDL
KHLVHVVDDQDHURELSURVHVVLVVDS S
<KWHHQYHWRS
 3$.$5,1(1287,0HWKDQHDQGK\GURJHQ
SURGXFWLRQIURPFURSELRPDVVWKURXJK
DQDHURELFGLJHVWLRQ0HWDDQLQMDYHG\Q
WXRWWDPLQHQHQHUJLDNDVYHLVWD
DQDHURELSURVHVVLVVDS S <KWHHQYHWR
S

