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Abstract: Methane from environmentally friendly anaerobic digestion may be an alternative non-
renewable source that is depleting. One of the substrates for that process may be lignocellulose-based
materials. The article concerns comparing the environmental impact as well as technical and energy
indicators of alternative ways of producing methane from the anaerobic digestion of Pennisetum
hybrid. Five scenarios were analyzed: methane production from the anaerobic digestion of the raw
grass, the grass subjected to alkaline pretreatment (with 2% NaOH solution at two temperatures),
and the grass subjected to mechanical pretreatment (ground to obtain particle sizes <0.18 mm and
0.25-0.38 mm). Multi-criteria decision (MCA) analysis was carried out with the use of five indicators,
including life cycle assessment results as well as methane production parameters, in order to optimize
this sustainable way of bioenergy production. The purpose of this study was to identify the most
cost-effective and environmentally friendly method of Pennisetum hybrid pretreatment in order to
optimize the methane production process in terms of environmental, technical, and economic aspects.
According to the obtained results, it was stated that the most advantageous solution for the majority of
the analyzed indicators turned out to be the mechanical pretreatment with grinding the lignocellulosic
biomass into a particle size <0.18 mm.

Keywords: bioenergy; lignocellulosic biomass pretreatment; Pennisetum hybrid; methane production;
anaerobic digestion; multi-criteria analysis; life cycle assessment; global warming potential; cumulative
energy demand; IMPACT 2002+

1. Introduction

The activity of burning fossil fuels, such as hard coal, natural gas, or crude oil, for
energy production causes the depletion of these natural resources and environmental
contamination, especially through the emission of greenhouse gases. Therefore, it is
necessary to look for other energy carriers. Nowadays, more and more attention is paid
to renewable sources. The biogas produced in anaerobic digestion (AD), which contains
45-70% methane, may be an alternative source of energy, as it can be used for electricity
and heat production and as vehicular fuel [1]. Among many AD feedstocks, lignocellulosic
materials, often considered waste, are regarded as a substrate with a high potential biogas
yield and a carbon-zero footprint [2]. Moreover, they are cheap and widely available [3,4].
Their global yield amounts to about 1.3 billion tons every year [5]. Lignocellulose-based
materials are characteristic because of the complex structure of a large number of cross-
linked polysaccharide networks, glycosylated proteins, and lignin [6]. The polymeric
structure of these materials, which makes them resistant to enzymatic degradation, is
the main barrier to using them for biofuel production via biological means [7]. One
of the lignocellulosic substrates is Pennisetum hybrid, a grass characterized by non-food
status, rapid growth, high biomass yields, extensive adaptability, and low plantation
expenditure [8,9].
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The methods of pretreatment are aimed at changing the physical and chemical proper-
ties of the lignocellulose-based substrates’ recalcitrant structure. They result in increasing
the accessibility of lignocellulosic biomass, which enables microorganisms to utilize it
in anaerobic digestion. In addition, pretreatment methods can be divided into physical,
chemical, and biological [10-12]. The physical pretreatment includes mechanical com-
minution, extrusion, and ultrasonic pretreatment [13,14]. One of the methods, mechanical
pretreatment, concerns particle size reduction and the accessible surface area increase,
which results in degradation of the cellulose crystal structure [15,16]. The main advantages
of this method are its minimal energy requirements and lack of byproduct formation [17].
Chemical pretreatment involves the addition of chemical compounds, e.g., hydroxides of
sodium, potassium, and calcium, ammonium, sulfuric acid, hydrochloric acid, or phospho-
ric acid [13,18]. Its advantages, besides low costs, are high rates and better efficiencies of
complex organic material degradation in comparison to other pretreatment methods [19].
It was proven that alkaline pretreatment effectively removes hemicellulose and lignin from
lignocellulosic substrates and increases methane production [20]. Moreover, it is more
efficient in energy terms compared to the process conducted in an acidic environment [21].
Generally, pretreatment methods are regarded as the major factors contributing to the
high cost of biomass processing; thus, recognition of the lowest-cost variant is of high
importance. Several interesting literature reviews summarizing various methods of pre-
treatment of lignocellulosic biomass have been published, indicating the advantages and
disadvantages of each method as well as their costs [22-24].

In addition to the strictly technical or economic approach, the environmental approach
has been strongly developing in recent decades (much attention has been paid to the as-
sessment of the environmental impact of individual technologies or processes). Life Cycle
Assessment (LCA) is a tool for assessing the environmental impact of a product, process, or
activity over the entire period of its life: from production, through use, to disposal or recy-
cling [25,26]. Its advantages, in comparison to other environmental assessment techniques,
are the possibility of material and substance flow analysis [27], standardized methodology
for each step, and the possibility of obtaining reproducible results [28]. In the case of the
lignocellulosic biomass pretreatment processes, this tool enables the assessment of aspects
such as energy and resource consumption (water, fossil fuels), as well as emissions to air or
water (e.g., greenhouse gases). A significant number of studies in which the environmental
impact of bioethanol produced from lignocellulosic biomass (grass, corn stover, wood chips,
poplar biomass, sweet sorghum, willow, sugarcane bagasse, herbaceous crops, and forest
biomass) was assessed have been published in the literature [29-32]. Different degrees
of greenhouse gas (GHG) emissions and fossil fuel use reduction compared to conven-
tional energy use (such as gasoline) were shown. Gonzalez-Garcia et al. [33] assessed
the environmental impact of willow chips as raw material for two different energy uses:
ethanol production and its combustion, either in a flexible fuel vehicle—after blending with
gasoline—or directly in an industrial furnace for heat production. Some authors studied the
environmental impacts of the production of sugars and bio-chemicals from wood-based ma-
terial in order to compare it with the fossil-based one [34-38]. Several studies concerned the
LCA of lignocellulosic biomass pretreatment methods. Chuetor et al. [39] used a combined
method of sugarcane bagasse pretreatment (mechanical treatment, chemical treatment, and
enzymatic hydrolysis). In this study, the main criterion for selecting the most advanta-
geous method was the energy efficiency of the process and the amount of waste generated.
Additionally, part of the research has focused on the pretreatment process in bioethanol
production by analyzing various impact criteria. Kumar and Murthy [40] compared steam
explosion, hot water, dilute alkali, and dilute acid pretreatments of rice straw in terms
of the impact of fossil energy use and GHG emissions. A similar assessment concerning
corn stover was conducted by Prasad et al. [41]. They analyzed the impact of such criteria
as CO, emissions, eutrophication potentials, water depletion, and acidification potential.
Four methods of chemical pretreatment of switchgrass using sodium hydroxide, ammonia,
methanol, and sulfuric acid were analyzed by Smullen et al. [42]. Interesting research on
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many environmental and economic indicators was presented by Van Fan et al. [43], who
carried out an assessment of physical, chemical, and biological pretreatment methods for
lignocellulosic biomass.

While LCA is a good tool to analyze individual impact indicators, it is focused mostly
on environmental burdens. The scope of the LCA-based analysis can be extended by using
various tools, such as multi-criteria analysis (MCA). Multi-criteria analysis is one of the
widely recognized instruments for collecting detailed information on selected aspects,
which can be combined with LCA approaches to solve complex problems in a structured
and easy manner. The main goal of MCA is to simplify the common presentation of
results by expressing all calculated indicators as a percentage of the maximum value
obtained [44]. The MCA method has already been used for the evaluation of various
biofuels, such as biogas, bioethanol, and biodiesel [45], as well as for the analysis of
the technical criteria of lignocellulose-based materials pretreatment [46]. However, there
is a lack of broad information on MCA results combining the technical, environmental,
and economic aspects of biogas production methods from lignocellulosic substrate in a
potentially useful manner. Thus, in this work, MCA will be used to obtain a broader
perspective and combine the technical aspects of lignocellulosic biomass pretreatment with
environmental considerations.

Therefore, the purpose of this study was to identify the most cost-effective and envi-
ronmentally friendly method of Pennisetum hybrid pretreatment in order to optimize the
methane production process in terms of environmental, technical, and economic aspects.
The final results of the study will show which scenario of methane production from ligno-
cellulosic biomass is most advantageous in terms of various analyzed parameters and will
provide useful information to decision-makers.

2. Materials and Methods
2.1. System Description

Five scenarios based on literature data comparing various pathways of Pennisetum hy-
brid pretreatment before anaerobic digestion were modeled. These scenarios are presented
in Figure 1. Each process encompassed a life cycle, from harvesting, through transport,
pretreatment, and methane production in the anaerobic digestion process.

The first of the analyzed scenarios (51) covered only mechanical pretreatment divided
into two stages: cutting into 2-3 cm pieces and smashing in a pulverizer for 1 min. to a
particle size of 0.38-0.83 mm. The next two scenarios included, in addition to pre-cutting
into 2-3 cm pieces, a grinding step on a grinder to sizes 0.25-0.38 mm (52) and <0.18 mm
(53). Two further scenarios relate to alkaline pretreatment with NaOH. In the 54 scenario,
after grinding into 2-3 cm pieces and smashing in a pulverizer, an alkaline treatment was
carried out with a 2% NaOH solution. The sample was placed for 24 h in a thermostatic
bath at 35 °C. This was followed by cooling in ice at room temperature and then adjusting
the pH to 7.0 with HCl solution. In contrast, in the S5 scenario, the alkaline treatment
involved a treatment with a 2% NaOH solution at 121 °C in an autoclave for 1 h. The
last step in all presented scenarios was anaerobic digestion conducted at 37 & 0.5 °C for
30 days.

51, $4, and S5 scenarios (Figure 1) remained similar to those considered by Kang et al. [9],
while the S2 and S3 scenarios were analogous to the pretreatment methods presented by
Kang et al. [47]. The raw material was a Pennisetum hybrid (P. americanum X P. purpureum). It
contained 29.65% of total solids (TS), 26.03% of volatile solids (VS), 40.91% of carbon (C),
and 1.05% of nitrogen (N). The contents of cellulose, hemicellulose, lignin, and ash were as
follows: 33.9%, 20.7%, 18.4%, and 4.0%, respectively. The inoculum used in the experiments
conducted by the above-mentioned authors was taken from a mesophilic continuously
stirred tank reactor (CSTR) fed with grass and glucose. It was characterized by a TS content
of 6.0%, a VS content of 1.0%, and a pH value of 7.61. Energy efficiency was the criterion for
selecting the presented scenarios. In the study by Kang et al. [47] the effect of mechanical
treatment on particle composition and anaerobic digestion performance was investigated.
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From the analyzed particle sizes, two ranges that gave the best results in terms of methane
production efficiency were selected. Similarly, from the work of Kang et al. [9], the aim
of which was to optimize the alkaline pretreatment of Pennisetum hybrid, two treatment
variants with the best results in terms of methane yield and number of days to reach 80%
of the methane volume were selected. Additionally, the control variant with raw material
without alkaline pretreatment from the second cited work was adopted for analysis.

Pennisetum Hybrid

Y ¥ ]
| harvesting

| 2 B A |
l transport

| 2N B 2

cutting to a size of 2-3 cm 1

FARR

smashing in a pulverizer, size range
0.38-0.83mm
[ ] (]
alkaline alkaline - S1
pretreatment — ——
2% NaOH + pr;t/:er\?;néﬁt grinding in grinding in S2
thermostatic | | , autoclave a grinder, a grinder, —-33
water bath 121°C. 1h size range size range
35°C, 24h ’ <0.18 mm 0.25-0.38 mm -S4
] (] .
| ice-cooling to room temp.
(] (]
adjusting the pH to 7.0 (HCI)
Y i

anaerobic digestion s
37°C. 30d water (deionized)
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Figure 1. Schematic view of the analyzed processes of pretreatment and anaerobic digestion of

Pennisetum hybrid.

The biomethane potential (BMP) yields, as well as Tgy values, were taken from the
data presented in detail in the works of Kang et al. [9] and Kang et al. [47]. The BMP values
obtained in particular scenarios from S1 to S5, in ml CHy gVS’l, were equal to 249.3 + 12.5,
291.9 £4.7,290.2 £ 4.3,301.7 £ 9.6 and 271.1 +£ 3.9, respectively.

The data on the electricity consumption of the devices were measured in the labora-
tory of the Faculty of Environmental Engineering of the Lublin University of Technology
(Poland) using the Voltcraft Energy Logger 4000 F (Germany). The following devices
were used in the study: the Sanyo Electric MLS- 3750 autoclave (Japan), intended for the
sterilization of laboratory instruments and glassware, as well as culture media incubation
and sample heating; Retsch GmbH, SM300 Cutting Mill (Germany), used for the grinding
of tough, medium-hard, soft, elastic, fibrous, and heterogeneous mixes of products; and
the BioReactor Simulator (BRS), Bioprocess Control Sweden AB (Sweden), used for the
control and monitoring of anaerobic digestion processes in a continuous mode of operation,
controlled by a web-based software running on a remote cloud solution.

The authors of this work carried out estimations and measurements of the energy
consumption of devices used in these processes, as well as built the analyzed life cycle
scenarios and conducted their assessment. The data concerning methane production was
taken from the literature.
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2.2. Methods of Environmental, Technical, and Economic Criteria Assessment

Multi-criteria analysis pays attention to the multi-purpose and multi-aspect nature
of optimized solutions. It seems advisable to use forms of criteria that are distinguished
by a clear economic sense, such as unit cost or annual cost, general effect, environmental
burdens, etc. However, the selection of the criterion depends on a given, specific decision
situation. In ecological and energy analyses, many criteria are most often used in the area
of consumption of natural resources and the amount of generated loads (pollutants) to
the environment.

A life cycle assessment according to ISO 14040 was conducted in this study to esti-
mate environmental burdens related to the methane production in the analyzed processes.
SimaPro v7.2 was used as a tool for LCA performance (PRé Sustainability, The Netherlands).
The main functional unit used in this study is 1 dm? of produced methane, which refers to
the energy output of various processes analyzed while taking into account the differences
in biomethane potential yield. The inventory was based on the unit processes, including
the substrates and energy needs necessary for a single laboratory bioreactor BRS operation,
including the BMP values mentioned in the previous chapter. Energy inputs measured as
electricity used by laboratory equipment were replaced in the life-cycle inventory model
by energy from biogas to avoid overestimation of environmental burdens in relation to
standard industrial procedures. Moreover, the energy needs of equipment were related to
its total possible load, so the balance more closely corresponded to real life than laboratory
conditions. The data used in the inventory stage was based on my own measurements and
calculations related to the energy consumption of particular equipment and material bal-
ance, including chemical substrates. These data could be treated as first-class, while another
information, such as harvesting, comes from the literature and Ecoinvent v.3 database and
can be classified as class three. On the basis of life cycle impact assessment methods, three
environmental criteria were applied in this study. The first environmental parameter is
cumulative energy demand (CED), which is one of the most popular methods for assessing
the efficiency of energy production processes. It can also be used as a proxy indicator for
other environmental consequences [48]. Its use enables one to calculate life cycle-based
energy production in relation to the energy consumption needed to produce it [49]. In this
method, the energy inputs (primary energy from renewable and nonrenewable sources)
as well as energy flows for energy and material purposes are analyzed [50,51]. Results are
presented as M] of embodied energy.

Taking into account the occurring and projected climate changes, the global warming
potential method in a 100-year perspective (GWP 100a) was used as the second environ-
mental criterion (IPCC 2013). This indicator shows how much energy will be absorbed by
1 ton of an emitted gas over 100 years in comparison to the amount of energy absorbed
by 1 ton of carbon dioxide (CO,) released into the atmosphere [52]. All emissions with a
predicted negative impact on the climate balance are converted to the equivalent amount
of CO; the similar global warming potential (kgcozeq/ kgemission) [53]-

The IMPACT 2002+ method was used as the third environmental criterion (IMPACT).
It proposes a practicable implementation of a combination midpoint/damage approach
that links all types of lifecycle inventory results via fourteen midpoint categories. These
categories are then classified into four types of end-points (damage categories) facilitating
optimization: human health, climate change, ecosystem quality, and resources [54]. Impact
2002+ emphasizes the impact of the analyzed factor on climate change and global warming,
in particular with regard to greenhouse gas emissions from energy use [55]. Generally, a
higher value of this parameter means a more intense environmental impact, expressed
as Pt.

The final results were validated by the Monte Carlo statistical simulations (lognormal
distribution and 95% confidence interval), which were implemented in order to analyze
the possible error in the obtained results.

Additional criteria for analysis included a technical digestion time, Tgy. Tgy is defined
as the number of days of the anaerobic process needed to attain 80% of methane volume.
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This parameter was chosen due to its importance for possible time reduction, which can be
related to achievable energy savings in the anaerobic digestion stage.

The economy of selected methods of methane production is one of the most important
issues for potential investors. The calculation of the costs of methane production was based
on the measured energy consumption in the assessed processes as well as the necessary
chemicals in Scenarios 4 and 5. The price of energy (0.055 EUR/kWh) was based on the
European Biogas Association [56].

Considering the results of the multi-criteria analysis, the best option in the case of all
indicators is the one with the lowest value.

2.3. The Weighted Sum Method (WSM) as a Method of Multi-Criteria Analysis

There are various mathematical approaches to multi-criteria evaluation and many
techniques for determining utility coefficients. The large discrepancy between the available
methodologies leads to ambiguity in the assessments, so that the practical requirements
for repeatability and uniqueness are often not met. The development of research on multi-
criteria optimization, however, resulted in paying more attention to the multi-purpose and
multi-aspect nature of solutions, as well as leading to the extension of the assessment of
individual variants, which has a positive impact on the accuracy and rationality of the
decisions made. One of the most commonly used methods of MCA is the weighted sum
method (WSM). According to the WSM method, the following formulas were used in this
study [44]:

~_Indicator — Indicator
T Indicatormax — Indicator,,,

A=Y (agw)) 2

where a;; is the normalized value of the jth indicator, A; is the WSM score of alternative I,
and wj is the weighting factor for the jth indicator.

The overall score of each alternative is equal to the sum of the scores for all particu-
lar criteria, taking into account their weighting factors. Normalization of all alternatives
to the same common scale in order to conduct a reasonable comparison is very impor-
tant. In this study, the sum of normalized, equally weighted indicators was used for the
final recommendation.

)

3. Results

In the following section, the results of the environmental, technical, and economic
assessments of the modeled scenarios are presented. All of the particular calculations
were then applied to identify the most environmentally friendly and cost-effective way of
treating the lignocellulosic biomass in terms of obtaining the highest methane yields.

3.1. Results of Selected Criterion Analysis

The environmental analysis based on life cycle assessment allowed for the calculation
of several impact indicators. First of all, the cumulative energy demand (CED) expressing
the energy footprint of methane production processes, divided into unit processes, is
presented in Figure 2.
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s1 2 S3 s4 S5
W harvesting, transporting  47.03  40.17 40.4 38.86 43.25 ss [
M cutting 2-3cm 0.0004 0.0004 0.0004 0.0004 0.0004
smashing 0.38-0.83mm 0002 - 0002 0002 s/ | .
anaerobic digestion 152.11 129.91 130.67 125.69 139.88
M grinding 0.25-0.38 mm 0.033 - - - s3 |
B grinding <0.18mm - 0.059 -
W NaOH - 3782 4209 5 N |
B steam bath 24h - 15.39 -
W ice cooling - 094 1.04 s1
B HCl - 5474 60.92
m autoclave 1h - - 2235 0 50 100 150 200 250 300
kJ
Figure 2. Cumulative Energy Demand per 1 dm? of Produced Methane in S1-S5 Processes.
Although the input material was harvested in the same way, the contribution of
this unit process differed for various scenarios due to the selected functional unit (1 dm?
of produced methane). In all the cases, the main contribution was connected with the
anaerobic digestion process; for scenarios 54 and S5, the significant impact was related to
the chemical substrates of the process. The Monte Carlo analysis in the case of this indicator
allowed estimating the standard deviation of results not exceeding 0.01 MJ with a 95%
confidence interval.
The global warming potential (Figure 3) was also calculated for the analyzed scenarios.
The main contribution was connected with the anaerobic digestion process in all the cases as
well as with the chemical substrates of the 54 and S5 processes. The Monte Carlo analysis in
the case of this indicator allowed estimating the standard deviation of results not exceeding
0.0014 kgCOyeq with a 95% the confidence interval.
Sios2 s3osa S ss | —
 harvesting, transporting  0.0004 0.0003 0.0003 0.0003 0.0003
M cutting 2-3 cm 6x10% 5x10% 5x10% 5x10% 6x10° 54 I _
smashing 0.38-0.83mm  3x107 - - 2107 3x107
anaerobic digestion 0.0223 0.019 0.0192 0.0184 0.0205 3 I ‘
B grinding 0.25-0.38 mm 5x10° -
¥ grinding <0.18 - - o9x10® - - 9 |
B NaOH 0.0025 0.0027
B steam bath 24h 0.0023 -
M jce cooling - - 7x10° 8x107 51 I
= HCl - - 0.0027 0.0031
m autoclave 1h - - - 0.0003 0 0.005 0.01 0.015 0.02 0.025 0.03
kgCO,eq

Figure 3. Global Warming Potential per 1 dm3 of produced methane in the S1-S5 processes.

Furthermore, the IMPACT 2002+ indicator (Figure 4) was used to express the overall
environmental effects related to selected processes of methane production. In the case
of this particular indicator, the contribution of anaerobic digestion was even higher than
in previous methods, which led to the conclusion that the energy consumption in this
unit process was the most important issue. The fifth scenario (S5) was continuously
responsible for the highest value of the indicator, while scenarios S2 and S3 present the
lowest environmental impacts. The Monte Carlo analysis in the case of this indicator
allowed estimating the standard deviation of results not exceeding 0.0012 mPt with a 95%
confidence interval.
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Figure 4. IMPACT 2002+ per 1 dm? of produced methane in the S1-S5 processes.

The cost of methane production per 1 dm? of released methane was also calculated.
Obtained in particular scenarios (from S1 to S5), the values of cost were as follows: 1.83 EUR,
1.56 EUR, 1.57 EUR, 1.80 EUR, and 1.95 EUR, respectively.

The Ty values for each scenario were taken from the data presented by Kang et al. [9]
and Kang et al. [47]. These values, in days, for S1 to S5 scenarios were 8, 11, 9, 4, and
3, respectively.

3.2. WSM Results

The indicators calculated in the above part of the study formed the basis of the
normalization process (Table 1), which allowed selection of the preferred scenario. All
parameters except Tgy were converted to 1 dm?® of methane produced in the anaerobic
digestion process.

Table 1. Summary of the results obtained for the analyzed criteria.

Parameter Unit Scenarios
S1 S2 S3 S4 S5
IMPACT uPt 17.97 15.35 15.44 18.52 18.87
CED kJ 199.14 170.11 171.13 273.44 289.43
GWP100a kg CO; eq 0.0227 0.0194 0.0195 0.0262 0.0270
Tgo * d 8 11 9 4 3
COST EUR 1.83 1.56 1.57 1.80 1.95

* Tgo values determined in literature [9,47].

According to the normalized WSM results presented in Figure 5, Scenario 3 (me-
chanical grinding of the substrate to a size of 0.18 mm) as well as Scenario 2 (mechanical
grinding of the substrate to a size range of 0.25-0.38 mm) were the most beneficial. The
only unpreferred criterion was Tgg in these cases, while chemical preparation of samples
(54 and S5) resulted in a significant increase in environmental criterion indices.

It is also worth underlining that the higher cost of methane production in S4 and S5
was connected with both energy and chemical substrate consumption in the pretreatment
processes. The cost of chemicals was 15% of the total methane production cost in these
scenarios. Moreover, one needs to notice that the S4 and S5 scenarios were not reasonable
since their WSM indicators were higher than those for the S1 scenario (without additional
pretreatment).
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Figure 5. The normalized WSM indicator for the analyzed scenarios S1-S5.

4. Discussion

The paper presents a multi-criteria analysis of different scenarios of Pennisetum hybrid
pretreatment before anaerobic digestion using the weighted sum method.

The results of this research show that the methods of mechanical grinding turned out
to be the most advantageous in the analysis of the pretreatment process and the anaerobic
digestion of lignocellulosic material. Taking into account the technical criteria, the main
factor responsible for this result is the high production of methane with relatively low
energy expenditure for the process. Mechanical pretreatment methods are believed to be
simple and do not generate the compounds that could inhibit anaerobic digestion [57]. In
general, the energy consumption of the mechanical pre-treatment process is a function of
the type of biomass and moisture content [58] and also depends on the properties of the
grinding device: machine variables and the feed rate of the material [59]. Therefore, some
authors pointed to the fact that mechanical pretreatment methods are energy inefficient,
i.e., the required energy inputs are not balanced by the energy generated in anaerobic
digestion [58,60]. In the case of the analysis conducted for the S2 and S3 scenarios, the
additional energy input into the process was balanced by additional methane yields (see
BMP results).

In energy efficiency, the opposite results were obtained for chemical pretreatment
methods in the 54 and S5 scenarios. In this case, the maximum improvement in methane
yield was about 21%, which turns out to be insufficient to compensate for the costs incurred
in the process. In this study, the highest cost per 1 dm? of produced methane was calculated
for the S5 scenario with alkaline pretreatment (1.95 EUR). It exceeded the cost noted for
the untreated sample by 0.12 EUR. Similarly, Zheng et al. [12] suggested that chemical
pretreatment of biomass is not recommended because of economic reasons. Eggeman and
Elander [61] as well as Hendriks and Zeeman [62] reached the same conclusions. Addition-
ally, the difficulties with recycling NaOH or the treatment of process effluent contributed
to the overall results of the comparison and were also an obstacle to commercialization
and transfer under technical conditions [63]. At the same time, despite the high cost of
the process, some researchers indicated very good results from the chemical pretreatment
of lignocellulosic biomass. The methane yield of NaOH-pretreated corn straw increased
by 73.4% compared to the value obtained for the untreated straw [59]. In general, the
effectiveness of the alkaline pretreatment depends on the physical properties and chemical
structure of the substrate, and it was stated that it was higher in the case of a biomass with
lower lignin content than with substrates with high levels of lignin [63].
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The pretreatment process, in addition to increasing methane production, can also
accelerate the anaerobic digestion process as well as reduce the time needed for complete
degradation of organic substances contained in the substrate [64]. The highest potential
of time reduction in this study was observed in scenarios S4 and S5, where Tgy was
lower by 4 and 5 days, respectively, in comparison to the value obtained in scenario S1
(without grinding and alkaline pretreatment). This means that the technical digestion time
decreased by 50 and 62.5%, respectively. The first value is in the range given by Delgenes
et al. for the Tgy reduction (23-59%) [65], while the second one is only slightly above
that range. It seems that alkaline pretreatment of lignocellulosic biomass had a positive
influence on substrate parameters in terms of decreasing the time needed to attain 80%
of the methane volume at the anaerobic stage of the whole process. What is more, lower
Tgg was noted in scenario 54, in which a higher temperature of pretreatment was used. It
may indicate a positive effect of pretreatment temperature on shortening the anaerobic
digestion time [9]. The positive influence of alkaline pretreatment on lowering Tgy was
also observed by Di Girolamo et al. [66], who studied the influence of NaOH on three
types of lignocellulosic substrates. The technical digestion time decreases obtained in
their experiment were in the range from 9.4% to 48.4%. Similar results were noted by Sun
et al. [67]. These authors observed the reduction of technical digestion time in the case of all
previously pretreated samples subjected to anaerobic digestion in comparison to untreated
ones (alkaline, alkaline hydrogen peroxide, electrochemically produced NaOH-H,O; and
electrohydrolysis pretreatment methods were used). The noted reduction degrees were
in the range of 5.9 to 32.4%. When analyzing the values of Tgy obtained in the scenarios
52 and S3 (with mechanical pretreatment), it can be stated that grinding the biomass to a
smaller particle size (<0.18 mm) resulted in a reduction of this parameter in comparison to
the value achieved in the variant with particles of 0.25-0.38 mm. The time was shortened
from 11 to 9 days [47]. It was probably connected with increasing the available specific
surface area resulting from finer grinding and being beneficial for the action of hydrolytic
enzymes in microorganisms. Some authors stated that the Tgy decrease observed after
submitting the pretreated biomass to anaerobic digestion may be due to the reduction in
degree of polymerization that is the result of pretreatment [62].

The results of the environmental analysis showed that mechanical pretreatment had
lower environmental implications as compared to chemical pretreatment methods. Both
in relation to the biomass not subjected to additional pretreatment and as compared to
chemical methods, mechanical pretreatment performed better in terms of all analyzed
environmental criteria (CED, GWP100a, and IMPACT). This situation is mainly caused by
the fact that the S4 and S5 scenarios were burdened with high energy consumption by the
thermostatic water bath and the autoclave, as well as by the consumption of chemical sub-
strates. Similar results in the field of LCA analysis of lignocellulosic biomass pretreatment
methods were obtained by Prasad et al. [41], where the chemical method using dilute acid
performed the worst in nearly all of the analyzed impact categories. This was due to the
long treatment and high energy inputs required to maintain a temperature of 60 °C at that
time. Thus, the high energy consumption of pretreatment processes contributed the most
to the increase in environmental indicators. It should be emphasized that the scenarios
analyzed in the study are based on a laboratory balance of material and energy inputs;
therefore, they may be burdened with an overestimation of these inputs due to the small
scale of the base experiment. It is clearly visible in the case of CED results, where energy
consumption determined the overall outcomes of comparisons between scenarios.

The results of the multi-criteria analysis depended on the functional unit, the adopted
impact criteria, and the weights assigned to them. In this paper, the same weights were
adopted for all the analyzed criteria in relation to the unit of 1 dm? of produced methane.
It is worth noting that if the functional unit were the mass of the lignocellulosic biomass
sample, the results of this analysis would be quite different. In that case, the environmental
analysis indicators will be most favorable for the S1 scenario, which is not preferred due to
the efficiency of methane production. Thus, this analysis allows looking at the pretreatment
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methods from a broader perspective, including the impact of different types of criteria,
which can be helpful as influential instruments in technological and investment decision-
making processes.

5. Conclusions

The results of the current study provide important insights on the optimization of the
pretreatment and the anaerobic digestion of Pennisetum hybrid in terms of environmental
impact as well as technical and energy indicators. The results of the multi-criteria analysis
of the five scenarios, taking into account five criteria: CED, GWP100a, IMPACT, Tgy and
COST related to 1 dm® of methane production, indicated the significance of mechanical
pretreatment methods. The most advantageous solution turned out to be the S3 scenario
with grinding the biomass into a particle size range <0.18 mm.

It would be valuable to extend this research to a technical scale, which will simplify
further deep analysis in the range of environmental impact categories and scenarios of
fossil fuel substitution.
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