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Abstract: Biogas production from sugarcane waste has large potential for energy
generation, however, to enable the optimization of the anaerobic digestion (AD) process
each substrate characteristic should be carefully evaluated. In this study, the kinetic
challenges for biogas production from different types of sugarcane waste were assessed.
Samples of vinasse, filter cake, bagasse, and straw were analyzed in terms of total and
volatile solids, chemical oxygen demand, macronutrients, trace elements, and nutritional
value. Biochemical methane potential assays were performed to evaluate the energy
potential of the substrates according to different types of sugarcane plants. Methane yields
varied considerably (5-181 Nm?’-tonrm '), mainly due to the different substrate
characteristics and sugar and/or ethanol production processes. Therefore, for the
optimization of AD on a large-scale, continuous stirred-tank reactor with long hydraulic
retention times (>35 days) should be used for biogas production from bagasse and
straw, coupled with pre-treatment process to enhance the degradation of the fibrous
carbohydrates. Biomass immobilization systems are recommended in case vinasse is used
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as substrate, due to its low solid content, while filter cake could complement the biogas
production from vinasse during the sugarcane offseason, providing a higher utilization of
the biogas system during the entire year.

Keywords: sugarcane waste; nutritional requirements; methane potential; degradation rates;
process designing

1. Introduction

Although the combined production of sugar and ethanol based on sugarcane is recognized as one of
the most efficient systems for biofuels production (yield per hectare) [1], the Brazilian sugarcane
industry is responsible for the generation of different types of organic waste which, in most cases, are
still not being properly treated, especially from the energy point of view [2]. Based on the amount of
sugarcane processed during the 2013-2014 season (653 x 10° tons of cane) [3], the generation of
91 x 10° tons of straw (dry basis), 169 x 10° tons of bagasse (wet basis), 22 x 10° tons of filter cake
(wet basis), and 286-678 x 10°® m? of vinasse are estimated.

While some of these organic wastes are directly applied as organic fertilizers on the sugarcane fields
for nutrient recycling without previous energetic utilization (i.e., vinasse and filter cake), the other part
of the residues are mostly used as fuel in low-efficiency cogeneration systems (i.e., bagasse) or even
left to decay on the fields (i.e., straw) due to a lack of incentives to produce bioenergy from them [4-6].
Non-controlled digestion of such waste on the fields may lead to the release of large amounts of
methane, which may hinder the positive effect of bioenergy utilization on the climate change mitigation.

The State of Sao Paulo, a major sugarcane producer in Brazil, is responsible for more than 56% of
the sugarcane processed in the 2013-2014 season. The state is committed to an ambitious plan to
further increase the share of renewable energy from 55% to 69% until 2020, as well as to reduce the
CO2 emissions by 20% in comparison to 2005 levels. To achieve these targets, among other measures,
a biogas program was launched in 2012 to stimulate and increase the sustainable use of biomass for
biogas production, including a future mandatory share of biomethane into the natural gas grid [7-9].

The anaerobic digestion (AD) of sugarcane waste can be considered a promising strategy, since the
digestate could still be used to partially replace the mineral fertilizers on the sugarcane fields and the
produced biogas could be upgraded to biomethane and sold as a new energy product by the sugarcane
plants [10-12]. However, before being implemented on a large-scale, the AD process should be
carefully evaluated, especially regarding the substrates’ characteristics, as organic matter and
nutritional value, macronutrients, trace elements, and specific biogas production. Those parameters
directly influence some other important process parameters, such as the pH, accumulation of
inhibitors, potential macronutrients, and trace elements deficiencies, as well degradation rates.

Several authors [10,13,14] suggested that for a proper AD process a balance among the main
nutrients: carbon, nitrogen, phosphorous and sulfur is necessary. If a certain substrate has a too high
C:N ratio, or in another words, has nitrogen deficiency, it may negatively influence the microbial
community functioning. That means a direct influence on the ability to produce enzymes that are
needed to the carbon utilization, causing an incomplete conversion of the carbon contained in the
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substrates, resulting in lower methane yields. On the other hand, substrates that contain high levels of
nitrogen can cause inhibition to the AD process via accumulation of toxic ammonia (NH3) produced
from protein degradation or by urea conversion [15].

According to Britz et al. [16] and Scherer et al. [17], phosphorus and sulfur are also considered
essential nutrients for the AD process. While sulfur is an important constituent of amino acids,
phosphorus is needed for microbial growth during the formation of energy carriers ATP (adenosine
triphosphate) and NADP (nicotinamine adenine dinocleotide phosphate), an important constituent of
nucleic acids, as well as it plays an important role in the maintenance of an optimum pH. However,
when sulfur is found in high concentrations, sulfates are reduced to sulfide by the so-called
sulfate-reducing bacteria, leading to two possible inhibitions. On the one hand, due to thermodynamic
advantages sulfate-reducing bacteria outcompetes methanogens for hydrogen and acetate [18,19].
On the other hand, hydrogen sulfide (H2S), an end product of sulfate reduction, has a toxic effect on
various groups of bacteria [20]. In addition to that, when found in high concentrations, H2S can cause
corrosion to some biogas plant parts, such as the combined heat and power units (CHP), biogas
upgrading systems, and metal pipes and tanks, leading to high costs of maintenance [21].

The importance of trace elements during AD is relatively well known, especially for important
enzymes and cofactors involved in different steps of the process, where special metal ions are required.
Several authors [22,23] reported higher gas yields, improvements on process stability and reaching
higher organic loading rates (OLR) through the supplementation of cobalt, copper, iron, molybdenum,
nickel, selenium, tungsten, and zinc. While animal waste (e.g., bovine and swine manure) are expected
to require less amendments, AD of energy crops, plant residues, and agro-industrial waste faces more
trace element deficiencies. Therefore, it is expected that the substrate composition plays a major role
for the trace elements requirements during the AD process, being an important parameter to be
considered during the development of stable process with novel substrates. Additional aspects also
need to be taken into account, especially regarding the trace elements’ availability for microbial
uptake, mainly driven by metal speciation, pH and process temperature, applied organic loading rate,
as well as the chemical processes of precipitation and complexation [23-25].

Furthermore, another aspect that should be taken into account when a biogas concept based on
agroindustry waste is under development, is the seasonality of the crops and the feasibility of
minimizing the negative effects by conserving and storing part of the substrates to be used during the
offseason period. Therefore, allowing a higher utilization of the biogas system during the entire year.

To provide guidance during the designing of an AD system based on sugarcane waste, the present
research performed an extensive evaluation of vinasse, filter cake, bagasse, and straw generated by
plants with different production systems in the Center-South Region of Brazil, including autonomous
plants, where ethanol is produced exclusively from sugarcane juice, and annexed plants, where ethanol
is produced by a mixture of sugarcane juice and/or molasses (i.e., waste from sugar production).

Through the analysis of several parameters, as total solids (TS), volatile solids (VS),
macronutrients, trace elements, nutritional value, and biochemical methane potential (BMP). It was
possible to assess the main kinetic challenges of the sugarcane waste, in terms of nutritional
imbalances, energy potential, degradation rates, and proper hydraulic retention time (HRT) for the
substrates’ conversion in a continuous stirred-tank reactor (CSTR) system. Moreover, in order to
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demonstrate how the sugarcane seasonality could be overcome, the energy synergies among the
substrates were demonstrated based on the two different types of sugarcane plants.

2. Results and Discussion
2.1. Physical-Chemical Composition
2.1.1. Basic Characteristics

The basic characteristics of the sugarcane waste types are presented in Table 1. Considerable
differences among vinasse samples derived from sugar and/or ethanol production were found. Samples
from the autonomous plant presented lower values of organic matter content in terms of COD, TS, and
VS (22.1 g'L7!, 1.15% and 76.0% of TS), while samples from the annexed plants presented higher
values for the same parameters (32.4 gL', 3.44% and 70.6% of TS). That fact is explained, among
other reasons, by the use of different feedstocks (molasses and/or sugarcane juice) during the ethanol
production in these two different types of sugarcane plants. Similar values were also found previously [4]
in an extensive survey about water uses in the sugarcane industry.

Filter cake presented intermediate values for TS and VS (28.9% and 74.2% of TS) in comparison
to vinasse, bagasse, and straw, having an appearance similar to sludge, once it is derived from
a physical-chemical treatment process that removes soluble and insoluble impurities from the
sugarcane juice. Similar values were also reported during co-digestion experiments for bio-hydrogen
production [26].

Table 1. Main characteristics of the sugarcane waste.

Vinasse
Filter Cake Bagasse Straw
Autonomous Annexed Recommendation
Parameters Units n=9 n=9 (n=12)
(n=6) (n=15)
AV SD AV SD AV SD AV SD AV SD [13] [14]
TS? % FM ¢ .15 +0.12 344 +£1.11 289 +3.77 554  +4.19 76.7 +21.6 - -
vs*® % TS 76.0 £6.99 70.6 +3.84 742 +10.8  96.0 £2.70 86.3 +11.9 - -
COD ¢ gL’ 22.1  +046 324  £10.0 - - - - - - - -
C % TS 370 +424 390 £8.61 427 +6.95 476  £2.69 434 +4.78 C:N -
N % TS 294 +035 231 £035 1.76 +0.24 041  +0.04 0.52 +0.21 20-40:1 -
P % TS 0.16 +0.05 035 +0.12 0.60 +0.25 0.04  +0.02 0.06 +0.03 C:N:P:S -
S % TS 087 +049 212 +027 0.18 +0.02  0.05 +0.03 0.21 +0.06  600:15:5:3 -
Ca mg-L™! 774  £243 655  £211 4139  +£1667 704 +215 2981  *1656 - 100-200
Na mg-L™! 164 4939 245 4958 775 +5.98 11.3  +£8.83 37.1 +25.1 - 100-200
K mg-L™! 1306  £708 6021  +565 740 +280 1651  +1036 5002  +2344 - 200-400
Mg mg'L"'  173.6 724 771 +177 971 +259 409 +173 1140 +404 - 75-150

2 total solids; ® volatile solids; ¢ chemical oxygen demand; ¢ fresh matter; » = number of repetitions (each

sample was analyzed in triplicate); AV = average values; SD = standard deviation.

Bagasse and straw presented relatively similar average TS and VS values (55.4% and 96.0% of TS
for bagasse; 76.7% and 86.3% of TS for straw), due the fact of being mainly formed by sugarcane
fibers. The only exception was one sample of straw that presented different values of TS and VS
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(92.4% and 68.6% of TS), possibly due to the inorganic soil particles attached to its fibers
during harvesting.

2.1.2. Macronutrients

The macro element contents of the sugarcane waste types are also presented in Table 1. The carbon
to nitrogen ratio (C:N) of vinasse samples derived from the autonomous plant presented slightly lower
average value (12:1) in comparison to the samples from the annexed plants (16:1). For both cases the
values found are lower than the optimal value recommended for AD (20—40:1) [13], and could lead, in
extreme cases, to process inhibition if the surplus nitrogen is converted into ammonia.

Samples of filter cake presented an average C:N ratio considered proper for AD (24:1), meanwhile
bagasse and straw presented different C:N ratio profiles of 116:1 and 83:1, respectively. From the
carbon and nitrogen content, a lack of nitrogen in bagasse and straw is clearly noted. However, it is
noteworthy that not all of the carbon content in these lignocellulosic substrates will be bioavailable
because of the high content of non-degradable lignin.

When the other macronutrients are also considered, the high sulfur content in both types of vinasse
was around four, up to 10, times higher than what would be considered an optimum concentration [13].
Such high sulfur content can cause several undesirable effects as the competition of sulfate-reduction
with methanogenesis, reducing the conversion of organic acids into biogas, besides also negatively
influencing the bioavailability of trace elements inside the bioreactors [23,24,27].

For the other sugarcane waste, sulfur and phosphorus contents were rather low. Scherer et al. [17]
observations demonstrated that the addition of phosphate and sulphate increased considerably the
degradation rate and biogas production from fodder beet silage as a mono-substrate, supporting the
role of P and S as limiting macro nutrients for certain AD systems.

The development of a co-digestion strategy to balance the macronutrients of the sugarcane waste
apparently could make sense from the economic point of view, once it could partially replace the
addition of high cost chemicals as, for example, urea that usually would be used to balance the
C:N ratio during AD of bagasse and straw. However, the co-digestion of vinasse with other
lignocellulosic waste can also provide undesirable effects as increasing the production of HaS that
could lead to the necessity of costly biogas desulfurization.

Moreover, another aspect that should be taken into account is the degradation rates of the substrates
(see Subsection 2.2.2 and 2.2.3). The eventually co-digestion of waste with different degradation
profiles could lead to a lower biomass conversion if the HRT is too short compared to the other
co-substrate, or lead to an unnecessary increase in the reactor size if the HRT is based on the substrate
with the slowest degradation rate.

2.1.3. Trace Elements

A lack of some important trace elements can be seen from the composition of autonomous- and
annexed-derived vinasse (Table 2); especially nickel is critical. Meanwhile, the concentrations of other
trace elements, as tungsten, manganese, selenium, zinc, cobalt, molybdenum, and copper, are close to
the lowest limit recommended by Kayhanian ef al. [22] and Oechsner et al. [28].
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Table 2. Trace elements content of the sugarcane waste.

Vinasse

Filter Cake Bagasse Straw
Autonomous Annexed Recommendation
Parameters Units (n=9) (n=9) (n=12)
(n=6) (n=15)

AV SD AV SD AV SD AV SD AV SD [22] [28]
Fe mg-kgrs™! 200 +177 488 +142 27267  £24,625 2012 +1530 14,949  +23,435 100-5000 750-5000
Ni mgkgrs!' 049  £0.03 2.30 +0.92 14.3 +5.81 4.04 +3.17 7.17 +5.22 5-20 4-30
Co mgkgrs!' 055 £0.02 0.62 +0.46 3.36 +1.34 0.52 +0.25 2.87 +3.73 <1-5 0.4-10
Mo mgkgrs!' 048  £0.01 0.84 +0.20 1.03 +0.74 0.58 +0.37 0.71 +0.25 <1-5 0.05-16
W mg-kgrs™! Nd - 0.08 +0.04 0.29 +0.50 0.19 +0.05 0.24 +0.05 <1 0.1-30
Mn mgkgrs!'  59.6  £5.94 194 +49.2 566 +188 43.4 +11.1 177 +85.1 - 100-1500
Cu mgkgrs!  3.62  £0.14 7.96 +4.03 43.8 +4.04 4.82 +1.93 10.7 +12.7 - 10-80
Se mg-kgrs ™! Nd - 0.08 +0.06 0.01 +0.02 0.83 +0.12 0.19 +0.24 - 0.05—4
Zn mgkgrs!' 368  £10.5 32.6 +4.45 132 +7.21 17.2 +10.1 10.1 +14.9 - 30-400

From the filter cake composition, less trace elements were observed below the recommendation
values (i.e., tungsten and selenium) in comparison to vinasse, as well as elements close to the lowest
limit (i.e., molybdenum). This occurs, probably, because at the industrial phase where filter cake is
generated, metal based coagulants and flocculants are added during the physical-chemical process that
removes impurities from sugarcane juice.

Trace element deficiencies were also found for bagasse and straw, as manganese, copper, zinc, tungsten,
and selenium, as well as nickel, were found in a concentration close to the lowest recommended limit.

2.1.4. Nutritional Values

Carbohydrates were the main constituents found in all analyzed samples, though differing
considerably into its components (Table 3). Filter cake, bagasse, and straw presented higher average
lignin content, 116, 124, and 162 g-kgrs ', respectively, while samples of vinasse had much lower
values, 34.3 up to 56.5 g-kgrs!. According to previous studies [29-32] the presence of lignin in
certain substrates can negatively influence the microbial access to cellulose and hemi-cellulose during
the AD process. Such type of substrate is frequently submitted to physical, chemical or biological
pre-treatment procedures to accelerate and enhance degradation in large-scale biogas plants.

Non-fiber carbohydrates (NFC), which are easy accessible to microbial degradation, were found in
different concentrations among two of the lignocellulosic waste types (i.e., filter cake and bagasse).
The high variation found in bagasse (181 = 216 g-kgrs ') is explained by different milling efficiencies
during the extraction of the juice at the sugarcane plants, whereas the differences found among the
three analyzed samples of filter cake (118 + 136 g-kgrs ') can be explained by the use of different
technologies (i.e., rotary vacuum-drum filter or filter press) to recover sucrose during the process of
juice treatment.
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Table 3. Nutritional values of the sugarcane waste.

Vinasse
Filter Cake Bagasse Straw
Autonomous Annexed
Parameters Units (n=9) (n=16) (n=9)
(n=26) (n=26)
AV SD AV SD AV SD AV SD AV SD
Raw protein - g'kgrst 137 £5.17 159 £11.5 124  £12.8 179 4389 27.7 48.36
Raw fat - gkgrs' 072 +0.85 0.12 +£0.10 39.5 +£511 720 4327 9.18 +£1.55
NFC? g'kgrst 372 #4477 263  +£699 118 £136 181 +£216 107  +41.2

Carbohydrate Cellulose gkgrst 349 +11.7 609 +13.8 126 £19.2 357 +96.1 311  +88.1
Hemi-cellulose  g-kgrs' 101 £27.5 243  +176 164 +163 233 4931 227 +14.5

Lignin - gkgrs™! 565 £155 343 £3.03 116 +£27.1 124 £382 162 £26.2
Raw ash - g'kgrs' 296 +82.0 238  +101 309 =£125 783 £10.1 154  +£120
TKN ® - gkgrs™! 222 +0.78 49.6 £32.1 200 £2.09 290 +0.65 448 *1.36

2 non-fiber carbohydrates; ® Total Kjeldahl nitrogen.
2.2. Biochemical Methane Potential
2.2.1. Methane Yields

The results of BMP assays are presented in Figure 1 and Table 4. It can be observed that vinasse from
the autonomous plant (V-1) achieved the lowest methane yield after 35 days (246 + 15 NmL-gcop ), in
comparison to the two samples from the annexed plants (273 = 02 and 302 + 06 NmL-gcop V).
However, when these results are given in methane production per fresh matter, the differences among
samples of autonomous and annexed plants are even higher. Sample V-1 achieved the methane yield

!, while samples V-2 and V-3 achieved higher values, 7 and 11 Nm?®-tonm !,

of 5 Nm® tonrm™
respectively. The reason for such differences is due to the lower COD content found in the sample from the
autonomous plant (23.1 g-L ') in comparison to the samples from the annexed plants (24.9-39.5 g-L™).

The methane yield achieved by the three filter cake samples did not present any major difference in
terms of final methane yield, varying between 245-281 NmL-gvs !. When the results are converted to
methane production per fresh matter (50 up to 58 Nm?-tonem ), it becomes clear that filter cake has a
higher energy content than vinasse from the autonomous plant (around 10 times higher), or even from
the annexed plant (around 7 times higher).

However, in comparison to vinasse it seems that the higher lignin content of filter cake could have
hampered the utilization of the cellulose and hemi-cellulose during the biogas conversion. This fact is
even clearer in sample (FC-3), where the lower NFC content also influenced the lag phase during
its degradation.

The methane yields obtained from two different samples of bagasse varied considerably between
236-326 NmL-gvs ! (119 to 181 Nm?*-tonem '), possibly due to different NFC concentrations found in
these samples (181 + 216 g-kg™' TS). In a different way, samples of straw did not vary considerably
into its nutritional content, however presented slightly different methane yields from 199 to 234 NmL-gvs ™'
(101 to 126 Nm?*-tonrm '). Nevertheless, submitting the straw to a physical pre-treatment by grinding
to 2 mm, resulted in 26% higher methane yield.
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Figure 1. Cumulative methane yield of the sugarcane waste during 35 days of BMP assays.
(A) vinasse from autonomous (V-1) and annexed plants (V-2 and V-3); (B) filter cake (FC-1,
FC-2 and FC-3); (C) bagasse (B-1 and B-2); (D) straw (S-1 and S-2), and S-2 ground to 2 mm.

Therefore, the theory that smaller particle sizes increases the specific surface area of the biomass,
providing greater possibility for enzymatic attack [33] is reinforced. Thus, if the straw would have
undergone a more intensive physical pre-treatment, it could have produced higher biogas yields.

Table 4. Biochemical methane potential of the sugarcane waste after 35 days of assay.

Methane Yield * Methane Yield K

Substrates Samples . » 3 . .
[NmL-gvs'or NmL-gcop '] [Nm?-tongm '] [day™']

S-1 234 £ 03 101 £ 01 0.091

Straw S-2 199 £23 126 + 15 0.075
S-2 (2mm) 252 +£02 160 +£ 01 0.102

Bagasse B-1 326 £ 04 181 £02 0.119
B-2 236 £ 05 119+ 02 0.124

FC-1 281 +04 58 £01 0.159

Filter cake FC-2 245+ 01 50 £ 01 0.178
FC-3 254+ 08 54+£02 0.091

V-1 246 £ 15 05+01 0.413

Vinasse V-2 302 £ 06 08 =01 0.209
V-3 273 £02 11+01 0.107

* Methane yield of vinasse is given in NmL-gcop .
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2.2.2. Reaction Rates

The decay constant (k-value) calculated with Equation (1) (see Subsection 3.3) is presented in Table 4.
Samples of vinasse achieved the highest k-value (0.107-0.413), mainly by the lower lignin and higher
NFC content found in this material. Interestingly, the sample from the autonomous plant (V-1)
presented a higher k-value (0.413) than samples from the annexed plants. Vinasse from the annexed
plant that produces ethanol from a mix of sugarcane juice and molasses (V-2) presented an
intermediate k-value (0.209), while vinasse from the annexed plant that produces ethanol exclusively
from molasses presented a lower k-value (0.107). According to Wilkie et al. [34] the concentration of
sugars in molasses, through crystalinization and evaporation of cane juice, increases the content of
more recalcitrant organics which remain in the vinasse after fermentation. This fact supports the
presented results, since vinasse from molasses-based ethanol resulted in longer lag phases in
comparison to vinasse from sugarcane juice-based ethanol.

Samples of filter cake achieved intermediate k-values (0.091-0.159), however, as well as for
vinasse, one of the samples achieved a completely different performance. In that case, sample FC-3
was from a sugarcane plant that applies a different strategy during the juice treatment, where small
pieces of bagasse are intentionally added to the filter cake to increase its permeability, enhancing the
recovery of residual sucrose at the rotary vacuum-drum filter. Therefore, the longer lag phase can be
explained by the lower NFC content found in this sample.

Although the samples of bagasse presented considerably different methane yields, both displayed
similar k-values (0.119-0.124). In the meantime, the two different straw samples presented the slowest
reaction rates (0.075-0.091) of all analyzed materials, even always presenting similar values of TS,
VS, and nutritional values in comparison to bagasse. Fact that explained by the longer length of its
fibers (£6 cm) in comparison to bagasse (3 cm), once when the sample of straw (S-2) was submitted
to a mechanical pre-treatment, the k-value increased from 0.075 to 0.102.

2.2.3. Substrate Conversion in a CSTR System

The substrate conversion in a hypothetical CSTR system was simulated with Equation (2) and data
presented in Table 5. Depending on the feedstock used for ethanol production, the HRT needed to achieve
80% of the vinasse degradation would vary considerably (1040 days). In this case, the vinasse derived
from an autonomous plant would demand a shorter HRT. On the other hand, the vinasse derived from an
annexed plant that was using the entire sugarcane juice for sugar production at the time of sampling—that
is, only molasses mixed with water was used for ethanol production—would demand a longer HRT.
However, for the Brazilian conditions, where, in most cases, the ethanol is produced by a mix of molasses
and juice, the most likely scenario would be the values found for vinasse (V-2).

In this way, due to economic reasons, one of the main concerns during the choice of an AD system
is to reach the expected methane yield with maximum organic loading rate (OLR) and, consequently,
minimum hydraulic retention time (HRT) that can be applied under stable process conditions.

Considering the low TS content of vinasse and the absence of clogging materials, it seems to be
clear that the utilization of a biomass immobilization system would be the most suitable for this
substrate, once it would permit a lower HRT in combination with higher solid retention times (SRT),
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considerably reducing the size of the reactors in comparison to the conventional continuous
stirred-tank reactor (CSTR) system.

Therefore, the AD using vinasse as a substrate for biogas production should focus on these types of
reactors, such as fixed bed reactors, fluidized bed reactors or granular sludge systems, especially the
upflow anaerobic sludge blanket (UASB) reactor, as this system is already being successfully used in
Brazil for the treatment of different types of wastewater. Thus, the process of technology scaling up
could be facilitated, once the basic reactor concept and operation is already widespread in the region [35].

The results from simulating the filter cake samples also presented a wide range of HRT (2545 days).
This is justified since one of the samples (FC-3) has presented a longer lag phase and, consequently,
lower k-value. The two bagasse samples presented the same conversion profile in general, demanding
longer HRT in comparison to vinasse and filter cake, in a similar way to straw, that would need
between 45-55 days to achieve 80% of its degradation. Nevertheless, the effect of a physical
pre-treatment could increase the methane yield, or alternatively reduce the HRT from 55 to 40 days as
demonstrated in the straw S-2 (2 mm).

Table 5. Simulation of the hypothetical substrates conversion using CSTR system.

HRT Vinasse Filter Cake Bagasse Straw

(Days) V-1 V-2 V-3 FC-1 FC-2 FC-3 B-1 B-2 S-1 S-2 S-2 (2 mm)
5 0.67 0.51 0.35 0.45 0.47 0.31 0.37 0.38 0.31 0.27 0.34
10 0.80 0.68 0.52 0.62 0.64 0.48 0.54 0.55 0.48 0.43 0.50
15 0.86 0.76 0.62 0.71 0.73 0.58 0.64 0.65 0.58 0.53 0.60
20 0.89 0.81 0.68 0.77 0.78 0.65 0.70 0.71 0.64 0.60 0.67
25 0.91 0.84 0.73 0.80 0.82 0.70 0.75 0.76 0.69 0.65 0.72
30 0.93 0.86 0.76 0.83 0.84 0.73 0.78 0.79 0.73 0.69 0.75
35 0.94 0.88 0.79 0.85 0.86 0.76 0.81 0.81 0.78 0.72 0.78
40 0.94 0.89 0.81 0.87 0.88 0.79 0.83 0.83 0.78 0.75 0.80
45 0.95 0.90 0.83 0.88 0.89 0.80 0.84 0.85 0.80 0.77 0.82
50 0.95 0.91 0.84 0.89 0.90 0.82 0.86 0.86 0.82 0.79 0.84
55 0.96 0.92 0.86 0.90 0.91 0.83 0.87 0.87 0.83 0.80 0.85
60 0.96 0.93 0.87 0.91 0.91 0.85 0.88 0.88 0.84 0.82 0.86
65 0.96 0.93 0.87 0.91 0.92 0.86 0.89 0.89 0.85 0.83 0.87
70 0.97 0.94 0.88 0.92 0.93 0.86 0.89 0.90 0.86 0.84 0.88

HRT = hydraulic retention time; The results highlighted in bold correspond to approximately 80% of the

substrate conversion at different HRT.
2.3. Process Design
2.3.1. Energy Potential

BMP results combined with specific waste generation from two different sugarcane plants
(Figure 2A) were used to assess the energy potential in a hypothetical plant with a capacity to process
4 million tons of cane (TC) per year (Figure 2B).
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Figure 2. Mass flows VS energy potential of the sugarcane waste. (A) The values liters or
kilogram per ton of cane (L or kg-TC ™) refer to fresh matter according to data collected in
two different sugarcane plants, except straw (dry matter) according to previous study [4];
(B) The values normal cubic meter of methane per ton of cane (Nm?-CH4-TC!) were
calculated based on the BMP results and data presented in Figure2A.

Although vinasse from the autonomous plant has a lower methane yield per fresh matter, an
autonomous plant could produce 40% more energy from vinasse in comparison to an annexed plant.
This is possible due to differences in ethanol production between these two types of plants, from
30 to 71 L-TC™!, directly influencing the specific vinasse generation of them (Figure 2A). Even filter
cake being produced in clearly lower amounts in comparison to vinasse derived from autonomous and
annexed plants, the energy potential of filter cake is close to the vinasse potential.

Although bagasse presented the highest methane potential, its entire utilization as a substrate for
biogas production may suffer restrictions due to the fact that it is already being used for co-generation
purposes by the thermochemical conversion system. Straw would not suffer the same restriction, since
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nowadays, in most cases, this material is left to decay on the fields due to the low incentives to produce
bioelectricity from it.

Nevertheless, the dissemination of second-generation biofuels in the future can lead to an extreme
competition for biomass among different available energy conversion pathways, whereas it is expected
that the system providing not only higher energy production, but also higher environmental benefits,
will have better possibilities to play an important role in the market.

2.3.2. Energy Complementarities

In order to understand how the AD process could be designed to enhance the utilization capacity of
a biogas plant integrated to the sugar and/or ethanol production processes (Table 6), it is reasonable to
develop a storage system that would permit the use of filter cake, or even parts of bagasse and straw,
during the sugarcane offseason, in the same way as is already practiced for the maize ensiling in
Germany, for example.

The Figure 3 presents the daily methane generation that could be produced using vinasse during the
236 days of sugarcane season (+8 months, from April to November) and filter cake during the
129 days of offseason period (+4 months, from December to March) in the main sugarcane producing
region in Brazil (i.e., Center-South Region).

By applying this concept to an annexed plant, the daily methane production that filter cake
during the offseason period could provide is 14.4% lower than the daily methane production of
vinasse during the sugarcane season. The remaining methane production needed to compensate for
such difference during the sugarcane offseason (6398 Nm’-CHs-day!) could be provided by
converting in methane 2.1% =+ 0.5% of the total straw generated or, alternatively, 1.8% + 0.4% of
bagasse. In the meantime, when an autonomous plant is considered (Figure 3B), the remaining residual
energy (23,925 Nm?-CHas-day ') would be equivalent to 7.9% + 1.9% of the energy potential straw or
6.8% + 1.7% of bagasse.

For those plants where a fraction of straw or bagasse would not be available for biogas production, two
different possibilities could be explored to keep methane production constant during the entire year.

Considering that, in Brazil, there is no environmental obligation that mandates the treatment of
vinasse before fertirrigation on the fields, the biogas plant does not necessarily need to operate as a
treatment facility and the amount of vinasse used for methane production could be reduced by 14.4%
in the case of an annexed plant, and by 38.6% in the case of an autonomous plant. However, obviously
in this case the final energy produced by the biogas plant would be reduced.

Another option could be the utilization of a pre-treatment process on filter cake to increase its specific
methane production, since such an alternative has already been tested before. Gonzalez et al. [36,37]
evaluated two different pre-treatment methods to increase the methane yields of filter cake (named as
press mud) under mesophilic conditions (£37 °C). The liquid hot water pre-treatment method was
able to increase the methane yield by 63% after 20 min of exposure at 150 °C, while the
thermo-alkaline pre-treatment method was able to increase the methane yield by 72% by adding
10 g Ca(OH)2 per 100 g-TS™! for 1 h. However, questions regarding the application of such methods at
the large-scale still remain unclear, especially whether these types of pre-treatments would be able to
provide net profit gain to the biogas system.
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Figure 3. Energy potential of the vinasse and filter cake calculated for a hypothetical

sugarcane plant. (A) Energy potential according to an autonomous sugarcane plant;
(B) Energy potential according to an annexed sugarcane plant. Residual energy
(highlighted by the dotted lines) is the difference in daily methane production between the
potential energy of vinasse and filter cake.
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Table 6. Summary of the kinetic challenges for designing an anaerobic digestion process

applied to the sugarcane industry.

Aspects Vinasse Filter cake Bagasse Straw
. ) o CSTR or combination o o
Biomass immobilization o CSTR with high HRT CSTR with high HRT
Reactor type with biomass
system (e.g., UASB) (>35 days) (>40 days)

immobilization system

Pre-treatment

Not necessary

Recommended

Highly recommended

Highly recommended

Macronutrients

Phosphorous addition to
balance C:P ratio at

autonomous plant

Sulfur addition to

balance C:S ratio

Nitrogen, sulfur and
phosphorus addition to
balance C:N:P:S ratio

Nitrogen, sulfur and
phosphorus addition to
balance C:N:P:S ratio

Trace elements

Lack of Fe, Ni, Co, Mo,
W, Mn, Cu, Se, and Zn

Lack of Mo, W, and Se

Lack of Fe, Ni, Co, Mo, W,

Mn, Cu, Se, and Zn

Lack of Fe, Ni, Co, Mo, W,

Mn, Cu, Se, and Zn

Major challenge

High sulfur content,
especially at

annexed plants

Storage in case of
use during

sugarcane offseason

Low biomass availability;

High lignin content;

Substrate logistic;

High lignin content

3. Experimental Section
3.1. Substrates

Sugarcane waste derived from one autonomous plant, where ethanol is produced exclusively from
the sugarcane juice, and sugarcane waste derived from two annexed plants, where ethanol is flexibly
produced from molasses (i.e., by-product from sugar production), sugarcane juice, or in most cases by
a mix of both, were utilized in order to provide an extensive evaluation of the different existing
sugarcane industrial processes found in Brazil. Therefore, samples of vinasse, filter cake, bagasse, and
straw were collected from those sugarcane plants in the States of Goias and Sao Paulo, Brazil during
different seasons (2012-2013 and 2013-2014), transported to Germany in cooled boxes and kept under
low temperature (i.e., 4 °C) until its use.

3.2. Analytical Methods

For all samples, TS and VS were analyzed according to VDI 4630 [38]. For vinasse samples,
chemical oxygen demand (COD) was also analyzed through LCK 014 COD kit (Hach-Lange,
Diisseldorf, Germany) according to the manufacturer’s protocol.

Nutritional content of the substrates was determined according to Weender, followed by Van Soest
methods. By the Weender method raw protein, raw fat, NFC, and raw fiber are determined. Van Soest
method allows the determination of the remaining carbohydrates and lignin fractions from the neutral
detergent fiber (NDF), which represents hemicellulose, cellulose, lignin and ash, acid detergent fiber
(ADF) represented by cellulose, lignin and ash, and the lignin content depicted by the acid detergent
lignin (ADL). Detailed description of the methods were previously published by Liebetrau [39].

To determine the major and trace elements contained in each sugarcane waste, dried samples were
pretreated with a mixture of HNO3/H202/HF, followed by neutralization with H3BO3, and the resulting
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clear solution was analyzed by inductively-coupled plasma atomic spectrometry (ICP-OES,
ThermoFischer iCAP6200) according to standard procedures [40—42].

3.3. Biochemical Methane Potential

The biogas yield of each sugarcane waste was obtained through BMP assays according to
VDI 4630 [38] using eudiometer systems under mesophilic temperature (38 °C) for 35 days, and
corrected to normal conditions, considered 273.15 K and 101.325 kPa. Methane concentration in
biogas was measured by using a GA2000 Landfill Gas Analyzer (Geotechnical Instruments Ltda.,
Warwickshire, UK). The inoculum used for the BMP assays was originally from a large scale biogas
plant, which uses maize silage and cattle manure as substrates. The decay constant (k-value) was
calculated based on the results from BMP assays by using a first-order kinetic model (Equation (1)),
which equates biogas production with organic mass reduction [43]:

St =So x ekt (1)

where, So: initial mass of the substrate, substrate input (gVS); St: mass of the substrate at time ¢, after
degradation (gVS); k: conversion rate (day '); #: time (day).

In order to eliminate the lag phase and use only the log phase of the test, which better represent the
first order kinetics, data between days 0-5, 0—12, 3-25, and 3-25 were considered for vinasse, filter
cake, bagasse, and straw, respectively. The high values of coefficient of determination (R?), from 0.93
to 0.99, demonstrate the congruence of the model and experimental data.

The simulation of the substrates conversion using a CSTR system was performed by transferring the
k-values previously calculated into the CSTR kinetics presented in Equation (2):

So

T exe (2)

where, So: initial mass of the substrate, substrate input (gVS); St: mass of the substrate at time ¢, after
degradation (gVS); 0: hydraulic retention time (day); k: conversion rate (day™'); #: time (day).

3.4. Energy Assessment

The energy potential of each sugarcane waste type was calculated based on the obtained BMP
results, together with the specific waste production of annexed and an autonomous sugarcane plants.
The energy complementarity between vinasse and the other types of waste was performed considering
a hypothetical sugarcane plant with capacity to process 4 x 10° tons of cane per year (TC-year '),
considering the same average days of operating season (236 days) as the two sugarcane plants
previously analyzed.

4. Conclusions

The organic waste generated during the sugar and/or ethanol productions have different
characteristics that should be taken into account during the design of the anaerobic digestion process.
The challenges of straw and bagasse utilization as substrates for biogas production are clear as several
potential nutritional deficiencies were identified for these substrates. Urea supplementation could not
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only balance the C:N ratio, but also increase the buffer capacity of the system and enhance the quality
of the digestate for further use as fertilizer on the sugarcane fields. Although the higher methane yields
of straw and bagasse (based on fresh matter), respectively, were 129 and 150 Nm®-tonrm !, the high
lignin content of these substrates suggests that a pre-treatment process can enhance their degradability.
The lower methane yield of vinasse (5-11 Nm*-tonrm '), together with its huge specific generation
(438-1038 L-TC!) suggests that future developments should be focused on a biomass immobilization
reactor to allow higher OLR and lower HRT. Filter cake can play an important role to reduce the
negative effects of sugarcane seasonality in the biogas system, if utilized as an alternative substrate to
vinasse during the offseason. Such a concept still needs to be technically proven, especially regarding
the feasibility of filter cake storage and the net energy gain that a pre-treatment procedure could
provide to the system.

Acknowledgments

The authors would like to acknowledge the support of the Brazilian National Scientific Counsel
(CNPq) under the Program Science without Borders for the financial support of the PhD students
Leandro Janke (237938/2012-0) and Athaydes Leite (202024/2012-1). The present research was
partially financed by the i-NOPA Project “Sustainable bioeconomy in Brazil: Bioenergy from biogas
using various types of waste substrates from the Brazilian bioethanol industry”.

Author Contributions

Designed the experiments: Leandro Janke and Walter Stinner; Performed the experiments:
Leandro Janke and Athaydes Leite. Analyzed the data: Marcell Nikolausz and Thomas Schmidt;
Supervised the study: Jan Liebetrau, Michael Nelles and Walter Stinner; Wrote the paper: Leandro Janke.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Elbehri, A.; Segerstedt, A.; Liu, P. Biofuels and the Sustainability Challenge: A Global
Assessment of Sustainability Issues, Trends and Policies for Biofuels and Related Feedstocks,
FAO: Rome, Italy, 2013; p. 15.

2. De Carvalho Macedo, 1. Sugar Cane’s Energy—Twelve Studies on Brazilian Sugar Cane, 2nd ed.;
UNICA: Sao Paulo, Brazil, 2007; pp. 119-137.

3. UNICA (Unido da Industria da Cana-de-agucar) Unicadata: Brazilian sugarcane crushing during
2013/2014 season. Available online: http://www.unicadata.com.br (accessed on 11 August 2015).

4.  ANA (Ageéncia Nacional de Aguas). Manual de Conservacdo e Reuso de Agua na Agroindiistria
Sucoenergética; Universidade de Brasilia: Brasilia, Brazil, 2009. (In Portuguese)

5. De Paoli, F.; Bauer, A.; Leonhartsberger, C.; Amon, B.; Amon, T. Utilization of by-products from
ethanol production as substrate for biogas production. Bioresour. Technol. 2011, 102, 6621-6624.



Int. J. Mol. Sci. 2015, 16 20701

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Leal, M.R.L.V; Galdos, M.V.; Scarpare, F.V.; Seabra, J.E.A; Walter, A.; Oliveira, C.O.F. Sugarcane
straw availability, quality, recovery and energy use: A literature review. Biomass Bioenergy 2013, 53,
11-19.

UNICA (Unido da Industria da Cana-de-agucar). Moagem de cana-de-agucar no Estado de Sao Paulo.
Available online: http://www.unicadata.com.br/ (accessed on 15 February 2015). (In Portuguese)
CEPE (Conselho Estadual de Politica Energética). Plano Paulista de Energia—PPE 2020,
Governo do Estado de Sao Paulo: Sio Paulo, Brazil, 2012. (In Portuguese)

Governo do Estado de Sao Paulo. Programa Paulista de Biogds-Decreto n. 58.659. Available online:
http://www.legislacao.sp.gov.br/legislacao/dg280202.nsf/5fb5269ed17b47ab83256ctb00501469/
0250b268dd46ba4c83257acb004382ef?OpenDocument (accessed on 18 January 2015). (In Portuguese)
Al Seadi, T.; Rutz, D.; Prassl, H.; Kéttner, M.; Finsterwalder, T. Biogas Handbook; University of
Southern Denmark: Funen, Denmark, 2008.

Moraes, B.S.; Junqueira, T.L.; Pavanello, L.G.; Cavalett, O.; Mantelatto, P.E.; Bonomi, A.;
Zaiat, M. Anaerobic digestion of vinasse from sugarcane biorefineries in Brazil from energy,
environmental, and economic perspectives: Profit or expense? Appl. Energy 2014, 113, 825-835.
Janke, L.; Leite, A.F.; Wedwitschka, H.; Schmidt, T.; Nikolausz, M.; Stinner, W. Biomethane
production integrated to the Brazilian sugarcane industry: The case study of Sdo Paulo state.
In Proceedings of the 22nd European Biomass Conference and Exhibition, Hamburg, Germany,
23-26 June 2014; pp. 23-26.

FNR (Fachagentur Nachwachsende Rohstoffe e.V.). Guide to Biogas—From Production to Use;
Fachagentur Nachwachsende Rohstoffe e.V. (FNR): Giilzow, Brazil, 2010; p. 24.

Mccarty, P.L. Anaerobic Waste Treatment Fundamentals. Public Work 1964, 95, 107-112.

Lv, Z.; Hu, M.; Harms, H.; Richnow, H.H.; Liebetrau, J.; Nikolausz, M. Stable isotope
composition of biogas allows early warning of complete process failure as a result of ammonia
inhibition in anaerobic digesters. Bioresour. Technol. 2014, 167, 251-259.

Britz, T.; Noeth, C.; Lategan, P. Nitrogen and phosphate requirements for the anaerobic digestion
of a petrochemical effluent. Water Res. 1988, 22, 163—169.

Scherer, P.; Neumann, L.; Demirel, B.; Schmidt, O.; Unbehauen, M. Long term fermentation
studies about the nutritional requirements for biogasification of fodder beet silage as
mono-substrate. Biomass Bioenergy 2009, 33, 873—881.

Oremland, R.S.; Polcin, S. Methanogenesis and sulfate reduction: competitive and noncompetitive
substrates in estuarine sediments. Appl. Environ. Microbiol. 1982, 44, 1270-1276.

Raskin, L.; Rittmann, B.E.; Stahl, D.A. Competition and coexistence of sulfate-reducing and
methanogenic populations in anaerobic biofilms. Appl. Environ. Microbiol. 1996, 62, 3847-3857.
Lauterbock, B.; Nikolausz, M.; Lv, Z.; Baumgartner, M.; Liebhard, G.; Fuchs, W. Improvement
of anaerobic digestion performance by continuous nitrogen removal with a membrane contactor
treating a substrate rich in ammonia and sulfide. Bioresour. Technol. 2014, 158, 209-216.

Ramos, 1.; Pefia, M.; Fdz-Polanco, M. Where does the removal of H2S from biogas occur in
microaerobic reactors? Bioresour. Technol. 2014, 166, 151-157.

Kayhanian, M.; Rich, D. Pilot-scale high solids thermophilic anaerobic digestion of municipal
solid waste with an emphasis on nutrient requirements. Biomass Bioenergy 1995, 8, 433444,



Int. J. Mol. Sci. 2015, 16 20702

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Schmidt, T.; Nelles, M.; Scholwin, F.; Proter, J. Trace element supplementation in the biogas
production from wheat stillage—Optimization of metal dosing. Bioresour. Technol. 2014, 168,
80-85.

Gustavsson, J.; Shakeri Yekta, S.; Sundberg, C.; Karlsson, A.; Ejlertsson, J.; Skyllberg, U.;
Svensson, B.H. Bioavailability of cobalt and nickel during anaerobic digestion of sulfur-rich
stillage for biogas formation. Appl. Energy 2013, 112, 473-477.

Shakeri, S.; Svensson, B.H.; Bjorn, A.; Skyllberg, U. Thermodynamic modeling of iron and trace
metal solubility and speciation under sulfidic and ferruginous conditions in full scale continuous
stirred tank biogas reactors. Appl. Geochem. 2014, 47, 61-73.

Radjaram, B.; Saravanane, R. Assessment of optimum dilution ratio for biohydrogen production
by anaerobic co-digestion of press mud with sewage and water. Bioresour. Technol. 2011, 102,
2773-2780.

Shakeri Yekta, S.; Lindmark, A.; Skyllberg, U.; Danielsson, A.; Svensson, B.H. Importance of
reduced sulfur for the equilibrium chemistry and kinetics of Fe(Il), Co(Il) and Ni(Il)
supplemented to semi-continuous stirred tank biogas reactors fed with stillage. J. Hazard. Mater.
2014, 269, 83-88.

Oechsner, H.-W.; Lemmer, A.; Hamhold, D.; Mathies, E.; Mayrhuber, E.; Preil3ler, D. Method for
Producing Biogas in Controlled Concentrations of Trace Elements. Patent US20100304457 Al,
2 December 2008.

Leite, A.F.; Janke, L.; Harms, H.; Zang, J.W.; Fonseca-Zang, W.A.; Stinner, W.; Nikolausz, M.
Assessment of the variations in characteristics and methane potential of major waste products
from the Brazilian bioethanol industry along an operating season. Energy Fuels 2015, 29,
4022-4029.

Janke, L.; Leite, A.; Batista, K.; Weinrich, S.; Strauber, H.; Nikolausz, M.; Nelles, M.; Stinner, W.
Optimization of hydrolysis and volatile fatty acids production from sugarcane filter cake:
Effects of urea supplementation and sodium hydroxide pretreatment. Bioresour. Technol. 2015,
doi:10.1016/j.biortech.2015.07.117.

Zheng, Y.; Zhao, J.; Xu, F.; Li, Y. Pretreatment of lignocellulosic biomass for enhanced biogas
production. Prog. Energy Combust. Sci. 2014, 42, 35-53.

Zhu, J.; Wan, C.; Li, Y. Enhanced solid-state anaerobic digestion of corn stover by alkaline
pretreatment. Bioresour. Technol. 2010, 101, 7523-7528.

Montgomery, L.F.R.; Bochmann, G. Pretreatment of Feedstock for Enhanced Biogas Production;
IEA Bioenergy: Dublin, Ireland, 2014; p. 4.

Wilkie, A.C.; Riedesel, K.J.; Owens, J.M. Stillage characterization and anaerobic treatment of
ethanol stillage from conventional and cellulosic feedstocks. Biomass Bioenergy 2000, 19, 63—102.
Fang, H.H.P. Environmental Anaerobic Technology: Applications and New Developments;
Imperial College Press: London, UK, 2010; p. 59.

Lopez Gonzalez, L.M.; Vervaeren, H.; Pereda Reyes, I.; Dumoulin, A.; Romero Romero, O.;
Dewulf, J. Thermo-chemical pre-treatment to solubilize and improve anaerobic biodegradability
of press mud. Bioresour. Technol. 2013, 131, 250-257.



Int. J. Mol. Sci. 2015, 16 20703

37.

38.

39.

40.

41.

42.

43.

Lopez Gonzélez, L.M.; Pereda Reyes, 1.; Dewulf, J.; Budde, J.; Heiermann, M.; Vervaeren, H.
Effect of liquid hot water pre-treatment on sugarcane press mud methane yield. Bioresour. Technol.
2014, 169, 284-290.

VDI 4630-Fermentation of Organic Materials: Characterisation of the Substrate, Sampling,
Collection of Material Data, Fermentation Tests; VDI-Gesselschaft Energietechnik, Beuth
Verlag: Berlin, Germany, 2006; p. 11.

Liebetrau, J.; Pfeiffer, D.; Thrin, D. Messmethodensammlummg Biogas—Methoden zur
Bestimmung von analytischen und prozessbeshreibenden Parametern im Biogasbereich;
Liebetrau, J., Pfeiffer, D., Thrin, D., Eds.; DBFZ Deutsches Biomasseforschungszentrum:
Leipzig, Germany, 2015; pp. 38-50.

DIN EN ISO 15587-2-2002: Water Quality—Digestion for the Determination of Selected
Elements in Water—Part 2: Nitric Acid Digestion (ISO 15587-2:2002); DIN Deutsches Institut
fiir Normung e. V.: Berlin, Germany, 2002; p. 13.

DIN EN 16170: Schlamm, Behandelter Bioabfall und Boden—Bestimmung von Spurenelementen
Mittels Optischer Emissionsspektrometrie mit Induktiv Gekoppeltem Plasma (ICP-OES); DIN
Deutsches Institut fiir Normung e. V.: Berlin, Germany, 2011; p. 7.

DIN DIN EN 15104: Feste Biobrennstoffe—Bestimmung des Gesamtgehaltes an Kohlenstoff,
Wasserstoff und Stickstoff—Instrumentelle Verfahren; DIN Deutsches Institut fiir Normung e. V.:
Berlin, Germany, 2011; p. 8.

Schumacher, B.; Wedwitschka, H.; Hofmann, J.; Denysenko, V.; Lorenz, H.; Liebetrau, J.
Disintegration in the biogas sector—Technologies and effects. Bioresour. Technol. 2014, 168, 2—6.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



