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ABSTRACT: Food waste (FW] has a high potential for use in biological processes such as
anaerobic digestion (AD), especially due to its high content of biodegradable organic matter.
To inoculate the reactors, sludge is usually used. The sludge should ideally have good
sedimentation and specific methanogenic activity (SMAJ, which is typical for granular sludge.
However, in a Latin American context, the most available and accessible sludges are
flocculants with low sedimentation and SMA. Applying technological surveillance between
1975 and 2017, using multicriteria analysis techniques such as analytical hierarchy process
(AHP), and consulting with international and national experts, we observed that there were
few studies, compared to published studies on the substrates that focused on improving
inoculum quality through conditioning to improve its characteristics and maximize methane
production. The inoculum-conditioning methodologies identified were grouped into five
categories, being the main strategy the addition of nutrients followed by anaerobic digestion
with an easily degradable substrate. However, extension of technological surveillance is
recommended by incorporating the results published from significant events in the field of
anaerobic digestion, such as the Latin American Workshop and Symposium on Anaerobic
Digestion and the World Congress on Anaerobic Digestion.

RESUMEN: Los residuos de alimentos (RA) presentan un alto potencial de aprovechamiento
mediante procesos bioldgicos como la digestion anaerobia (DAJ, especialmente por su alto
contenido de materia organica biodegradable. Para inocular los reactores, en general
se emplean lodos que deben presentar buena sedimentabilidad y actividad metanogénica
especifica (AME), tipico en lodos granulares. Sin embargo, los de mayor disponibilidad y
accesibilidad en el contexto latinoamericano, son lodos floculentos de baja sedimentabilidad
y AME. Aplicando vigilancia tecnoldgica desde 1975 hasta 2017, se evidencid escasa
literatura enfocada a mejorar la calidad del indculo mediante acondicionamientos para
mejorar sus caracteristicas y maximizar la produccion de metano, en comparacion con
los estudios publicados sobre el sustrato. Se identificaron diferentes metodologias de
acondicionamiento de indculos, las cuales se agruparon en cinco categorias y mediante
la aplicacion de técnicas de andlisis multicriterio como el proceso de analisis jerarquico
(AHP) y con consulta a expertos internacionales y nacionales. Se identificaron las técnicas
mas utilizadas, siendo las principales, la adicion de nutrientes seguida por la digestion
anaerobia con un sustrato de facil degradacion. Sin embargo, se recomienda complementar
la vigilancia tecnoldgica, incorporando los resultados publicados en eventos de gran
importancia en el campo de la DA como el Seminario-Taller latinoamericano y el Congreso
Mundial de Digestion Anaerobia.
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due to limitations in hydrolysis [1] associated with the high
content of lignocellulosic material. In many cases, these
times increase because the inoculum used is not adapted
to the residues or operating conditions [2].

Different strategies have been implemented to increase
the production of biogas and optimize the anaerobic
digestion (AD) of the FW, one is to improve the biochemical
conditions of the different populations of microorganisms
that develop during the process, one of the strategies
being conditioning of the inoculum.  Therefore, the
origin and characteristics of the inoculum are of great
importance since they determine the initial activity of the
process and its performance [3]. It is also known that in
the start-up and stabilization of anaerobic digesters for
FW treatment, long periods of time are required and in
many cases, these increase because the inoculum used is
not adapted to the residues and/or operating conditions [2].

The literature does not show standardized methodologies
for the conditioning of inocula, so this is a field that
presents great possibilities for exploration [4]. Some
authors report that predigesting the inoculum for seven
days presents good performance for methane production
[5]. Some studies report that the biodegradation potential
of an inoculum improves after a period of pre-exposure
to the substrate, since the hydrolytic enzymes that are
involved in the initiation of the anaerobic digestion process
need to be induced; this pre-exposure can condition the
starting time in the reactors [6].

For the selection of strategies to improve the inoculum,
techniques such as multi-criteria analysis (MCA) can be
used, based on the idea that the complexity inherent in
a decision-making problem with multiple criteria can
be solved by prioritizing the problems posed [7]. There
is a need to find a vector in this procedure that permits
weighing the chosen criteria and allows easy integration
(complementarity).

These techniques have been applied, especially in fields
such as economics and industrial engineering, and have
also been used in the analysis of environmental problems
such as management of natural resources, evaluation
of environmental pollution and locating facilities for
landfills [8-10]. According to a review regarding the
management of waste, the AHP/ANP (analytical hierarchy
process/analytic network process) is the most commonly
used method to represent different situations [11].

This document presents the application of both
technological surveillance tools and AHP analysis to
determine the best inoculum conditioning methodology
that contributes to the optimization of methane production
through the anaerobic digestion of food wastes.

2. Materials and methods

To achieve the proposed objective, two central activities
were developed: technological surveillance and
application of the analytical hierarchy process (AHP),
which are detailed below:

2.1 Technological surveillance

This allowed identification of the most commonly used
methodologies for the conditioning of inocula according
to the scientific literature. For this purpose, national and
international scientific articles were consulted, in which
methodologies were used for the preparation of inocula
for AD-FW or similar biowastes. The observation window
was between 1975 and 2017. This process was carried
out using the technology surveillance software RefViz®
[12, 13]. The search equations are presented in Table 1
and entered into the Scopus database, which is one of
the most extensive databases of the technical-scientific
literature [14].

The results of the search equations were filtered and
grouped into large thematic groups (galaxies]) using
RefViz®. These studies were reviewed in detail, analyzing
aspects such as experimental conditions, scale of the
study, type of substrate and inoculum, results obtained
with each methodology and the feasibility of application in
terms of technical complexity, time and costs. Finally, the
identified methodologies were grouped according to their
similarities.

2.2 Selection of
methodologies

inoculum conditioning

For the selection of the conditioning methodologies that
were evaluated, a multicriteria analysis was performed
using the AHP method [15]. For the application of the
method, three steps were proposed [16]:

Structuring the decision problem in a hierarchical
model

This step involves the decomposition of the decision
problem into elements, according to their common
characteristics and the formation of a three-level
hierarchical model, which is constituted in its first
level by the objective of the research, in the second by
the established criteria and finally by the alternatives
identified or proposed. At the top of the hierarchy
is the macro objective of the decision, which is
to select the best alternative [16].  For this study,
the objective was the selection of the best inocula
conditioning methodology from all of those identified in
the technological surveillance.
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Table 1 Keywords and equations used in technological surveillance

Research Equations

Inoculum for Anaerobic Digestion AND Pretreatment

Methane production AND inoculum

Inoculum AND Anaerobic Digestion

Methane production AND Pretreatment

Pretreatment AND Anaerobic Digestion

Pretreatment AND seed AND Anaerobic Digestion

Pretreatment AND inoculum AND Anaerobic Digestion

Improvement AND seed AND Anaerobic Digestion

Improvement AND Inoculum AND Anaerobic Digestion

Substrate AND Pretreatment

Anaerobic Digestion AND Waste Food

Substrate AND Anaerobic Digestion

The second level of the hierarchy contains the attributes or
criteria that contribute to the quality of the decision; these
are relevant aspects that significantly affect the objective
[17, 18]. These attributes or criteria are established based
on recommendations from authors who have worked with
AD and on some common characteristics that share the
identified conditioning methodologies. The criteria are
basically technical and/or economic factors that make one
of the identified methodologies more or less attractive
at the time of its selection. At the last level of hierarchy,
there are decision alternatives or selection options [17].
These alternatives are the conditioning of the inocula
identified and each alternative can be composed of several
conditioning methodologies that show some similarity.

Peer-to-peer the criteria and

alternatives

comparisons of

In this step, the elements of a particular level are
compared with respect to a specific element at the next
higher level and the judgments of a decision maker
on the comparative attractiveness of the elements are
captured using the traditional rating scale of the AHP,
which consists of a numerical scale of 1, 3, 5, 7 and 9.
Scale 1 means that the elements contribute equally to
the goal. Scale 3 indicates a moderate ranking and that
importance and judgment favor one element slightly over
the other. Scale 5 indicates a strong ranking where one
of the elements is strongly favored with respect to the
other. Scale 7 indicates that it is very strong, meaning that
one of the elements strongly dominates. Finally, scale 9
represents extreme importance, showing that one of the
elements is of the highest order of importance [16]. Thus,
all the criteria are compared between peers regarding
their relevance to the objective and the alternatives are
compared with respect to their relevance to each criterion.

For the present study, the selection of the best conditioning
methodologies was made based on the qualifications of
national and international experts in AD of biodegradable
organic waste, all of whom have vast experience in this
field and/or have published in national and international
journals; these experts were asked to evaluate, according
to their experience, comparisons of both alternatives and
criteria.

Hierarchy of the alternatives

The AHP method compares n elements E; ... Ej, denoting
the relative or local weights (priority or importance) of E;
with respect to E; for the reason R;. These comparisons
are located in a square judgment matrix of order n that is
governed by three rules: Ry> 0, Rj = 1/ R;;, for i different
from j and Rjj = 1 for all i. Such a matrix is a reciprocal
matrix (see Figure 2]. In this way, the necessary matrices
are generated that perform the paired comparisons of the
different levels of the defined hierarchical model [18].

The comparison matrix must be consistent, i.e., Ej =
Ei * Eyj, for all the components of the matrix. However,
as the matrix is based on human judgments and these
are not always consistent, there may be inconsistencies
introduced due to the nature of the scale used. This
inconsistency is estimated through a measure called the
consistency coefficient (- CC) and for human criteria a
CC value less than 0.1 is considered acceptable. If CC is
greater than 0.1, then judgments must be obtained once
more from the decision maker [8, 16].

From the qualifications of each of the experts, the local
weights of each criterion and of each alternative were
calculated, and later the final weights of the alternatives
(e.g., the conditioning methodologies). The local weights
of the elements were calculated using the concepts of own
vector and characteristic value of matrix theory [18].

The normalized eigenvector corresponding to the main
eigenvalue of the judgment matrix provides the weights
of the corresponding elements. Thus, the element with
the greatest local weight is the most important element
among all elements in the matrix [16, 17]. Once the local
weights of the criteria matrix and alternative matrices
have been obtained, these are added to obtain the final
weights of the decision alternatives. In this way, the final
weight of alternative A; is calculated using the following
hierarchical aggregation rule (Equation 1) [16].
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Final weight A; = Zj [(Weight A; with respect Cj Criteria) Importance of Cj Criterion)] . (1)

Based on the hierarchy of the final weights, the alternative
with the highest final weight is the one best satisfying the
objective.

2.3 Sensitivity analysis

Sensitivity analysis consists of verifying the stability of the
ordering of the alternatives by arbitrarily modifying the
relative weighting of the evaluation criteria by a certain
amount. This is achieved by varying the weighting of
each criterion in a range of 25, 33.3, 50 and 100% while
simultaneously observing the behavior of the order of the
alternatives. In this case, modifications were made 15
times to the power of the criteria [8].

3. Analysis and discussion

3.1 Technological surveillance

From the surveillance performed using the different
search equations, we found a large number of scientific
articles associated with the keywords used, as shown in
Table 2.

Table 2 Number of articles found by search equation in the
Scopus database

Search Equations Articles
Inoculum for
Anaerobic Digestion 82
AND Pretreatment
Inoculum AND Anaerobic Digestion 0
Pretreatment AND Anaerobic Digestion 1,609
Pretreatment AND inoculum 80
AND Anaerobic Digestion
Improvement AND Inoculum
AND Anaerobic 47
Digestion
Anaerobic Digestion AND Waste Food 0
Methane production AND inoculum 695
Methane production AND Pretreatment 1,106
Pretreatment AND
seed AND Anaerobic 20
Digestion
Improvement AND seed 13
AND Anaerobic Digestion
Substrate AND Pretreatment 2,000
Substrate AND Anaerobic Digestion 2,000
Total 7,652

During the processing of the research found using the
RefViz® software, it was possible to obtain a grouping
of 8 galaxies, for a total of 667 articles. Figure 1 shows
the distribution of the different galaxies classified by the
common theme of the articles that compose them, as well
as the number of items on each galaxy.

Figure 1 shows that galaxy G7 is associated with
pretreatments of the inoculum; the rest are associated
more strongly with pretreatments of the substrate. Among
the works associated with the inoculum, highlight as a
complex and crucial factor for AD, since this process is
based on the metabolic characteristics of microorganisms
and is much more efficient when there is an inoculum with
good sedimentation and intense microbiological activity
(3,4, 19, 201.

From a second detailed review of the different scientific
articles, studies were identified in which some type of
method of conditioning or modification of the original
conditions of different inocula used in the AD of
biodegradable organic waste had been applied. The
conditioning methodologies presented in Table 3 share
certain characteristics in common, which allows framing
them in groups according to the type of conditioning
performed, as well as the general objective to be achieved
with each conditioning type.

According to the previous table, the predominant
conditioning methodology in the studies is physical in
nature, using exposure of the inoculum to a certain
temperature for a period of time (incubation). In general,
this temperature is the same at which the AD of the
substrate develops. This conditioning seeks to generate
an inoculum that is adapted to the thermal conditions
for which the digestion will take place. Incubation of the
inoculum is widely recommended in the literature, since
it stands out as an important variable that can affect the
methane production results [5, 25, 49, 50].

Chemical and biological conditioning are applied to
a lesser extent than the aforementioned, with these
conditions it is sought to improve some characteristics
of the inoculum, such as sedimentation by the addition
of coagulants (such as FeCl). This characteristic allows
measurement of the capacity and efficiency in sludge
retention, which makes it an important variable for
evaluating the improvement of sludge quality used as an
inoculum in AD [51]. Although the addition of a coagulant
can help improve the sedimentation of the inoculum, it can
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G1 G2

Pretreatment of agricultural
waste for the production of
biogas (110)

G3

G8
Pretreatment of food waste
for the production of biogas

(118)

G7

of the inoculum in BMP

Alkaline pretreatment of corn
waste to improve the
performance of biogas (42) o4

Chemical physical pre-
treatment of biowaste (36)

Influence of the pretreatment G6

3 Thermal pretreatment of
©] WWTP sludge (140)

Thermal pretreatment of
biowaste
(64)

G5
Hydrolysis of WWTP sludge
using microwaves and
ultrasounds (153)
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Figure 1 Consolidation of galaxies

Table 3 Groupings of inocula conditioning methodologies

Type Number Studies

Source

Objective Classification

Incubation 19

[3, 5, 20-36]

Adapt the inoculum
to a certain
temperature

Physical

Addition of coagulant 2

[37, 38]

Improve
sludge
sedimentability

Chemical

Incubation with
easy degradation 5
substrate

[39-44]

Improve the
capacity of
microorganisms to
assimilate a
substrate

Biological

Addition of nutrients 2

[45, 46]

Facilitate enzymatic

: Chemical
reactions

Thickening of the inoculum 5

[5, 20, 28, 47, 48]

Increase the
concentration of the
biomass in the sludge

Physical

also generate inhibition of methanogenic microorganisms,
which would be detrimental to the AD process [37, 52].

The addition of nutrients has also been used for
conditioning prior to AD to improve the quality of the
inoculum. It has been identified that a lack of some
nutrients is the main reason behind the poor performance
of AD processes. Several studies have concluded
that the dosage of nutrients (macro and micro) as a
complement, can stimulate the production of methane, as
well as improve the stability of the process; for example,
conserving the buffer capacity to avoid the accumulation
of VFAs and/or providing a minimum level of alkalinity
and facilitating enzymatic reactions [53]. However, in the

few studies seen in the literature regarding this type of
conditioning, their effect is not directly evaluated, nor do
they appear as a crucial factor for AD [45, 46, 54].

Regarding biological conditioning, there is very little
literature. Authors report that preincubating the inoculum
before the AD process to enrich the microorganisms
degrading a substrate of interest by adding small amounts
of said substrate or a similar but more easily degradable
substrate should improve the performance of the AD when
a high load of the substrate of interest is applied [40].
Some studies report the addition of specific enzymes such
as peptidase, carbohydrolase and lipase as biological
conditioning to the AD system [55]. These enzymes could
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act as an adjunct in the activity of the inocula allowing
easier degradation of substrates such as FW.

The lack of a standardized methodology for conditioning
of the inoculum is seen with factors such as temperature,
since many authors work with different values, ranging
from 35 to 55°C. Similarly, the time for which the inoculum
is subjected to these temperatures varies from 3 days to
30 days. Research report that the optimal time interval
for which the inoculum should be incubated is between
2 to 7 days [50]. Authors used a minimum time of 21
days for adequate incubation of the inoculum [21]. In
some cases, when the inoculum is taken from a reactor
which has been fed with a high content of fats or oils,
the incubation periods can be longer, to eliminate all of
the residual substrate [49]. In addition, it is important to
note that subjecting the inoculum to high temperatures
(55°C) increases the degradation of organic matter and
the production of biomass [21].

The lack of standardized studies and methodologies
to improve inoculum quality can be a limiting factor that
has prevented the optimization of AD, which justifies
the relevance of this study. However, it is important to
highlight the importance of continued research of this
issue and further searches for other valuable sources
of information such as the memoirs of events of great
importance in the field of anaerobic digestion such as
the Latin American and World Symposium of Anaerobic
Digestion that have been taking place in different Latin
American countries and the world for some decades.

3.2Selection of inocula

methodologies

conditioning

For the present study, four criteria were established.
The three main factors that must be taken into account
in the evaluation of the conditioning methodologies for
the AD are: (1) the improvement in the production of
biogas, (2) the cost of chemical products used and (3) the
required temperature; therefore, an optimal conditioning
methodology should require limited capital in terms of
operating and maintenance costs, as well as being fast
enough in a manner that reduces the times and volumes
of the conditioning units [56]. Based on the above, the
established criteria are:

Time required for application of the method (C1):
This criterion refers to the time required to perform
the conditioning of the inoculum properly. Different
conditioning methodologies may require different times
and those using less time for their application may be more
advantageous in terms of: less equipment occupation
time, consumption of inputs, energy and/or economic
resources and demand of man-hours. For example, for

preincubation of inocula, an optimal time of 2 to 7 days
has been established [50]. However, have reported longer
times for proper preincubation [25].

Use of specialized equipment (C2): This criterion relates
to the equipment used to develop inoculation conditioning
methodologies. These equipment types may have varying
degrees of specialization in terms of their operation and
acquisition, and their cost or availability in the country
may make them difficult to utilize.

Requirements of chemical or biological inputs (C3):
This criterion relates the importance of the use of
chemical or biological inputs, with the goal of enriching
and improving the inoculum in order to optimize the
AD process and to increase the production of methane.
In comparison with physical and biological methods,
chemical conditioning methods are mainly used, because
they are simple and fast [57]. On the other hand, the use of
additives can increase the rate of production or increase
the speed of start-up of a reactor, but the additional costs
must always be balanced with the resulting improvements
in the efficiency of the AD process [58].

Improvement of inoculum quality (C4): The objective of
conditioning the inoculum is to improve its performance of
the AD process to optimize the production of biogas; thus,
after conditioning an inoculum with quality deficiencies,
an improvement in its physical and microbiological
characteristics is expected is to be observed. One of the
most important characteristics that allows evaluation
of the inoculum quality is the specific methanogenic
activity(-SMAJ; granular inocula are generally more stable
and have better SMA and methane production compared
to flocculant inocula [59]. Therefore, good conditioning
in terms of results would lead to improvement in these
characteristics.

Figure 2 shows the hierarchical levels that were used
for the application of MCA, where the alternatives are
the product of the previously developed technological
surveillance.

Hierarchy of the conditioning alternatives

Based on the qualifications of the experts and compiled
by means of a digital questionnaire for the evaluation of
criteria and alternatives provided, the final weights of each
of the alternatives presented in Table 4 were calculated.
In total, 50 experts were consulted, 20 responded to
the consultation (12 international and 8 national); for
each expert a hierarchy of alternatives was obtained and
a resultant geometric mean based on information from
all experts was applied to obtain the final hierarchy of
alternatives.
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Selection of methodologies for inocula conditioning on the anaerobic digestion of
food waste (Objective)

Addition of
coagulant(Alternative 2)

Incubation
(Alternative 1)

Incubation with an easily
degradable substrate
(Alternative 3)

Addition of
nutrients(Alternative 4)

Thickening of the
inoculum(Alternative 5)

Figure 2 AHP model proposed for the selection of inocula conditioning methodologies

Table 4 Final hierarchy of alternatives for the inocula
conditioning methodologies

Scale Alternative Final weight [%]
1 Addition of nutrients 26.1
Incubation with
2 an easily 23.3
degradable substrate
3 Incubation 22.5
4 Thickening of the inoculum 16.7
5 Addition of coagulant 1.3

Table 4 shows the final ranking of the inoculation
conditioning alternatives evaluated using the AHP method.

According to these results, inoculation conditioning
methodologies having greater application by the experts
correspond to the addition of nutrients and incubation
with the addition of an easily degradable substrate
(consistency coefficient <0.1: 0.008), indicating that the
expert panel was consistent in the decision making of
the best inoculum conditioning methodology. However,
this contrasts with what is identified using technological
surveillance, highlighting the need for AD research of
waste if the inoculum was previously submitted to a
conditioning process.

Through the tools used, the experts also stated some
considerations that should be taken into account when
selecting a conditioning methodology, among them the
most common was the origin and characteristics of the
inoculum as this determines its quality and efficiency in
the AD, and therefore, whether or not there is a need to
improve it through conditioning. This is very consistent
with what is found in the literature since, in general,
the best performing inoculants in AD are granular
inocula, which come from highly stable operational

anaerobic reactors and are fed with substrates with high
concentrations of organic matter. These granular inocula
are unlike the flocculant inocula, that are associated
with low concentrations of substrates, such as municipal
wastewater [4, 51, 59, 601.

Another aspect highlighted was the type of substrate
to be treated since, depending on this, the conditioning
could be oriented in a different way; operating conditions
such as frequency and amount of chemical and biological
inputs, as well as monitoring of factors that allow the
evolution of the inoculum to be evaluated. All of these are
aspects that must be taken into account and controlled in
the AD process, since they could determine the success of
an inoculation conditioning methodology.

3.3 Sensitivity analysis

The most important alternatives according to selection by
the panel of experts, were the addition of nutrients and
anaerobic digestion with an easily degradable substrate,
and showed no variation in the sensitivity analysis. In
other words, when the score of each of these criteria was
decreased and increased, the order of the 9 alternatives
remained constant (60% of the iterations), as seen in
Table 5. This result shows that the AHP tool is robust
and that the selection of alternatives is objective. On the
other hand, the sensitivity analysis shows that, when the
importance of criteria C2 and C3 increased, the order of the
alternatives changed: the alternative incubation increased
two positions, being placed as the first preference 6 times;
consequently it could also be an alternative to evaluate,
considering the purpose and context of the research. On
the other hand, it is emphasized that the alternative of
adding coagulant is always in the last position, regardless
of the increase or decrease of the scores presenting the
criteria.
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Table 5 Sensitivity analysis of the conditioning methodologies

Criteria Weighting (%)

Position of Alternatives

Incubation
. . L Addition  Thickenin
Number C1 C2 C3 C4 Incubation ~dditionof — withaddition of of the ’
coagulant of sustrate for . .
. nutrients  inoculum
easy degradation
1 100 0 0 0 4 5 2 1 3
2 0 100 0 0 3 5 2 1 4
4 0 0 100 0 1 5 3 4 2
5 0 0 0 100 3 5 2 1 4
6 50 50 0 0 4 5 2 1 3
7 0 50 50 0 1 5 2 3 4
8 0 0 50 50 1 5 3 2 4
9 50 0 0 50 3 5 2 1 4
10 0 50 0 50 1 5 2 3 4
11 50 0 50 0 3 5 2 1 4
12 33.3 333 333 0 1 5 3 2 4
13 0 33.3 333 333 1 5 3 2 4
14 33.3 0 33.3 333 2 5 3 1 4
15 33.3 333 0 33.3 3 5 2 1 4
15 25 25 25 25 3 5 2 1 4

C1: Time of application of the method; C2: Use of specialized equipment; C3: Requirements for chemical or biological inputs;

C4: Improvement of inoculum quality

This makes it possible to emphasize that, although
the addition of coagulants such as ferric chloride can be
a source of iron, a very important element in the AD of
biowaste, this technique has not yet been exhaustively
studied as an alternative for the incorporation of this
micronutrient [61].

4. Conclusions

The wuse of technological surveillance tools and
multicriteria decision analysis, type AHP, allowed
an objective and sound selection of the best

inoculum-conditioning methodologies identified in the
literature, namely, the addition of nutrients and anaerobic
digestion using an easily degraded substrate.

Expansion of technological surveillance is recommended,
which would incorporate the results published in events
of great importance in the field of anaerobic digestion,
such as the “Latin American Workshop and Symposium
on Anaerobic Digestion” and the “World Congress on
Anaerobic Digestion”, that have been carried out in the
last decades.
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