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Abstract: Five municipalities in El Bajío present the highest industrial investments: Celaya, Irapuato,
León, Salamanca, and Silao. Public and private investments, further to the support received from the
government, have been decisive to industrialize the zone. The official discourse to encourage these
activities has emphasized the economic and social benefits for inhabitants, the decrease in the use of
water volumes, and the consequent improvement of water sources in each region. The main objective
of the present work is to present a global industrial impact index to evaluate the industrial impact
on water management by analyzing the evolution of some parameters regarding the official data
available, in order to determine whether the industry has a positive outcome on the environmental,
social, economic and hydrological aspects. For this study, we use Fuzzy Logic (FL) to complete a
previous study, which was conducted using the Analytic Hierarchy Process (AHP). A combination
of both approaches is used to define the global impact of industrialization, and the results obtained
show that the benefits claimed by governmental policies are not being achieved. The use of this
proposed index may guide the decision-making processes to encourage water sustainability.

Keywords: aquifers; economic; El Bajío; environmental; fuzzy logic; Guanajuato; hydrological;
impact; industries; management; social; sustainability

1. Introduction

Currently, Mexico presents significant problems in the management of its water
sources that have caused considerable levels of pollution and over-exploitation of them.
Conversely, these problems are aggravated in those states or regions that have important
industrial or agricultural centers.

To solve these problems, it has been sought to change the economy of these regions,
especially those with the greatest agricultural and livestock activities, as well as those
which are large consumers of water, by attracting different types of industries with the
intention of reducing water consumption, and increasing both water productivity and
household incomes.

The region in Mexico known as El Bajío is the alluvial plain formed by the Lerma
River and its river’s tributaries. This plain includes the territory without mountains within
Guanajuato state and other states [1,2]. This region has had difficulties and accessibility
issues with the water supply for many years [3,4].

The National Water Commission (CONAGUA) has determined that some of the most
important water issues in the state of Guanajuato are ones of inefficiency, and they are
related to the excessive use of water, under-utilization of treated water, over-concession of
water rights to exploit the available sources, low water productivity, and low profitability
of some economic activities, mainly related to primary sectors such as agriculture [5].

This situation could be aggravated by the process of industrialization that occurs in
the region, mainly in the municipalities of Celaya, Irapuato, León, Salamanca, and Silao
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(Figure 1), which have been the main receivers of new companies, triggering important
conflicts regarding their water sources. These municipalities were chosen because, histori-
cally, they have been the main economic, agricultural, livestock and industrial centers in
Guanajuato state. Their hydrological problems have more importance owing high deterio-
ration of their water sources, their inhabitant number, and political importance. Moreover,
they have important communication routes between ports on the Atlantic and Pacific coast,
and cities central and north of the country.

Sustainability 2021, 13, x FOR PEER REVIEW 2 of 31 
 

This situation could be aggravated by the process of industrialization that occurs in 
the region, mainly in the municipalities of Celaya, Irapuato, León, Salamanca, and Silao 
(Figure 1), which have been the main receivers of new companies, triggering important 
conflicts regarding their water sources. These municipalities were chosen because, histor-
ically, they have been the main economic, agricultural, livestock and industrial centers in 
Guanajuato state. Their hydrological problems have more importance owing high deteri-
oration of their water sources, their inhabitant number, and political importance. Moreo-
ver, they have important communication routes between ports on the Atlantic and Pacific 
coast, and cities central and north of the country. 

 
Figure 1. Localization of Guanajuato state and municipalities of study. 

The goal of this work is to determine, by the calculation of a global industrial impact 
index, whether there has been progress or advances on environmental, social, hydrologi-
cal and economic issues in the aforementioned municipalities during the time span in 
which the industrialization policy has been in force in them, since the year 2000. The hy-
pothesis of our work is that the benefits promised by public policies are not being achieved 
and there are no social, economic, environmental, and hydrological benefits for their in-
habitants. The use of this proposed index may guide the decision-making processes to 
encourage water sustainability. 

The contents of this work are as follows: Section 2 explains the methodologies used 
to achieve our goal. Section 3 shows how both methodologies were used. Section 4 sets 
out the results obtained by the methodologies used and the interpretation of the values 
obtained. Section 5 provides the reflections and conclusions reached on the basis of the 
values shown in Section 4. Finally, Appendixes A and B contain all official data used, 
besides FL values and functions. 

2. Materials and Methods 
For the calculation of the global industrial impact index, this work uses the Analytic 

Hierarchy Process (AHP) [6] and Fuzzy Logic (FL) [7]. 

Figure 1. Localization of Guanajuato state and municipalities of study.

The goal of this work is to determine, by the calculation of a global industrial impact
index, whether there has been progress or advances on environmental, social, hydrological
and economic issues in the aforementioned municipalities during the time span in which
the industrialization policy has been in force in them, since the year 2000. The hypothesis of
our work is that the benefits promised by public policies are not being achieved and there
are no social, economic, environmental, and hydrological benefits for their inhabitants.
The use of this proposed index may guide the decision-making processes to encourage
water sustainability.

The contents of this work are as follows: Section 2 explains the methodologies used
to achieve our goal. Section 3 shows how both methodologies were used. Section 4 sets
out the results obtained by the methodologies used and the interpretation of the values
obtained. Section 5 provides the reflections and conclusions reached on the basis of the
values shown in Section 4. Finally, Appendices A and B contain all official data used,
besides FL values and functions.

2. Materials and Methods

For the calculation of the global industrial impact index, this work uses the Analytic
Hierarchy Process (AHP) [6] and Fuzzy Logic (FL) [7].
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2.1. The Analytic Hierarchy Process

The AHP is a methodology developed by Thomas Saaty [6]. In [8–11], the AHP
evolution and applications are documented. The AHP has been widely used since its de-
velopment in several study fields and it is still used today [12–18]. It is used to understand
and study complex problems by constructing hierarchical structures. It establishes different
priority levels where problems to be solved or objectives to be achieved are placed at the
top, followed by criteria and alternatives for their resolution in the lower part.

Currently, there are methodologies such as TOPSIS (Technique for Order of Preference
by Similarity to Ideal Solution), PROMETHEE (Preference Ranking Organization METHod
for Enrichment of Evaluations), and others. However, these are based in AHP, which was
the first methodology of this type created, owing to the fact that both methodologies are
used to solve multi-criteria problems, using a selection of alternatives or actions, these are
ordered in matrices or tables where the elements are compared between them, looking for
the best and/or worst element or preference. Finally, they show the results similarly at
eigenvector from the AHP, identifying the degree of preference or the importance of scores
in each element.

Moreover, the AHP is relatively easy to use. It does not need complicated informat-
ics programs to analyze the information. The AHP allows researchers to evaluate both
qualitative and quantitative criteria and their alternatives in the same scale of preferences
(numerical, graphical, or verbal). In this paper, a linear scale designed by Saaty was used
that is also the basis for other scales [6,19,20].

Therefore, this methodology was selected because water-related problems are very
complex and multidisciplinary, involving social, economic, environmental, political, and
other elements. This methodology allows for the division of these type of problems into
elements and/or simpler relationships, which facilitates their study and understanding,
with the ultimate purpose of finding the most appropriate solution according to the opinion
and/or point of view of the experts consulted.

In this study, we start from the premise that the reason for allowing the establishment
of industries in the study municipalities, according to what was stated by the authorities,
was to better manage the available water (aquifers), and improve the income and standard
of living of its inhabitants [21].

In [22], an explanation of the Mexican context is described. We recognize that gover-
nance is not a topic included in our work, but the available evidence warranted consid-
eration of the idea that the state and municipal authorities have changed the proposed
priority objectives, water and social, for industrialization without considering whether the
conditions and characteristics of the municipalities are appropriate for the different types
of industry that are to be implemented. In addition, it was considered that the application
of regulations on the use and exploitation of water have been relaxed to benefit industries
to the detriment of other users, as well as in the authorized extraction volumes, so it is
likely that extraction volumes are not being complied with or reported to the authorities.

To establish whether these assumptions were founded, this study sought to treat
this situation differently by basing its results on the opinion of those responsible for
implementing the water policy, those making the respective decisions, and scholars on the
subject, rather than relying solely on the numerical data provided by official bodies.

In this paper, the problem was defined as “the impact of industrialization on water
sustainability”, which analyzed the effects that industries have had on the region since their
arrival in the municipalities of study—around 2000 and afterwards—on the management
of their water resources.

Following the process indicated by the AHP, several values were obtained that showed
the level of importance of the different elements considered in the study, and the impact of
each of them on water management.

With this, a discrepancy of opinion was established between economic policy makers
and experts regarding water issues, and on what should be the most important goals to be
achieved with the industrialization of municipalities [23].
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2.2. Fuzzy Logic

Conversely, FL seeks to give numerical and linguistic values to the vagueness and
uncertainty present in the information available in a given situation with the intention of
making a decision. The concept of a fuzzy set was created by Lofti A. Zadeh in the 1960s.
Unlike classical logic, which only uses the values 0 and 1 to indicate if an element belongs
to a set, FL also uses all intermediate values [24].

This feature allows to use mathematical values to process and measure uncertainty
and vagueness, using linguistic variables (such as “a lot”, “very”, “a little”, etc.), which
might be defined based on experts’ opinions and, in consequence, a proposition may be
partially true or false, which allows us to consider whether an element belongs to a set
or sets in a certain degree of membership, and if this degree is expressed with a numeric
value in the interval (0, 1).

To apply FL, it is necessary to define the next four elements [25]: a) a set of variables,
and to each of them a membership function, which defines the degree of belonging that a
given variable has in a group, expressed usually with a linguistic term, such as “high” or
“low”; b) statements or rules to relate every variable with its membership function of the
result obtained, usually through an IF-THEN series, where IF represents a condition, and
THEN means a consequence; c) rules to evaluate the statements or rules mathematically;
d) rules to evaluate the resulting function through a process called defuzzification in order
to get crisp values. These crisp values are real numbers between 0 and 1 indicating the
degree of belonging of every variable or element in X with respect to a fuzzy set A, called
membership value or degree of membership.

Some methodologies of defuzzification are Center of Area (COA), Center of Gravity
(COG), and Mean of Maxima (MeOA). In our case, the trapezoidal membership function
was used and its values are given for the corresponding intervals, such as (Functions (1)
and (2)):

µA(x) =


0x ≤ a

x−a
b−a a < x ≤ b

1x ≥ b
(1)

µA(x) =


1x ≤ a

b−x
b−a a < x ≤ b

0x ≥ b
(2)

where a indicates the lower limit; b indicates the upper limit; x is the value to estimate;
µA(x) is the membership function for a fuzzy set A on the universe of discourse x and is
defined as µA: x→[0,1].

Membership functions allow for the quantification of linguistic terms (which are
variables whose values are words in colloquial language, used to indicate a relevant trait);
for example, temperature is a variable and in colloquial language can be defined as “low”,
“medium” or “high”, and may represent a fuzzy set mathematically and graphically.

It is important to note that membership ranks, which define the membership value for
each linguistic term (such as 0, 0.25, 0.5, 0.75, 1) in the fuzzy set, were established according
to values reported in many studies and documents about the situation and expectations for
different parameters, reported in many government agencies [25].

Contributions from specialists of different areas have permitted the application of
FL in industrial processes, such as production systems [24,26], water management and
treatment [27,28], transportation systems [29], agricultural production [30], mining [25,31],
and in general, in those areas and processes susceptible to being automated, partially
or totally.

Moreover, FL has been used for a variety of different research to study different
problems about water, analyzing the more appropriate parameters and study object for
each case [32–34].

Conversely, some products cataloged as “intelligent” incorporate functions and pro-
gramming based on FL to adapt their functioning to certain parameters and being friendlier
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to users. Likewise, FL has been applied in conjunction with some other methodologies of
analysis in order to correct their limitations and increase their effectiveness, as in the case
of the TOPSIS method [35].

Thus, to determine if the objectives proposed by the state government were achieved
when it allowed companies to be established in the municipalities analyzed, this study
used FL as a form of evaluation, with a value of 1 when the objectives were achieved and
0 otherwise.

The values used to apply this methodology were obtained from different official
sources, with which historical and average series were developed, and later, compared
with recorded values prior to industrialization [5,25,36–38] for the official sources.

In this case, parameters relating to environmental, social, hydrological, and economic
conditions were analyzed. These are the main aspects that are expected to improve by
allowing the settlement of industries in our municipalities of study, according to the current
economic policy.

3. Application of Methodologies
3.1. Application of the AHP

Below is the decision tree (Figure 2) that was defined during the application of the
AHP [21]. On the left hand side is the study problem, and on the right are the criteria (C)
and the sub-criteria (SC).
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The comparison matrices constructed for the criteria and for each of the sets of sub-
criteria shown in the decision tree (see Figure 2) were made in accordance with Saaty, as
well as the scale of values used to perform comparisons between their different elements [6].

3.2. Application of FL

In the case of FL, its application was based on four points for each parameter:
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(1) Obtaining data on the evolution or current situation of each of the parameters (sub-
criteria defined in the decision tree), through bibliographical searches in various
official sources in order to define the evolution over time of each parameter, or to
know its current situation.

Thus, we set out to investigate whether the arrival of companies in the municipalities
of interest has caused any change in their situation, either by benefiting them, by keeping
them relatively the same, or by aggravating their situation.

(2) The definition of the membership functions to quantify the membership values of the
linguistic terms considered.

(3) Graphical representation of the membership function.
(4) Obtaining fuzzy values.

Furthermore, a number of considerations were made for the better handling and
interpretation of the data available in each parameter:

Temperature (T): For this parameter, the Ecology Institute of Guanajuato State (IEE)
predicts a possible increase in the average temperature of the state of 0.6−0.8 ◦C due to
climate change [25], as well as alterations on the volume and patterns of rainfall, and higher
possibilities of drought, for the same reason.

In order to understand the evolution of the average temperatures, measurements
were taken from 2005 to 2016, and their averages were compared at the National Water
Commission (CONAGUA), against the historical average temperature registered in each
municipality.

Given the relative homogeneity of the municipalities studied with this parameter, an
increase of temperature could make the municipalities prone to desertification, as well as
to the alteration of other important environmental variables.

Precipitation (P): According to the IEE, the rainfall patterns are expected to be altered
by climate change, as well as a state-wide decrease in rain precipitation in Guanajuato,
which will intensify and become more frequent, with the possible effect of floods and the
overflow of the different bodies of water [25,38].

A similar study was conducted by CONAGUA, in the same period of time (2005−2016),
measuring and averaging precipitation in the region, and these results in turn were com-
pared to against the historical average precipitations in each municipality.

Then, based on high sensitivity of the municipalities to rain alterations and its evo-
lution in time, we proposed ranks where a decrement of rain equal or higher to 85 mm is
considered the worst possible situation, reducing progressively its impact if the decrement
is lowered to 85 mm.

Drought (D): According to a study done by the IEE, climate change is expected to
prolong the dry season, which will likely increase the risk of forest fires—with concomitant
emission of greenhouse gasses—greater degradation and erosion of soils, among other
effects [25,38].

For this analysis, an index of drought was proposed based on the classification elabo-
rated by the Drought Monitor of North America (DMNA), where a zero value was assigned
to days without drought, while dry days are assigned the value 1; moderate drought
has a value of 2; severe drought has a value of 3; extreme drought has a value of 4, and
exceptional drought has a value of 5 [37].

In that study, the year was divided in months without drought and months with any
level of drought. According to the drought level indicated, each month was multiplied by
a corresponding number on the scale: if a month has only dry days it is multiplied by 1; if
a month presents moderate drought it is multiplied by 2, and so on for every month within
the span of the study.

Once the drought-values for every month were obtained, they were added to get
the value by year and this number was used to calculate the fuzzy value for every year.
Subsequently, this process was repeated yearly for a certain period in every municipality.
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Finally, the fuzzy values were added to obtain an average for each municipality, and this
value was used in subsequent calculations.

Education level (E): It is important to know if the arrival of industries to our munici-
palities has caused an increment of the education level of their inhabitants, due to the need
for qualified personnel in their productive processes.

This parameter was taken as the difference between the average study-grade at the
national level and the corresponding average of the inhabitants of our municipalities, and
it serves as the base parameter of measurement.

The methodological hypothesis is that if the difference between the national and
municipal averages is positive, the lesser the education level at the latter scale is considered.
This is justified by considering the national average as the minimum educational level
requested for most job vacancies at these industries. If this level falls below this threshold,
the possible consequence is the inability of people in these regions to be employed by these
companies at a managerial or technically-skilled level.

Per capita income (Pc): Until around 2000, most of the economically active population
(EAP) in the region had incomes between one and two daily minimum wages (m.w.), and
was attributed to a considerable proportion of workers being employed in agricultural-
and livestock-related activities.

The arrival of several companies to the region was expected to increase the income
average of the population hired by them, and that this would improve the living standard
of the inhabitants; it was one of the main reasons to allow industrial growth in the region.

Taking all of the above into account, we consider as viable subjects of study those
workers earning 1−3 m.w., where 3 m.w. would be the minimum income to sustain a family.
Thus, a Pc closer to zero means that a higher percentage of people are above the 3 m.w.
mark, and that industrial growth has had a positive economic impact on the population.
Conversely, values closer to 20 mean that most people are below the 3 m.w. mark, and that
the impact of industrial growth has been deficient. In this last case, a change of economic
policy must be implemented or at least considered.

Population growth (PG): With the arrival of heavy industry to the municipalities
under study, an increase in population growth would be expected due to new employment
opportunities. In turn, this would imply an increased stress on the water supply system,
especially at its sources, while a population decrease would diminish this stress.

This parameter was calculated as the difference between the national population
growth average and the average in the municipalities we studied. It means that if a PG < 0,
it represents a municipal growth lower than the national average, and it is considered as
positive; a value of PG = 0 means a growth of the population equal to the national average;
and a PG > 0 means a higher growth of population in the municipalities studied, and it is
considered as negative.

The comparison with national values is done so as to provide a reference frame-
work on the growth of municipalities, where an increase in population higher than the
national average means the industries are attracting more people that other regions in
Guanajuato, or even other states. This situation must generate important impacts on social
structure, environmental management, and hydric resources—among other factors—in
the municipalities.

Commuting infrastructure (C): This parameter measures the evolution in the length
of the state highway network in time, at the beginning of the industrialization in our mu-
nicipalities, up to around 2000. This is relevant because highways are the main commuting
means for the population, and the way in which most of the products and supplies to the
industries are transported, in addition to be among the main decision parameters when
deciding on the location of the companies. Thus, a value of C ≤ 0 means there was no
construction of new roads, or some stretches were lost in the existing ones; other values
mean there was an increase in the road network.

Traditional agriculture and agro-industry (A): This parameter was considered be-
cause, before the year 2000, the main economic activities in our municipalities were related
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to traditional agriculture and traditional crops such corn, wheat, soy, and others, covering
most of the land-surface designated for productive activities.

However, since the year 2000, the economic importance of traditional agriculture
has decreased and its crop lands have been assigned to other economic activities, such
as agro-industry and industrial parks. Thereby, this parameter measures how the use of
land has shifted from traditional agriculture and agro-industry over time. Both parameters
were calculated as the difference in hectares of the total area sown from one agricultural
cycle to another, with emphasis on the agro-industry production of different types of crops
destined for export. Here, a value of A≤ 0 means that the sown area remains unchanged or
undergoes some reduction, and values of A > 0 indicate the ranges in which the sown area
has increased, making no distinction between traditional agriculture and agro-industry.

Shift of use of soil (Us): It is the percentage of soil which has lost its natural cover of
vegetation to be destined to other uses, like economic activities or human settlement. Its
importance is that it allows to determinate if industries have caused a higher or faster loss
in vegetation in our municipalities, due to the impact of industrial activities caused in the
places where they settle.

Due to the great variety throughout our municipalities on the use of land, we consid-
ered data in the time span 2009−2016. To compare the changes in the use of the soil, we
assigned a weight to each point considered:

* Agricultural: It is the surface-area destined to traditional agriculture, agro-industry and
artificial grassland.

Where
If X < 100→ 0 The agricultural surface has decreased. It has weight 0.
If X = 100→ 1 The agricultural surface remains without changes. It has weight 1.
If X > 100→ 2 The agricultural surface has increased. It has weight 2.

* Settlement/Urban area: It is the sum−total of hectares destined to human settlement, urban
areas, industrial parks, and industrial areas.

Where

If 0 < X ≤ 20→ 1 The urban area has increased at most 20%. It has weight 1.
If 20 < X ≤ 40→ 2 The urban area has increased at most 40%. It has weight 2.
If 40 < X ≤ 60→ 3 The urban area has increased at most 60%. It has weight 3.
If 60 < X ≤ 80→ 4 The urban area has increased at most 80%. It has weight 4.
If 80 < X ≤100→ 5 The urban area has increased at most 100%. It has weight 5.

If X > 100→ 6 The urban area has increased more than 100%. It has weight 6.

* Other uses: Is the surface destined to environmental conservation in the municipalities
and includes forests and other types of wilderness, and bodies of water.

Where
If X > 100→ 0 The conservation surface has increased. It has weight 0.
If X = 100→ 1 The conservation surface remains without changes. It has weight 1.
If X < 100→ 2 The conservation surface has decreased. It has weight 2.

Studying the previous values, the worst-case scenario is when agricultural surface
increases (weight 2); the urban area increases by more than double (weight 6), and the
conservation surface decreases (weight 2). The sum of the weights is 10. By the same token,
the best-case scenario is when agricultural surface decreases (weight 0), the urban area
increases at most 20% (weight 1), and conservation surface increases (weight 0). The sum
of these weights is 1. The weights obtained for each municipality were used to get the
corresponding FL-value.

Parks/industries (I): In this parameter we used the number of Economic Units (EU),
which are all new productive units registered officially in the National Statistical Directory
of Economic Units (DENUE), because the problem of separating all types of units by
economic sector, year by year in each municipality of study, from 2010 to 2017, and
comparing the number of EU in one year against the number of the subsequent year is too
cumbersome; we instead obtained the difference between them.
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In this case, a value equal to or less than zero means that no new EU were opened or
that their number decreased compared to the previous year and, conversely, values greater
than zero mean an increment of Economic Units with respect to the previous year.

This difference over the years was used to obtain the fuzzy value corresponding to
each period (2010–2011, 2011–2012, etc.). Afterwards, these fuzzy values were added and
divided by six to get a fuzzy average-value in each municipality. The fuzzy ranks were
defined considering the maximum and minimum values reached in the municipalities in
the appropriate time span.

Water sources (W): This aspect measures the contribution that a new water source
can provide to the municipalities of study, with the aim of reducing over-exploitation of
the water sources currently in use and/or of diversifying the water sources available, to
fulfill current or future needs in water.

The current situation of water sources in all of the El Bajío region does not permit
getting a greater volume of water from the existing sources, due to all sources available on
the surface and underground being over-exploited.

For instance, the municipality of León has developed the project called “El Zapotillo”
to cover domestic and industrial water needs, and the municipality of Celaya built the
project called “El Realito” to supply water for domestic use.

In the rest of the municipalities, there are no plans to obtain water from traditional or
alternative sources. Fuzzy ranks were defined as the percentage of water these new sources
may provide, with respect to a deficit in aquifers currently exploited by municipalities.

The fuzzy ranks proposed in this work consider that a new source with a contribution
of at least 20% with respect to an aquifer’s deficit has a large weight and is thus a very
viable option to increase the resources of the water supply.

Water extraction (We): This parameter measures the difference between the refill rate
and extraction rate in a water source as a percentage; the closer it is to 20%, the more
engaged the aquifer is considered to be. The fuzzy ranks are proposed considering the
values of extraction and refill showed in documents of CONAGUA, indicating the current
situation of over-exploitation of the aquifers.

Use of water efficiency (Ue): The higher the value of this parameter, the greater
efficiency in the use of water, and the lower the extraction volume from a source, thus
reducing the impact on the water sources. It is defined as the volume of water used in
different sectors such as agricultural, industrial, and domestic, with their correspondent
efficiency of application, meaning the volume of water delivered to the end-user with
respect to the volume of water extracted.

These fuzzy ranks were defined considering the agricultural use, which is the main
use of water in Guanajuato, with more than 80% of the total of water extracted, and also the
end-user which overall has the lowest application efficiency, at about 30–40% in general,
with a peak efficiency of 63–65% rising up to 90% depending on the type of irrigation used
in each case [39]. For domestic users, the best values reach an efficiency of 80% or greater,
especially in buildings with a more up-to-date infrastructure and distribution systems.
However, when the infrastructure is not in appropriate operating conditions, this efficiency
can be much lower. For the industrial sector there was not enough available information to
compute an accurate efficiency percentage.

Aquifer refill (R): It is the difference between the volume of refill of the aquifer and
the volume of extraction, where ideally, the refill rate should be higher than—or at least
similar to—the extraction rate, allowing a balanced use of the aquifer.

With regard to the fuzzy ranks, the higher the difference between extraction and refill,
the worse the aquifer’s situation is considered to be, particularly if this value is greater than
5%, given the current problematic of over-exploitation of these bodies of water. This aspect
should be a priority for the authorities because aquifers are the main source of supply
for all municipalities studied, and these water sources have several deficiencies in this
regard [40].
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Other sources (Os): This is the percentage of volume that the new water source will
contribute with respect to the volume obtained from traditional exploited sources, such as
rivers, lakes, aquifers, etc. These are currently considered among the first options when the
more traditional ones are at full capacity.

The current hydric situation in the area makes rainwater harvesting the only non-
traditional option currently available. However, the irregularity of rainfall, the lack of
appropriate facilities for collection and storage, the poor support and promotion from
authorities, and the fact that this option would be useful only during the rainy season
(June–September), make its application difficult in the short term.

Considering the short duration of the rainy season, the fuzzy ranks consider the
best situation to be when volume of rain can cover 30% or more of the annual water
consumption volume in an average house, according CONAGUA’s average rain values
obtained during a long timespan in every municipality of study, in all cases of 25 years
or higher.

CONAGUA has developed technical guidelines to build systems for rainwater har-
vesting for domestic purposes [41]. In this case, taking [42] as a reference, the calculation
is considering that only 10% of the houses in the municipalities of study will adopt this
technology. Our diffuse ranks were computed, and if 100% of houses implemented this
alternative, all values relative to the contribution of this method would increase tenfold.

Treatment (Tr): It is the relation between the capacity of currently active treatment
plants and the current volume of human-generated wastewater processed by them. This is
relevant because a proper network of such plants might decrease the pollution of water
bodies, thus increasing the volume of available resources.

In this case, if the volume treated is close to the installed capacity, we must consider
that a large number of users are connected to this treatment system, and that a great volume
of wastewater is treated before it is released into receptor bodies.

Conversely, if the output-volume of these plants is reduced, equal or lower than 10%,
compared to their nominal capacity, we conclude that not many end-users are connected
to this system, and so a large volume of wastewater is released into receptor bodies, thus
polluting them.

The fuzzy ranks were defined based in the percentage of treatment of wastewater in
every municipality, where zero indicates the absence of treatment facilities, and the rest
of the values are indicators that represent the level of treatment-volume considering the
values in all of the municipalities.

Reuse (Re): The reuse of water is the percentage of wastewater treated for its later use
on different activities to replace the use of fresh water, which is related with the parameter
of Treatment, because the higher the volume of wastewater is treated, potentially the more
treated water will be available to be used for consumption (either human or industrial).

The fuzzy ranks were established considering the volume of water reused by the
municipalities, where zero indicates the absence of reused water and the rest of values
indicate the increase of water reused overall. This parameter has a high potential of
relevance because a well-implemented treatment system is a viable option to reduce the
exploitation of the water sources.

As explained in Section 3.2, the next step was to conduct a bibliographic search of
different official sources for each of the parameters explained above, and in this way
observe their behavior from the beginning of the arrival of industries in the municipalities
of study up to the latest year available prior to the elaboration of this article.

In this way, four types of graphs were identified according to their starting and ending
points (see Figure 3), and it was considered that it was more convenient to consider that
the best situation of the parameters would be when their membership value was equal to 1
or as close as possible to it, while values equal to zero or close would indicate increasingly
alarming levels of deterioration.

Thus, Chart A indicates that the value of the parameter starts from values considered
optimal by reaching membership value 1, and from a certain point onward there begins
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to be a deterioration of the conditions for that particular parameter until the parameter
reaches a number located at the zero membership value, at which the worst conditions
established in the FL are reached for that case.

Chart B represents the conditions opposite to those on Chart A, since it starts with
values defined as deficient, and from a certain point onward the conditions begin to
improve progressively, until a number located at membership value 1 is reached, from
which the rest of the values are optimal for the parameter.

For Charts C and D, the same reasoning is followed as in Charts A and B, from which
they are derived, with the difference that their start is indicated by a single value from
which the rest of the values would show an improvement or progressive deterioration of
the relevant parameter.

Once the chart types were defined, the corresponding membership functions were
developed, which were programmed using the statistical software R to facilitate and accel-
erate the computation of results, and in which the values obtained from the bibliographic
search were entered for each parameter.
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When the computational analysis was completed, the corresponding fuzzy values and
linguistic variables were obtained in each case, resulting in a perspective on the type of
impact caused by the establishment of industries in the municipalities we study.

4. Results
4.1. Results of the AHP

Once the interviews with the specialists were conducted and the values obtained from
the comparison matrices were analyzed, the average of the values obtained for each of the
parameters were as follows (Table 1):
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Table 1. Results of the AHP to Criteria and Sub-criteria [21].

Rank Parameter ID Value

Criteria

Environmental C1 0.192

Social C2 0.125

Economic C3 0.111

Hydrological C4 0.573

Environmental Aspects
Temperature SCA1 0.196

Precipitation SCA2 0.443

Drought SCA3 0.361

Social Aspects
Education Level SCS1 0.515

Per capita Income SCS2 0.235

Population Growth SCS3 0.251

Economic Aspects

Ways of Communication SCE1 0.213

Traditional Agriculture SCE2 0.131

Agro-industry SCE3 0.197

Shift of use of soil SCE4 0.137

Industries SCE5 0.323

Hydrological Aspects

Water Sources SCH1 0.179

Extraction Volume SCH2 0.169

Water use Efficiency SCH3 0.161

Recharge of Aquifers SCH4 0.157

Another sources of supplying SCH5 0.115

Treatment and reuse of water SCH6 0.219

In this table, the importance of hydrological criteria, treatment, and refill rates are
quite explicit; this contrasts with the relatively lesser importance attached to economic
factors, which are usually the ones followed by policymakers in the state of Guanajuato.

4.2. Results of FL

The results of the FL for the sub-criteria are shown in Table A1, Appendix A, where
the membership function used with the number 1 or 2 is indicated, as well as the type of
graph with the letters A, B, C or D. Due to the amount of data, the tables and information
for the “Drought” parameter (Table A2) are shown in Appendix B.

4.3. Mixing of the Results from the AHP and FL

Once the results of both methodologies were obtained, they were combined with the
intention of developing an index showing the status of the parameters in the municipal-
ities. Table 2 shows the comparison of the results achieved, sorted in decreasing order,
highlighting those that had values of 0 and 1.

It should be clarified that the parameter “Water treatment and reusing” appears as one
in the AHP, but because the information used for the FL is located separately, we divided
the AHL value by 2 to maintain the consistency of the results. Similarly, information on
“Efficiency of Use” and “Per Capita Income” is at the municipality level and not at the
state level.

From this table, the values obtained from the AHP were multiplied by the values of
the FL of the corresponding parameter in each municipality. Subsequently, these results
were added according to the criterion of which they are part; for example, temperature +
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drought + precipitation to obtain the value corresponding to the environmental criterion,
and so on accordingly with the rest of the parameters and criteria.

Table 2. Comparison of results of the AHP and FL.

Criteria
AHP

Criteria
Values

Sub-Criteria AHP
AHP

Sub-Criteria
Values

Values of FL

Celaya Irapuato León Salamanca Silao

H
yd

ro
lo

gi
ca

l

0.573

Treatment of water 0.1095 1 0.498 1 1 1

Reuse of water 0.1095 0.494 0.101 0.861 0.007 0.012

Water sources 0.179 0.353 0.0 1 0.0 0.0

Extraction volume 0.169 0.0 0.492 0.453 0.492 0.0

Water use efficiency 0.161 0.419 0.419 0.419 0.419 0.419

Recharge of aquifers 0.157 0.0 0.0 0.468 0.0 0.0

Other supply
sources 0.115 0.061 0.063 0.077 0.097 0.132

En
vi

ro
nm

en
ta

l

0.192

Precipitation 0.443 1 1 1 0.912 0.564

Drought 0.361 0.742 0.723 0.754 0.729 0.723

Temperature 0.196 0.0 1 0.533 0.617 0.35

So
ci

al

0.125

Education level 0.515 0.520 0.467 0.487 0.413 0.278

Population growth 0.250 1 0.800 0.650 1 0.700

Per capita income 0.235 0.0 0.0 0.0 0.0 0.0

Ec
on

om
ic

0.111

Industries 0.323 0.693 0.663 0.286 0.773 0.767

Commuting
infrastructure 0.213 0.708 0.622 0.667 0.868 0.667

Agro-industry 0.197 0.995 0.858 0.917 0.750 0.726

Change of use of soil 0.137 0.714 0.571 0.571 0.0 0.286

Traditional
agriculture 0.130 0.698 0.500 1 0.750 0.250

Source: Own elaboration.

In addition to the above, a number of feasibility criteria were defined to establish
whether allowing industries to enter municipalities would mean some improvement in
the conditions of their hydrological, environmental, social, and economic conditions. The
feasibility criteria that were established were as follows (Table 3):

Table 3. Viability index.

0 < X ≤ 0.250: Very unfavorable trend. The objective is not met and there is considerable
deterioration or impact on various parameters. The establishment of new industries is not
recommended until the parameters are balanced or consistent improvements are observed.

The impact of industries on improving the water situation is irrelevant (they may be a factor that
aggravates the situation).

0.250 < X ≤ 0.50: Unfavorable trend. The objectives are not met and different levels of deterioration
are presented in various aspects. It is not recommended to accept the arrival of new industries,

and in those already established there must be strict supervision in their water consumption and
waste discharge. Their contribution to solving water problems is marginal or unimportant.

0.50 < X ≤ 0.75: Positive but insufficient progress. The objectives are being met, but there are still
aspects that require special attention. The arrival of new industries can be considered, but with

strict supervision of their water consumption and waste dumping, among other limitations.
Their contribution to solving water problems has some relevance.

0.75 < X ≤ 1: Positive trend: The goals are being reached and the parameters are in balance or
close to being therein. New industries can be allowed to arrive if they meet the relevant standards
and have resource-efficient technologies and infrastructure for the treatment of their wastewater.

The contribution of present companies to solving water-related problems is remarkable.

Source: Own elaboration.
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Once all the values combined from the sub-criteria were computed, Table 4 was built,
highlighting the values in which municipalities are in better and in worse conditions.
Similarly to what was previously done, each of the values obtained for each municipality
was multiplied by the corresponding number obtained by the AHP, and a summary of the
four criteria was made to obtain an impact index of the industries in the municipalities.

Table 4. Global industrial impact index.

Components AHP
Value Celaya Irapuato León Salamanca Silao

Hydrological 0.573 0.301 0.224 0.609 0.272 0.194

Environmental 0.192 0.711 0.900 0.820 0.788 0.579

Social 0.125 0.519 0.441 0.414 0.463 0.319

Economic 0.111 0.760 0.659 0.624 0.680 0.604

Global Industrial
Impact Index 0.458 0.429 0.627 0.441 0.329

Feasibility criterion Unfavorable
trend

Unfavorable
trend

Positive
trend

Unfavorable
trend

Unfavorable
trend

Source: Own elaboration.

Thus, based on the values achieved by the index and its corresponding range within
the feasibility table, the trend followed by each municipality so far was established with
the existing industries in them.

5. Discussion and Conclusions

The region of El Bajío has been affected by problems of water management for many
years, due to the prevalence of economic and political interests above opinion and recom-
mendations of hydrological experts over time. Therefore, the current situation of scarcity
and over-exploitation of water sources is a consequence of the decisions made by different
government officials over the years.

It can be seen that there is a clear relationship between the opinions issued by the
experts in the AHP. Regarding the priority of water aspects, and the current situation of
the aquifers that supply the municipalities. This also highlights the importance given
to the treatment and reuse of water as a way to reduce water extraction from aquifers,
where it surpasses the effort that needs to be made to better take advantage of the available
treated water.

Conversely, only the municipalities of Celaya and León have projects aimed at sup-
plying them with water from sources other than aquifers; only the project carried out in
Celaya is in operation, and the one in León is on hold. We observe that if the latter were
not carried out, it would significantly affect its impact index, putting it at a value close to
that of the rest of the municipalities.

Similarly, with the exception of the aquifer of La Muralla, aquifers have significant
levels of over-exploitation, and that is caused by various factors, above all the low efficiency
in the use of water by agriculture and domestic use, motivating the over-exploitation of
aquifers and altering their recharge capacity (which is currently exceeded). The same
applies to the municipalities where the only source of water available (other than those
already used) is the harvest of rainwater, due to climatic and orographic characteristics;
however, its use only applies during the rainiest months of the year.

By analyzing the results reported by the last four governors of Guanajuato state
(Juan C. Romero Hicks, Manuel Oliva, Miguel Márquez and Diego Sinhue) in their last
governmental reports, we can observe if the actions carried out by them in each of the
aspects had some positive impact.

In the case of hydric issues, Romero Hicks favored the construction of infrastructure
for wastewater treatment, increased drinking water coverage, planned the construction
of different dams, and sought to optimize the use of water in agriculture [43]. Oliva did
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the same as Romero Hicks, and he finished some dams previously planned [44]. Márquez
encouraged the care of water through forums and consultations. He sought to improve the
agencies in charge of managing water, making them more efficient. He reported an increase
in the supply of drinking water, the efficiency of water used for irrigation, the information
on aquifers, and on water treatment [45]. Due to the current pandemic situation, Sinhue
has sought to expand and make more efficient the coverage of drinking water, drainage
and sanitation; streamline the use of agricultural and livestock water, generate information
about aquifers and surface waters, encouraged the care of water through forums and
consultations, and sought to improve the functioning of the agencies in charge of managing
water [46].

In general, the results reported by the governors are practically the same in all cases.
However, according to the official data available, there is no evidence that those actions
had had a real impact on water sustainability.

As for the environmental aspects as a whole, despite the AHP results indicating
greater importance to precipitation—which is supported in part by the values available
from official sources—further observations of the parameters are still needed to get a clearer
picture of the trend that will prevail in each municipality.

In this case, the governors did not mention these parameters in their reports, and it is
necessary to carry on with the measures and studies by official dependences to understand
the tendencies that the parameters will follow in the future.

Similarly, none of the variables that make up the social aspect has had any improve-
ment in their situation prior to the implementation of most of the current companies,
although they have been announced as the main reasons to promote the shift of productive
structures in municipalities, from agriculture to industrial, with the intention of improving
the aspects studied here (among others), so in this respect, the implemented policy can be
seen as a failure.

All governors indicated that in their administrations have favored the arrival of
companies and the generation of jobs and that have increased, in different ways, educational
coverage in all grades, reducing the educational gap [43–46]. However, the data show
that these jobs are not improving workers’ incomes. In the same way, there is no evidence
that an increase in the educational offering has served to improve the socioeconomic level
of people.

Finally, for the economic aspect, the most important criterion was the industrial activ-
ity, according to the AHP, which makes sense because of the current development policy
implemented in the municipalities, which is supported by the number of companies arriv-
ing at them each year; to facilitate the arrival of industries, the construction of highways
and roads in municipalities has been promoted.

At the same time, it has been sought to allocate existing agricultural areas to the
cultivation of vegetables and legumes instead of traditional cereals and other traditional
crops in municipalities; all of which has had an impact on the deterioration of the soil
conditions available in the municipalities, which have mostly been intended for other uses,
leaving a very small area of conservation soil, in addition to the constant reduction of the
traditional agricultural area.

Here, the actions indicated in the government reports showed that, in general, they
have invested resources to increase and create better communication routes, to improve
agricultural areas and reduce their water consumption. Similarly, the reports claim that
they have implemented conservational measures to recover and rehabilitate protected
natural areas, but at the same time, urbanization and industries were promoted, as well as
the diverse infrastructure to support them [43–46].

Thus, the available information allows us to affirm that actions carried out in the
economic aspect are insufficient and contradictory. In the same way, the actions carried out
to recover protected natural areas have been ineffective, and it is necessary to rethink the
best way to address this situation in order to correct it.
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With regard to Table A1, in four of the studied municipalities (except León), there
is an unfavorable or very unfavorable tendency in the hydrological aspect to continue
the policy of facilitating the arrival of industries to them; that is, the water conditions of
municipalities have not been improved despite being one of the main reasons to shift the
economic focus from agricultural to industrial activities; furthermore, a clear deterioration
of these conditions is evident, and this might have significant negative consequences on
them in the future.

Similarly, it should be clarified that the reason why León achieves a better result in its
hydrological conditions is because the calculations consider the realization of the project
“El Zapotillo”, which is currently stopped. If it is not finished, León would subtract its
equivalent value in the results obtained, placing them almost at the same level as the rest
of the municipalities.

Likewise, in Irapuato, León, and Salamanca the environmental components show a
clear positive trend; although this condition is due to the need for the available measure-
ments of their parameters; at the time of this study, they showed some improvement or no
difference from their historical conditions. Nevertheless, it is necessary to have a greater
number of measurements to establish a clearer trend of parameters in each municipality, as
well as to observe the possible impacts that climate change could cause on the environment
of municipalities according to the study carried out by the IEE [28].

As for the impact on economic components—except in Celaya—there are tight similar-
ities in the results of municipalities, indicating the great momentum given to industrializa-
tion with the consequent facilities for this purpose, such as the expansion and improvement
of commuting routes, the shift in land use (whether territorial reserves or other land such
as agricultural lands in production), the change in agricultural production, etc., shows
uniformity in the implementation of the current economic policy in these municipalities.

Finally, regarding the global industrial impact index in the municipalities, there is
a great similarity in its value to the municipalities of Celaya, Irapuato, and Salamanca.
In the case of León, despite having a higher index than the rest of the municipalities, as
mentioned above, this value will only be maintained if the project “El Zapotillo” is carried
out; otherwise, its index would be very similar to that of the first three and would go from
grading as Positive Advances to having an Unfavorable trend.

Silao was the municipality that obtained the lowest values in all the parameters of the
index, and that is why it has the least impact on the global industrial index; so far it has
benefited the least from the industrial policy implemented.

From all of the above, it can be gathered that the development policy of municipalities
to attract more industries and companies to their territory as a way to improve their
economic, social, hydrological, and environmental conditions must be redesigned and
modified, since many of the results show a clear difference between the opinion of experts
and that of those responsible for designing developmental and economic policies, on which
parameters should be the most relevant when deciding whether or not to follow certain
forms of development in the different municipalities and regions, especially in those that
are struggling to obtain better results such as the level of education, the availability of
resources such as water, soils appropriate for planned activities, among other variables
previously considered in the planning.

In addition, it is necessary to mention the competition between municipalities of the
region to attract these companies. Political benefits are privileged over the environment
and population.

In this way, although initially the intention to allow the settlement of industries and
companies in these municipalities—and this can be extrapolated to the entire region of El
Bajío—was justified as a way to improve the hydrological, social, and economic conditions
of their inhabitants, the difference between the political and economic interests of the public
and private sectors have given greater importance to economic factors at the detriment of
the rest of them. This could compromise the economic, environmental, and hydrological
viability of municipalities to maintain current trends.
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Thus, it is necessary to rethink the current development model and its context. Re-
sponsible authorities must stop the construction of new industries and/or reduce the rate
of construction, and seek to attract those that best adapt to the general conditions of the
municipalities and can effectively improve the conditions of their inhabitants.

It is necessary to give the responsible institutions for the management of water, such
as Ground Water Technical Committee, Water Councils and others [21], a higher operative,
economic and punitive capacity. This, with the goal of prioritizing the management of
natural resources, mainly water, should be considered above economic and political criteria.

The AHP can be used to facilitate agreements between the different sectors implicated
or affected by the design of political developments, allowing a better decision-making
process via which to implement new policies.

The FL can be used in combination with the AHP in making measurements of the
parameters and to observe their evolution in percentage (or another scale), as well as the
tendencies followed by them following implementation.

Finally, the global industrial impact index mixes the results of both methodologies
and shows if the goals raised are being achieved, indicating where modifications may be
necessary, or if municipalities should carry on with the already established plans.
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Appendix A

Table A1. Official values, linguistic terms, functions, graphics used and diffuse values gotten from the Fuzzy Logic methodology.

Temperature (Function 2; Graphic C)
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Table A1. Cont.

Precipitation (Function 1; Graphic B)

Analyzed values (mm) Linguistic and numeric terms Diffuse values

Average precipitation values [29]
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Table A1. Cont.

Population growth (Function 2; Graphic C)

Analyzed values Linguistic and numeric terms Diffuse values

Difference in the average growth of the
population in percentage [41,50]
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Table A1. Cont.

Traditional agriculture (Function 2; Graphic A)

Analyzed values Linguistic and numeric terms Diffuse values

Variation in area sown for traditional agriculture,
values in ha [54]
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Table A1. Cont.

Shift of use of soil (Function 2; Graphic C)

Analyzed values Linguistic and numeric terms Diffuse values

Use of soil in the municipalities (in ha) [55–57]
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Table A1. Cont.

Extraction volume (Function 2; Graphic A)

Analyzed values Linguistic and numeric terms Diffuse values

Values in hm3 [40]
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Table A1. Cont.

Another sources of supplying (Function 1; Graphic D)

Analyzed values Linguistic and numeric terms Diffuse values

Percentages of contribution for rainwater
harvesting, values in m3 [60]
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Appendix B

Table A2. Values used and results of FL.

Drought (Function 2; Graphic C)

Analyzed Values Linguistic and
Numeric Terms Diffuse Values

Level of drought
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