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emissions mitigation. To overcome the debate on the production and use of solid biofuels (SBF), in
this study, we apply an integrated multicriteria tool for the assessment of the sustainability use of
agro-industrial residues (AIR) as solid biofuels. Mexico has a vast AIR production, but frequently,

the AIR are considered waste biomass. Still, when valorized, SBF do not have adverse effects on
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have not been adequately evaluated; therefore, we identified the need for a sustainability assessment
of energy systems based on the use of SBF-AIR as input fuels. After reviewing previous work on
sustainability assessment methodologies, multicriteria decision analysis methods, and indicator
weighting methods, we considered it appropriate for this problem to apply a tool that integrates the

entropic indicator weighting method into the discrete multicriteria decision analysis method called
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Received: 2 December 2021
Accepted: 31 December 2021
Published: 1 February 2022

bagasse cogeneration, a power generation system fueled only with fuel oil, and grid electricity only.
Finally, after evaluating the mentioned energy systems with four sustainability indicators: GHG
emissions, PM emissions, employments per energy unit (JOBS), and the net present value (NPV) of
Publisher’s Note: MDPI stays neutral €ach alternative, we found the net outranking flow of the efficient bagasse system (EBS). which is the
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published maps and institutional affil-  alternatives, since it has the lower GHG emissions, reducing the current bagasse GHG emissions
by 55% and the PM emissions by 58%. The EBS also shows the highest NPV system due to surplus

electricity sales, resulting in the most profitable energy system analyzed.
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1. Introduction

Solid biofuels (SBF) are defined as solid fuels produced directly or indirectly from
4.0/). biomass; their raw material is firewood, residues from forests (FR), from agriculture (AR),
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and from agro-industries (AIR) mainly. SBF are maintained in a solid state until a combus-
tion reaction occurs to satisfy an end-use [1]. In general, SBF production follows one of two
process types: thermochemical (pyrolysis, carbonization, and torrefaction) or densification
(briquetting, pelleting, or chipping) [2]. The contribution of SBF to the world’s consumption
of primary energy reached 42.2 EJ in 2017, corresponding to 63% of the total participation of
renewable energies and 11.4% of the total energy consumed during that year in the world
(370 EJ). The traditional use of SBF as firewood still represents 65% (27.4 E]) of the total
amount, mainly in the residential sector for cooking and space heating. Modern technolo-
gies consume the remaining 35% (14.8 EJ), 4% (1.6 EJ) for electricity generation and 31%
(13.2 EJ) for industrial heat [3]. According to [4], by 2040, SBF’s electricity generation will
increase at an average annual growing rate (AAGR) of 5.1%, and SBF’s heat generation will
have a 2.7% AAGR, this last mainly due to process heat in industry and space conditioning
in the residential sector [5].

Some authors expect that the traditional use of firewood and charcoal will continue
mainly in developing countries but globally will decrease at an average annual rate of —0.5%
by 2040 [4]. This prediction is based on two assumptions: (1) according to calculations
made by [6], between 2015 and 2050, the world’s rural population will decrease at an
annual rate of —0.3%, and (2) there will be a substitution of firewood by fossil fuels in
urban areas [7]. Additionally, traditional firewood use is associated with unsustainable
exploitation of the forest, which translates into 5% of annual deforestation [8] and 34% of
yearly forest degradation [9].

In Mexico, in 2017, the final energy consumption was 5363 PJ, where SBF contributed
367 PJ, corresponding to 5.6% of the final energy consumption (4.7% firewood and 0.9%
sugarcane bagasse), also corresponding to 50.2% of the total share of renewable energies [10]
of the final consumption. Traditional use of SBF represent 68% (250 PJ), firewood 206 PJ and
charcoal 44 P] as primary cooking fuels, adopting shares from [11]. Modern technologies
currently burn the remaining 32% (117 PJ).

The modern use of SBF comes from biomass originally from residues from forests, agri-
culture, and agro-industries. The use of SBF derived from residues avoids negative impacts
of plantations such as conflicts over changes in land use and loss of biodiversity [12,13] or
those associated with land competition and land for energy crop plantations vs. land for
food crops [14]. AIR give rise to other impacts that are not usually adequately evaluated
because they are mitigated when they are valued for their nutritional, mechanical, or
energy properties [15].

The energy potential from available Mexican AIR amounts to 127.8 PJ/year, according
to the recent assessment of [16], where sugarcane bagasse represents 56.4%, maize cob
38.3%, coffee pulp and hull 2.3%, agave bagasse 2.0%, and barley husk, groundnut shells,
and rice husk 1.1%. Consequently, sugarcane bagasse currently is the most consumed AIR
in the country.

The current AR and AIR management in Mexico generates numerous impacts; among
them is the traditional practice of slash-and-burn, which causes at least 44% of forest
fires [17]. Additionally, in many cases, the AR that remain in the field after harvesting are
burnt. Both activities emit particulate material, 30% of PM is black carbon [18], a greenhouse
effect compound [14]. In addition, AIR are left in open air dumps all over the country,
providing an appropriate environment for pathogen incubation, sheltering harmful fauna,
and affecting local biodiversity [19]. The bacterial decomposition of AIR generates biogas
emissions rich in methane (an important GHG) [20]; it may also produce toxic leachate
flows contaminating water sources [21]. In summary, this final disposal practice of AIR
affects the ecosystem and human health and represents an economical expense [22].

On the other hand, if AIR are transformed into SBF employing appropriate tech-
nologies, these SBF can also provide a local source of energy at a low cost and generate
security in the energy supply, employment, and a lower environmental impact [23]. Ad-
ditionally, it can reduce emissions of GHGs and water pollutants, as well as health and
biodiversity impacts [24].
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Moreover, sustainable management of AR and AIR can generate economic income
by converting them into SBF [25], especially when substituting fossil fuels, reducing their
consumption and GHG emissions, and developing a bio-economy strategy [26]. The
production and service chains of Mexican agribusiness generate many wastes, presumably
of non-commercial quality; however, some AIR can be valued as renewable energy in the
form of SBF to cover heat energy needs and adequate final waste disposal [27]. AIR can also
incorporate significant economic co-benefits such as the zero or low cost of raw material
and cost reductions in biomass logistics, in addition to competing favorably against other
renewable energies and fossil fuels.

To develop the untapped energy potential of AIR as SBF sustainably and improve
the sustainability of the current energy use of AIR in Mexico, a literature review on sus-
tainability assessment methods of solid biofuels derived from agroindustrial residues was
undertaken. We found out that a vast number of authors apply LCA to determine only the
environmental impacts of SBF energy systems [20-23,27-32]. However, fewer authors in-
corporate elements of the economic dimension along with environmental impacts through
technical-economic assessments (TEA) of the use of AIR for heat generation [19,25,33,34];
this last article presents the TEA of current use of orange peels and the potential use of
sugarcane straw to generate heat from a fruit-processing facility in Mexico. Moreover, few
articles analyze three sustainability dimensions: the social, economic, and environmental
dimensions of energy systems that use SBF-AIR were found. Among the few is [35-37] that
present a sustainability assessment methodology based on a set of sustainability indicators,
each one evaluated independently without aggregation and using LCA. Manara and Zaban-
iotou [35] apply their methodology to a case study to evaluate an AIR use energy system
for heat and electricity generation on a micro-scale. They perform a sensitivity analysis on
each indicator’s preliminary results. They manage to identify the critical factors for this
kind of energy system’s social adoption and economic feasibility. Finally, they also identify
an increase or decrease in these factors as signals towards greater or lesser sustainability.

Myllyviita [38] assessed the sustainability of pellets produced from wood industry
co-products using indicators belonging to a recognized sustainability indicator set. These
authors applied a Multi-criteria analysis method (MCA) called the analytical hierarchical
process (AHP) to convert the stakeholders’ value judgments or preferences (experts and
users) on each indicator’s weight. Once the indicators have a value and a specific weight
factor, they were added to form an integrated index comprising the social, economic, and
environmental dimensions for each alternative.

When searching for methods for sustainability assessment of energy projects, we found
out that a large number of studies apply multicriteria analysis methods (MCA) to aggregate
sustainability indicators in a single sustainability index [38—42]. This broad application
of MCA arises from the multi-dimensional nature of sustainability assessments, which
has to make use of indicators of very diverse nature in order to reflect the complexity of
the biophysical and socio-economic systems that come into play; condensing into a single
value helps to achieve a rational outcome [39], even when stakeholder preferences diverge.

MCA methods may be classified into continuous or discrete types. We observe that
in general, sustainability assessments are discrete choice problems because, in contrast
to continuous type MCAs, which present a theoretically infinite number of alternatives
defined by an objective function [43], sustainability assessments present a reduced number
of alternatives [39], which are evaluated by indicators that can be quantitative or qualitative.
It is necessary to point out that, in order to include qualitative indicators in an MCA, they
must be previously subjectively qualified with a value judgment expressed on a numerical
scale. Thanks to this numerical expression of qualitative variables, it is possible to carry
out an inclusive formal assessment of sustainability-related aspects to society, such as the
level of well-being [38].

Discrete MCA types include the AHP mentioned above [44], the multi-attribute analy-
sis theory (MAUT) [42], preference ranking organization method for enrichment evalua-
tions (PROMETHEE) [45,46] and the elimination and choice translating reality (ELECTRE)
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Method [47]. The last two are named overclassifying methods because they reduce the size
of the alternatives set by comparing indicators between alternatives [38], dividing the set
of alternatives into two subsets depending on the indicators” magnitude differences: more
favorable and less favorable alternatives. This overclassification leads to a domination
degree of one alternative over the other, facilitating its hierarchical order. An overclas-
sifying method’s advantage is that it can use information with incomplete values. This
characteristic is advantageous in evaluating SBF-AIR because intermittence is frequent
when collecting measured data in the agro-industry. Another advantage of overclassify-
ing methods is to avoid extreme assumptions concerning the validity of the main actors’
preferences [48]. For this reason, they are considered very suitable for the evaluation of
renewable energy projects [49,50] and have also been used successfully in evaluations of
energy systems sustainability [51]. However, while ELECTRE ignores the magnitude of
differences between indicators of alternatives and only pays attention to preferences to
determine a hierarchical order, PROMETHEE measures the difference between indicators
by pairs of alternatives and uses preference functions to identify unmistakably the preferred
alternative instead, which results in the alternatives hierarchization [52]. According to [36],
PROMETHEE performs better than other overclassifying methods due to its ability to
measure the differences between alternatives.

However, any problem involving alternatives evaluation through specific criteria or
indicators requires the determination of the relative importance or specific impact of those
indicators that are usually characterized by the weight assigned to it in an evaluation and
have a decisive influence on evaluating the alternatives.

Among the methods to determine the weight factors (w;) of the indicators are the hier-
archical weighting methods and the equal weights method [39,53,54]. There are three types
of hierarchical weighting methods distinguished by the use of quantitative or qualitative
information on the relative importance of the indicators: subjective weighting methods,
objective weighting methods, and combined weighting methods. In the equal weight-
ing method, as its name implies, the weight assigned to each indicator is the same; a
decision-maker uses it when there is not enough knowledge to decide the importance of
an indicator. A serious disadvantage of this method is its ignorance of each indicator’s
relative importance [39].

In the case of subjective weighting, the experts who evaluate can explain their evalua-
tion clearly; however, this judgment depends above all on the existence of professionals
who have the knowledge and information necessary to form a preference and issue an
assessment of the relative importance of an indicator [39]. Combined or integrated methods
are those that combine a subjective weighting with an objective weighting for the same
indicator, in order to reduce, on the one hand, the possible lack of experience or knowledge
of the evaluating expert and, on the other hand, obtain weightings opposed to common
sense [55]. When these weight factors are combined, they form a hybrid weighting factor.

Objective methods use mathematical methods to process measured quantitative data
and consequently obtain a degree of difference between indicators, which signifies their
importance. Among the most used objective weighting methods according to [39] are
the following three: (1) the horizontal and vertical optimal weighting method, (2) the
technique for order preference by similarity to ideal solution (TOPSIS), and (3) the entropic
method. The first two methods reflect the differences in the behavior of the entire system
to be evaluated. Because our problem involves field measurements of indicators of a very
diverse nature, economic, social, and environmental, we consider that it is convenient
to use the entropic method because it reflects the relative importance between indicators
based on the differences between alternatives of an indicator for the same criterion. While
TOPSIS and the horizontal and vertical methods evaluate the data of already integrated
indicators, the entropic method performs its evaluation based on the differences of the
indicators by criterion [39].

To perform a sustainability assessment of an energy production system with SBF from
AIR, we consider it necessary to use sustainability indicators that explicitly display impacts
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on the environment, economy, or society. For example, we need indicators where the
quantitative difference between the impact value of this SBF system and an energy system
fueled with fossil fuels could be precisely calculated.

Among the characteristics of these chosen indicators are that they must be measurable
and applicable at the local or project level, they must reflect the preferences of all related
actors, and also, according to [56,57], an indicator that seeks to measure sustainability must
be related to known threshold values, minimum or maximum limits, or both. However,
there are indicators for which limit values cannot be defined, and yet they can represent
sustainability conditions [58,59].

To evaluate the positive and negative effects of taking advantage of AIR to transform
them into SBF and use them in combustion energy systems or devices, it is necessary
to measure the variables that reflect the maximum changes concerning a situation in
the absence of the proposed energy production system. When regarding the economic
dimension, it is necessary to introduce sustainability indicators that show its advantages as
the null or low cost of the residues as raw material and the avoided costs of logistics and
final disposal that produces their utilization [60]. It is also necessary to introduce social
indicators that reflect the creation of jobs involved in logistics and transforming the AIR to
SBF and use them in final energy technologies. Other examples are the salary level and
health benefits by avoiding infection sources due to open-air dumps [60]. We also need to
assess the environmental benefits of avoiding air pollution due to the emission of criteria
pollutants and greenhouse gases throughout their life cycle and accounting normally as
avoided emissions by the fossil fuels substitution [35].

In an updated literature review, we have found that some authors, refs. [61,62] partic-
ularly, use an integrated assessment approach that applies the integration of a multicriteria
analysis method called PROMETHEE to rank alternatives and the entropic method to
calculate criteria weighting coefficients.

This article aims to make a sustainability assessment of energy systems that use solid
biofuels made of agro-industrial residues for heat and power generation. Therefore, we
apply a similar tool that integrates the PROMETHEE method to assess energy systems and
the entropic method to calculate the weighting coefficients of the sustainability indicators
(of the social, economic, and environmental sustainability dimensions) to perform an
energy systems evaluation reaching a single aggregated value to rank each energy system
sustainability compared to each energy system and considering all sustainability indicators
avoiding single indicator calculation bias.

The novelty of this article is to show that the application of this tool can provide
adequate sustainability assessments of energy systems/technologies considering the condi-
tions of the Mexican agro-industrial sector. Frequently, it is not very easy to gather a group
of experts that can give their opinion on various technological alternatives to SBF-AIR
and discuss the relative importance of the few sustainability indicators to be constructed
for energy systems using SBF. This indicator’s scarcity is mainly due to a lack of available
information for assessing the socio-economic—environmental effects caused by the usage of
SBF derived from forestry, agricultural, and agro-industry residues.

2. Theoretical Framework

Among all the MCA methods presented in the previous section, we chose the
PROMETHEE method to perform the SBF-AIR systems’ sustainability assessment and
ranking. This method is a technical-scientific tool able to handle discrete indicators of
quantitative and qualitative nature. Its theory is very understandable, and its calculation
procedure is easily programmable [39]. It facilitates performing evaluations clearly and
consistently, especially in the renewable energy sector [50], and in particular in the bioen-
ergy sector [63]. Initially, the PROMETHEE method was proposed by Brans in 1982 for
multicriteria analysis problems. This method’s base compares values by pairs accounting
for the differences between two alternatives for a particular indicator [46]. The idea is
that the more significant the difference between alternatives, the greater the degree of
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preference. Brans and others [46,50,64,65] show a detailed description for implementing
PROMETHEE. In general, a sustainability assessment depends mostly on selecting the
proper sustainability indicators, in this case, for SBF-AIR systems or alternatives. In partic-
ular, this study restrained the selected sustainability indicators to the general characteristics
of the 24 indicators of the existing sustainability assessment framework called the Global
Bioenergy Partnership (GBEP) [58,66,67]. It is common to employ these GBEP indicators
to evaluate sustainability policies at the national level; however, this study applies these
sustainability indicators locally since that is the level at which GBEP derived them [58].

As mentioned in the previous section, PROMETHEE requires externally introduced
weight factors to determine the relative importance of each sustainability indicator. For
that purpose, we will use the integration in our methodology of the entropic weighting
method to determine objectively the weight factors of each indicator [59].

The entropic weighting method is so named because it uses Shannon’s concept of
information entropy, interpreted as a measure of uncertainty in information formulated in
terms of probability theory [68] cited in [69]. It is an objective weighting method of a set
of indicators that assesses the relative importance of an indicator concerning the amount
of measurable useful information it represents. According to [70], this method allows
determining the contrast degree of useful information that an indicator contains when
comparing several alternatives through different indicators. If the difference between the
value of an indicator’s alternatives is high, the entropy will be small, which shows that
the distinctive characteristics of that indicator offer more information by having a higher
contrast and, therefore, it should be assigned a higher weight. Otherwise, the relative
weight should be reduced [71].

Since most energy projects involve measurable variables and indicators, it is adequate
to use the entropic method, instead of subjective methods, to calculate each indicator’s
weight because obtaining expert opinion evaluations in SBF-AIR’s energy use is difficult
and time-consuming. Nevertheless, the precision of this mathematical weighting method
will depend exclusively on data quality.

We chose the integration of the PROMETHEE and entropic weighting methods for
the following reasons: (1) It has been successfully applied in numerous sustainability
assessments of energy systems. (2) The PROMETHEE method shows multiple advantages
over other MCDA outranking methods. (3) The objective entropic weighting method can
readily satisfy the need for exogenous weighting factors in PROMETHEE due to its ability
to identify the indicators with the most useful information without the need for exhaustive
expert information input.

3. Methodological Framework for the Sustainability Assessment of Solid Biofuels
Derived from Agro-Industrial Residues

The methodology to integrate the methods described in the previous section to build
a tool, useful to evaluate the sustainability of energy systems/projects based on the use of
SBF-AIR, is described step by step in the next paragraphs and it is illustrated in a block
diagram in Figure 1.
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Integrated tool for sustainability
assessments of energy systems

Goal -
using
SBF from RAI
Alternatives A; A A, A;

—; SO 00O O

Sustainability ENVIRONMENTAL SOCLATL ECONOMIC

Dimensions

Evaluation Matrix X X / r. / Normalized Evaluation Matrix R
ij Y (According to total max-min values)

Normalized Evaluation Matrix T / ti / / d,-j / Alternative differences Matrix

(According to total indicators’ sum)

Entropy calculation / g / / P,.j / Preference function Matri)’(
g
- NololojololoNo

Weighted Preferences Matrix y
Aggregated Preferences Vector

Outranking flows computation ad*(A), 2-(A)

Net Outranking flow | gA)=0%(A)-d(A) |

Figure 1. Block diagram showing the performed numerical analysis in the integrated tool for
sustainability assessments of energy systems using SBF from agro-industrial residues. This example
shows nine indicators and three energy system alternatives. Source: Own elaboration.

First, identify the m as the number of alternatives A to be compared (m = 3 in Figure 1,
as an example); in this case, energy systems involving the use of solid biofuels made from
agro-industrial residues for thermal and electrical power generation are identified, and
systems using conventional fossil fuels can also be included. Each of the energy systems
is considered an energy system alternative; they form a set A;, Ay, ... Aj oo, Am of
m alternatives.

Second, select a number 1 of recognized sustainability indicators carefully chosen to
formaset Cy, Cy, ... Cj, ..., Cy, that must comply with the GBEP principles, as promoting
energy efficiency and greater bioenergy use in the first place, with the objective of evaluat-
ing each alternative of using SBF from AIR. These selected indicators of sustainability’s
environmental dimension should highlight the advantage of using AIR instead of biomass
obtained from crops or plantations. Thus, the selected economic dimension indicator
should demonstrate the economic viability of the AIR. Additionally, the selected indicators
aim to capture the avoided impacts to water, soil, and human health, and should promote
compliance with AIR’s ultimate disposal government regulations and avoid greenhouse
gas emissions by substituting fossil fuels.
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Third, with the m alternatives and n indicators, we build an m-by-n evaluation matrix
X, where each element Xij i=12,...,m j=12,...,n)is the calculated value of the
j alternative through the indicator i. In matrix notation, we have:

x12 PR x1] PR xln
X=|x1 - Xj - X 1
xml DTS xm]' .. xmn

3.1. Weight Factor Determination with Entropic Method

To obtain each indicator’s weight factor, we apply the Shannon entropy weight method,
which follows the next steps, according to [72,73].

Fourth, normalization of the evaluation matrix is performed, dividing each element
by the total indicators” sum (see Equation (2)) and obtaining a normalized matrix T
(Equation (3)).

bj = ) @
=
T X
to ty; tin
T=|tqa - tj - tiy 3)
tm tmj Emn

Fifth, we calculate the entropy e; related to each indicator using Shannon'’s entropy
formula (Equation (4)):

1 m
e = _m;tljl”(tﬁ) (4)

Additionally, the entropy weight factor w; is a vector defined in terms 1 — ¢;, which is
called the information’s degree of diversity; an indicator with high diversity corresponds a
high weight factor of the jth indicator (Equation (5)).

1-— 6]' (5)
w, = —-
Fm =Y e
where: 0 < wj < 1and
n
Y wi=1 (6)
j=1

3.2. Alternatives Ranking with PROMETHEE

To obtain an outranking of alternatives A, we apply the Visual PROMETHEE comput-
ing program [74], where the PROMETHEE II method is codified and easily accessed. The
next step should be followed.

Sixth. The evaluation matrix, previously defined in the third step, is normalized by
dividing each element by the difference of the maximum versus the minimum indicator
values, defining previously whether the indicator should be maximized (Equation (7)) or
minimized (Equation (8)), depending on the indicator’s trend towards greater sustainability
in this case.

xij — min;{xij}
maxj{xij} — minj{x;;}
o maxv{xi} - x;
i = max;{x;i} —min;{x;;} ®)
7 ]

@)

rij =
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where: 0 < rij < 1
Obtaining the normalized matrix. (Equation (9))

1"12 RS rl] .. rln
R=|rq - rj -+ Ty 9)
rml PR rm] PR rmn

Seventh. The differences between each normalized evaluated alternative and the rest
of the elements evaluated through that indicator must be calculated.

dij = dij(rijrri’j) = ri]'_ri’j Vi 75 i/, i= 1, ...,m;j = 1,...,1’1 (10&)

and
dij = di]'(ri/]',l’ij) = 7’1'/]' — 7"1']‘ Vi 75 i/, i= 1, ...,m;j = 1,...,1’1 (10b)

Eight. depending on the magnitudes of the previously computed differences, a prefer-
ence function is selected depending on the thresholds considered by the stakeholders. We
choose the USUAL preference function P;; (defined in Equations (11) and (12)) to exemplify
the case when there is not defined threshold values.

Pij = Pz] (1’1']', ri’j) =0 lf 1’1']' — 1’1'/]' S O, Vi 7é i/ (11)
and
Pij = Pl] (1’1']', 1’1'/]'> = 1’1']' — 1’1'/]' Zf 1’1']' — 1’1'/]' > O, Vi 7é i/ (12)

Ninth. As stated by Brans [46] a weighted preferences matrix is constructed w;P;;, us-
ing the two previous equations and the weight factors obtained in the fifth step
(Equation (5)). That is used to compute an aggregated preferences vector 71(A;) for each
alternative. (Equations (13a) and (13b)).

L w;b; (rij/ 7’1"]')

13
Y wj (132)

m(A;) = 7 (rij/ri’j) =

Z;?:l w]PZ/] (T’i/]', 1’1']')
n
Zj:l wj

7T(Ai/) = Tty (T’i/]', 1’1']') = (13b)
Vi#id
With, from Equation (6):

Tenth. Outranking flows are obtained from Equations (14a) and (14b), where the
aggregated preferences vectors are summed up. A positive or leaving flow is defined by
Equation (14a) and the negative or entrance flow is defined by Equation (14b) for each A;
alternative constituting the @+ and @~ vectors.

_ v I(4)
o (A) = ¥, DAY (14b)
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Eleventh. The net outranking flow is a net preference index vector calculated for each
alternative A;, where the alternative with the highest value is the one with greatest benefits;
it is computed with Equation (15).

2(A) =27 (A) -2 (Ap), Vi#d (15)

where:
-1<2(A) <1

The positive leaving flow states the extent to which each alternative outperforms all
other alternatives. @+ (A;) represents the strength of A;, its outperformance character.
According to Kocmanova [75], @7 (A;) expresses how much one alternative is dominating
the others. The higher @1 (A;), the better the alternative. The negative entering flow
states the extent to which all other alternatives A; outperform each alternative. The lower
the @7 (A;), the better the alternative. @~ (A;) represents the weakness of A;, its ten-
dency to be overwhelmed. The net flow @(A;) is the difference between positive and
negative outranking flows in the range of —1 to +1. The higher this value is, the better
the alternative [72,73].

Visual PROMETHEE software includes a solution viewer called GAIA, where all crite-
ria are plotted as arrows and all alternatives as points on a two-dimensional
plane [46,72,74]. The longer the arrows, the more critical the criteria will be. It is an
easy-to-use tool that helps to visualize a decision-making problem in a two-dimensional
representation. GAIA helps to identify conflicts between criteria, as is the case if they point
in opposite directions. It also helps to identify which criteria favor an energy system; the
closer an energy system is to the center of the indicator arrow, the more it will be favored
by the indicator.

An important GAIA feature is called the decision axis, represented by a red arrow. It is
calculated from the criteria’s plane components and their weighting factors. It is helpful to
identify the more favorable energy system, which will be located closest to the decision axis
arrow. In our case, due to the criteria we use to evaluate the alternatives/energy systems
being sustainability indicators, we will identify the best alternative as the most sustainable
energy system among those evaluated.

4. Case Study: Application of the Sustainability Assessment Tool to Sugarcane
Bagasse for Cogeneration of Heat and Electricity in a Mexican Mill

Sugarcane bagasse is the main fuel in 51 sugar mills for heat and power cogener-
ation [10]. In 2015, its total installed capacity was 795 MW, generating an average of
1276 GWh/year, corresponding to 0.46% of the national electricity generation [76].

An important environmental impact of sugar mills is their particulate matter emissions
(PM); according to the Mexican National Emissions Inventory [77], the burning of sugarcane
bagasse for energy production in sugar mills generated 104.5 thousand tons of particulates
in 2015, where 96% corresponds to PM2.5 fraction, constituted by 30% of black carbon
(BC), responsible for the 5.3% of Mexican greenhouse gases (GHG) emissions. Sugar mills
generate more than one third (34.9%) of BC national emissions [18,77]. These BC emissions
are mainly due to the inefficient combustion of bagasse in obsolete boilers, in which the
useful life is long due in almost 90% of sugar mills in Mexico [78,79]. In order to mitigate
these GHG emissions, there is a line of action in the Mexican Special Climate Change
Program [80] for increasing the number of efficient cogeneration systems in sugar mills
with surplus electricity sales to the national grid from 895 to 2893 GWh/a in the 2018-2050
period [81] and an emission standard to reduce particulate emissions (Including PM10,
PM2.5, and, consequently, BC) and other criteria pollutants due to sugarcane bagasse
combustion for steam generation in sugar mills [18].

This standard is programmed to enter into force after December 2021, as stated in
the National Quality Infrastructure Programme 2021 [82]. Attending to this important
agroindustry, we agreed to identify as our case study a sugar mill located in the state
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of Veracruz; it is one of the existing sugar mills in Mexico where sugarcane bagasse is
used in boilers where steam is generated for sugar manufacturing process and to provide
mechanical power through mills, centrifugal pumps, fans, and condensing steam turbines
coupled to electricity generators. Additionally, thanks to cogeneration with bagasse, the
specific fuel oil consumption per sugar mass unit has been reduced. In 2016, 21 mills
no longer consumed fuel oil and used sugarcane bagasse exclusively for their electricity
production, inside and outside the harvest season [83].

4.1. Selected Sustainability Indicators Description

As mentioned previously in Section 2, to perform a sustainability assessment of
SBF-AIR, we selected a set of sustainability indicators among the 24 Global Bioenergy
Partnership (GBEP) indicators [58,66,67]. Additionally, we had access to firsthand infor-
mation through surveys to field and sugar mill factory workers and management heads.
Considering both sources, we chose the following four sustainability indicators to assess
the energy systems (see Table 1). The questionnaire used to retrieve the data and the data
retrieved are presented in Section C of the Supplementary Materials.

Table 1. Selected sustainability indicators to assess, according to our methodology, the sustainability
of bagasse use as SBF in the reference and alternative energy systems.

Indicators Units
GHG emissions * gCOye /kWh
Particulate matter emissions (PM) ** gPM/kWh
Direct employment (JOBS) Employments/GWh
Net present value (NPV) Million USD

* gCOye = grams of carbon dioxide equivalent; ** gPM = grams of particulate matter. Source: Own elaboration.

4.1.1. Greenhouse Gas-Specific Emissions (GHG)

This sustainability indicator from the environmental dimension addresses the total
GHG life-cycle emissions of a power generation system, divided by the total electricity
generated. In this case study, we followed the life cycle analysis methodology of the
ISO 14040/14044 standards [84,85] to evaluate GHG emissions in all the studied energy
systems, expressed in grams of carbon dioxide equivalent per kilowatt hour of generated
electricity (gCO,./kWh). We adopted the specific GHG emissions of inputs and used fuels
from Biograce [86].

4.1.2. Particle Emissions (PM)

This sustainability indicator from the environmental dimension addresses the total
PM life-cycle emissions divided by the total electricity generated. We performed the indica-
tor’s evaluation for the stages of the manual harvest of the sugarcane and the bagasse’s
combustion for steam generation in the sugar mill. For the sugarcane’s manual harvest,
it is common to set fire to the growing areas; in this process, only the dry leaves (also
called sugarcane trash) close to the ground are burned, facilitating hand cutting process
with a machete and scaring away dangerous fauna such as rodents or snakes. From the
official literature, we consider that 95% of the cultivated area is manually harvested ac-
cording to [87]. The data to evaluate the indicator were obtained from Table S8 of the
Supplementary Material, noting that the environmental load was completely attributed
to energy. The specific particulate matter emissions per unit power from bagasse energy
systems were calculated and expressed in grams of PM per kilowatt hour of generated
electricity (gPM/kWh).

4.1.3. Direct Employment Indicator (JOBS)

This sustainability indicator from the social dimension addresses the benefits of adopt-
ing a specific energy system expressed in the number of new employments per GWh. We
consider direct employments as those that can be directly attributed to bioenergy produc-
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tion, excluding indirect and induced jobs, as defined in [88]. We include the employments
needed in sugarcane production, harvest, and transportation and the new employments
for power cogeneration in the AS. Since different employments have different terms, for
example, the harvest only takes place for four months. Thus, we considered that annual
employment in this industry should cover 1800 h [87], for which we multiply the actual
working days by 8 h and divide them by 1800. Because the primary process is the produc-
tion of sugar, and bioenergy is a secondary product, we assigned direct employments to
bioenergy following the economic criteria, as was performed in the case of the indicators of
greenhouse gas emissions.

4.1.4. Net Present Value (NPV) Indicator

The net present value (NPV) is an economic dimension indicator that allows determin-
ing the projects’ viability; bioenergy projects using solid biofuels in this article. The NPV
method is well-established and well-known [89]. The equation for calculating the indicator

is as follows: .
CF;
NPV =
2 (141 )

NPV is the net present value; i is the discount rate; CF is the cash flow; t is the cash flow
year, and T is the evaluation period. We made the following assumptions to undertake NPV
calculations: constant 2017 US dollars as monetary unit, a discount rate of 10%, 25 years as
the evaluation period, and fuel prices and the electric power selling price at the grid node
closest to the sugar mill obtained from official publications. See Table 2 and Supplementary
Materials for evaluation data, assumptions, and information sources for this indicator and
the previous ones.

(16)

4.2. Energy Systems Alternatives

The energy system studied consists of cogeneration through sugarcane bagasse ob-
tained from milling process in sugar production in a sugar mill. The Mexican agency for
energy efficiency [94] identified that, once the internal sugar mill electricity requirements
are satisfied, a significant electricity surplus from cogeneration potential in Mexican sugar
mills may be available. In this case study, where electricity is the only energy product of
interest, life cycle indicators are used to evaluate the sustainability of a sugar mill cogen-
eration system. The following assumptions were made: 1 kWh is the assumed functional
unit, the allocation criterion is through economic value; in this sense, it should be noted
that, although there is a market value for the sugarcane bagasse, currently the selected
sugar mill in Veracruz does not report bagasse sales, so for the evaluation of this indicator,
we do not assign emissions to bagasse due to the cultivation, harvesting, and transporta-
tion stages. The Mexican electricity system'’s specific GHG emission factor comes from
official sources [33].

We will provide the sustainability assessment of four energy systems for cogeneration
in the Veracruz sugar mill, a current bagasse system (CBS), an efficient bagasse system (EBS),
a fuel oil only (FOS), and a grid electricity only (GES) where all the electricity is purchased.

4.2.1. Current Bagasse (CBS)

Initially, the energy system’s boundaries include sugarcane cultivating and harvesting,
transportation, preparation, sugarcane milling, and power cogeneration; see the general
CBS and EBS scheme in Figure 2. The output considered is the electricity generated by the
energy system. The inputs considered in the CBS are the currently used in the selected sugar
mill: fossil fuels, chemicals, fertilizers, pesticides, electricity for irrigation, and electricity
from the national grid for sugarcane preparing and milling. Additionally, a small amount
of residual fuel oil is consumed, and the sketched industrial phase is where electricity is
generated for self-consumption within the mill, using approximately 99% bagasse and
1% fuel oil, which is used only during the milling start-up season, at the beginning of
the sugarcane harvest period, called “zafra” in Mexico. Figure 3 shows the CBS’s energy
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generation and use stages scheme, starting at S1, where water is pumped at 15 atm into
the bagasse boiler; the generated steam, 52, is split into two lines, both pressurized at
15 atm; S4 is the sugar making process, and S3 is a low-pressure 5 MW steam turbine
for power generation. Most of this study’s primary data were obtained first-hand from
questionnaires the selected sugar mill’s CEO, and the published official information from
the sugar industry was also used [95]. Tables 2 and 3 provide the technical input data for
the analyzed energy system. See Tables S1-SA6 in the Supplementary Materials for detailed
information on the ASPEN Plus simulation.

Table 2. Input data for NPV calculations.

Technical Data Unit CBS EBS FOS GES Sources
Electricity consumed in the KWh/year 21,132,962.0  21,132962.0  21,132,9620  21,132,962.0 Questionaries
sugar mill operation
Electricity purchased : -
. kWh/year 101,940.0 - 101,940.0 21,132,962.0 Questionaries
from the grid
Total cost of electricity USD2017 13,456.1 . 13,456.1 2,789,551.0 Questionaries
purchased from the grid
Surplus electricity to export MWh/year - 29,256.8 - - Calculated
Grid CFE electricity rate USD/MWh 132.0 132.0 132.0 132.0 Questionaries
Discount to local buyer - 7% - - [90]
Electricity sales price to USD/MWh } 1228 ; ) Calculated
local buyer
Electricity sales per year USD2017/year - 3,591,566.3 - - Calculated
Fuel oil used for L/year 450,902.3 - 5,770,744 - Questionaries
electricity generation
Unit cost of fuel oil USD2017/L 0.21 - 0.21 - [91]
Fuel cost UsD2017 95,297.5 - 1,219,638 - Calculated
Discount rate - 10.0% 10.0% 10.0% 10.0% -
Analysis period years 20.0 20.0 20.0 20.0 [92,93]
Net present value (NPV) USD2017 —$5,739,683 $9,562,875 —$13,473,624 —$23,749,020 Calculated
Adjusted net present USD2017 $18,009337  $33311,895  $10,275,39 0.0 Used in entropic

value (aNPV)

weights calculation

Source: Own elaboration, based on data from references when cited.

Table 3. Input data for the simulation setup of the current bagasse (CBS) and efficient bagasse
systems (EBS).

Simulation setup Stage Unit CBS and EBS Sources of CBS
. . . Own calculations, from field data
Dry basis bagasse flow Simulation setup kg/h 45,021 provided by sugar mill
Operational year Simulation setup h/year 4237 [96]

Own calculations, field data

Annual bagasse flow (dry basis) Simulation setup kg/year 190,756,055 provided by sugar mill
Bagasse calorific value Low heating value M]/kg 15.05 Field data provided by sugar mill
Bagasse—moisture in % 49.25% Field data provided by sugar mill
Sugarcane surface ha 18,608 [95]
Yield ton/ha 75 [95]

Milled sugarcane

Own calculations, field data

ton/year 1,391,674 provided by sugar mill

Source: Own elaboration, based on data from references when cited.
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Figure 2. Current bagasse scenario, CBS, boundaries definitions are sketched with grey lines. All
power generation is used for self-consumption in the CBS, and it is drawn with solid green arrows.
EBS shares the same boundaries; nevertheless, it generates surplus electricity sold to the grid besides
satisfying the self-consumption electricity demand. This electricity flow is sketched with dotted
orange lines. Source: Own elaboration.
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Figure 3. Scheme of the energy generation stage in the current bagasse scenario (CBS). Source:
Own elaboration.
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Additional assumptions: official GHG and PM emission factors were used, see
Tables S7 and S8 of the Supplementary Material and Table S9 for JOBS indicator details.
Regarding the NPV indicator, we assumed no investment costs were incurred, but there
were costs for operation and maintenance, for the purchase of fuel oil, and electricity. See
Table 510 in the Supplementary Material and Table 4.

Table 4. Additional input data for electric energy generation in all energy systems and ASPEN
simulation results. Data obtained for stages S2-54.

Energy Generation Stages (2-4) Unit CBS EBS FOS GES Sources
Turbine steam CBS (S3) kg/h 24,527 139,426 24,527 - Own calculations
flux—electricity
Steam turbine— CBS (S3, S4), o
temperature-in EBS (52) c 312 526 312 } [%6]
. . CBS (S3, S4),
Steam turbine—pressure-in EBS (S2) Atm 15 50 15 - [96]
Boiler steam flux— CBS (S4) kg/h 114,899 - 114,899 - Own calculations
thermal processes
Steam boiler— CBS (S4) oC 312 - 312 - [96]
temperature-out
Steam boiler-pressure-out CBS (54) Atm 15 - 15 - [96]
Turbine steam flux— EBS (S3) kg/h - 139,426 - - Own calculations
thermal processes
. Steam EBS (S3) °C - 362 - - Own calculations
turbine—temperature-out
Steam turbine—pressure-out EBS (S3) Atm - 15 - - Own calculations
Boiler—thermal output MWy, 107 123 107 - Own calculations
T.urbme—electrl.c ity MW, 5 12 5 - Own calculations
installed capacity
Generator— kWh/year 21,031,022 50,389,774 21,031,022 - [95]
electricity generation
Specific electric KWh/ton cane 15.11 36.21 - - [95]
energy generation
Electric energy from grid kWh/year 101,940 - 101,940 - [95]
Total electricity for KWh/year 21132962 21132962 21132962 21,132,962 [95]
sugar manufacturing
Specific electricity for KWh/ton cane 15.19 15.19 - - Own calculations
sugar manufacturing
Total surplus electricity kWh/year - 29,256,812 - - Own calculations
to export
Specific surplus electricity kWh/ton cane - 21.02 - - Own calculations
to export
Fuel oil consumption L/year 450,902 * - 5,770,744 - Own calculations

* Using [95] data considering SBF allocation of 54% for process heat. Source: Own elaboration, based on data from
references when cited.

Additional assumptions: official GHG and PM emission factors were used, see
Tables S7 and S8 of the Supplementary Material and Table S9 for JOBS indicator details.
Regarding the NPV indicator, we assumed no investment costs were incurred, but there

were costs for operation and maintenance, the purchase of fuel oil, and electricity. See Table
510 in the Supplementary Material and Table 2.

4.2.2. Efficient Bagasse System (EBS)

In the EBS, as in the CBS, the same amount of sugarcane bagasse is burned to generate
heat and electricity. However, higher efficiency is reached when most important equipment
is substituted in this energy system. Steam production now takes place in a new high-
pressure bagasse boiler (50 atm), reached with a new high-pressure water pump, S1 in
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Figure 4, which shows the EBS energy generation and use stages scheme. After the boiler,
the high-pressure steam S2 enters a new high-pressure extracting—condensing steam turbine
that drives a power generator. The steam exits the 12 MW steam turbine that drives a
power generator, producing surplus electricity after fulfilling all internal demand. Low
pressure steam exits the turbine S3 at a pressure of 15 atm, adequate to supply all process
heat demand for sugar manufacturing and turbomachinery needs.

PUMP

WATER(IN) WATER & E

HEAT-HX1
E EX-GAS(OUT)

HOT-GAS2(IN)

- )@ --------- | sTEAM-OU |------] STEAM-OU(OUT) P

Figure 4. Scheme of the energy generation stage in the efficient bagasse scenario (EBS). Source:

Own elaboration.

We developed the energy performance model of both EBS and CBS systems in ASPEN
Plus with most of the technical information obtained first-hand through questionnaires
and complementing data from the literature. Tables 2 and 3 provide the technical input
data for the analyzed energy system. See Tables S1-SA6 in the Supplementary Materials
for detailed information on the ASPEN Plus simulation.

Additional assumptions: official GHG and PM emission factors were used; see
Tables S7 and S8 of the Supplementary Materials and Table S9 for JOBS indicator de-
tails. Regarding the NPV indicator, we assumed that EBS incurred investment costs due to
new equipment purchases. Additionally, the surplus electricity generated is sold to a local
buyer with a discount of 7% [91] from the CFE Grid electricity tariff. See Table 510 in the
Supplementary Material, Table 4, and the final evaluation results in Table 5.

4.2.3. Fuel Oil Only System (FOS)

The exclusive use of fossil fuel only for power generation is the main difference
between CBS and FOS; in this hypothetical energy system, instead of using bagasse, the
boiler is fueled with residual fuel oil only. Figure 2 shows the CBS’s energy generation
scheme; it consists of a typical Rankine cycle that starts in stage S1, where water is pumped
at 15 atm into the boiler that now receives heat from the HOT-GAS2 produced by fuel oil
combustion to generate steam. As in the CBS, FOS use the same boiler where the generated
steam S2 is split into two lines, both pressurized at 15 atm, line 54 to the sugar making
process and line S3 to the same low-pressure 5 MW steam turbine for power generation.
Tables 2 and 3 provide the technical input data for the analyzed energy system.

Additional assumptions: as in CBS system, official GHG and PM emission factors were
used, see Tables S7 and S8 of the Supplementary Material and Table S9 for JOBS indicator
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details. Regarding the NPV indicator, we assumed no investment costs were incurred, but
there were costs for operation and maintenance and electricity purchase, and most of the
incurred cost were for purchasing fuel oil. See Table 510 (in the Supplementary Materials),
Table 4 and the final evaluation results in Table 5.

4.2.4. Grid Electricity Only System (GES)

In this energy system, we assume that all electricity demand is purchased from
the grid at the same rate as the Veracruz sugar mill purchased a small amount in 2018,
132 USD/MWh. We also assume that the official grid GHG emission factor, 527 g/kWh, as
the value used for the GHG indicator [97]. We adopted the PM indicator value from [98].
Due to the impossibility of knowing the number of private utilities employees, we made
the following assumptions to calculate the JOBS indicator: the number of employees that
the government power company Federal Electricity Commission (CFE acronym in Spanish)
had in 2018 was 91,319 workers [99], which was divided by CFE total net generation,
250,976 GWh. As this 2018 power generation represented 81% of the total in Mexico [100],
we assume 0.31 value of employments per unit power as the one for the whole National
Electric System. To apply our entropic weight factor calculation (see Equation (5)), we had
to avoid the current GES negative NPV indicator value of —23.75 million USD. Therefore,
we summed up the absolute value of this original quantity to the NPV’s of each energy
system to maintain the previous NPV differences between energy systems, resulting in
an adjusted NPV equal to zero in this GES system. See the input data in Table 510 in the
Supplementary Material, Table 4, and the final evaluation results in Table 5.

Table 5. Evaluation matrix of four cogeneration systems in a Mexican sugar mill evaluated with four
sustainability indicators. Preferred values are underlined.

Indicators GHG PM NPV JOBS
Units gCOy/kWh gPM/kWh Million USD Employments/GWh
Preference min min max max
Systems

Current bagasse (CBS) 326.26 12.24 —5.74 9.43
Efficient bagasse (EBS) 147.3 5.11 9.56 7.20
Fuel oil only (FOS) 901.1 1.52 —13.47 3.77
Grid electricity only (GES) 527.0 0.62 —23.75 0.31

Source: Own elaboration.

5. Results

This section presents the evaluation resulting from the comparison and rankings of
the four energy systems studied using the MCDA integrated tool described in Section 3.

5.1. Evaluation Matrix

Table 5 shows the evaluation matrix that resumes the assessments made for each
energy system evaluated through each indicator. Each sustainability indicator is assumed
to be a criteria in this table, and the energy systems are the alternatives. Additionally,
this table shows the preference whether the indicator should be minimized or maximized
depending on each indicator’s change trend in their environmental, economic, or social
status. The values obtained indicate that the EBS is the energy system with less GHG
emissions and higher NPV. The CBS has the highest number of employees per energy unit
but has the higher PM emissions per energy unit, and GES is the energy system with fewer
PM emissions but presents the least employees per energy unit and the lowest NPV. The
FOS system is the more significant GHG emitter.
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5.2. Indicators Weight Factors (wyj)

Table 6 shows the resulting weight factors calculated using the entropy method,
following the fifth step of the methodology (see Section 3), ie., applying
Equations (4) and (5) to the evaluation matrix shown in Table 5. This table show that
the weight factors are positive and normalized, and the highest valued weight factor is
PM with 33.6%, followed by NPV 30.6%, JOBS 22.3%, and GHG 13.6%. The highest weight
corresponds to the particulate matter emissions underlining the importance of reducing
this harmful emission to human health and global warming, remembering that nearly 30%
of all PM is black carbon, a greenhouse compound. In contrast, the JOBS is the sustainable
indicator that showed less sensitivity to the variations in the efficiency and had a lower
weighting influence in the sustainability evaluation of the RS and AS systems.

Table 6. Weight factor calculation.

GHG PM NPV JOBS
Weight Factor w; 0.1361 0.3358 0.3055 0.2226

Source: Own elaboration.

5.3. Sustainability Assessment of Energy Systems

Introducing the evaluation matrix data (see Table 5) and the entropic weight factors
(Table 6), to the Visual PROMETHEE (VP) software [101], we obtain Table 7, where the
estimated leaving, entering, and net flow of SBF-AIR energy systems are given. The
first rank indicates that EBS is the most sustainable energy system, and GES is the least
sustainable energy system.

Table 7. Final ranking of SBF-AIR energy systems and their leaving and entering and net flows.

Rank Energy Systems P ot o
1 Efficient bagasse (EBS) 0.4039 0.7019 0.2981
2 Current bagasse (CBS) 0.0340 0.5170 0.483
3 Fuel oil only (FOS) —0.2002 0.3999 0.6001
4 Grid electricity only (GES) —0.2377 0.3812 0.6188

Source: Own elaboration.

In Figure 5, the PROMETHEE II complete ranking of the considered energy systems
is provided graphically, based on the net outranking flow values. The top half of the
scale (in green) corresponds to positive net outranking scores, and the bottom half (in red)
corresponds to negative scores. The EBS system is at the top of the ranking list, followed by
the CBS system, FOS, and the GES is the least sustainable system.

5.4. GAIA Interpretation

To further analyze the results, the GAIA plane obtained from the software is given
in Figure 6, which exhibits the positions of the indicator as arrows, the energy systems
as points and the decision axis. The direction of the decision axis (red arrow) points to
EBS as the closest energy system indicating its superiority over the other energy systems,
confirming that this is the energy system with higher sustainability due mainly to the
evaluations of the alternatives with GHG and VPN sustainability indicators, confirming
the best valued indicators, which heavily characterize this energy system as their arrows
point the same direction as the decision axis. The other energy systems clearly show that
they do not compete because they are in different quadrants. The quality level of the GAIA
plane is related to the amount of visible information; in this case, it was 96.5%, indicating
that the analysis is very reliable [46,74].
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Figure 5. PROMETHEE II complete ranking output data graphics showing energy system ranks
using indicators weighting factors calculated with the entropic method. Source: Own calculations
using Visual PROMETHEE [101].
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Figure 6. GAIA output data graphics showing in a plane with 96.5% quality; the energy systems
are shown as blue squares and sustainability indicators as vectors. Source: Own calculations using
Visual PROMETHEE [101].
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6. Conclusions

After applying a tool that integrates the entropic indicator weighting method to the
outranking multicriteria decision analysis method called PROMETHEE, provided that
the relevant sustainability indicators are carefully selected, the need for a sustainability
assessment of energy systems based on the SBF-AIR as input fuels was met.

This tool was used to assess the sustainability of four electric energy supply systems
of a Mexican sugar mill (as a case study) that use sugarcane bagasse as agro-industrial
residue: current bagasse (CBS), efficient bagasse (EBS), a power generation system fueled
only with fuel oil (FOS), and grid electricity only (GES) systems. We evaluated these energy
systems with four sustainability indicators: GHG emissions, PM emissions, number of
workers per energy unit, and the NPV of each alternative, calculating weight factors for
each indicator by using the entropic method on the mentioned energy system’s evaluation
introducing these weight factors to PROMETHEE for a final energy systems alternatives
ranking. This integrated tool delivers a unique number, between —1 and 1, to rank each
energy system from the lesser to the higher sustainability. In the case of the sugar mill,
EBS resulted in the energy system with higher sustainability due to a significant increase
in environmental and economic advantages. Given the same amount of bagasse in both
energy systems, more energy is obtained in the EBS due to repowering equipment changes
that generate lower GHG emissions per power unit. Additionally, it is the more profitable
investment energy system for cogeneration, mainly since the generated surplus electricity
is sold to local buyers.

The novelty of this article is to show that the application of this tool can provide an
adequate solution to the evaluation of sustainability of energy systems considering the
conditions of the Mexican agro-industrial sector. Alternatively, in other similar cases in
which there are several options, the available information is limited to construct indicators,
and there is not enough expert opinion, or it is difficult to retrieve. As the study case of
bagasse in a sugar mill shows, Mexico has a vast harnessing potential for reusing agro-
industrial residues transformed in solid biofuels for fossil fuels substitution, helping to the
transition towards a high sustainability low carbon energy scenario.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/su14031711/s1, Figure S1: Schematic diagram of the heat
and power generation from biomass; Figure S2: General scheme of the simulation of biomass com-
bustion; Figure S3: Scheme of the hierarchy BR1, the combustion stage; Figure S4: Scheme of the
hierarchy BR2, the energy generation stage, under the reference scenario; Figure S5: Scheme of
the hierarchy BR2, the energy generation stage, under the alternative scenario; Table S1: Chemical
composition of the air; Table S2: Chemical composition of the biomass; Table S3: Results of the main
streams of the simulation; Table S4: Input data and results of the blocks in the hierarchy BR1; Table
S5: Results of the main streams of the hierarchy BR1; Table S6: Input data and results of the blocks in
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