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Above ground and below ground biomass in grey alder
Alnus incana (L.) Moench. young stands on agricultural land in
central part of Latvia

A. Bardulis”, D. Lazdina, M. Daugaviete, A. Bardule, U. Daugavietis and
G. Rozitis

Latvian State Forest Research Institute ‘Silava’, Rigas street 111, LV2169 Salaspils,
Latvia; "Correspondence: andis.bardulis@silava.lv

Abstract. Young grey alder stands under 10 years of age that are growing on abandoned
agricultural lands in Central Latvian lowlands were selected for this study. In the framework of
the research the biomass of the trees was studied and an equation was developed for grey alder
stands on abandoned agricultural lands. An allometric equation for the different biomass fractions
of grey alder was developed. Tree biomass is characterised by a power model with a single
independent variable (DBH), which also indirectly substitutes for the effect of the stand age. The
model is adapted to each fraction by changing its ratio values. The determination coefficient of
the model is high, varying from R? = 0.89 to R? = 0.94, and the confidence level of the model is
95%. The biomass of particular fractions is defined by a power regression, with the tree stem
diameter at the height of 1.3 m used as an argument. In young grey alder stands on abandoned
agricultural lands the majority, 64%, of root fractions is composed of coarse roots, followed by
the stump fraction and fine roots, 28% and 8%, respectively. For aboveground biomass the largest
fraction is stem, which constitutes 75% of the total aboveground biomass, while the share of
branches is 25%.

Key words: allometric equations, coarse roots, fine roots, stump, stem, branches, power model.
INTRODUCTION

There is a growing interest in the evaluation of biomass in forest lands, as it plays
an important role in the turnover cycle of carbon and nutrients. Easy-to-use and precise
methods for biomass estimation concerning the aboveground components of the tree
have been developed, but what is usually problematic and difficult to assess is the root
biomass (Sanford & Cuevas, 1996). It is known that the aboveground tree characteristics,
such as tree stem diameter and height, can be used to accurately predict the tree biomass
fractions (Ruark & Bockheim, 1987; Lavigne & Krasowski, 2007), but our knowledge
of the components of tree biomass and its division into the smallest fractions is
incomplete. Biomass calculations are needed mainly for sustainable forest resource
planning, as well as for studying energy and substance turnover cycles in ecosystems
(Zianis et al., 2005). Biomass evaluation depends on the aboveground tree dimensions
and that is why biomass equations are developed to predict it according to a fixed
variable (Repola, 2009). To better understand the regularities and influencing factors of
biomass division, we need to carry out research on stand structures, biogeochemical
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cycles and many other aspects related to global climate change (Dixon et al., 1994;
Sanford & Cuevas, 1996). A growth in biomass can be observed as the trees get older,
but its decrease is observed in very old stands (Peet, 1981). The development of a tree is
also affected by the density of the stand, access to nutrients and water, soil temperature,
as well as changes in density and oxygen availability (Dobson & Moffat, 1993; Dobson,
1995; Makkonen & Helmissari, 1998; Dieter & Elsasse, 2002; Ehman et al., 2002; Finer
et al., 2007). As different factors affect the formation of tree biomass, broad
generalizations on tree biomass can be drawn, which means that extensive research is
necessary to improve and develop on biomass calculation models (Zianis et al., 2005).

Differences in tree biomass fractions are based on the ability of the tree to adapt to
various conditions (Melecis, 2011). On flooded, damp or dried out soils, where the
growth of trees and roots is limited, roots may grow thin and reach several metres in
depth (10 m or more), as long as there is a sufficient supply of oxygen, water and
nutrients. In such areas the trees wither, become similar to shrubs; the roots are weakly
developed and make up an insignificant part of the biomass production (Perry, 1982). It
is known that the geographical location of woody plants affects their biomass structure
and morphological parameters; in general, woody plants adapt to their respective
conditions. Various environmental conditions, such as wet, dry or windy environment,
low average temperature, soil fertility etc., significantly affect root morphology and the
physiology of development as well as root biomass (Kramer & Kozlowski, 1960; Pyatt
et al., 2001; Finer et al., 2007).

Biomass equations should be flexible and applicable to biomass calculations for
young stands (Repola, 2008). Numerous studies on grey alder biomass equations have
been published, but only few of them fulfil the above-mentioned criteria (Repola, 2009).
The suitability and precision of biomass equations depend on the collected empirical
material as well as the interpretation thereof. Most of the tree fraction biomass equations
consist in a power equation (Zianis et al., 2005). In the framework of this study, a power
equation suited to Latvian conditions was developed.

Over the past decade the economic situation has changed drastically in Latvia.
Large areas of agricultural land have been left unmanaged, and at present more than
310,000.0 ha of these lands have been afforested or have become afforested naturally,
mainly with birch and grey alder. The majority of these forest stands have reached the
age of 5 to 15 years, and a significant amount of biomass and carbon has been
accumulated both in the aboveground and underground tree parts. Grey alder is a wide-
spread tree species throughout Latvia (Forestry-key indicators, 2013), and commercially
important for Latvian forestry (Millers & Magaznieks, 2012). Ever since the inventory
of forest resources, information concerning the aboveground part, including tree stem
diameter and height, is widely accessible in Latvia. By using metrical values relating to
the estimation of the aboveground part, it is possible to develop precise formulas for
calculating tree biomass fractions as well as carbon accumulation models (Brassard et
al., 2011). Tree biomass is an important part of forest ecosystems as it stimulates various
economic and biological processes and performs an irreplaceable function in carbon
attraction. To calculate the amount of the attracted carbon, a method for establishing the
amount of the biomass is used, taking into account a number of recalculation factors
(Jenkins et al., 2003). The aim of this study is to investigate the aboveground and root
biomass of young grey alder stands on abandoned agricultural lands.
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Studying the amount of biomass in young grey alder stands will allow to predict
the amount of wood fuel, as well as to calculate the accumulation of carbon both in
aboveground and underground biomass. Until now, little research has been conducted in
Latvia on the development of grey alder biomass, especially root biomass (Gaitnieks et
al., 2007; Daugaviete et al., 2008; Bardulis et al., 2009). This pilot study focused on the
calculation of both root and aboveground biomass production in young grey alder stands.
The results of the study are essential for a better understanding of grey alder biomass
production on abandoned agricultural lands.

The aim of the study is to investigate root biomass and to develop equations for the
calculation of different aboveground and underground biomass fractions. The study
poses the following hypothesis: The relationship between the components of tree
biomass is biologically determined, and the biomass can be calculated as a function of
the dendrometric parameters of the tree.

MATHERIALS AND METHODS

The material was collected from 4
similar young grey alder Alnus incana
(L.) Moench. stands (Table 1) in
abandoned agricultural lands located in
the central part of Latvia (Fig. 1). The
empirical material was collected in 2011
and 2012 after the wvegetation period
(from September to October), when all
the leaves had fallen. The average
parameters and characteristics of the Figure 1. Locations of the studied stands.
selected stands are given in Table 1.

The estimation methods for the aboveground part of the stand are based on
dendrometric measurements carried out on circular sample plots with a horizontal radius
of 12.62 m and area of 500 m?. All types of tree measurements were carried out in the
experiment and seven sample plots were established in each stand.

N
+ 0 100 1n

Table 1. Characteristics of grey alder experimental stands
Coordinates

No. N E Age, years Height, m
1 57°28.410 024°42.690 4 3.7

2 56°56.421 024°40.300 6 4.5

3 57°31.484 024°36.119 7 5.8

4 57°31.510 024°34.190 9 7.1
No. Grovr;|3n gasjock, B?f;?'h?fa' St;itr:e ?n(ierr]];llt 4 Site class
1 17.8 5.6 7,700 la

2 25.0 11.0 11,900 3

3 15.8 12.1 2,000 1

4 39.8 12.4 7,200 3
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For the establishment and analysis of tree biomass, the sample trees were selected
by considering their stem diameter at the height of 1.3 m (DBH) and the average height,
including the average stand parameters where possible. Each sample tree was evaluated
according to quality criteria — only healthy, vital sample trees with a single top were used
in the study. Twenty sample trees from 4 stands were selected, representing a variety of
different diameters (ranging from 1.9 cm to 6.8 cm) and heights (ranging from 3.1 m to
7.8 m), and felled for the measurement of aboveground and root biomass components.

For the calculation and analysis of the root biomass of the sample trees selected for
this study, tree root system was divided into three fractions: coarse roots @ > 5 mm; fine
roots @ <5 mm, and stump. The stump fraction was included in the root biomass — in
the aboveground (5-8 cm above the root neck) and underground fractions, the latter
being a monolithic, non-differentiated part in some roots.

The grey alder tree stump and coarse root biomass was established for 20 sample
trees by unearthing their root system, separating soil particles from the roots, washing
the latter under a water jet and weighing them with the precision of + 0.02 kg.

The soil core sampling method was used for collecting fine roots. Twenty soil cores
(volumetric samples of 100 cm® and core diameter of 50 mm) per sampling were
randomly taken from each sample plot for the determination of fine-root biomass. The
soil cores were divided into four layers by depth: 0-10 cm, 10-20 cm, 20-30 ¢cm and
30-40 cm of the mineral soil. The samples were placed in polyethylene bags, transported
to the laboratory, and stored in a refrigerator at 4 °C prior to the analysis. In the
laboratory, the roots were washed of soil and separated into grey alder roots and the roots
of other plants. The separated fine roots were dried until they reached constant weight.
They were then weighed to determine the dry biomass.

For the calculation and analysis of the aboveground biomass of the sample trees
selected for this study, the aboveground parts were divided into two fractions: stem and
branches. Two samples from the stem and branches of the living part were taken for the
assessment of relative wood moisture. The stem of the tree was cut and weighed, while
living branches from the living crown and dead branches were weighed separately. The
dead branches were not included in the calculations. The dry biomass of the components
was then calculated as weighted average from the relative humidity data using the
measured weights of the respective parts of the tree.

To establish the specific weight of dry biomass (DM), tree fraction samples of an
appropriate bark sector were collected for analysis and dried out at 105 °C until constant
weight (Uri et al., 2002).

Allometric relationships between tree DBH, height and root biomass including the
stump were tested. A frequently used model for such relationships is the following power
model:

Y=a-XF 1)
where Y is the dependent variable (e.g., tree biomass fraction, kg dry mass), X is the
independent variable (e.g., tree DBH, cm), and o and f are, respectively, the scaling

coefficient (or allometric constant) and scaling exponent derived from the regression in
accordance with empirical data.
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The normality of the variables was verified with the Kolmogorov-Smirnov test. To
analyse the effect of the qualitative factor on the response variables, One-Way ANOVA
was applied. The LSD test was used for a multiple comparison of the mean values if the
criteria were satisfied.

When the data did not follow a normal distribution pattern, or when inhomogeneity
of group variance occurred, the nonparametric Mann-Whitney test was used for variance
analysis. In all cases the level of significance o = 0.05 was accepted. For data analyses
the software SPSS Statistics 17.0 was used.

RESULTS AND DISCUSSION

As shown by scientific research, the growth of any tree species, including grey
alder, is determined by soil fertility. The growth rate is established by examining the site
index, which is expressed by the stand height at a given age. However, the site index
shows the effect of lengthwise growth, but does not describe the stand biomass (Uri et
al., 2007). The biomass of different parts of the twenty harvested sample trees ranges
from 1.9 to 6.8 cm in diameter and from 3.1 to 7.8 m in height. The average tree height
varies from 3.1 to 7.8 m, with the mean DBH ranging from 1.9 to 6.8. The average total
dry biomass was 7.0 + 0.4 kg, ranging from 2.2 + 0.1 kg in a 4-year-old stand to
13.5 + 0.5 kg in a 9-year-old stand (Fig. 2). As seen from Fig. 2, the average ratio of
aboveground to root biomass is 3 : 1. Similar distribution patterns of aboveground and
root biomass in grey alder plantations were found by scientists in Estonia on abandoned
agricultural lands (Uri et al., 2002; Uri et al., 2007). In living plants, the root biomass
plays an important part in carbon storage and makes up around 20% (Santantonio et al.,
1977) to 26% (Cairns et al., 1997), or 19% to 28% according to Xiao & Ceulemans
(2004), of the total tree biomass. The results of this study point to a similar proportion,
28% + 1%.

14.0 ~

12.0 A I I 1
Z
£10.0
=
£ 801 I 1
B
£ 0 p 1 1 I

"
4.0 - ! P
T
2.0 4
0.0
1.9232324293.03.53.83.84.042424545464.7496.56.56.8
DBH
Above ground biomass = Root biomass

Figure 2. Dry aboveground and root biomass distribution ratio. Confidence interval + 95%
indicated in the error bars.
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Figure 3. Average fine root biomass and its changes in the soil layer of young grey alder stands.
Confidence interval £ 95% indicated in the error bars.

Scientists have developed a number of different biomass equations; however, new
equations are needed that could be compared to the present ones, thus improving the
biomass calculation models (Zianis et al., 2005). Scientific literature provides different
equations for the calculation of root biomass fractions. The most common ones are
regression equations with a single effective indicated value. In Europe, simple linear-
type logarithmical equations are widely used for calculating root fraction biomass,
although non-logarithmical power and straight-line equations are also employed — these
use tree height, DBH or the product of squared diameter and height as an independent
variable (Zianis et al., 2005). In the framework of this study, a common root biomass
equation was developed. Several models were tested and the most precise one was the
linear regression model (Formula 1), which included DBH as the single independent
variable.

As shown in Fig. 4, tree height and DBH characterise the root biomass non-linearly.
The determination ratios of the regression equation are high or moderately high. The
data point to a high regression equation determination ratio with the total biomass values
for the dependent variable — the tree DBH, or total predicted root biomass (R? = 0.94).
Tree height also exhibits a high regression equation determination ratio with the
parameter values, but less than the tree diameter at the height of 1.3 m, especially for
total predicted root biomass (R? = 0.66). The determination ratio in the calculation and
prediction of total grey alder root biomass is higher for tree diameter at the height of
1.3 m (R? = 0.80) than it is if for tree height (R? = 0.31), as well as for aboveground
predictions, especially R? = 0.89 and R? = 0.64. Researchers point out that biomass
equations should be flexible, multifunctional and applicable to biomass calculations for
different tree stands (Repola, 2008).

Consequently, the relationship between tree diameter at the height of 1.3 m, tree
height and total root biomass is characterised by a strength correlation, expressed by a
correlation coefficient (r) equal to 0.97 (a. = 0.05) and 0.80 (o = 0.05. Biomass is better
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described by a regression, with tree diameter at the height of 1.3 m as an independent
variable.

20
18
* 9 A,
16
2y v =0.3127x21252 e A
% R?=0.9381
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E 10 . A
= _ '.!""' -
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= 09’8 Aa AA/
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= S L -]

RI=0.6611
0. A
P 2
1.5 20 25 30 35 40 45 50 3535 60 65 70 75 80
DBH, m
® dem 4 hom - Power (d, cm) Power (h, m)

Figure 4. Relationship between the tree diameter and total root biomass.

Diameter at chest height was an effective predictor of all fractions of tree biomass
in young grey alder stands, with the coefficient of determination R?values ranging from
0.89 to 0.94 (p < 0.05 for all models; Table 2). Therefore, the variation in total root
biomass can be explained with a 94% model reliability by the developed non-linear
regression model. Scientists point out that the developed tree biomass equations are of
high value if the determination ratios are high or moderately high (R? = 0.63-0.99),
allowing to predict the biomass with high precision (Zianis et al., 2005). We discovered
that trees with a larger diameter exhibited greater error variance than smaller trees.
However, plots of the residuals of coefficients demonstrated that there was no large or
systematic bias toward over or underestimation of biomass at any DBH within the range
used to develop the models.

Table 2. Allometric models for predicting root biomass in individual specimens taken from
young grey alder stands

Biomass fraction  Equation Value of SE p -value R?
parameter parameter

Aboveground a 0.163 0.009 0.041 0.92
B 2.373 0.513 0.001

Root biomass a 0.418 0.005 0.009 0.89
B 1.310 0.768 0.041

Total biomass a 0.241 0.002 0.032 0.94
B 2.324 0.216 0.000

Note: The models for all dependent variables follow the form Y = a * X# where Y is the
dependent variable (kg dry weight for root biomass fractions), X is the predictor variable (DBH,
cm) and o and S are parameters of the equation. SE is the asymptotic standard error of the
parameter estimate. All models were statistically significant (p < 0.05).
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In conclusion, this study provides some of the first allometric biomass equations
for grey alder stands in Latvia’s conditions, and as expected, stem DBH was highly
correlated with root biomass fractions.

CONCLUSIONS

An equation for calculating grey alder biomass was developed in the framework of
this study. The equation remains the same for different tree fractions (coarse roots,
stump, stem branches) and for trees of different age in abandoned agricultural lands. The
amount of tree biomass in the above-mentioned fractions is characterised by a non-linear
power model with one independent variable (DBH), which implicitly includes the effect
of the stand age. The model is adapted to each fraction by modifying the numerical
values of the ratio. The coefficient of determination of the model for total tree biomass
is high at R? = 0.94.

In grey alder stands, the main part of the root fraction is made up of coarse roots
(68% of the total root biomass), followed by the stump fraction (32%). The majority of
the aboveground biomass fraction is made up of stem (75%), followed by branches
(25%). The biomass of each of these tree fractions is established by a power regression
with tree DBH used as an argument. The specific average value of dry biomass in grey
alder stands in abandoned agricultural lands is 27.1 = 2.3t DM ha.

The dry fine root biomass in young grey alder stands is 1.2 = 0.4 DM t ha! in the
mineral soil layer of 0-40 cm. Fine roots play a key role in tree ecosystems and make up
2.6 = 0.8% of the total root system, but 8.6 + 0.9% of the total tree biomass.

The study confirmed the hypothesis that the root fraction biomass can be calculated
with high credibility as a function of easily measured tree parameters, i.e. tree DBH.
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Abstract. The development of cost-efficient, highly productive technologies for fermentation
feed production from lignocellulose biomass is still a challenge. In this paper, the production of
fermentable sugars from lignocellulosic biomass using hydrolysis techniques with membrane
separation systems is studied. The research was conducted on both a laboratory and pilot level to
evaluate and optimize the efficiency of the proposed technology. The results demonstrated that
UF and NF permeate recovery increased efficiency, and the highest sugar recovery rates were
obtained when secondary waste recirculation was introduced after NF and UF, reaching an almost
40% yield from all produced sugars.

Key words: fermentable sugars, lignocellulosic biomass, pre-treatment, membrane separation.
INTRODUCTION

Due to increasing energy demands and pollution problems caused by the use of
non-renewable fossil fuels, it has become necessary to introduce alternative energy
sources into the global energy turnover (Karmakar et al., 2010). Lignocellulosic
biomass, such as wood, grass, agricultural and forest residues, has been regarded as a
potential resource for the production of biofuels for many years (Sanchez & Cardona,
2007; Xu & Huang, 2014), since it is both renewable and available in large quantities all
around the world. Large-scale processing technologies allowing to ferment biofuels from
lignocellulose have been used for decades (Hamelinck et al., 2005). However, the
extensive application of this resource is still linked to technological challenges and high
production costs (Laser et al., 2001). Generally, the conversion of lignocellulosic
biomass to biofuel consists of four major operations: pre-treatment, hydrolysis,
fermentation, and product separation/purification (Moiser et al., 2005), where the
effective conversion of biomass to fermentable sugars requires a combination of
chemical, mechanical and/or enzymatic processes (Dhabhai et al., 2012).

The most commonly used pre-treatment methods are acid pre-treatment with high-
pressure steam explosions, enzymatic hydrolysis, milling, etc. (Hamelinck et al., 2005;
Hendriks & Zeeman, 2009; Alvira et al., 2010; Tutt et al., 2014). Nevertheless, cost-
efficient, highly productive technologies for fermentation feed production from
lignocellulose biomass still need to be developed. Membrane separation processes such
as ultrafiltration (UF) and nanofiltration (NF) have gained much attention in the
biotechnology industry due to their simplicity, high selectivity, low energy costs and
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reduced chemical usage (Cho et al., 2012; Gryta et al., 2013). UF membranes can
selectively remove not only large molecules such as proteins, viruses, and
microorganisms from the biological environment through size sieving mechanisms but
can also substantially reduce emulsion to improve the successive solvent extraction
efficiency (Li et al., 2006; Yasan et al., 2009). However, after passing the UF membrane
system the permeates are, in general, very diluted and great in volume. Therefore, NF
membranes are suitable not only for the separation of small molecules like organic acids
and salts but also for concentration (Bruggen et al., 1999; Yasan et al., 2009).

The aim of this study was to optimize and combine the available lignocellulosic
biomass pre-treatment and hydrolysis techniques with UF-NF membrane separation
systems to increase the product yields of enzymatic hydrolysis and decrease the
production costs related to enzyme recovery as reported previously (Mezule et al., 2012).
The research was conducted on both a laboratory and pilot level to evaluate the
efficiency of the proposed technology.

MATERIALS AND METHODS

Lignocellulosic biomass

Hay mown in late June from lowland hay meadows located in Latvia was used as
reference material. After drying, the lignocellulosic biomass was stored at room
temperature until further processing. The dried biomass was ground (Retsch, GM200) to
obtain the desired biomass particle size of < 0.5 cm (Hamelincik et al., 2005).

Batch scale substrate pre-treatment and hydrolysis

Batch scale tests were prepared to estimate the production yields of enzymatic
hydrolysis with fungal enzymes. In brief, the biomass was diluted in a 0.05 M sodium
citrate buffer (3% w v*) and boiled for 5 min to neutralize unnecessary microorganisms.
After cooling, an enzyme (0.2 FPU ml%, 20 FPU g, Mezule et al., 2012) was added to
the diluted substrates and incubated on an orbital shaker for 24 hours at 30 °C. All tests
were prepared in triplicate and sugar yields were estimated after hydrolysis.

Pilot tests

The tests were carried out in the pilot system developed by the Riga Technical
University (Latvia). The main technological processes involved in this study are
presented in Fig. 1. Hay biomass (3% w v*; with constant mixing) was boiled until the
hydrolysis reactor temperature reached 120 °C (~ 1 h) and then cooled down to 40 °C.
Subsequently, the substrate from the hydrolysis reactor was pumped through a rough
water filter system (Geyser, Russia) to the UF ceramic tank. Then the substrate was
filtered through the UF membrane system to the NF tank. Eventually the substrate was
filtered through the NF membrane system to get the concentrated sugar solution into a
collector tank. Sugar concentration was measured at all process stages. During all pilot
tests enzymatic hydrolysis was omitted and sugars were either generated during grinding
and heating or artificially added glucose (Bacteriological grade, Oxoid Ltd) was used.
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Figure 1. Schematic diagram of the experimental set-up. 1: hydrolysis reactor (HR, working
capacity 15 1), 2: rough filters (RF), 3: ultrafiltration (UF), 4: nanofiltration (NF), 5: collector
(CC) for concentrated liquid.

Analysis of total reducing sugars

A reducing sugar analysis was performed for all the collected samples using the
Dinitrosalicylic Acid (DNS) Method (Ghose, 1987). In brief, all samples were
centrifuged (6,600 g, 10 min). Then 0.1 ml of the supernatant was mixed with 0.1 ml of
the 0.05 M sodium citrate buffer and 0.6 ml of DNS. For blank control, distilled water
was used instead of the sample. Then all samples were boiled for 5 min and transferred
to cold water. Next, 4 ml of distilled water was added. Absorption was measured with
the spectrophotometer M501 (Camspec, United Kingdom) at 540 nm. To obtain absolute
concentrations, a standard curve against glucose was constructed.

RESULTS AND DISCUSSION

The effect pre-treatment has on lignocellulosic materials has been recognized for a
long time (Ye & Cheng, 2002). Depending on the biomass source, different harvesting
times and treatment methods used, sugar yields vary from 12% to 98% (Dhabhai et al.,
2012; Tutt et al., 2012; Tutt et al., 2013). Enzymatic hydrolysis generally gives lower
product yields than other hydrolysis methods, however, the technology is regarded as
environmentally friendly and is less inhibitory to fermenting microorganisms (Ye &
Cheng, 2002; Behera et al., 2014). Batch scale studies with hay and cellulolytic enzymes
produced at laboratories generated 15% to 19% of sugar yields (45%-57% of the
theoretical cellulose/hemicelluloses content), showing that the direct application of the
technology in large-scale fermentation systems might not be productive enough. Thus,
a combined UF-NF system for filtrating fermentation substrates (Yasan et al., 2009) was
introduced as a technique to produce fermentation feed.

Initially the treatment involved the direct transfer of hydrolysis products through
the filtration system. Heating to 120 °C prior to filtration did not produce more than a
15% increase in sugar; thus, the additional pre-treatment was accepted more as a step for
substrate sterilization to remove indigenous microorganisms than a process for releasing
sugar. Besides, previous studies have shown that pre-treatment at less than 150 °C does
very little damage to plant cell walls, therefore, cellulose cannot be accessed for
degrading it to glucose (Raud et al., 2014; Tutt et al., 2014). Sugars produced in the
reactor after mixing and heating were regarded as a 100% sugar yield. The results of a
direct hydrolysate transfer through the membrane showed that 46% of the generated
sugar yield was lost in permeate-waste (Fig. 2, single) after UF. At the same time, rough
filters and NF attributed to an 11% and 19% decrease respectively, thus producing only
a 24% vyield (6.55 g I'%; initial yield 2.49 g I'?) after sugar concentration. Generally, UF
membranes can selectively remove large molecules such as proteins, viruses, and
microorganisms through size sieving mechanisms and can substantially reduce emulsion
to improve the successive solvent extraction efficiency (Li et al., 2006; Yasan et al.,
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2009). However, the permeates after using the UF membrane system are, in general, very
diluted and great in volume. To increase the product yields and subsequently decrease
the sugars lost in the waste, a recirculation system was introduced into the pilot system
where the UF permeate was transported back to the hydrolysis reactor. The collected UF
permeate was mixed with 3 | of nanofiltred water to increase the product volume critical
for the system. No improvements were observed when comparing these two setups, and
the final sugar percentage yield in both attempts was less than 25% when compared to
the initial yield (Fig. 2, double). At the same time, double recirculation generated more
waste within the NF and required higher resource inputs (water, electricity). Thus, it was
not considered to be potentially applicable.
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Figure 2. Sugar percentage yield changes in the pilot system with direct filtration (single),
recirculation from the UF to a hydrolysis reactor (double) and multistage recirculation
(multistage). Standard deviation represents the average from at least two repetitive measurements.

For the multistage setup (Fig. 2, multistage), sugar production was performed
according to the method description with added UF and NF permeate recirculation.
Retained large particles and molecules were initially separated from the substrate with
RF and UF and then further filtered with NF, while permeates from UF and NF were
retained and filtered once more. The results showed that UF and NF permeate recovery
increased efficiency and the final sugar percentage yield reached almost 40% (7.01 g I%;
initial yield 1.89 g I'Y) which was higher than with single and double filtration setups
(Fig. 2). A certain decrease (up to 30%) in recovery was observed after RF. However,
this was attributed to the potential shift in biomass size and mixing properties during
hydrolysis. Thus there is a need for the further investigation of the process at this stage
to minimize recovery fluctuations. At the same time, no significant difference (p > 0.05)
in recovery was observed after NF for all three setups.
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Since batch scale enzymatic hydrolysis produced 4.8-5.6 g I of fermentable sugars
on average, the multistage filtration treatment was tested on these concentrations on the
pilot level. This was achieved by adding glucose to the hydrolysis reactor. The results
showed that sugar recovery yields at multistage UF-NF separations do not differ
significantly (p > 0.05) when the initial sugar concentration is changed (Fig. 3). Again,
RF showed the highest decrease in recovery (around 30%) when compared to other
process steps, and NF did not cause a more than 20% decrease.
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Figure 3. Sugar percentage yield changes during membrane multistage filtration processes in a
system with added glucose (dotted) and without added glucose (solid). Standard deviation
represents the average from two pilot runs.

The enzymatic hydrolysis of lignocellulosic biomass for biofuel production is a
technology that has been thoroughly investigated over the years. Despite of its high
potential, it is still not competitive enough due to low product yields when compared to
production costs (Alvira et al., 2010). Effective fermentation feed production is closely
linked to the separation of sugars from the generated waste. As suggested (Olofsson et
al., 2008), the issue can be overcome by introducing simultaneous saccharification and
fermentation techniques. However, the selection of the most favourable process
conditions as well as enzyme and fermenting microorganism recovery are still
challenging. In order to aid the separation of fermentation feed from waste, recover
enzymes and decrease separation costs, multistage membrane separation can be
introduced after enzymatic hydrolysis. Furthermore, when compared to the classical
separation processes, membrane processes have several advantages as they work at low
temperatures without phase change, and without the addition of chemicals (Karakulski
& Morawski, 2002). The results of this research project showed that it is possible to
apply membrane separation techniques to purify sugars produced during hydrolysis.
Nevertheless, further research is still needed to increase the recovery rate and produce
higher amounts of fermentation feed.
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CONCLUSIONS

The results of this research project show that it is possible to introduce multistage
separation techniques to generate fermentation feed for biofuel production from
lignocellulosic biomass. The highest sugar recovery rates were obtained when secondary
waste recirculation was introduced after NF and UF, and this yielded almost 40% of all
produced sugars. Moreover, changing the initial sugar concentration did not significantly
affect the efficiency of the process, which is more connected to various substrates and
changing hydrolysis conditions.
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Abstract. There are 54 active biogas plants in Latvia today. It is necessary to investigate the
suitability of various biomasses for energy production. Maize is the dominating crop for biogas
production in Latvia. The cultivation of more varied crops with good economical characteristics
and a low environmental impact is thus desirable. One of the ways for improving biogas yield in
Latvian conditions is using biological catalysts. This paper explores the results of the anaerobic
digestion of vegetables’ processing wastes using the new biological catalyst Metaferm. The
digestion process was investigated in view of biogas production in sixteen 0.7 | digesters
operated in batch mode at the temperature of 38 + 1.0 °C. The average methane yield per unit of
dry organic matter added (DOM) from the digestion of onions was 0.433 | goom™; with 1 ml of
Metaferm: 0.396 | goom ™, and with 2 ml of Metaferm: 0.394 | goom™. The average methane yield
from the digestion of carrots was 0.325 | goom™; with 1 ml of Metaferm: 0.498 | goom™2, and with
2 ml of Metaferm: 0.426 | goom™. The average additional methane yield per unit of dry organic
matter from the digestion of 50%:50% mixed onions and carrots was 0.382 | gpoom™ with 2 ml
of Metaferm. The average additional methane yield per unit of dry organic matter from the
digestion of cabbage leftovers was 0.325 | gpom*; with 1 ml of Metaferm: 0.375 | goom™?, and
with 2 ml of Metaferm: 0.415 | goom*. The average additional methane yield per unit of dry
organic matter from the digestion of potato cuttings was 0.570 | gpom*; with 1 ml of
Metaferm: 0.551 | goom %, and with 2 ml of Metaferm:0.667 | goom. The average additional
methane yield per unit of dry organic matter from the digestion of 50%:50% mixed cabbages
and potatoes was 0.613 | goom* with 2 ml of Metaferm. All investigated vegetable wastes can
be successfully cultivated for energy production under agro-ecological conditions in Latvia.
Adding the catalyst Metaferm increased methane yield, except for onions.

Key words: anaerobic digestion, onion, carrot, cabbage, potato, biogas, methane, biological
catalyst.

INTRODUCTION

Energy production from renewable sources plays an important role in European
energy policies. The share of renewable energy is expected to rise further to 21% by
2020 and 24% by 2030 (COM (2014) 15 final). According to calculations provided
during the implementation of the Biomass Action Plan, 8% of Europe’s energy needs
covered by biomass can reduce greenhouse gas emissions equivalent to 209 million
tonnes of CO; per year and create up to 300,000 new jobs in the agricultural and forestry
sectors.
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According to Directive 2009/28/EC, Annex I, Part A, the goal for Latvia is to
increase the share of energy produced from renewable energy sources (RES) in gross
final energy consumption from 32.6% in 2005 to 40% (1918 toe) in 2020 (Ministry of
Economic, 2010).

One of the most promising renewable energy sources is biogas. Biogas production
must be developed, as methane collection also helps to implement the Kyoto Protocol
provisions. The Latvian Action Plan envisages the total electricity generation capacity
of 92 MW for biogas plants in 2020. The number of working biogas cogeneration plants
will increase up to 54 in Latvia in 2014 (Ministry of Economics, 2015). There is around
369,000 ha of available land suitable for growing energy crops and the production of
biogas in Latvia (Dubrovskis, et al., 2011). However, many biogas plants are built in
areas, e.g., in the subregion Zemgale, with little or no free additional land for growing
biomass (mainly maize) for biogas plants. High cereals yields and increasing grain prices
on the market can cause the further decreasing of maize areas, potentially limiting this
traditional source for biogas production. Therefore, it is necessary to find new biomass
sources to stabilise or increase biomethane production in biogas plants in Latvia.

An additional way for increasing biogas production is improving the anaerobic
fermentation process itself. Currently, within some European countries, a variety of
specific additives are being rapidly developed and their use is undergoing innovation
(Feng, at al., 2010; Lemmer, at al., 2011; Irvan, 2012; Facchina, at al., 2013) with the
aim of increasing biogas yield.

One available biomass source is vegetable and fruit waste from the food industry
and/or households. Vegetable and fruit wastes have high initial moisture content in the
range of 60-93%, and the wastes are easy degradable under anaerobic conditions.

The anaerobic processing of quickly degradable vegetable or fruit wastes can help
avoid carbon dioxide emissions and runoff from biomass, facilitating biogas and
fertilizer production in an environmentally friendly way. Research should be conducted
on food industry waste processing to evaluate local or regional biogas potential. The aim
of the research is to evaluate biogas and methane production from different vegetable
residues, clarify whether the addition of biocatalyst Metaferm (made in Latvia) in
substrates causes any positive effects, establish effective doses for optimised
fermentation and determine the highest doses capable of inhibiting the anaerobic
digestion process.

MATERIALS AND METHODS

In order to achieve greater statistical confidence, heated camera (Memmert
incubator) and a number of small bioreactors were used. Small bioreactors were filled
with substrate and placed in a heat chamber, and gas from each bioreactor was directed
into a separate storage bag located outside the camera. Widely applied methods were
used for obtaining results (Kaltschmitt, 2010).

The amount of dry matter was determined by investigating the initial biomass
sample weight and dry weight with Shimazu scales at 105 °C and by investigating ash
content with the help of a Nabertherm furnace, with which the samples were burnt at
550 °C. All mixtures were prepared, carefully mixed and all sealed bioreactors were put
in heated camera within same time period before starting anaerobic digestion. The
composition of the gas collected into the storage bags was measured with the gas
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analyser GA 2000. With the help of this instrument, oxygen, carbon dioxide, methane
and hydrogen sulphide were registered in the gas. Substrate pH value was measured
before and after finishing the anaerobic fermentation process using a pH meter (PP-50)
with accessories. Scales (Kern KFB 16K02) were used for weighing the substrate before
anaerobic processing and for weighing the digestate after finishing the fermentation
process. Dry matter content and ash content were measured in the digestate originating
from each of the bioreactors to determine dry organic matter (DOM) content.

Bioreactors with the volume of 0.7 | were filled with biomass samples of 20+0.05g
and with 500.0 + 0.2 g inoculum (fermented cattle manure from a 120 | bioreactor
working in continuous mode). For calculation purposes control bioreactors were filled
only with inoculum. All data were recorded in the journal of experiments and in a
computer. All bioreactors were placed into an incubator with the operating temperature
of 38 £ 0.5 °C, and every bioreactor had a flexible pipe connected to a gas storage bag
positioned outside the heated camera. Every gas bag has a port normally closed with a
tap for gas measurement. The quantity and composition of gases were measured every
day. Bioreactors were also gently shaken to mix the floating layer regularly. The
fermentation process was started with a single filling in batch mode until the biogas
emission ceased. The final digestate was weighed; dry matter and ashes were
investigated to evaluate organic dry matter content. The total biogas and methane
production values were calculated using the normal biogas volumes and quality
parameters obtained from the gas collected to the gas storage bags from each bioreactor.
For statistical accuracy all final data values were calculated as averages on the basis of
two identical substrates positioned in the heat camera.

In the first study, raw onion and carrot processing residues were studied. In the
second study, cabbage leaves and potato processing wastes were used as raw material
in the bioreactors. The methods of the experiments were the same for both projects.

RESULTS AND DISCUSSION

The results of analysing raw material samples in view of the anaerobic digestion of
onion and carrot wastes in the first study are shown in Table 1.

The results of the digestate analysis after the anaerobic digestion process are shown
in Table 2.

The production of biogas and methane from onion and carrot wastes and in control
reactors is presented in Table 3.

Adding the biocatalyst Metaferm resulted in a considerably higher methane
production compared to the control reactors (with onion or carrot substrates only) in all
bioreactors except for reactors with onions. This indicates that onions contain substances
that can facilitate active anaerobic fermentation processes on their own, or the substances
may act as stimulants both with and without adding the biocatalyst MF.

It is necessary to research the subject further to clarify the biological impact of
onions on anaerobic fermentation processes.
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Table 1. Results of analysing raw material samples before anaerobic digestion

Bioreactor/Raw material  pH TS TS ASH DOM DOM  Weight
substr % g % % g g
R1, R16 IN 786  4.22 21.1 20.71 79.29 16.73 500
R2, R320 g ON 12.63 2.53 6.8 93.2 235 20
500g IN + 20 g ON 7.84 454 23.63 19.22  80.78 19.09 520
R4, R520gON 12.63 2.53 6.8 93.2 235 20
500gIN+20gON+1 mI MF 7.86  4.54 23.65 19.22 80.78 19.1 521
R6, R720gON 12.63 2.53 6.8 93.2 235 20
500gIN+20g ON+2mlI MF 7.88  4.53 23.65 19.22 80.78 191 522
R8, R920g CR 10.64 2.128 9.74  90.26 192 20
500gIN+20g CR 782 447 23.24 19.69 80.31 18.66 520
R10, R1120g CR 10.64 2.128 9.74  90.26 192 20
500gIN+20g CR+1mI MF 7.85  4.47 23.28 19.69 80.31 187 521
R12, R1320 g CR 10.64 2.128 9.74  90.26 192 20
500gIN+20g CR+2mI MF  7.89 4.46 23.29 19.69 80.31 18.7 522
R14, R15 12.63 126 6.8 93.2 1175 10*
10gON+10g CR+500gIN 791 10.64 1.064 9.74  90.26 096  10**
+2ml MF 4.44 23.41 19.49 80.51 18.85 522

Abbreviations: IN — inoculum; ON —onions; CR — carrots; MF — biocatalyst Metaferm; TS — total
solids; ASH — ashes; DOM — dry organic matter; *carrots — 10g; **onions — 10g.

Table 2. Results of digestate analysis for onion and carrot substrates

Bioreactor/Raw material pH TS TS ASH DOM % DOM % Weight
% g % g
R1IN 7.21 4.48 22.19 1457 85.43 18.96 4954
R16 IN 720 444 21.71 24.55 75.45 16.38 488.9
R2 ON+IN 721 438 2236  19.11 80.89 18.08 5104
R3 ON+IN 721 464 23.74 21.87 78.13 1855 511.6
R4 ON+IN +1ml MF 718 4.20 2145 32.84 67.11 14.40 510.8
R5 ON+IN +1ml MF 720 397 20.29 28.36 71.64 1454 511.2
R6 ON+IN +2ml MF 721 423 2159 23.48 76.52 1544 5104
R7 ON+IN +2ml MF 714 406 20.72 26.20 73.80 1529 5154
R8 CR+IN 7.15 4.37 2237 20.17 79.83 17.86 511.8
R9 CR+IN 7.23 4.24 21.73 27.87 72.13 15.67 512.6
R10 CR+IN+1ml MF 7.25 4.74 2223 2284 7716 27.15 5122
R11 CR+IN+1ml MF 716 431 22.09 2321 76.79 16.96 512.6
R12 CR+IN+2ml MF 7.24 451 23.11 22.89 7711 17.82 5124
R13 CR+IN+2ml MF 721 457 23.36  22.96 77.04 1799 511.2

R14 ON+CR+IN+2mI MF  7.25  4.61 23.66 22.61 7739 1831 5134
R15 ON+CR+IN+2mI MF  7.22  4.67 23.98 23.30 76.70 18.39 513.6
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Table 3. Production of biogas and methane from onion and carrot wastes in bioreactors

Bioreactor/Raw material Biogas  Biogas Methane Methane Methane
I I gDQM’1 aver.% | | gDOM71
R1 IN 0.3 0.018 13.00 0.039 0.0023
R16 IN 0.3 0.018 14.00 0.042 0.0025
R2 ON+IN 2.3 0.978 43.87 1.009 0.429
R3 ON+IN 2.3 0.978 44.82 1.031 0.438
R4 ON+IN +1ml MF 2.1 0.894 45.47 0.959 0.408
R5 ON+IN +1ml MF 1.9 0.808 47.47 0.902 0.384
R6 ON+IN +2ml MF 2.1 0.894 43.81 0.920 0.391
R7 ON+IN +2ml MF 1.9 0.808 49.05 0.932 0.396
R8 CR+IN 15 0.781 47.13 0.707 0.368
R9 CR+IN 1.2 0.625 44.92 0.539 0.281
R10 CR+IN+1ml MF 2.0 1.041 47.75 0.955 0.497
R11 CR+IN+1ml MF 2.0 1.041 47.9 0.958 0.499
R12 CR+IN+2ml MF 1.7 0.885 42.00 0.714 0.372
R13 CR+IN+2ml MF 1.9 0.989 48.52 0.922 0.480
R140N+CR+IN+2mI MF 1.5 0.703 44.13 0.662 0.310
R15 ON+CR+IN+2mI MF 1.6 0.749 60.50 0.968 0.453

Note: The average biogas and methane values obtained from reactors 1 and 16 have been already
subtracted from the biogas and methane values for bioreactors 2—15 with fresh biomass.
Abbreviation: | gpom™ — litres per 1 g of added dry organic matter (fresh organic matter added
into inoculum)

Specific biogas and methane production volumes calculated for added onion and
carrot biomass are shown in Fig. 1.

Biogas | goom? [Methane | goom™
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Figure 1. Specific production of biogas and methane from onion and carrot wastes with and
without adding the biocatalyst MF.
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A good biogas yield was obtained owing to the characteristics of the raw materials
but also owing to the fact that the liquid fraction (also inoculum) still had a lot of
utilizable substances for the bacteria (e.g., acetic acid) that was no reflected in the dry
organic matter analysis.

Substrates with onion wastes provide relatively high methane yields, 0.433 | g pom™
(litres per 1 g added dry organic matter) on average. Onion substrates with 1 ml or 2 ml
of the biocatalyst Metaferm had a 0.396 | goom™* and 0.394 | goom™* specific methane
production respectively. This may be explained by the bioreactors containing substances
which inhibit the biocatalyst Metaferm. It is necessary to identify the precise reasons for
such inhibition in further research.

Adding 1 ml of the biocatalyst Metaferm to substrates with carrots resulted in a
very high average specific methane production of 0.498 | goom * or more than the average
methane yield of 0.325 | goom* obtained from control bioreactors without the
biocatalyst. Adding 2 ml of Metaferm to substrates with carrot wastes resulted in an
average methane yield of 0.426 | goom*. Adding 2 ml of the biocatalyst Metaferm to a
carrot—onion 50%:50% mixture resulted in a bigger methane yield increase compared to
that of the control bioreactors containing carrots, but smaller than that of control
bioreactors with onions. This result also confirms the incompatibility or inhibitive
interaction between onions and Metaferm in an anaerobic digestion process.

The results of analysing raw material samples in view of the anaerobic digestion of
cabbage and potato wastes in the second study are shown in Table 4.

Table 4. Results of analysing raw material samples before anaerobic digestion

Bioreactor/Raw material ~ pH substr. TS TS ASH DOM DOM  Weight
% g % % g g

R1, R16 IN 7.54 3.98 19.9 27.72 7228 1438 500
R2, R320gCL 7.53 10.87 2.17 9.36 80.64 1.75 20
500g IN + 20gCL 4.24 2257 2568 7432 1641 520
R4, R520gCL 7.5 10.87 2.17 9.36 80.64 1.75 20
500gIN+20gCL+1mIMF 4.24 22.07 2569 7431 164 520
R6, R720gCL 7.5 10.87 2.1748 9.36 80.64 1.75 20
500gIN+20gCL+2mIMF 4.24 22 25.69 7431 16.45 522
R8, R920gCL 7.48 19.36  3.87 5.45 9455 3.66 20
500gIN + 20gPO 4.57 23.77 23.66 76.34 18.146 520
R10, R1120gPO 7.48 19.36  3.87 5.45 9455 3.66 20
500gIN+20gPO+1mIMF 4.56 23.77 2366 76.34 1815 521
R12, R1320gPO 7.48 19.36  3.87 5.45 9455 3.66 20
500gIN+20gPO+2mIMF 4.56 23.77 23.66 76.34 1815 522
R14, R15 7.48 10.87 1.087 9.36 80.64 0875 10
10gON+10gPO+500gIN + 19.36 1.98 5.45 9455 1.83 10
2mIMF 4.39 2292 2464 7536 17.27 522

Abbreviations: IN — inoculum; CL — cabbage leaves; PO — potato wastes; MF — biocatalyst
Metaferm; TS — total solids; ASH — ashes; DOM — dry organic matter.
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Results of the digestate analysis are shown in Table 5.

Tableb. Results of the digestate analysis of substrates with cabbage and potato wastes

Bioreactor/Raw material pH TS TS ASH% DOM %DOM % Weight g
% g

R1IN 725 358 17.78 22.72 7728 13.74 496.6
R16 IN 727 35 17.26  20.64 79.36 137 2932
R2 CL+IN 727 3.69 18.94 22.14 77.86 14.75 513.4
R3 CL+IN 725 358 18.29 20.16 79.84 146 5108
R4 CL+IN +1ml MF 733 325 16.71 20.34 79.66 13.31 514.2
R5 CL+IN +1ml MF 735 3.27 16.83 22.92 77.08 1298 5148
R6 CL+IN +2ml MF 714 334 17.23 21.69 78.31 13.49 51538
R7 CL+IN +2ml MF 719 3.63 1853 21.34 78.66 14.58 510.5
R8 PO+IN 727 325 16.54 21.66 78.34 1296 509
R9 PO+IN 731 3.38 17.16 22.18 77.82 13.36 507.8
R10 PO+IN+1 ml MF 721 329 16.92 20.13 79.87 1351 5142
R11 PO+IN+1 ml MF 716  3.49 17.88 23.68 76.32 13.64 5122
R12 PO+IN+2 ml MF 725 338 17.35 2453 75.47 13.09 513.2
R13 PO+IN+2 ml MF 721 3.23 16.53 22.95 77.05 1274 512

R14 CL+PO+IN+2 mI MF 7.17  3.29 16.86 24.61 7539 1271 5126
R15 CL+PO+IN+2 mIMF 7.25  3.22 16.54 26.56 7344 1215 51338

The production of biogas and methane from cabbage and potato wastes is presented
in Table 6 and Fig. 2.

Table 6. Production of biogas and methane from cabbage and potato wastes in bioreactors

Bioreactor/Raw material Biogas  Biogas Methane Methane Methane
| | gDor\/Fl aver.% | | g[)omfl
R1IN 0.3 0.039
R16 IN 0.4 0.02
R2 CL+IN* 1.2 0.685 50 0.597 0.341
R3 CL+IN 1.1 0.628 51 0.561 0.32
R4 CL+IN +1ml MF 1.3 0.742 51.92 0.675 0.385
R5 CL+IN +1ml MF 1.2 0.685 53.42 0.641 0.366
R6 CL+IN +2ml MF 1.5 0.857 49.4 0.741 0.423
R7 CL+IN +2ml MF 1.7 0.971 41.82 0.711 0.406
R8 PO+IN 4.1 1.12 52.71 2.161 0.59
R9 PO+IN 3.4 0.928 59.14 2.011 0.549
R10 PO+IN+1ml MF 4.1 1.12 53.68 2.201 0.601
R11 PO+IN+1ml MF 3.3 0.902 55.48 1.831 0.5*
R12 PO+IN+2ml MF 4.7 1.284 53.21 2.501 0.683
R13 PO+IN+2ml MF 4.7 1.284 50.66 2.381 0.651
R14 CL/PO+IN+2mI MF 3.1 1.034 49.39 1.531 0.565
R15 CL/PO+IN+2mI MF 3.7 1.367 48.41 1.791 0.662

*Reactor R11 had technical problems during fermentation; therefore, the data collected from it
were replaced by data obtained from the reactor R10 (with the same substrate composition) in
calculations.
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Figure 2. Specific production of biogas and methane from cabbages and potatoes with and
without adding the biocatalyst Metaferm.

The main results obtained from the second study are the following:

Adding the biocatalyst Metaferm increased biogas and methane production for all
reactors compared to the control reactors. Adding 1 ml of the biocatalyst Metaferm to
substrates with cabbage leaves resulted in an average specific methane production of
0.376 | goom *. Adding 2 ml of the biocatalyst MF to substrates with cabbage leaves
resulted in a very high specific methane production (0.415 | goom ™). Adding 1 ml or 2 ml
of the biocatalyst MF to substrates with potatoes increased the average specific methane
production compared to the control bioreactors (potato without MF). Less methane was
produced in the bioreactor R11 due to technical problems, therefore, data from this
reactor were not included in calculations.

Adding 2 ml of the biocatalyst MF to substrates with cabbage leaves and potato
cuttings (50 : 50) resulted in very high specific methane production (0.613 | goom™).

CONCLUSIONS

Adding the biocatalyst Metaferm had an impact on the fermentation processes in
all substrates compared to the control group without MF.

Adding 1 ml and 2 ml of the biocatalyst Metaferm to substrates with onions lowered
methane production by 8.5% and 9% respectively compared to the control substrate.
Interactions between inoculum, onion and biocatalyst should be investigated more
thoroughly in further research.

Adding 1 ml of the biocatalyst Metaferm increased methane production by 5.5%,
13.6% and 53.2% in substrates with potato, cabbage and carrot wastes respectively
compared to the control substrates.

Adding 2 ml of the biocatalyst Metaferm increased methane production by 17%,
25.2% and 31.1% in substrates with potato, cabbage, and carrot wastes respectively
compared to the control substrates.

Adding 2 ml of the biocatalyst MF to substrates with cabbage and potato cuttings
(50:50) caused the methane production to increase by 7.63% compared to the average
methane production in cabbage and carrot substrates with 2 ml of MF.
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Adding 2 ml of the biocatalyst Metaferm to a carrot-onion mixture (50%:50%)
caused the methane yield to increase by 17.5% compared to the control bioreactors
containing carrots, but the yield was 11.8% smaller than that of control bioreactors with
onions. This result also confirms the inhibitive interaction between onions and Metaferm
and/or inoculum in anaerobic digestion processes.

Adding 2 ml of the biocatalyst Metaferm to a cabbage—potato mixture (50%:50%)
caused the methane yield to increase by 33% compared to the average value of control
bioreactors containing cabbage and potato mixtures without MF. This result also
confirms the positive effect of the biocatalyst Metaferm on cabbage or potato substrates
undergoing anaerobic digestion processes.
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Abstract. The article relates results of experiments and problem studies, the main goal of which
was comparing four alternatives of solid biofuels suitable for heating private houses by low-
power boilers. The results were obtained by burning of selected biofuels in an automatic pellet
boiler specifically designed for combustion of pelletized fuels with high ash content. The
emissions were set up related to the mass of burnt fuels and to the fuels’ net calorific value
(specific emissions), they were measured and analysed. Based on the emission concentration
measurements and stoichiometric calculations, the fuel gas emissions’ properties and boiler
efficiency were compared at a range of power outputs of 7.5 kW, 12.5 kW and 18.5 kW. With
regard to fuel properties and boiler outputs, the emissions of carbon monoxide (CO) were
determined as well as emissions of nitrogen oxides (NOx) and sulfur dioxide (SO) were measured
and compared too. The results permitted to formulate conclusions that the wood pellets were
having the lowest values of measured emissions, whereby Jatropha seed cakes showed several
times higher emissions in comparison with emissions from wood pellets, oil palm shells and
wheat straw pellets, where the last one is a typical representative of the agricultural biomass with
relatively high nitrogen content and as was shown higher emissions of NOX as compared to wood
pellets. Qil palm shells measured emissions were relatively similar to wood pellets emissions,
especially concerning emissions of SO, and CO. All tested materials were having very low
combustible sulphur contents and therefore the specific SO, emissions were negligible at all these
fuels. A very important finding was that the amount of emissions was dependent on boiler output,
where with the output decreasing the amount of emissions was growing. The other linkage —
dependence of the boiler efficiency on power output was also proved in the present paper.

Key words: wood pellet, wheat straw, Jatropha seed cake, oil palm shell, emissions, biomass
combustion.

INTRODUCTION

In view of approaching lack of fossil energy sources (particularly future shortage
of crude oil and natural gas) which deposits are estimated to meet future needs some
couple of decades only. Research of new energy sources gets high importance.
Especially renewable energy sources seem being of very good prospects. The so called
bioenergy produced from biomass (mainly waste biomass which is very abundant in both
developed and developing regions) is one of renewable sources of energy. In some
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regions it is the only one utilisable renewable energy source. For the above reasons much
effort and many founds are yearly worldwide spent for researching new energy sources.
In fact they have always been well known however their utilization is constrained by
sometimes less economy (due to higher prices) or they feature some technological
imperfections in comparison with fossil energy and generally have lower calorific
values. On the other hand they have some properties which are superior to fossil fuels
such as smaller amount of emissions or availability in distant areas.

As stated in the Abstract the present paper concerns results of testing solid biofuels
made of four different raw materials in order to get more information useful for
production process of biofuels as well as for their combustion.

MATERIALS AND METHODS

Two different kinds of pellets were used for experimental purposed: wood pellets
and wheat straw pellets. As the substitutes to pellets oil palm shells and Jatropha seed
cake were exanimated, too.

The pellets are commercialized in Czech Republic and they have a diameter of
6 mm. Jatropha seed cake is untreated waste material from mechanical oil extraction.
Shape composition of Jatropha seed cake was: 86% shape of flakes from 1 to 8 cm in
diameter and 3 mm thin and 14% of dusty material. Oil palm shells from Malaysian palm
oil industry were used as untreated substitute for pellets; 95.9% of particles (shells) reach
diameter 3.15-15 mm.

The basic properties of above mentioned tested biofuels, which encompasses
calorific values and chemical composition were analysed according to European
standard methods and they are presented in the Table 1.

Table 1. Biofuels chemical composition and calorific values

Chemical composition, Wood pellets  Wheat straw Palm shells Jatropha seed
w.b (%) pellets cake
C 46.23 43.04 39.41 44.72
H 6.29 6.51 4.81 6.07
N 0.24 0.72 0.08 3.80
S 0.0 0.05 0.06 0.0
) 39.45 43.28 48.18 37.44
Moisture content, w.b (%) 7.79 6.40 7.46 7.96
Ash content (%) 1.49 6.33 3.33 5.48
NCV (MJ kg?) 16.35 17.60 17.35 17.56
GCV (MJ kg?h 17.93 19.19 18.59 19.11

Ash deformation

o 1,300 800 1,345 1,110
temperature, °C

The data of moisture content, ash content and its deformation temperature for oil
palm shells were also published in our previous research (Kavalek et al., 2013a) and the
parameters of Jatropha seed cake, except of chemical composition were presented at
Kavalek et al., 2013b.
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Commercially available automatic pellet boiler working with a range of
7.5-25 kW power output specifically designed for wood pellets burning was used for the
experiments. The testes of the research materials were conducted at the power outputs
7.5 kW, 12.5 kW and 18.5 kW. The fuel was being loaded from a container attached to
the furnace by a screw conveyer directly into the furnace. The boiler has separately
distributed primary and secondary combustion air inputs. Capacity of the boiler can be
controlled by adjustment of fuel loading intervals. Primary and secondary air flows are
dependent on each other; because they are blown by a simple fan and cannot be
controlled directly (i.e. control of the air flow by the speed of the fan is not possible).
However the primary and secondary combustion air flows may be controlled by flaps.
The boiler is also equipped with flue gas recirculation that is controlled by revolutions
of the recirculation fan.

Fig. 1 shows schematic diagram of the boiler used for experiments, which consists
of: fuel container having capacity of 25 kg and motor drive of the screw feeder to feed
fuel into the combustion chamber, control panel (not shown in the figure) for controlling
the feeding rate, then cyclically working grate to remove ash from the furnace, hot water
heat exchanger to hand over the heat of combustion from the primary water circuit to the
secondary one.

Flue gas Flue gas analysis extraction point
outlet

] ——
|

Heat —
exchanger

T

Combustion chamber

e
N

Fuel
storage edef
‘ sd”fiw=%>

—
gﬂ;pﬂ’ %fh

e I
Air fan

[ Recirculation fan

Figure 1. Schematic diagram of the boiler.

Gaseous compounds were measured continuously at the flue gas analysis extraction
point (see Fig. 1) by Portable Emission Analyzer Testo 350 XL during all the experiment
of the biomass combustion. CO2, CO, NOy, SO, O. and air excess where measured.
Concentrations of O, CO, NOx and SO, were evaluated and processed after the
experiment. The concentration values were measured in volume fraction concentrations
and then were converted into mass concentrations as related to dry flue gas at normal
pressure and temperature and reference oxygen content, using the following equation
(Dlouhy, 2007; Skopec et al., 2014):
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where: C;¥ is measured volume concentration of given component X in volume ppm; My
is molar mass in g mol™; p,. is reference pressure of 101.325 kPa; R is universal gas
constant equal to 8.3143 J K™'mol™; T, is reference temperature of 273.15 K; 0, 5 is
reference oxygen content (for this purpose 10% given by law); O, ;means IS measured
oxygen content in volume %. The final unit of mass concentration of the flue gas
component is mg N*m3. Nitrogen oxides are calculated as NO; (Ibler et al., 2002).

RESULTS AND DISCUSSION

Average values of volume emission concentrations from the measurements were
converted into mass concentrations at standard conditions and reference concentrations
of oxygen. The results are presented in the Table 2 and Figs 2—4. These results show
variability of boiler emissions in whole working range of boiler power output.

Specific emissions evidence strong influence of boiler power output. With
increasing power output the emissions decrease. It means that the power output of the
boiler significantly influence the amount of emissions.

CoO

&~ 120,000

F'é» e \\/OOd pellets
X

o)) \

é 80,000 Wheat straw
8 N pellets

® 40,000 e N = = = Palm shells

© - o

E = == Jatropha seed
n 0 cake

7.5 12 18.5
Power output (kW)

Figure 2. SE mass CO emissions.

Two kinds of specific emissions were evaluated and calculated on the basis of
measured data. The specific emissions related to the fuel mass (SE mass) and the specific
emissions related to the net calorific value (or low heating value) of the fuel (SE NCV).
First the theoretical volume of the flue gas was calculated from the elemental
composition of the fuel in order to obtain SE mass. Using oxygen concentration, the
theoretical volume of the flue gas is converted to real volume of flue gas. The SE mass
was obtained through multiplication by the recalculated emission mass concentration.
SE NCV calculation is based on conversion of weight of the fuel to the recoverable
energy stored in it. This provides an alternative way for comparison of different fuels.

306



In this case the differences are not fully apparent due to quite similar net calorific values
of both groups of fuels.

The Fig. 2 demonstrates results of specific CO emissions’ measurements from
combustion of all four tested solid fuels.

CO emissions indicate the quality of the combustion process. Burning the wood
pellets exhibited much better combustion stability and the boiler output was at the set up
value. Burning the Jatropha seed cake showed the worse characteristics, but it was
expected. In the course of the combustion of wheat straw pellets, palm shells as well as
Jatropha seed cake the performance greatly fluctuated and it was necessary to set the
shorter grating period especially due to the higher amount of ash content and in case of
wheat straw pellets also due to the lower ash softening temperature and tendency to
sintering.

NO,
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v ~
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S ~ Wheat straw
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o)  ~
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0 N @ e == Palm shells
@ 15,000 —_————
= — =
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(L})J 0 cake
7.5 12 18.5

Power output (kW)
Figure 3. SE mass NOx emissions.

It is evident from Fig. 3, that the NOx emissions from Jatropha seed cake
combustion are almost ten times higher than the emissions released during the
combustion of wood pellets. This finding corresponds to the nitrogen content in the fuels,
as shown in the Table 1.

1,500 - -

Wood pellets

Wheat straw

pellets
1,000 / « = = Palm shells
e= = Jatropha seed
0 — cake

7.5 12 185
Power output (kW)

SE mass SO, (mg kg1)

Figure 4. SE mass SO2 emissions.
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SO, emissions for majority of tested biofuels are very low due to the low content
of combustible sulphur (see Fig. 4). Only Jatropha seed cake shows increased SE mass
due to its increased sulphur content.

Boiler efficiency
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2 60% e=” = = = Palm shells
= 0 ~ >
L - -
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7.5 12 18.5

Power output (kW)

Figure 5. Boiler efficiency related to power output.

As demonstrated by Fig. 5 the boiler efficiency also shows dependence on the boiler
power output. The strongest influence of power output on the boiler efficiency was found
at combustion of wood pellets and the lowest one at Jatropha seed cake combustion. It
can be seen, that in the case of wood pellets the boiler efficiency increased by 12% in
comparison between 7.5 kW and 18.5 kW power outputs. In case of oil palm shells with
increase of the boiler power output the efficiency has also increased significant
(by 10%). In case of wheat straw and Jatropha seed cake the efficiency growing rate was
confirmed as well, but the incensement itself was in both these cases not so rapid in
comparison with two above mentioned materials.

The Table 2 gathers the overall results of specific emissions related to the fuel mass for
all the biofuels tested within the present research.

Table 2. SE mass comparison

Specific emissions CO Specific emissions NOx Specific emissions SO,
(mg kg™) (mg kg™ (mg kg™
Power output 7.5 12.0 185 7.5 12.0 18.5 7.5 12.0 185
(kW)
Wood pellets 18,935 9,244 1,542 3,234 1,852 1,214 135 5 6
Wheat straw 110,215 17,278 2,999 10,353 6,596 3,999 1 616 830
pellets
Palmshells 45,490 5,409 1,777 11,629 8,034 4,962 3 56 9

Jatropha seed 107,364 27,121 4,060 24,882 16,230 10,288 1,239 1,458 1,204
cake
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The results of specific emissions related to the net calorific value and their
comparison with the other previously published data are presented in the Table 3. The
SE NCV values measured at the nominal and minimal power output (18.5 kW and
7.5 kW, respectively) within this study were compared with specific emissions taken
from the EMEP/EEA air pollutant emission inventory guidebook (Troozzi, 2006) and
with specific emissions taken from Czech Hydrometeorological Institute (CHMI)
(Horak, 2011). The values from EEA are related to small boilers with nominal capacity
lower than 50 kW for burning wood and similar wooden waste. The values from CHMI
are related to the combustion of wood. There is no published data found concerning the
same parameter for biofuels made of agricultural biomass.

Table 3. Comparison of measured SE NCV with SE NCV available from EEA and
CHMI

Pollutant EEA CHMI Wood pellets Wheat straw  Palm shells  Jatropha seed
pellets cake

Power output - - 185 75 185 75 185 75 185 75

(kW)

CO (gGJ') 4,000 685 94 1160 170 6,260 102 2,620 231 6,110
NOx (gGJY) 120 2055 74 198 227 588 277 670 586 1,420
SO, (3GJY) 30 685 04 83 05 47 0 07 70 70

Table 3 shows, that SE NCV of CO obtained by EEA for the same (wooden)
material are extremely high in contrast with CHMI data and the results of this research.
The EEA data seems to be unreliable since measured experimental data as well as the
data from CHMI are much lower; even in comparison to the case of lower power outputs
are EEA values four times higher. However, EEA emission values of CO are comparable
to the values of Jatropha seed cake emissions and emissions from wheat straw pellets at
minimal power output. Due to the lowers ash softening temperatures the burning process
of wheat straw pellets could be assessed as difficult and highest CO concentrations are
produced. CHMI values of CO emissions are close to emission values for wood pellets
obtained in the present research at the boiler power output 18.5 kW.

On the other hand, the values of NOx emissions published by EEA seem to be more
accurate for nominal power output; the CHMI values are closer to our values measured
at minimal power output. The measured NOy values for wheat straw pellets, oil palm
shell and especially Jatropha seed cake are much higher than EEA and CHMI values,
mainly concerning to the minimal power output.

The values of SO, specific emissions are completely different from both the above
information sources in comparison with our measured data. There is no reliable
explanation for such a high discrepancy. The most probable problem resides in the
applied measurement method for SO, concentration measuring, which is in the case of
EEA and CHMI unknown. The SO, measurement methods/technique might be not
enough precise and suitable for the low concentrations and might therefore be a source
of errors. Unfortunatelyy, EEA and CHMI didn’t mention any method used for their data
meas
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CONCLUSIONS

The specific emissions of CO, NOx, CO2, and SO; related to the mass of fuel burnt
and the net calorific value of fuel was determined based on the emission concentration
measurements and stoichiometric calculations done for four different types of solid
biofuels at three different boiler power outputs. It was confirmed that wood pellets
generally have much lower emission concentrations of harmful pollutants than other
biofuels. Oppositely, Jatropha seed cake shows the highest concentrations of all tested
pollutants. Oil palm shells showed similar values of CO emissions comparing to wood
pellets. Wheat straw pellets are typical representative of agricultural biomass with
relatively high nitrogen content. Therefore, their specific emissions of NOy are several
times higher in comparison to wood pellets and are comparable (similar) to NOy
emissions obtained from oil palm shells. All fuels have very low combustible sulphur
content, except from Jatropha seed cake, while their SO, emissions are also quite
negligible.

Comparison of calculated specific emissions with literature data provided different
results. Specific emission of CO better corresponds to CHMI data, while NOy values to
EEA. However, there are uncertainties regarding experimental procedure and boiler used
in these published references. According to Skopec et al. (2014), generally, a
development and modernization of boiler construction should lead to their better
efficiency and improved emission reflected in lower specific emissions. The boiler
efficiency calculated in this study showed dependency of efficiency on the boiler power
output.
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Abstract. Nowadays an increasing attention is given to the production and use of solid biofuels
as an alternative to traditional fossil fuels. The common raw material for the production of solid
biofuels is a biomass of vegetal origin, which is mainly represented by waste and secondary
agricultural products as well as forest or wood residues. Unfortunately, these types of materials
do not always meet the quality requirements for the production of biofuels in the form of pellets
and briquettes. This is primarily due to the fact that much of the agricultural wastes have low
calorific value, high ash content, low density, etc. and at the end all these facts also negatively
affects the price of biofuels. In addition, an intensive use of agricultural waste as a raw material
for the purpose of biofuels’ production could have a negative impact on soil fertility. Based on
abovementioned disadvantages of agricultural biomass, there is a big potential in utilization of
alternative biomass such as energy crops. Several energy crops from the same biological family
Asteraceae were selected for the research purposes. The main focus of this article is evaluation
and comparison of the main solid biofuels’ properties, which were measured according to
European and International standards. Assessment of an energy potential of selected crops for the
Republic of Moldova is presented here as well.

Key words: energy crops, solid biofuel, briquettes, gross calorific value, ash content.
INTRODUCTION

Supply of mankind with the food and energy remains the central topic of the XXI
century. Economic growth and social development of society leads to increased
consumption of energy resources, the cost of fossil types of fuels constantly rising and
soon they may run short of reserves in general. According to the forecast developed by
World Energy Council, consumption of energy in 2050 will double, which, in turn, will
lead to increased CO, content in the atmosphere and to strengthening of greenhouse
effect.

In regard to this, searches for new renewable sources of energy are actively
conducted, including development of bioenergy, which gets increasing social demand
and now it ranks among the main priorities of innovative development of world
economy. The Republic of Moldova imports 95% of energy resources and energy costs
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per unit of production are three times higher, than on average across Europe. According
to Energy strategy of the Republic of Moldova (2013), the total amount of energy
produced from renewable sources should be increased to 20% by the year 2020 and 3/4
of this amount will make energy from biomass. Taking into account that forests in
Moldova cover less than 8% of the area, it becomes relevant to explore the suitability of
using various types of phytoenergy plants (energy crops) as renewable energy sources,
and also to develop technologies of their cultivation in order to obtain the maximum
yield of technological raw materials for further processing into new types of fuels.

The brief description of selected crops, which seem to be perspective source of
energy biomass for Moldova and were object of the present research, is as follow:

According to Shtar et al. (2006) and Teleuta et al. (2012) Jerusalem artichoke was
introduced in Moldova at a turn of 17—18 centuries. Silage types of Jerusalem artichoke
represent special interest for production of solid biofuel, because these taxa reach
4.2-4.5 m in height and 3.2—4.0 cm in diameter at the plant base.

More than half a century cup plant was studied in Moldova as fodder crop, but in
recent years it also became interesting for development of bioenergy field. The plant is
propagated by division of a bush, seedling and seeds. Seedling and seeds form only the
socket in the first year. In the following years 12—20 shoots develop on one bush. Stem
of the plants is straight, well leafy, thick, tetrahedral and by the end of growing season
reaches 3.0-3.5 m (Teleuta & Titei, 2012).

By Titei & Teleuta (2011) New York aster was introduced as an ornamental
flowering plant. It usually grows as a bush of back pyramidal form. Stems are up to 160
cm height, densely branched and leafy. The plant is propagated by division of a bush
(spring), green stems and seeds. New York aster has high frost resistance and it can be
used for development of abandoned and eroded lands.

Elecampane is cultivated for medicinal purposes, where rhizomes or leaves are
applied, and stems can be used for energy. Propagation of the plant is done by division of a
bush, seedling and seeds. In the first year plants form the socket and in the following years
develop stems up to 2.3 m height, angular, thick, upright, and furrowed, at the top low-
branchy, highly resistant to mechanical damages, steady against precipitations and strong
wind during winter period (Halford & Karp, 2010).

The research problem was to evaluate the potential for the Republic of Moldova of
solid biofuels produced from four promising energy crops on the basis of determination of
their main parameters such as gross and net calorific values as well as ash content and due
to calculation of the biomass energy yields.

MATERIALS AND METHODS

Material for research was perennial species of herbaceous plants from the family
Asteraceae: Jerusalem artichoke (Helianthus tuberosus L.), cup plant (Silphium
perfoliatum L.), New York aster (Symphyotrichum novi-belgii or syn. Aster novi-
belgii L.) and elecampane (Inula helenium L.). The selected plants were grown under
the same conditions in experimental plots of Chisinau Botanical Garden (Institute) of the
Academy of Sciences of the Republic of Moldova (see Fig. 1).

312



Symphyotrichum novi-belgii L. Inula helenium L.

Figure 1. Perennial energy crops from the family Asteraceae.

Aboveground biomass of the selected energy crops grown for research purposes
was harvested in 2012 and the further measurements of biomass and biofuels properties
were performed in the Laboratory of solid biofuel of the State Agrarian University of
Moldova in accordance with European Union standards for solid biofuel, which were
approved and came into force in the Republic of Moldova since 2012.

The gross calorific value (GCV) was determined by bomb calorimeter LAGET MS-
10A for the totally dry materials (dry basis) and it was calculated by the following
formula (Havrland et al., 2013):

GCV = dTk -Tk —(c1+c2) ] g_l (1)

where: dTk — temperature jump, °C; Tk — heat capacity of calorimeter, J °C*; ¢, —repair

of benzoic acid, J; c. — repair of the heat released by burning spark fine wire, J;
m — weight of material sample, g.
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The net calorific value (NCV) was then defined as (Marian et al., 2013):
NCV = GCV —Ey, - (89-H+ W), Jg*t (2)

where: Ew — average value of heat of water evaporation, J g* (24.42 J g*); H — hydrogen
content in a sample, %; W — moisture content in a sample, %.

Measurement of ash content (A.) was performed in muffle furnace in accordance
with the requirements of SMV EN14775:2012 standard and the following formula was
used:

Ay = T 400, 9 3)

N (my-my)

where: m1 — mass of an empty crucible, g; m, — mass of crucible with a sample, g;
ms — mass of crucible with ash residue, g.

The maximum (theoretical) energy potential or biomass gross energy Yyield
(BEY) of energy crops was found due to following calculation (Kolarikova et al., 2014):

BEY = GCV - DM, GJ ha! (4)
where DM — productivity of the plant (dry matter yield), t ha™
RESULTS AND DISCUSSION

Table 1 (below) shows the results of laboratory measurements and calculations
regarding to the main fuel properties of selected plants, such as calorific value and ash
content. Sunflower like representative of the same family was taken for comparison.

It is evident from Table 1 that New York aster and Jerusalem artichoke have the
highest values of gross and net calorific value and the lowest values from all the plants
show elecampane. For more probability of the results standard deviations and confidence
intervals were found.

Generally, the highest calorific values are typical for biofuels made of wood
biomass. According to Jevi¢ et al. (2008) net calorific value of wood ranges between
19.4-20.8 MJ kg, which is much higher than net calorific value of presented crops. On
the other hand, in accordance with EN 14961-3 the minimum net calorific value
determined for the wood briquettes of A1 class should be 15.5 MJ kg%, which is reached
by all the studied plants.

The same as calorific value the best results of ash content (the smallest amount)
shows biomass of New York aster, followed by Jerusalem artichoke, and in contrast the
highest amount of ash content after the biomass combustion has elecampane. The ash
content in selected plants varies from 1.82—-4.07%.
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Table 1. Main characteristics of energy crops’ biomass
Parameters of calorific value

Calorific value Standard  Confidence Ash
Biomass (dry basis), J g* deviation interval content,
Gross calorific Net calorific %
value value
Jerusalem artichoke 18,568.85 17,258.96  459.08 6.60 2.26
(Helianthus tuberosus L.)
Cup plant 17,823.02 16,513.15  653.36 9.59 2.50
(Silphium perfoliatum L.)
New York aster 18,726.84 17,416.95  481.71 6.89 1.82
(Symphyotrichum novi-belgii)
Elecampane 17,653.07 16,343.18  498.75 7.35 4.07
(Inula helenium L.)
Sunflower 18,437.85 17,127.96  332.17 4.79 2.73

(Helianthus annuus L.)

According to the standard for a quality of wood briquettes EN 149611 ash content
ranges between 0.5-3%. Chosen plants from Asteraceae family except from elecampane
(including sunflower) fulfill this requirement. As reported by Kotlanova (2010) ash
content of herbaceous biomass may reach values up to 10%. For example, ash content
of hay (grass) measured by Hutla (2010) is 6.33%, which is much higher comparing to
all selected plants. Kim et al. (2000) reported that the low ash content leads to better
suitability of fuels for thermal utilization. High ash content causes high dust emission
and negatively influences the combustion efficiency.

It is necessary to mention some other important notes and data from the field trials
and laboratory measurements concerning the selected crops, e.g. biomass yield as well
as bulk density of crushed biomass prepared for transportation and transformation to
solid form of fuel.

It was found that stems of Jerusalem artichoke do not break and fall down and this
contributes to high accumulation of aboveground dry biomass of about 26-28 t ha™.
Bulk density of harvested and crushed dry biomass of the plant is 268—276 kg m=.

Cup plant biomass contains up to 25% of leaves that has impact on decrease of
calorific value and bulk density. Bulk density of crushed biomass is 241 kg m™. But
physical density of received briquettes made of cup plant is high (961 kg m), this has
positive impact on their storage and transportation. Biomass yield is about 16.4 t ha™.

Within establishing negative temperatures New York aster’s shoots quickly dry up
and at the beginning of December the moisture of harvested aboveground biomass drops
below 10%. Biomass yield reaches 11.7 t ha'*; leaves content is 10-18%. Bulk density
of harvested and crushed dry biomass is about 248-256 kg m™.

Negative temperatures also quickly accelerate drying of elecampane’s stems and by
beginning of November it is possible to start collecting biomass. Harvested yield of
aboveground dry biomass of this plant varies between 9-13 t ha.

Very important indicator, which was calculated from the abovementioned results,
is energy potential of the crop (see Fig. 2).
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It is visible from the Fig. 2 that Jerusalem artichoke reaches almost double energy
potential comparing to other crops. Energy potential of cup plant biomass is about
300 GJ ha' that is equal to about 10 t of fuel equivalent.
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Helianthus Silphium Symphyotrichum Inula helenium Helianthus
tuberosus perfoliatum novi-belgii annuus

Figure 2. Maximum energy potential of studied plants from the family Asteraceae.

Theoretical energy yield of Jerusalem artichoke is approaching the maximum
energy yield of Miscanthus x giganteus, which belongs to the top energy crop across the
Europe. According to Havrland et al. (2013) the energy yield of Miscanthus x giganteus
is around 531.9 GJ ha. In comparison, the energy yield of Jerusalem artichoke is higher
than the energy yield of some energy crops like giant reed (Arundo donax L.) —
451.6 GJ hal, giant knotweed (Reynoutria x bohemica) — 387.7 GJ ha' and Miscanthus
sinensis — 362.8 GJ ha'.

The values of energy potentials of New York aster, elecampane and sunflower are
seminar and are close to energy yield of annual hemp (Cannabis sativa L.) —
213.6 GJ ha* (Havrland et al., 2013).

The energy potential presented in the study is theoretical maximum energy
potential of the crops. It means that losses (post-harvest and combustion losses) were not
taken into account; they can vary between 30-50% (Prade et al., 2011).

All of the above mentioned plants were grown under natural conditions without
additional inputs in the form of fertilizers, irrigation, etc. It may be expected that some
additional inputs will increase biomass yield and subsequently total energy potential of
the plant.

CONCLUSIONS

Summarizing the results of calorific values, ash content and energy potential of
selected crops, it can be concluded that crops from Asteraceae family have positive
characteristics, which make them attractive raw materials for production of solid biofuels
in the form of briquettes and pellets.

Conducted research demonstrated that Jerusalem artichoke is the most perspective
energy crops among the tested plants due to the largest energy yield, followed by cup
plant from the viewpoint of energy yield and New York aster with the highest calorific
values and lowest ash content.
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However for selection of energy crops it is also necessary to do calculations of
energy and economical balances (inputs vs. outputs).
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Abstract. Corn cob hydrolysate was used as substrate for growth and lipid accumulation via
oleaginous yeast species. A mass based suspension of 10 g 100 g corn cob hydrolysate contained
26.0 g L glucose, 8.5 g L xylose. The inhibitor concentrations were 0.16 g L™ acetic acid,
1.50 g L* formic acid, 0.48 g L't HMF and 0.06 g L™ furfural. These conditions reduced the cell
growth of non-adapted yeast. Successful adaptation of the tested yeasts over several generations
in corn cob hydrolysate was performed. The adapted yeast Candida lipolytica produced
19.4 g 100 g * lipids in relation to the dry weight in 7.5 g 100 g* dry matter corn cob hydrolysate
in fed batch mode. The scale up was done up to a volume of 2.5 litres — here lipid accumulation
up to 17.5 g 100 g* was demonstrated with the quantitative GC/FID analyses. Predominantly
oleic acid, palmitic acid, linoleic and palmitoleic acid were produced. This lipid spectrum is
suitable for biodiesel production.

Key words: biodiesel, oleaginous yeast, corn cobs.
INTRODUCTION

Transportation is the largest energy consuming sector in Austria (BMWFW, 2014).
Alternative to fossil fuels are needed because of climate change, energy security and the
depletion of fossil fuels. Conventional biodiesel is produced from edible plant oils
(mainly rapeseed in Austria), non-edible plants and waste oils and is therefore renewable
and sustainable. The rising cost of the edible plant oils and the food versus fuel
discussion intensify the development of alternative technologies.

Next generation biodiesel technology utilises lipid accumulating microorganisms
like microalgae, bacteria, yeasts and fungi. These microorganisms produce and store
lipids intracellular up to 70 g 100 g* of biomass. At specific culture conditions the
oleaginous yeasts convert diverse competitive substrates like sugars from lignocellulose
or glycerol to lipids. These lipids can be used as feedstock for biodiesel production.
However the specific culture conditions (C/N ratio, temperature, pH value, aeration,
cultivation mode) of each oleaginous yeast species vary and must be determined. The
oleaginous yeasts have several advantages: yeast is a well-known organism, the
cultivation is simple and low-cost, year-round production of yeasts respectively lipids
(assumed available year-round substrate) on land unsuitable for agriculture is
practicable. About 70 yeast species accumulated lipid efficiently under specific
conditions - often an excess of carbon and nitrogen depletion (reviewed in Li et al., 2008;
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Meng et al., 2009; Subramaniam et al., 2010; Huang et al., 2013a; Thevenieau & Nicaud;
2013, Sitepu et al., 2014a).

Several reports of conversion of various lignocellulosic hydrolysates to lipid via
oleaginous yeasts exit. The ability for lipid accumulation of different Trichosporon
species was tested mainly in acid corn cob hydrolysate. The lipid content in these studies
ranged from 32% up to 47% and the biomass from 20 g L™t up to 38 g L (Chen et al.,
2012; Huang et al., 2012a; Chang et al., 2013; Huang et al., 2013b; Huang et al., 2014).

One aspect particularly effects the lipid production via oleaginous yeasts — in
dependency of the used pretreatment method diverse inhibitors at different
concentrations are released during this process (reviewed in Kumar et al., 2009: Alvira
et al., 2010). These substances inhibit the cell growth and subsequent lipid accumulation
of oleaginous yeasts. Altogether few studies about the effects of inhibitors on cell growth
and subsequent lipid accumulation are available (Chen et al., 2009; Huang et al., 2012b;
Jonsson et al., 2013; Sitepu e et al., 2014b). The conditions for cell growth and
subsequent lipid accumulation must be determined for each substrate and each yeast
species. Often extensive detoxification methods were performed to reduce the inhibitor
concentration or adapted or inhibitor resistant yeast species were used (Parawira &
Tekere, 2011).

For the first time, the ability of two oleaginous yeast species Candida lipolytica and
Yarrowia lipolytica to produced lipids in steam exploded, enzymatically hydrolysed corn
cob hydrolysate was explored. No extra nitrogen source was added to reduce the cost of
the lipid production. Furthermore the influence of the inhibitors on cell growth of non-
adapted and adapted yeasts was tested. The practicability of an industrial lipid production
via oleaginous yeast was tested with scaled up experiments.

MATERIALS AND METHODS

Corn cobs hydrolysate preparation

A mixture of air dried corn cobs (Zea mays) was collected from local producers in
Austria and chopped up by a garden shredder (Viking GE 260, Kufstein, Austria) in
pieces of 2-3 cm length. The pretreatment was performed with the steam explosion unit
(Voest Alpine Montage, Wels, Austria) at optimal condition (200 °C, 10 minutes) to
achieve high sugar and low inhibitor concentrations. The steam explosion pretreatment
unit was already described (Eisenhuber et al., 2013). The pretreated corn cobs were dried
at 40 °C to a moisture content of about 70 g 100 g*. Different dry matter contents were
used for hydrolysis: 7.5 g 100 g* and 10 g 100 g* in citrate buffer (¢ = 50 mmol L?;
pH 5; adjusted with NaOH, ¢ = 4 mol L). The enzyme mixture Accellerase 1500 from
DuPont™Genencor® was used for hydrolysis at 30 FPU g* cellulose. Hydrolysis was
performed at 50 °C for 96 hours in a shaking incubator (speed 2.5 s*). The corn cob
hydrolysate was filtered with a Biichner funnel (filter paper MN 640 m). The sugar and
inhibitor concentration of the liquid was determined with HPLC. The liquid was used
for medium preparation.

Microorganism, media, precultivation, cultivation and scale up

The cell growth and lipid accumulation of two yeast species Candida lipolytica and
Yarrowia lipolytica (kindly provided from the strain collection from the company
Agrana (http://www.agrana.at/) were investigated in this study.
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The precultivation was done with yeasts adapted over many generations in corn
cobs hydrolysate medium (liquid filtered after hydrolysis plus 1.5 g L™ yeast extract,
3 g L* peptone from casein, 2 g L potassium dihydrogen phosphate, 1 g L™* ammonium
sulphate, 0.5 g L™ magnesium sulphate heptahydrate, pH 6, sterile filtered) or YGC
medium (5 g L yeast extract, 20 g L™ glucose, autoclaved at 121 °C for 20 minutes)
with inhibitor (at different concentrations ranging 0.5 g L2 up to 3.5 g L'1). These yeasts
were incubated for 12 hours at 25 °C or 30 °C in a shaking incubator (110 rpm). Ten
percent preculture (v v') was inoculated to corn cob hydrolysate medium without added
chemicals. The samples were incubated at 25 °C or 30 °C for 7 days at 180 rpm in small
scale (50 ml, no pH and no aeration control). The samples were centrifuged and
resuspended in fresh corn cob hydrolysate medium without additional chemicals for fed
batch mode. Samples were taken periodically for HPLC and GC analyses. The scale up
was performed in Biostat C2 fermenter (Sartorius, Germany) with constant pH value 5.5,
temperature 30 °C, 300 rpm, dragging air 2 litres mint) in batch or fed batch mode.

Testing the influence of inhibitors on cell growth

The precultivation was done in YPC medium with non-adapted or adapted yeasts.
Ten percent preculture (v v!) was inoculated to YGC medium containing different
inhibitors (acids and furans) at variable concentrations and incubated to a maximum of
48 hours at 30 °C at 110 rpm. Optical measurements at 600 nm with Spectrophotometer
XION 500 (Hach Lange, Germany) were used to determine the cell growth and the
influence of each inhibitor on cell growth.

Transmethylation and GC-FID analysis

For the analytical quantification of the fatty acid content and distribution, 5 mL
yeast suspension was centrifuged at a rotational speed of 4,000 mint.The yeast pellet
was washed once with 5 mL of deionized water and dried at 105 °C for 24 hours. The
dry matter was resuspended and methylated with 5 mL of methanol/acetyl chloride with
a volumetric dilution of 50:2 for 24 hours at 60 °C. Afterwards, the reaction was stopped
by slowly adding 2.5 mL of a sodium carbonate solution with a concentration of 60 g L™.
The resulting fatty acid methyl esters were extracted by adding 2 mL of hexane and
shaking for 2 minutes. One mL of the upper phase, containing the methyl esters, was
transferred in a 1.5 mL crimp vial and stored at -18 °C until measurement.

The hexane extract was injected in a Thermo Trace GC equipped with an
autosampler AS 2000. The detection was carried out with a FID. The chromatographic
conditions were the following: The injection volume was 2 uL, the injector temperature
was set at 240 °C. Helium was used as carrier with 120 kPa constant pressure and a split
flow at 30 mL min™. An Agilent J&W capillary column DB23 60 m, 0.25 mm ID and
0.25 um film thickness was used for analytical separation. The oven temperature
gradient was the following: 0-3 min 130 °C; 6.5 °C min™ to 170 °C. 2.8 °C min™ to
214 °C held 12 minutes. 3 °C min* to 240 °C held for 15 minutes. The FID was set at a
temperature of 280 °C, 450 mL min air flow, 45 mL min* hydrogen flow and nitrogen
as make up gas at 40 mL min™ were the torch conditions.

The data analysis was performed with the software Chrom Card Data System Ver.
2.8 from Thermo Finnigan. For calibration the external standard method has been used.
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HPLC soluble contents

To determine the contents of sugars and inhibitors 1 mL of homogeneous yeast
suspension was transferred into a 1.7 mL centrifugation tube and centrifuged for 5
minutes at an rotational speed of 13,000 min™. One mL clear supernant was transferred
into a 1.7 mL screw cap vial and stored at -18 °C until measurement.

Saccharides and inhibitors were quantified by HPLC, using an Agilent
Technologies 1200 Series equipped with a VVarian Metacarb 87 H column (300 x 7.8 mm)
at 65 °C, H2SO4 (¢ = 5 mmol L?) eluent and an isocratic flow rate of 0.8 mL min* was
used. The data acquisition was performed per refractive index detection and
UV-—detection at 210 nm. For calibration the method of external standard was applied.
Data analysis was performed per Agilent Chemstation 04.03 b.

Determination of nitrogen with Dumatherm
Nitrogen was determined according to the Dumas method with a Dumatherm
analyzer 7700 (Gerhardt GmbH & Co. KG, Koénigswinter, Germany, Dumas, 1831).

Determination of acquired yeast biomass

One mL of homogeneous yeast suspension was transferred into a 1.7 mL
centrifugation tube and centrifuged for 5 minutes at an rotational speed of 13,000 min™.
The clear upper phase was dismissed and the pellet was washed twice with 1 mL
deionized water. The pellet was spilled quantitatively on a weighed aluminum pan with
about 2-3 mL deionized water and dried for 2 hours at 105 °C in a drying closet. The
difference in weight is the biomass content of 1 mL suspension.

RESULTS AND DISCUSSION

Corn cobs hydrolysate at different temperatures

The corn cobs mixture was pretreated with steam explosion at 200 °C for 10
minutes to achieve the optimal sugar — inhibitors relationship, dried and hydrolysed via
enzyme at 7.5 g 100 g* or 10 g 100 g* dry matter. HPLC analyses after hydrolysis were
shown in Table 1. After hydrolysis 26.0 g L glucose, 8.5 g L xylose, 1.50 g L acetic
acid, 0.16 g L™ formic acid, 0.48 g L* HMF (= 5-hydroxymethyl-2-furaldehyde) and
0.06 g L™ furfural were detected within 10g 100g™ corn cob hydrolysate (see Table 1).
The hydrolysate at 7.5 10 g?! dry matter contained lower concentration of each
substances (see Table 1).

Table 1. HPLC results from steam exploded corn cobs after hydrolysis with 7.5 g 100 g* or
10 g 100 g* dry matter. Values of sugars and inhibitors in (g L™). Standard deviations varied
between 0.01 and 0.04

Sample (g 100 g?) Glucose  Xylose  Formic acid Acetic acid HMF Furfural
7.5 22 7.5 0.11 11 0.35 0.04
10 26 8.5 0.16 1.5 0.48 0.06
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In other lipid production studies corn cobs were typically pretreated with
acid — resulting in similar inhibitor concentrations but other sugar concentrations (Chen
etal., 2012). No deeper study about steam exploded, enzymatically hydrolysed corn cobs
exists and therefore no direct comparison is feasible.

Influence of the inhibitors on cell growth

The composition of the used corn cob hydrolysate was complex. Diverse substances
within the corn cob hydrolysate inhibited the cell growth and lipid accumulation
(Chen et al., 2009; Huang et al., 2012b; Jonsson et al., 2013; Sitepu et al., 2014b).
Therefore the cell growth and the tolerance of the yeast to the different inhibitors were
tested in synthetic medium. Different concentrations of acetic and formic acid were
added alone or in combination to the YGC medium ranging from 1 up to 3 g L™
Purposely higher concentrations of the inhibitors were chosen to cover the higher
inhibitor concentrations detected in hydrolysate from wet steam exploded corn cobs. The
results were shown in Table 2.

Table 2. Optical density (= OD) at 600 nm from the non-adapted and adapted yeast Candida
lipolytica after incubation in the presence of acetic and formic acid. Values of acids in (g L™?).
Standard deviations varied between 0.01 and 0.04.

Acetic acid Formic acid ODs00 nm
Non-adapted - - 17
1 1 17
2 2 0
2 0
3 13
Adapted - - 9
1 1 8
2 2 6
3 3 0
3 8
3 6

The adapted Candida lipolytica grew slower than the non-adapted yeast. Non-
adapted Candida lipolytica tolerated the combination of 1 g L™ of acetic and formic acid.
Two g Lt formic acid inhibited total the cell growth whereas 3 g L™ acetic acid slightly
reduced the cell growth. Overall the adapted Candida lipolytica was more tolerant —only
the combination of 3 g L* of acetic and formic acid prohibited the cell growth (see
Table 2). The same approach with Yarrowia lipolytica revealed the same effects (data
not shown).

The cell growth of non-adapted Candida lipolytica and Yarrowia lipolytica was
tested in the presence of the inhibitors furfural and HMF. Unfortunately no furfural
and/or HMF adapted yeast existed at the time. Furfural was investigated in the range of
0.5t0 1.4 g Land 5-HMF 1 to 4 g L™X. The optical density of the samples after 48 hours
incubation was shown in Table 3.

322



Table 3. Optical density (= OD) at 600 nm from the non-adapted yeast Candida lipolytica after
incubation in the presence of furfural and HMF. Values of furfural und HMF in (g L™). Standard
deviations varied between 0.01 and 0.04

Furfural HMF ODsé00 nm
Candida lipolytica - - 12
1 0
0.5 12
1.6 17
1 0.5 0

HMF did not inhibit the cell growth even at higher concentration but 1 g L* furfural
together with 0.5 g L** HMF prohibited the cell growth. The same experiments with
Yarrowia lipolytica revealed the same effect (data not shown).

Few studies exist about the effects of inhibitors on cell growth and subsequent lipid
accumulation. These studies revealed similar effects — Cryptococcus curvatus was also
more sensitive to furfural than HMF, another study with Yarrowia lipolytica reported
similar results. For example, Trichosporon fermentans tolerated relative high
concentrations acetic and formic acid (Chen et al., 2009; Yu et al., 2011; Huang et al.,
2012b; Sitepu et al., 2014b). However each yeast species differs in tolerance of inhibitors
and must be tested.

The cell growth of non-adapted and adapted yeasts was also tested at the inhibitor
concentrations of the corn cob hydrolysates. The cell growth of non-adapted yeast was
reduced at tested inhibitor concentrations. The adapted Candida lipolytica tolerated the
inhibitors very well (data not shown). Adapted yeasts in corn cob hydrolysates were used
in the subsequent approaches. The inhibitors were partially utilised via the yeast (data
not shown).

Corn cob hydrolysate as substrate for lipid production

Initial experiments were performed unsuccessful in corn cob hydrolysate with
additional nitrogen sources (yeast extract and peptone). Nitrogen determination was
done from corn cob hydrolysate with Dumatherm — 10 g 100 g* dry matter corn cob
hydrolysate contained 0.045 g total nitrogen per 100 g biomass — enough nitrogen for
cell growth. Therefore no external nitrogen was added to the corn cob hydrolysate in the
subsequent experiments. Adapted yeast was tested in corn cob hydrolysate with fed batch
mode. Fresh corn cob hydrolysate was added after seven days and fermentation was
undertaken for further seven days. The lipid contents and cell biomass were shown in
Table 4.

Candida lipolytica accumulated the highest lipid content (19.4 g 100 g%) in corn
cob hydrolysate at 30 °C. Yarrowia lipolytica reached lipid contents similar to non-
oleaginous yeasts. Fed batch experiment with 10 g 100 g*! dry matter corn cob
hydrolysate resulted in lipid content ranging from 4.5 g 100 g* to 8 g 100 g* (data not
shown). Obviously the inhibitors within the corn cob hydrolysate did not interfere with
the cell growth but with the lipid accumulation.
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Table 4. Lipid content and cell biomass of the two yeast species in corn cob hydrolysate (fed
batch mode, 7.5 g 100g™* dry matter)

Yeast species Dry matter Lipid content in medium Lipid content
(g 100g™) (mg L™) (g100g™")

C. lipolytica 25 °C 1.3 1470 11.3

C. lipolytica 30 °C 0.83 1600 194

Y. lipolytica 25 °C 1.27 1430 11.3

Y. lipolytica 30 °C 1.72 1600 9.3

Several studies about lipid accumulation were performed with corn cobs as
substrate. The used yeast species produced higher lipid contents but in contrast to this
study the total yeast lipids were extracted according the procedures described by Folch
et al. (1957). The different extraction method or the use of other yeast species may
explain the lower lipid content in this study. No studies about steam exploded corn cobs
as substrate for lipid production via oleaginous yeasts existed. A direct comparison was
therefore not possible.

Scale up experiments

Scale up to 2.5 litres in fermenter was done with the yeast Candida lipolytica to test
the industrial scale of lipid production via yeast. The lipid content (gray bars) of the yeast
Candida lipolytica in corn cob hydrolysate increased from 2.6 g 100 g* after 24 hours
up to 17.5 g 100 g* after 168 hours incubation then the lipid content decreased due to
depletion of the carbon source (black bars) (see Fig. 1). At the beginning 7.5 g 100 g*
corn cob hydrolysate contained about 29 g L™ total sugar (glucose plus xylose).
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Figure 1. Lipid content (g 100 g) and total sugar (g L™?) of the yeast Candida lipolytica in corn
cob hydrolysate during incubation time in fermenter.
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More or less the same lipid content as before was achieved in fermenter with exact
cultivation conditions — 17.5 g 100 g lipid content in shorter time (7 days) in batch
mode. Lower lipid content was reached with fed batch mode in fermenter (maximum
14.23 g 100 g*; data not shown). Other scale up experiments in corn cob hydrolysate
were not reported in diverse studies (Chen et al., 2012; Huang et al., 2012a; Chang et al.,
2013; Huang et al., 2013b; Huang et al., 2014).

The composition of the lipids produced in the scale up experiment was mainly
palmitic acid, palmitoleic acid, stearic acid, oleic acid and linoleic acid which is suitable
for biodiesel production. The values of these acids increased during the incubation time
(see Table 5). The same acids were also detected in the other studies with corn cob
hydrolysate (Chen et al., 2012; Huang et al., 2012a; Chang et al., 2013; Huang et al.,
2013b; Huang et al., 2014).

Table 5. Values of the mainly produced acids in the scale up experiment during the incubation
time. Values in (mg L)

Time Palmitic acid  Palmitoleic acid Stearic acid Oleic acid Linoleic acid
24 hours 39 12 0 113 51

48 hours 226 53 34 598 143

168 hours 624 188 81 1100 329

192 hours 708 279 120 1038 440

The lipid production increased during the incubation time however this experiment
was discontinued due to the substrate depletion. In summary, steam exploded,
enzymatically hydrolysed corn cobs will be a potential substrate for microbial lipid
production due its availability.

CONCLUSIONS

Hydrolysate from steam exploded corn cobs was successfully used as substrate for
lipid accumulation with specific oleaginous yeasts. Meanwhile hydrolysate from
lignocellulose are produced competitive and is used as substrate for second generation
bioethanol production replacing petrol (Forth International Conference on
Lignocellulosic Ethanol, Straubing, 2014). Conventional biodiesel must be completed or
replaced like bioethanol first generation production. Therefore my and several working
group and companies worked worldwide with specific oleaginous microorganisms, often
with yeasts due their numerous advantages.

Our results are lower than reported from other studies and differed probable due to
the different extraction method or used yeast species. The corn cob hydrolysate mixture
was complex, maybe further unknown inhibitors prevented higher lipid accumulation.
Further studies concerning this issue will be done.

At the moment excessive costs prevent marketability of biodiesel from oleaginous
yeast. However an economical process requires - an oleaginous yeast species which is
tolerant to inhibitors and osmotolerant, grows fast and exhibits high oil accumulation;
year-round available and competitive substrate; competitive extraction method and
economic coproducts.
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Abstract. Depletion of fossil fuels and their environmental risks have brought to the foreground
energy crops as a possible source of bioenergy. Industrial hemp (Cannabis sativa L.) has been
suggested for production of solid biofuels (briquettes) due to good physic-mechanical properties
as well as positive energy and combustion characteristics. This study determined economic
potential of hemp briquettes production in the Czech Republic. A field trial was conducted in
2009-2014 in Prague in order to compare biomass yield (BY) of hemp varieties Bialobrzeskie
(B) and Ferimon (F) harvested in autumn and spring period. Based on obtained results this study
determined production costs of hemp briquettes (CZK t1), revenue (CZK t1) and rate of return
(%) for four scenarios (B, F harvested in autumn and B, F harvested in spring). Briquettes
production costs ranged from 4,015 CZK tto 4,707 CZK t* for B in spring and B in autumn,
respectively, due to 30% lower biomass yield in spring harvest. Results indicated that hemp
briquettes production was not profitable if the selling price was the same as the price of wood
briquettes and with BY obtained in experiment (7.18-10.7 t ha of dry matter). Briquettes
production in autumn made profit of 9% for B and 7% for F when subsidies for hemp cultivation
were considered. In current conditions in the Czech Republic, utilization of hemp for briquettes
production did not prove to be economically feasible.

Key words: hemp briquettes, economic analysis, production costs, revenue, rate of return.
INTRODUCTION

Energy is one of the most important commodities in today’s world to ensure socio
economic development of the country. Due to permanently decreasing reserves of
conventional fossil fuels and their high environmental risks, countries have been looking
for alternative sources of energy (Rehman et al., 2013). High potential lies in herbaceous
biomass which has been on rise in recent years. To determine crops which are the most
suitable for energy production, its energy characteristics, ecological impact and
production economy must be investigated thoroughly.

Based on results of long term research and practical experience in the Czech
Republic and foreign countries, industrial hemp (Cannabis sativa L.) has appeared to be
promising energy crop in conditions of Central and Northern Europe (Honzik et al,
2012). Industrial hemp has been suggested by various researchers for production of
biodiesel (Rehman et al., 2013), bioethanol (Tutt, 2011), biogas (Prade et al., 2011) and
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also briquettes (Mankowski & Kolodzej, 2008) for household heating. Uniqueness of
hemp consists in its ability to yield about 10-15 t ha! in 100-120 days which is more
than other energy crops (Kolarikova et al., 2014). Hemp has proved positive energy
balance (Prade et al., 2011) and combustion properties which are comparable to woody
materials (Mankowski & Kolodzej, 2013). Furthermore, it showed to be suitable for crop
rotation due to its phytoremediation characteristics.

Since various energy crops with very similar or even better characteristics exist,
production costs may play significant role in decision of producer which crop to
cultivate. Until now many publications regarding hemp cultivation for various purposes
have been published, however, any of them included detailed manual for evaluation of
economy of hemp briquettes production.

The main objective of this contribution is to calculate production costs, revenues
and profitability of hemp briquettes comparing two varieties of Cannabis sativa L.
(Bialobrzeskie, Ferimon) harvested in autumn and spring seasons in conditions of the
Czech Republic.

MATERIALS AND METHODS

Biomass yield (BY)

A variety of hemp of Polish origin Bialobrzeskie and French Ferimon were
cultivated in Prague in 2009-2013 (5 independent seasons) in order to obtain biomass
for the energy yield evaluation from its autumn and spring harvests. Hemp was grown
on a trial plot of 100 m? (50 m? each) with seed rate of 60 kg ha* and the biomass yields
of the small-scale plots (determined by collecting and weighing all plants) were
extrapolated to a biomass yield per hectare (BY). The average values over the
observation period were considered for the calculation of economic balance.

Technological process of hemp briquette product

Economic analysis was calculated for large — scale utilization, therefore
technological process included all necessary operations (fertilizing, tillage, hauling, soil
preparation, sowing, mowing, compressing and transport and field treatment after
harvest). For hemp processing into solid biofuel briquetting line comprised of separator
RSM Turbo 180 and shredder STM 201 HL was considered. For pressing of the material
briquetting device BrikStar 400 was used. Dry BY was recounted for moisture content
(MC) 12% which was optimal for processing into solid biofuel. Loses during the
separating and crushing were considered as 10%.

Economic inputs

Amount of material was taking into account as 60 kg of seeds per hectare for high
biomass yield. For hemp grown for energy purposes it was considered 80 kg of pure
nutrient of nitrogen, 45 kg of potassium chloride and 30 kg of phosphorus which was
equal to 0.3 t of ammonium nitrate, 0.075 t of potassium salt and 0.17 t of
superphosphate. Also 4.5 t of farmyard manure and 0.2t of limestone were considered.
Hemp biomass was compressed into bales of 250 kg. For 1 bale 0.1 kg of string for fixing
was considered. Briquettes were packed into 15 kg polyethylene (PE) bags. Prices of
string and PE bags were assumed based on actual market prices.
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Amount of labour and fuels was determined as a sum of labour requirements for
component technological operations including hemp cultivation, harvesting and
processing into briquettes. Work requirements and fuel consumption were based on
average conditions of production. Average gross wage in agriculture accounted for
19,666 CZK per month of full time job. Average price per litre of diesel for final
customer was 36.11 CZK I, In compliance with regulation of Ministry of Agriculture
40% refund from consumer taxon diesel for farmers was in force for year 2013. Property
insurance included natural disaster cover which was assumed to be 3% of total gross
revenue.

To estimate depreciation of machines it was assumed that producer cultivated
multiple crops not only hemp, thus machines were used in their full capacity. Machinery
was bought in less than four years. It was supposed that producer cultivated hemp on
rented land. Price represented average price for land in the Czech Republic in 2012.
Costs for maintenance and reparation of machines and building as well as taxes and fees
were assumed based on statistic of Czech Statistical Office. Producer owned all
machines and performed all operations by himself, thus rent of machinery or services
was not included. Overhead costs such as loan, leasing, etc. were not taken into
consideration.

Total costs of briquettes production

Total costs (TC) of hemp briquettes production were calculated as a sum of fixed
(FC) and variable costs (VC) (see formula 1, 2). Prices excluded value added tax (VAT
21%). Exchange rate of euro was taken into account as 25.97 CZK (average rate of Czech
national bank for 2013).

TC=VC +FC (CZK ha?) (1)
where: TC — total costs; VC — variable costs; FC — fixed costs.
TC = (Cs+ Cfe+ Cst+ Chg+ Cl+ Cd+ Ce + Cw+Ci) + (D+ L+R+T) (CZK hal) (2)
where: C — cost of: Cs — seeds; Cfe — fertilizers; Cst — string; Cbg — PE bags; Cl —
human labour; Cd — diesel, Ce — electricity; Cw — water consumption; Ci — property

insurance; D — depreciation of machines; L — land rent; R — reparation of machines and
buildings; T — taxes and fees.

Price of labour per hour was determined from average month salary, increased by
social insurance (25%) and health insurance (9%) divided by amount of working hours
per month (160 hours). Price per litre of diesel was calculated from average price of fuel
in 2013 decreased for refund of consumption tax (40% from 10.90 CZK).

Amount of string and PE bags was calculated based on formulas 3and 4:
BY
Qs = —-Xgs (kg hat) 3)

where: BY —biomass yield with MC 12% (t hat); wth — weight of bale (t); gs —quantity
of string for bale (kg).
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Qbg = v‘jt—’;; (PE bags ha'®) (4)

where: BYc — biomass yield with moisture content (MC) 12% including 10% loses
during crushing (t ha); wtyg — weight of PE bag with briquettes (t).

Amount of electricity was calculated as electric input power of briquetting line

multiplied by number of hours used for processing of 1t of material and amount of hemp
biomass produced from 1ha of land (see formula 5).

Qe= gexh=BY (kWh hal) (5)

where: qe — input power(kW h); h — working hours (h t*); BY — biomass yield with
MC 12% (t ha).

Cs—Ce were determined by multiplication of quantity of spent material and human
labour (kg, ton, kg, PE bags, hour, I, kW) and price per single unit (CZK) (see formula 6).
Prices of inputs are summarized in Table 1.

Table 1. Prices of inputs (CZK unit™)

Item Unit Price per unit  Source
(CZK)

Seeds
Bialobrzeskie kg 110 Agritec Sumperk (2013)
Ferimon kg 155
Fertilizers
Limestone (50% CaO) t 757
Superphosphate (18% P,0;) t 9,473
Potassium chloride (60% K;0) t 10,360 Czech Statistical Office (2013)
Ammonium Nitrate (27,5% N) t 6,604
Farmyard manure t 230 Own calculations
Fuel
Diesel 1 24.6
Electricity kWh 2.62 Czech Statistical Office (2013)
Human labour h 165 Own calculations (2013)
Land ha 1,430 Ministry of Agriculture (2012)
Other material
String kg 60 Average market prices (2013)
PE bags bag 1.5

Cx= Qx* Px (CZK hal) (6)

where: Qx — quantity of spent material or labour (kg, ton, hour, I, kW); Px — price per
unit (CZK unit?),

Depreciation of machinery was calculated as a purchase price of machine divided

by depreciation period of particular machine (6 years for agricultural machinery, 4 years
for machines for chemical protection and fertilizing, 4 years for briquetting line) and by
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recommended annual use and multiplied by hours used for production process (see
formula 7).

__ pmxh

D= (nxR)

(CZK ha')) )

where: Pm — purchase price of machine (CZK); n — depreciation period (years); R —
recommended annual use (years); h — hours of use (h hal).

Total revenue from briquettes production

Total revenue (TR) was determined by the quantity of hemp brigquettes produced
from 1 ha of land (t ha') multiplied by respective price per ton of hemp briquettes
(CZK t1) and decreased by VAT valid for 2013 — 21% (see formula 8).

TR= Qb*Pb*VAT (CZK ha?) (@)

where: Qb — quantity of briquettes (t ha); Pb — price per unit (CZK t?); VAT — value
added tax (21%).

Profit from briquettes production
Profit from production was calculated as total revenue minus total costs (see
formula 9).

Pr=(TR-TC) (CZK ha?) 9)
where: TC - total costs (CZK ha?); TR — total revenue (CZK ha?).

Grants and Subsidies

Subsidies SAPS (Single area payment scheme) and TOP -UP were considered in
the calculation. Others were not taking into account since they were not stable and
change over time. In 2013 SAPS accounted for 6,069 CZK ha™. The most updated data
stated complementary payment TOP-UP to be 491 CZK ha* in 2012.

RESULTS AND DISCUSSION

Hemp yield

In autumn harvests average of 22.1 t ha* of Bialobrzeskie was harvested with MC
around 57%. Variety Ferimon yielded around 25.6 t ha'* of green biomass with average
moisture content 59.8% (see Table 1).

When harvested in spring, yield was significantly lower due to loses of leaves—with
overage five years value reached 8.36 t ha® of Bialobrzeskie and 9.79 t ha* of Ferimon
which accounts for loses about one quarter of yield for both varieties and corresponds to
dry matter yield 7.2 and 8.2 t ha' for Bialobrzeskie and Ferimon, respectively
(see Table 2).
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Table 2. Biomass yield and dry matter yield for five years average

Autumn Spring
Bialobrzeskie ~ Ferimon  Bialobrzeskie = Ferimon
BY (thal) 22.1 25.6 8.4 9.8
DM (t ha'l) 9.6 10.7 7.2 8.2

Total costs of briquettes production

Production of briquettes in autumn harvest cost 39,426 CZK ha? for B and
44,120 CZK ha! for F. Other direct costs took the highest share of TC for both scenarios
including costs of fuels (21%, 20.2%), reparation of machines and buildings (7%, 6.2%),
insurance against natural disasters (3.5% for both varieties), land rent (3.6%, 3.2%) and
water (0.3% for both varieties), for B and F, respectively. Costs of material inputs (seeds,
fertilizers and other material) accounted for 35% of TC.

TC for spring harvest were 34,566 CZK ha® and 39,116 CZK ha? for grown
varieties B and F which lowered the sum by 12.3% and 11.3%, respectively in
comparison with autumn harvest. Division of costs was very similar as in autumn
harvest. Higher costs of briquettes production from varieties B and F in autumn harvest
were caused by larger BY and thus higher labour demand, electricity consumption, etc.
Although TC per hectare were higher in autumn in comparison with spring, when
recalculated per tonne, they were14.7% and 13.6% lower, respectively (see Fig. 1).
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Figure 1. Total costs of briquettes production (comparison) (A — autumn harvest, S — spring
harvest).

Although TC per hectare were higher in autumn harvest, when recalculated per
tonne they were 15% lower for B and 14% lower for F than in spring (4,015 CZK t?,
4,031 CZK t?, respectively).

Structure of costs was very similar in all scenarios. FC made approximately one
quarter of TC. Material inputs accounted for almost 40% of TC in all scenarios. Fuels
made approximately one fifth of total costs; 70% of costs were made by consumption of
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electricity. Labour costs represented on average 16% of TC. Share of depreciation costs
was quite high; varying between 11-13%. Costs of water consumption and taxes and
fees were insignificant, representing less than 1%.

Profit from briquettes production

Since production costs of hemp briquettes were higher than revenues in all
scenarios, none of them made any profit. Loses varied significantly between harvesting
periods, being much higher in spring. Surprisingly, in both harvests F showed to be more
loss making, even though its BY was higher and thus, higher profit was expected. When
subsidies SAPS and TOP —UP were taken into account, economy of production slightly
improved and moderate profit was gained in autumn harvest (see Table 3).

Table 3. Costs, revenues, subsidies and profit

Autumn harvest Spring harvest

Bialobrezskie  Ferimon Bialobrezskie ~ Ferimon
Total costs CZK hal 39,426 44,120 34,566 39,116
Total revenue  CZK hal 36,466 40,644 27,274 31,151
Subsidies CZK hal 6,560 6,560 6,560 6,560
Profit CZK hal 3,599 3,084 =732 -1,405

All scenarios showed negative profitability without any external financial support,
even if included the profitability raised up to maximum 9% in the best case (B in
autumn). Assumed briquettes price 4,701 CZK t? (includingVAT) was too low. The
minimum selling price of briquettes to cover total production costs would have ranged
between 5,151 CZK t* to 6,070 CZK t depending on variety and harvesting period. To
reach medium profitability of 30%, the selling price of hemp briquettes would have been
30% and 40% higher for autumn and spring production, respectively than considered
price. If the selling price of hemp briquettes stayed the same as it was assumed, BY in
DM had to increase by 1.6-4.1 t ha® (11.2-12.3 t ha) for investigated scenarios to
become profitable.

Production of briquettes from whole hemp plant showed to be unprofitable without
grants and subsidies with current market prices of competitive solid biofuels. Hemp
economy slightly enhanced with subsidies in autumn scenarios, however the profitability
remained still above average in comparison with other crops.

From economic point of view autumn harvest was recommended because BY was
significantly higher which subsequently increased revenue from 1 ha of cultivated land
by 23-25%. However, majority of authors argued that spring harvest was preferable for
energy purposes due to lower MC and improved chemical properties (Honzik et al.,
2012; Prade et al., 2012; Weger et al., 2012). Thus, the optimal harvesting time must be
found to ensure both high BY and suitable chemical features of hemp.

Study revealed that cultivation of hemp solely for briquettes production without
any subsidies was not profitable for producers in current market conditions of the Czech
Republic. Panoutsou (2012) made economic analysis of hemp cultivation for stalks in
Poland and Netherlands and ascertained that in both countries the cultivation was not
profitable without receiving any financial help (-38% and -46%, respectively).
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CONCLUSIONS

Biomass harvested in autumn produced 9.6 t ha* of variety B and 10.7 t ha* of F
resulting in TC 39,426 CZK ha (1,518 € ha') and 44,120 CZK ha* (1,698.9 € hal),
respectively. When harvested in spring, yield was 30% lower accounting for 7.18 t ha™
of B and 8.2 t ha! of F with TC 34,566 CZK ha™ (1,334 € ha?) and 39,116 CZK ha*
(1,506.2 € ha'). Higher TC in autumn were caused by higher BY which subsequently
required more human labour and fuel for processing and higher depreciation costs due
to higher use rate of briquetting line.

Although hemp did not show to be economically viable solely for briquettes
production, combine production for both stem and seeds could be suggested.

Utilization of whole hemp plant for briquettes production did not show to be
economically feasible due to relatively high production costs and low prices of
competitive wood briquettes. The future development depends mainly on final price of
product and situation on the market with other solid biofuels.

Hemp outstanding features such as high biomass yield in relatively short time, good
energy characteristics, low input requirements, versatile use, etc. should be taken into
consideration. Furthermore, unlike perennial crops hemp does not require any long term
commitment for its cultivation.

Since higher BY positively affected hemp production economy, further research
regarding improvement of hemp yield would be suggested to decrease TC and enhance
hemp competitiveness on the market with solid fuels.

Based on available resources and own results hemp would be recommended rather
as a break crop in fields planted with food crops than for targeted annual cultivation. Due
to unfavourable situation on wholesale market with solid biofuels, hemp is not feasible
as a main cash — crop for producer, but rather like complementary plant which brings
additional income from sales and provides ecological biofuel for own heat consumption.
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Abstract. The formation of biogas from biomass is a complex process with a multitude of
variable process parameters. Stability of biogas production and production rate can be vastly
improved by keeping these parameters close to their optimum. One possibility to achieve this is
by use of additives. In Germany alone there currently are over 250 additives on the market which
demonstrates the demand for optimisation of biogas plants. The effects of these additives are
hardly investigated and can only be evaluated by costly, time consuming tests (e.g. continuous
anaerobic digestion experiments). A new, fast and easy to handle method was developed to
evaluate some of the effects of additives. To verify the method trace elements, organic acids,
FOS/TAC, ions and cations were quantified. Three additives were tested: The addition of a
commercial zeolite increased biogas production by 15%. Calcium carbonate increased
performance by 8% after 16 days. No negative effect on biogas production could be observed for
the addition of 0.03 and 0.06 g It of iron(l11) chloride, commonly used to reduce hydrogen
sulphide concentration in biogas.

Key words: biogas, additives, zeolite, iron(l11) chloride, calcium carbonate.
INTRODUCTION

Biogas production is a well-established conversion technology to obtain energy
from biomass. Over 14,000 plants produce 13.4 million tons oil equivalents (toe) primary
energy (52.3 TWh electricity, 432.4 ktoe heat for district heating networks and 2,010
ktoe heat consumed at the plant site) in the European Union and Switzerland
(EurObserv’ER, 2014). In spite of the number of plants and the years of experience a
multitude of problems still occurs. This might be due to missing monitoring instruments
and equipment, the plant operator’s lack of knowledge or the lack of knowledge transfer
from research to application. Additives promise to enhance stability or/and performance
or can be used as an emergency measure to avoid collapse of the conversion process. A
study conducted by Henkelmann et al. (2012) shows that there are more than 250
additives available in Germany (Germany: 7,960 biogas plants in operation). Compared
with the number of biogas plants this figure demonstrates that biogas plant operators are
still facing a multitude of problems and challenges.

Additives can be classified by their main ingredients and main function: Inorganic
nutrient and trace element mixtures are often prepared individually for each plant to
increase stability and performance by supplying the ideal concentration of trace elements
for anaerobic digestion. Since ideal concentrations depend on biocenosis and feed
different optima, minima and maxima have been found by research teams, effects vary
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as well (Chen et al., 2008; Demirel & Scherer, 2011). pH stabilizers are used to avoid or
to reduce fluctuations of the pH which is crucial for a stable process. Additives reducing
the concentration of ammonia or hydrogen sulphide are also widely in use. Both
substances pose a challenge for biogas purification and can lead to corrosion in the CHP.
They also can inhibit anaerobic digestion at high concentrations. Anti-foaming and anti-
floating-layer agents are another large group of additives that do not affect the bacteria
directly but increase the performance of the digester. Few additives based on enzymes,
algae and special microorganisms are on the market.

With such a multitude of different additives on the market it is nearly impossible
for the plant operators to choose, especially since effects of the additives promised by
the manufacturer are hardly ever verified or in some cases not verifiable at a plant scale
(e.g. process stability). To verify the effects on lab scale large scale continuous digesters
fed with a variety of substrates would be needed. Thus the aim of this study is to provide
a simple, cheap and fast test to quantify some effects of additives.

MATERIALS AND METHODS

Examined additives

A commercially available zeolite dotted with trace elements was used in the
concentration suggested by the manufacturer (3.4 g I%). Zeolites work as a buffer, ion
exchanger and provide a high surface for biofilms. To determine the amount of trace
elements in the zeolite 3.4 g of the zeolite were incubated in 1 | HPLC grade water at
37.5 °C for 24 h. The liquid contained 0.54 mg I* Al, 0.18 mg I*Co, 0.26 mg I* Cu,
3.94mg I Fe, 0.44 mg I Mn, 0.34 mg I* Ni, 6 mg It Na, 10 mg I K, 23 mg I* Mg and
84 mg I'* Ca (determined as described below).

Calcium carbonate (99%, particle size 1 pm, Carl Roth) was used to differentiate
the effects of the zeolite. It works as a bu