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Abstract: Access to drinking water is recognized as a human right, meaning that it is necessary
to guarantee its universal and equitable access. Since analyzing only the average access rates to
drinking water may obscure inequalities, studies have adapted socioeconomic inequalities indices
to assess disparities. This research evaluated the Safe Drinking Water Access Index (SDWA) and
inequalities access in all Brazilian municipalities using microdata from the 2010 Demographic Census.
The inequalities were analyzed adapting indices derived from the Lorenz curve (Gini index, con-
centration coefficient and dissimilarity index). The results showed that the lowest SDWA rates and
the highest inequality index values occurred in the north and northeast regions. The municipalities
with significant inequality indexes values were rural with reduced gross domestic product (GDP) per
capita. It was possible to punctuate municipalities that do not fit these rules but still need attention to
safe water access guarantee. The amplitude of inequality index results reveals significant inequalities
in the same regions or SDWA ranges. The inequalities in safe drinking water access were made more
evident by the adapted Gini Index. This research contributes to the literature with an unprecedented
analysis of Brazil and could be adapted to other countries and replicated to assess inequalities in
sanitation access.

Keywords: human right; inequality index; safe drinking water; water access

1. Introduction

Safe, clean, accessible, and affordable water for personal and domestic use is a univer-
sal right [1]. Even though the right to water access has been raised in international debates
concerning human rights since 1977 [2], formal recognition of the right to drinking water
as essential occurred only upon the Resolution of the United Nations General Assembly
in 2010 [1]. Goal 6 of the Sustainable Development Goals (SDGs) is the achievement of
universal and equitable access to safe and affordable drinking water for all by 2030 [3]. This
represents an advancement on the Millennium Development Goals (MDGs), which did not
specify this issue [4]. In terms of the Joint Monitoring Program for Water Supply, Sanitation
and Hygiene (JMP), created by the World Health Organization (WHO) and the United
Nations International Children’s Emergency Fund (UNICEF), safely managed drinking
water services refer to drinking water obtained from a quality source, which is accessible on
premises, available when needed, and free from fecal and priority chemical contamination,
to enable international comparisons and monitor SDGs 6 [5].

In Brazil, the second article of Law number 11,445/2007, which establishes national
guidelines for basic sanitation, presents the universalization of access and effective delivery
of the service as fundamental principles of public sanitation service provision (Brazil
Federal Law number 11,455, of 5 January 2007). Among the guidelines of the National Plan
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of Basic Sanitation (PLANSAB) of 2019 lies the quest for the universalization of drinking
water supplies in a socially just way [6]. The new Brazilian Legal Sanitation Milestone
goals include a guarantee to service 99.0% of the population with drinking water until the
end of 2033 in the public service agreements of basic sanitation (Brazil Federal Law number
14,026, of 15 July 2020).

As advocated by international agendas and national laws, the right to access drinking
water requires a guarantee of equitable access. Average water access rates, the most com-
mon metric, can mask significant inequalities [5,7–9]. The quantification of the inequalities
regarding drinking water access constitutes an instrument to guide universalization when
considering the most marginalized and disadvantaged groups and individuals [10] and to
monitor the progressive reach of human rights [11]. By adapting socioeconomic inequal-
ities indexes to safe drinking water access, it is possible to measure progress toward the
reduction of inequalities, as recommended by SDG 6 [8].

In Brazil, it is worth highlighting the works of Berthe [12], Cetrulo et al. [8] and Queiroz
et al. [9]. Berthe [12] analyzed the inequalities of access to improved drinking water sources
and sanitation for the country using the adapted Gini Index and the Concentration Coeffi-
cient, discriminating between urban and rural and the states of the north and northeast
regions of Brazil. According to these authors, the differences between urban and rural areas
were particularly relevant. Cetrulo et al. [8], in turn, performed a Brazilian case study by
analyzing the inequalities in the lack of access to safe drinking water at the national level
and for metropolitan regions and capitals to assess its evolution between the years 2000 and
2010 by comparing several adapted indexes of socioeconomic inequalities. The results
indicated increased inequalities, mainly in the north and northeast regions. Finally, the
work of Queiroz et al. [9] analyzed the inequalities in access to piped water and sanitation
in Latin American and Caribbean countries through the adjustment of indicators of access
to water and sanitation, considering them along with the inequality of the Dissimilarity
Index. These authors suggested that further research should be conducted on a subnational
scale due to the heterogeneity of the Brazilian situation.

The studies mentioned above presented interesting results, representing an advance in
understanding inequalities in drinking water access in Brazil. However, they are conducted
at the levels of the country, metropolitan regions, federation units (restricted to the north
and northeast regions), or capitals, which are significantly subject to the scale effect, as
emphasized by Cole et al. [13] and Cha et al. [14]. The following factors can be pointed
out as limitations of previous research: the restricted database [12], an analysis of the lack
of access to drinking water without qualification of the drinking water sources [8], and a
focus on access to piped drinking water [9].

Researchers have adapted inequality indices from the Lorenz curve, e.g., the Gini in-
dex, concentration coefficient, and dissimilarity index, for use in water access studies; some
relevant information is presented in Table S1 of the Supplementary Materials [7–9,12–34].
The international studies are relatively recent, conducted in the twenty-first century, from
the decade of 2010 onwards, in low- and middle-income countries. There are differences
between international researches about drinking water access criteria regarding, e.g., do-
mestic water use [22,30,31], improved water sources according to WHO/UNICEF JMP
criteria [14,18,20,23,28,29,32–34], only piped water supply [7,9,13,16,17,19,25,27], and lack
of water access [8]. The works of Yang et al. (2013) [32] and Oskam et al. (2021) [26] obtain
Lorenz curves for different forms of water supply separately. In research, the criteria for safe
drinking water were based on WHO/UNICEF JMP, with qualification and quantification
of the water sources considering accessibility, availability, and quality.

Most international researchers use countries, municipalities, administrative areas, and
percentiles as the unit of analysis for Lorenz curve elaboration to evaluations at worldwide,
country, region, municipality, and district scales. The studies that present micro units of
analysis, such as households or residents, refer to surveys that were carried out with specific
interviews by researchers and, consequently, are more limited and have fewer data [16,29].
Cole et al. (2018), despite the use of wards level data, group them into deciles [13]. The only
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study that uses census sectors is the Brazilian Cetrulo et al. (2020), however for analysis of
large regions, states, and capitals; and to assess the lack of water access [8].

The objective of this study is to analyze the inequalities of access to safe drinking
water in all municipalities, states, and regions of Brazil for multiple scales of political-
administrative levels. The microdata from drinking water sources are from the 2010
Demographic Census, which provides data on access to drinking water in households at
the census sector levels.

2. Materials and Methods

Brazil is a federative republic composed of 26 Brazilian states and the federal district,
where the seat of government is located (Table 1). It has an area of 8,510,345.54 km2 and an
estimated population of 213,317,639 in 2021. A total of 5570 municipalities are distributed
among the 5 regions and 27 federal units (UF) in 5 political regions [35].

Table 1. Regions of Brazil and their UFs.

Region UF

North Acre (AC)/Amapá (AP)/Amazonas (AM)/Pará (PA)/Rondônia (RO)/Roraima
(RR)/Tocantins (TO)

Northeast Alagoas (AL)/Bahia (BA)/Ceará (CE)/Maranhão (MA)/Paraíba
(PB)/Pernambuco (PE)/Piauí (PI)/Rio Grande do Norte (RN)/Sergipe (SE)

Southeast Espírito Santo (ES)/Minas Gerais (MG)/Rio de Janeiro (RJ)/São Paulo (SP)
South Paraná (PR)/Rio Grande do Sul (RS)/Santa Catarina (SC)
Central-West Distrito Federal (DF)/Goiás (GO)/Mato Grosso (MT)/Mato Grosso do Sul (MS)

Brazil’s per capita GDP in 2021 was USD 7518.80, meaning that it is considered by
the World Bank to be an upper-middle-income economy [36]. Middle-income countries
account for about one-third of the global GDP and are the main drivers of global growth.
Although Brazil is in this development tier, it is a very heterogeneous country, marked by
territorial socioeconomic inequalities.

The 2019 National Basic Sanitation Plan indicated that 85.7% of households were
served with a water supply through either an internal or property-level plumbing network;
9.9% were served by a well or spring with internal plumbing; 2.1% were served with a well
or spring without internal plumbing; and 2.3% were served with other forms of supply,
based on data from the 2010 Demographic Census and National Household Sampling
Survey (PNAD) of 2017 [6]. The National Sanitation Information System (SNIS) reported
that the total water supply network attendance was 84.1%, ranging from 58.9% in the
northern region to 91.3% in the southeast region [37]. Brazilian data show high levels of
access to drinking water with regional disparities.

In the present work, drinking water access inequalities were analyzed by adapted
socioeconomic inequality indexes based on data from the 2010 Demographic Census.
Although it is not the country’s most thoroughly updated database regarding sanitation
information, it is the only source that provides data about household drinking water access
at refined spatial levels: i.e., the census sectors. The data are from the 27 States (UF),
5565 municipalities, and 310,120 census sectors, accounting for 189,426,467 residents in
permanent private households.

The AHP (Process Analytical Hierarchy) method allowed the qualification and quantifi-
cation of drinking water sources based on the access, quantity, and quality of water adhering
to the definitions of safely managed drinking water services given by the WHO/UNICEF
JMP. In addition, taking into account income groups, socioeconomic inequalities indexes
were adapted according to suggestions of previous research in Brazil: (i) the Safe Drinking
Water Gini Index (Gwater); (ii) the Safe Drinking Water Concentration Coefficient (Cwater);
and (iii) the Safe Drinking Water Dissimilarity Index (Dwater).

For analysis at the municipal level, the Brazilian municipalities were categorised
according to the classification of rural and urban spaces proposed by the Brazilian Institute
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of Geography and Statistics (IBGE) [38]. This classification considers the ranges and
percentage distribution of the total population in areas of dense occupation and the relative
distance to the national average of a metropolis, a regional capital, or a subregional center.
The categories were urban, adjacent intermediate, remote intermediate, adjacent rural, and
remote rural.

The data manipulation and treatment, database elaboration, and statistical analysis
were performed and the results obtained through data mining research handled in R Studio.

2.1. Process Analytical Hierarchy (AHP) Method

The drinking water access data in the 2010 Demographic Census were categorized into
permanent private households (i) with a public water distribution network; (ii) with a well
or spring located on the property; (iii) with rainwater stored in a cistern, cement box, etc.;
(iv) or with a well or spring outside the property, a tank car, other rainwater storage means,
a river, dam, lake or stream, or another form of water supply. Considering that these forms
of water access differ in terms of accessibility, availability, and water quality, the AHP
method was applied to obtain different weights for each form of access based on the model
shown in Figure 1. The AHP method is a multi-criteria decision-making method that uses
decomposition into a hierarchical structure consisting of objectives, criteria, sub-criteria, and
alternatives based on pair-wise comparative judgments [39]. This qualitative–quantitative
characterization aims to classify drinking water sources according to the definitions of
safely managed drinking water services provided by the WHO/UNICEF JMP.

Figure 1. Criteria, sub-criteria, and alternatives used in the AHP method.

A matrix to weigh the criteria and five pair-wise comparison matrices between the
alternative drinking water sources were developed for each sub-criterion. The importance
scale for pair-wise comparisons was based on the work of Saaty [39] and is presented in
Table S2 of the Supplementary Materials, along with the criteria weights. The respective
weights of each drinking water source were calculated, and the consistency ratio was
determined to verify the judgments’ consistency. These steps were performed using
the AHP method online software from Business Performance Management Singapore
(BPMSG) [40].



Water 2023, 15, 1620 5 of 18

The weights obtained using the AHP method were used in Equation (1) to calculate
the Safe Drinking Water Access Indicator for each census sector:

twater = wpiped × tpiped + wwell × twell + wcistern × tcistern

+wothers × tothers
tpiped + twell + tcistern + tothers = 1

(1)

where t is the ratio between residents in permanent private households with water access
(piped, well, cistern, and/or other) and the total number of residents in permanent private
households, and w represents the weights resulting from the AHP method of each form
of supply. The values of twater were linearly normalized based on the minimum and
maximum values.

2.2. Safe Drinking Water Access Index (SDWA)

Equation (2) shows the calculation of the SDWA for each municipality by the weighted
average of the twater values of the census tracts:

SDWA =
∑n

i=1(twaternormi × pi)

∑n
i=1(pi)

(2)

considering the percentage of residents in permanent private households of each sector (pi)
and the number of census tracts (n).

The SDWA indicates the “theoretical” percentage of residents in permanent households
with safe access to drinking water. If all residents are supplied with a distribution water
network, the SDWA equals 1; otherwise, if all residents are supplied with other water
sources (a well or spring outside the property, a tank car, rainwater stored otherwise, a
river, dam, lake or stream, or another form of water supply), the SDWA value is 0.

2.3. Inequalities Index for Safe Drinking Water Access

The Lorenz curve, a cumulative frequency curve, compares the distribution of a
specific variable with a uniform distribution that represents equality. The Gini index is
twice the area between the Lorenz curve and a hypothetical straight line of equality. A
Gini index equal to 0 represents perfect equality, while 1 implies total inequality. This
study compares the cumulative total number of residents in permanent households and the
cumulative “theoretical” residents in permanent households with safe access to drinking
water. The Lorenz curves adapted in both cases were developed for all municipalities,
plotting data from the respective census tracts.

The difference between the Gini index and the concentration coefficient adapted for
safe drinking water access lies in the population ranking: the first index is organized
according to the rate of drinking water access, and the second, the average per capita
income to assess the inequality in access to drinking water by wealth groups (Figure 2).
The average per capita income was obtained from the ratio between the total nominal
monthly income and the number of residents of the permanent households of each census
tracts. It is noteworthy that, unlike the Safe Drinking Water Gini Index (Gwater), the Safe
Drinking Water Concentration Coefficient (Cwater) can be located above the equality line,
with a favorable distribution to the poorest and a negative value.
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Figure 2. Lorenz Curves were adapted to obtain the Safe Drinking Water Concentration Index (a) and
the Safe Drinking Water Gini Index (b).

The dissimilarity index is the summation of vertical deviations between the Lorenz
curve and the line of perfect equality. As such, all the inequality indices adapted for safe
drinking water access are instruments to assess how far the population distribution is from
the line of equality, which ensures that the entire population would have access to safe
drinking water; that is, higher or lower inequality in access to safe drinking water.

The Safe Drinking Water Concentration Index (Cwater) for each municipality was
calculated using Equation (3), adapted from the work of Cetrulo et al. (2020) [8]:

Cwater = 1 −
n

∑
i=1

(
pri+1 − pri

)
(twaternormi+1 + twaternormi) (3)

where pri stands for the percentage of residents in permanent private households ordered
by the average per capita income, with Cwater ranging from −1 to 1.

In addition, Equation (4), adapted from World Bank (2005) [41], shows the calculation
of the Gwater for each municipality:

Gwater = 1 −
n

∑
i=1

(
pwi − pwi−1

)
(twaternormi + twaternormi−1) (4)

where pwi is the percentage of residents in permanent private households ordered by the
weighted water access rate (twaternorm ) and Gwater ranging from 0 to 1.

The Gini index is known to be less sensitive to inequality in the tails of the distribu-
tion [42]. Another way to analyze inequalities is to calculate the ratio of the access rate
between the most favored and most disadvantaged groups [5]. Sitthiyot and Holasut [42]
recommend using indicators that relate the values between the richest and poorest in a
complementary way to the Gini index. In this research, the ratios between the upper
and lower quintiles (R80/20) were obtained for each municipality; that is, the relationship
between the rates of safe drinking water access for permanent private households that
represent 20% of the residents with the highest average per capita income (4th quintile,
represented by Q4) and the most economically unfavorable 20% (1st quintile, represented
by Q1) according to Equation (5), adapted from UN (2015) [43]:

R80/20 =
twaternormQ4

twaternormQ1

(5)
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with R80/20 ranging from 0 to ∞. Obtaining the Safe Drinking Water Access Rate for each
quintile was made possible by calculating the SWDA using Equation (3), but weighting the
number of residents in permanent private households in each range of nominal monthly
income available in the 2010 Demographic Census: no nominal monthly income, up to one
eighth minimum wage, more than one eighth to one quarter minimum wage, more than
one quarter to one half minimum wage, more than half to 1 minimum wage, more than 1
to 2 minimum wages, more than 2 to 3 minimum wages, more than 3 to 5 minimum wages,
more than 5 to 10 minimum wages and more than 10 minimum wages (“minimum wage,
fixed by law, nationally unified, capable of meeting your basic vital needs and those of
your family with housing, food, education, health, leisure, clothing, hygiene, transportation
and social security, with periodic readjustments that preserve your purchasing power,
being prohibited its binding for any purpose” under the terms of the Federal Constitution
(Section IV, Art. 7◦)). The twaternormQ1

and twaternormQ4
values were obtained through the

safe drinking water access of each group, the number of residents, and the percentage they
represent.

Finally, the Safe Drinking Water Dissimilarity Index (Dwater) was obtained, as recom-
mended by Queiroz et al. [9]. In their research, the explanatory variables considered to
obtain the value of D were urban or rural status, indigenous grouping, literacy, and the
educational level of the head of the household. The present study evaluated the disparity
in access among residents in permanent private households from different quintiles of
per capita income. The Dwater was calculated using the weighted average of the absolute
difference in the Safe Drinking Water Access Rate for each quintile of the average per capita
income and the average rate, according to Equation (6) [44]:

Dwater =
1

2
−
t waternorm

×
n

∑
i=1

βi

∣∣∣∣twaternormi −
−
t waternorm

∣∣∣∣{∑ βi = 1
}

(6)

with βi standing for the proportion of group i in the sample,
−
t waternorm being the normalised

mean safe drinking water access rate of the municipality, twaternormi being the normalized
safe drinking water access rate of group i, with a value between 0 and 1; and n being the
number of groups (n = 5), with Dwater values between 0 and 1. To calculate twaternormi, it was
necessary to obtain the weighted average of safe drinking water access and the percentage
of residents in permanent private households for each minimum wage range.

The Gini index, concentration coefficient, and dissimilarity index adapted for safe
drinking water were calculated for Brazil’s municipalities, states, and regions. The results
of these indexes were normalized according to the maximum and minimum values in
order to ensure comparability. In the case of Cwater, normalization was based on its absolute
value; there are access inequalities regardless of whether the outcome is favorable to the
richest or the poorest (positive or negative). The inequality class categories of Chaudhuri
and Roy [15], He et al. [20], Babuna et al. [22], Cha et al. [14], and Babuna et al. [30] were
adapted to interpret the Gwater and Cwater results, as shown in Table 2. There is no specific
reference in the literature that relates the range of Dwater values and inequality levels. For
the comparative analysis between municipalities, the ranges of safe drinking water access,
the typologies of the municipality (rural or urban), and the respective GDP per capita were
considered.

Table 2. Inequality class categories for the Safe Drinking Water Gini Index and Concentration
Coefficient (Gwater and Cwater).

Value Range Inequality Class

<0.3 Equality
≥0.3 and <0.4 Warning limit
≥0.4 and <0.5 Inequality
≥0.5 High inequality
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QGIS geoprocessing software was used to present the results on maps as an aid to
better understanding the spatial distribution of access to safe drinking water and access
inequalities.

3. Results

This section shows the results of the qualitative–quantitative analysis of drinking water
sources, the SDWA indexes, and the analysis of safe drinking water access inequalities:
Gwater, Cwater, Dwater, and R80/20. A multi-level comparative analysis (municipalities–states–
regions) was performed based on the municipalities’ typologies (urban or rural) and GDP
per capita.

3.1. Process Analytical Hierarchy (AHP) Method

The application of the AHP method generated different weights for each drinking
water source to complete Equation (1), obtaining Equation (7). The pair-wise comparison
matrices are shown in Tables S3–S8 of the Supplementary Materials. The consistency ratio
was 4.2%, indicating the logical consistency of the judgments.

twater = 0.376 × tpiped + 0.309 × twell + 0.274 × tcistern + 0.041 × tothers{
0.041 ≤ twater ≤ 0.376

tpiped + twell + tcistern + tothers = 1
(7)

3.2. Safe Drinking Water Access Index (SDWA)

In Brazil, 38.1% of municipalities have SDWA values greater than 0.9, and 84.8% have
values greater than 0.7. These same municipalities have low inequality in terms of safe
water access. This value is 93.4% in the southeast region, 94.6% in the southern region,
96.3% in the midwest region, 69.7% in the northeast region, and 72.8% in the northern
region. Figure 3 shows the results of the SDWA index for each municipality, as well as
graphs of the weighted average access to drinking water in the form of piped water, a
well or spring on the property, a rainwater cistern, or other means, for each state. The
north and northeast regions showed the lowest values due to significant contributions from
wells or other forms, i.e., a well or source outside the property, a tank car, a river, dam,
lake, or stream, or another form of water supply. It is worth mentioning that the northeast
region has the highest contribution of cisterns, even if in a small proportion, considering
that periodic drought and water scarcity characterize the Brazilian semi-arid region. In
the northern region, with the population sparsely distributed across large areas along the
riverside and indigenous areas, rivers and streams represent a significant portion of the
drinking water sources in some municipalities. The southeast region and the federal district,
the seat of the federal government, had the highest rates of safe drinking water access.

3.3. Inequalities Index

Figure 4 shows the boxplot graphs of the inequality indices of safe drinking water
access by state and region. Generally, one can observe that the highest levels of inequality
are found in the north and northeast regions, and the lowest are in the central west,
southeast, and southern regions. Cwater and R80/20 showed more significant variations
between the maximum and minimum values. Some negative results may explain the range
of Cwater results. In other words, safe access to drinking water is more favorable for the
lower-income population. The magnitude of R80/20 is because its value limits, within [0, ∞],
reached a maximum value of 11.4 in a northern municipality; that is, the wealthiest 20%
of residents in permanent private households have safe drinking water access 11.4 times
greater than the poorest 20%. Although regions with the highest SDWA values are expected
to have the lowest inequality indices, significant disparities between municipalities in the
same state and regions were found, as shown in Figure 4.
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Figure 3. Map of Safe Drinking Water Access Index (SDWA) results for each municipality. In the
graphs, the coloured points represent the weighted averages of the safe drinking water access via
piped water, a well or spring on the property, a cistern, or another source for each state, grouped
by region.

Figure 4. Boxplot graphs of the values of the inequality indices of safe access to water by state and
region. R_8020: Safe Drinking Water Ratio between Upper and Lower Quintiles/G: Safe Drinking
Water Gini Index/C: Safe Drinking Water Concentration Coefficient/D: Safe Drinking Water Dissimi-
larity Index.
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The data showed Gwater greater than 0.4 in 2.4% of Brazilian municipalities. In the
northern region, 12% of the municipalities presented significant inequalities in terms of
safe water access; meanwhile, in the northeast region, the value was 3.7%. In the other
regions, the share of municipalities with high Gwater values represented less than 1% of
municipalities. The results from the AM state deserve to be highlighted: 53.2% of the
municipalities presented a value between 0.4 and 0.5 or greater than 0.5; that is, there was a
considerable disparity in safe drinking water access among residents. Approximately 91.0%
of the municipalities with values greater than 0.4 were concentrated in the northeast and
northern regions. Among municipalities with a Gwater value between 0.4 and 0.5 or greater
than 0.5, 87.2% are rural, and 94.0% have per capita GDP lower than the state average. As
for the Cwater data, 1.1% of Brazilian municipalities had Cwater higher than 0.4 and 92.0%
were in the north and northeast regions. Only two municipalities with values greater than
0.4 were urban, and almost 92.0% had a per capita GDP lower than the state average. In
this research, 75% of Brazilian municipalities presented Gwater values higher than Cwater, i.e.,
the inequality of safe water access related to income is lower than the inequality in safe
water access.

In all regions and states, municipalities with a high access disparity between the
richest and poorest quintiles were observed by analyzing the R80/20 results. In the north
and northeast regions, in 17.8% and 6.8% of the municipalities, respectively, residents of the
quintile with the highest per capita income have safe water access at least two times higher
than that of residents of the quintile with the lowest per capita income. In the central-
west, southeast, and southern regions, these municipalities represent 1.7%, 1.2%, and 0.7%,
respectively. Over 1.0% of Brazilian municipalities had values greater than 2.0, i.e., the safe
access to drinking water for 20% of residents with the highest per capita incomes was at
least twice as high as that of the 20% most economically disadvantaged. Moreover, 80% of
the municipalities with values greater than 2.0 were in states of the northern region (AC,
AM, and RR). Most municipalities with values greater than 2.0 had a per capita GDP lower
than the state average (93.3%) and were rural (83.3%).

The municipalities with high values for Dwater also presented high values for Gwater
and Cwater. Dwater values above 0.5 are also related to Gwater and Cwater above 0.5; that is, it
would be necessary to redistribute safe water access for 50% of the population to guarantee
equity. Dwater values above 0.4 also have Gwater and Cwater above 0.4. Dwater values above
0.3 also have Gwater values above 0.3. A similarity between the inequality categorizations
of Gwater and Cwater is noticeable. The opposite does not occur. Several municipalities with
high values of Gwater and Cwater presented reduced Dwater values. This suggests that Gwater
and Cwater revealed more safe water access inequalities than Dwater values.

Figure 5 depicts the SDWA values as a function of the quintile of per capita income for
the regions of Brazil, with each colored line representing a state of the region. There was a
significant discrepancy between the quintiles of per capita income, primarily in the north
and northeast regions.

Figure 6 shows the radar charts of normalized SDWA, Gwater, Cwater, R80/20, and Dwater
as a function of the SDWA indicator values’ range. All municipalities with over 80% safe
drinking water access had low rates of inequality of access, as expected. Table 3 shows
decreasing inequality indices for municipalities in each SDWA range: up to 40%, between
40% and 60%, and between 60% and 80% safe drinking water access. The amplitude of
these index values is considerable. This fact reinforces the importance of considering
inequalities in access and safe drinking water access to discriminate between municipalities
with similar access values that differ in their distribution among income population groups
and throughout the territory.
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Figure 5. Relation between Safe Drinking Water Access Index (SDWA) values as a function of per
capita income quintile for the Brazilian regions.

Figure 6. Radar graphs of the normalised values of the Safe Drinking Water Access Index (SDWA),
Safe Drinking Water Gini Index (Gwater), Safe Drinking Water Concentration Coefficient (Cwater), Safe
Drinking Water Ratios between the Upper and Lower Quintiles (R80/20), and Safe Drinking Water
Dissimilarity Index (Dwater), as a function of the range of SDWA values. Each colored line represents
a Brazilian municipality.
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Table 3. Average, maximum, and minimum values of inequality indices for each Safe Drinking Water
Access Index (SDWA) range.

SDWA < 40% 40% ≤ SDWA < 60% 60% ≤ SDWA < 80% SDWA ≥ 80%

Gwater

Average 0.51 0.35 0.20 0.07
Max 0.79 0.57 0.38 0.19
Min 0.23 0.08 0.02 0.00

Cwater

Average 0.35 0.27 0.15 0.05
Max 0.74 0.56 0.38 0.21
Min 0.00 0.02 0.00 0.00

R80/20

Average 2.12 1.57 1.22 1.06
Max 9.37 11.39 2.66 1.50
Min 0.46 0.71 0.59 0.87

Dwater

Average 0.32 0.22 0.11 0.04
Max 0.61 0.49 0.35 0.49
Min 0.08 0.00 0.00 0.00

Figure 7 shows the maps with the results of the normalized inequality indexes. With
the normalization of the results of the inequality indices and subsequent comparative
analysis, it can be concluded that they behave similarly and are correlated. This is evidenced
by the high correlation between variables, according to the Spearman method, as shown in
the correlogram in Figure 8. In the case of R80/20, normalization softens the disparities in
access between the richest and poorest of most municipalities, since it ranges from 0 to ∞
and high values were recorded. It is possible to visualize in the histograms that the Gwater
results are less concentrated. This was confirmed by the kurtosis calculations: 3.76 (Gwater),
4.38 (Cwater), 8.27 (Dwater), and 347.22 (R80/20). Although all present leptokurtic distribution,
i.e., the curve is more tapered than the normal distribution; the Gwater results are more
distributed, making access disparities more evident.

Figure 7. Normalized results of the Safe Drinking Water Gini Index (Gwater), Safe Drinking Water
Concentration Coefficient (Cwater), Safe Drinking Water Ratio between upper and lower quintiles
(R80/20), and Safe Drinking Water Dissimilarity Index (Dwater).
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Figure 8. Spearman correlation of the inequality index results of safe drinking water access. R_8020:
Safe Drinking Water Ratio between Upper and Lower Quintiles/G: Safe Drinking Water Gini Index/C:
Safe Drinking Water Concentration Coefficient/D: Safe Drinking Water Dissimilarity Index. The
three stars indicate statistically highly significant as p-value < 0.001.

4. Discussion

The authors recommend using the Gwater inequality index with the SDWA in drinking
water access studies due to there being (i) more evident inequalities through these results
and (ii) more accessible data obtained and easier calculation methods than for Cwater and
Dwater. The independence of income data facilitates international comparisons considering
different socioeconomic realities and the stratification of countries’ wealth groups. Cetrulo
et al. [8] have already observed that quantile disaggregation can hide inequalities and
that the comparison between countries can be complicated. The Cwater metric may present
negative results, or the respective concentration curve may cross the line of equality, making
it difficult to interpret and manipulate results, a limitation also noted by Cetrulo et al. [8].

The results indicate that 75% of the municipalities presented an inequality of safe
water access related to an income lower than the inequality in safe water access (Gwater
higher than Cwater). In a similar way, Malakar and Mishra (2017) observed that income-
related water inequality is lower than total inequality in water use, obtaining an adapted
concentration coefficient (0.35) lower than the adapted Gini Index (0.41) in a comparison of
30 countries [17].

The lowest values of the SDWA indexes and the highest values of the Gwater index
were obtained in the northeast and northern regions due to the socioeconomic disparity
between the regions of Brazil, as is consistent with research results from Berthe [12] and
Cetrulo et al. [8]. These two regions also represent the regions with the highest and lowest
water availability: the north and northeast regions, respectively. This fact shows that the
lack of water access is related to issues beyond the availability of water, encompassing
management and politics.

In addition to reflecting the country’s regional inequalities due to historical and socioe-
conomic issues, over 65% of the municipalities in these regions were characterized as rural.
The configuration of the spatial distribution of rural households, the lower demographic
densities, and the users’ lower payment capabilities are challenges for basic sanitation solu-
tions. The highest results of the inequality indexes occurred in rural municipalities, with
per capita GDP lower than the corresponding state average. The differences between urban
and rural areas have already been pointed out by Berthe [12], Chaudhuri and Roy [15],
Roche et al. [18], Cole et al. [13], and Malakar et al. [19]. The Brazilian experience has shown
that, as well as top-down actions through policies and programs, bottom-up initiatives are
important for improvements in safe drinking water access for rural population, with local
solutions and community engagement [45]. The use of microdata and data mining was
essential to developing a more detailed picture of safe drinking water access disparities in
Brazilian municipalities, reducing the scale effect. Supplementary Figures S1 and S2 show
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the Lorenz curves of Gwater and Cwater for each region and the states and municipalities
with the lowest and highest values for each region. It is possible to verify in the literature
how inequality indexes are markedly influenced by the scale effect, with access disparities
minimised at the state and regional levels [13,14]. In Brazil, all previous studies were
conducted at the scale of the country, region, state, and/or capital [8,9,12].

The limitations of this research relate to the fact that the information might not repre-
sent the most up-to-date situation, as the last Brazilian census occurred in 2010. Moreover,
the census data on drinking water sources focuses on physical access, considering neither
the water quality itself, nor the quality of supply services [9]. The estimate of safe drinking
water access rates was based on differentiated weights for each drinking water source,
considering access, quantity, and quality obtained by the AHP method. The authors defined
the judgments of pair-wise comparisons and suggested that this could be improved, for ex-
ample, by consulting experts. Data mining allowed the analysis of large datasets efficiently,
considering information at a more detailed and refined scale, and pattern identification of
safe water access in Brazilian municipalities. The main limitation of this research method is
the possibility of erroneous conclusions and trends due to coincidence occurrence, which
reinforces the importance of the theoretical background and knowledge of the data.

Figure 9 shows the relation between SDWA and the Gwater index for the regions of
Brazil, depending on the typology (urban or rural), the population, and the per capita
GDP of the municipality. Addressing inequalities together with drinking water access
discriminates between municipalities with similar rates of safe drinking water access but
with differences in access inequalities, distinguishing those: (i) with high inequalities and
low safe drinking water access, in red; (ii) with moderate inequalities and reduced access
to safe drinking water, in orange; (iii) with low inequalities and low access to safe drinking
water, in yellow; and (iv) equality of access and high access to safe water, in green.

Figure 9. Graphs indicating the relationships between the Safe Drinking Water Access Index (SDWA)
values (y-axis) and the Safe Drinking Water Gini Index (Gwater) values (x-axis), grouped by Brazil-
ian regions and broken down according to the typology, population, and per capita GDP of the
municipality.
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To illustrate an application of this concept, Figure 10 shows the Lorenz curves of two
municipalities with, respectively, 102,033 and 99,075 inhabitants with SDWA values of
72.8%. The distribution of safe water access is more equitable in municipality (b) since a
considerable portion of sectors have majority access to a well or spring on the property.
Meanwhile, in municipality (a), a significant number of census tracts identify other forms of
water supply. Considering 40% of the total accumulated population (x-axis), there is a rep-
resentative percentage of the population with safe drinking water access of approximately
15% in municipality (a) and 30% in municipality (b).

Figure 10. Lorenz Curves of two municipalities (blue lines) with populations of 102,033 (a) and
99,075 inhabitants (b) with Safe Drinking Water Access Index (SDWA) values of 72.8%. The red ones
are the theoretical lines of perfect equality.

The comparison of international studies that applied inequality indices derived from
the Lorenz curve (Table S1) revealed that they are similar and different in some respects
due to research objectives and index adaptations. An official recommendation by an
international institution for the standardization of these instruments and the delimitation
of inequality class breaks would facilitate its application and comparison between studies,
similar to that seen in the field of health [46–48].

Future studies could update the present findings because data from the next census
are being collected between 2022 and 2023. It is suggested to obtain the inequality indices in
drinking water access for administrative regions of metropolises and capitals, since adapted
socioeconomic indices were found to be sensitive to population size [34]. Nevertheless,
future studies could differentiate the results between urban and rural areas based on the
classification of each census tract according to 2010 Demographic Census instead of using
the classification of rural and urban municipalities proposed by the IBGE for a more refined
perspective on this issue. There is a need to analyze inequalities in access to sanitation,
which is likely to result in greater inequalities. In Brazil, 43% of the population has sewage
collection and treatment and 12% use a septic tank, i.e., only 55% have adequate sanitation
access according to estimates by the National Water Agency in 2017 [49].

5. Conclusions

The research accomplished its objective and contributed to the literature by undertak-
ing an unprecedented analysis of the spatial inequalities in access to safe drinking water
for all Brazilian municipalities to develop a more detailed picture and minimize the scale
effect due to the country heterogeneity. Safe drinking water access and its inequalities
end up reflecting socioeconomic disparities between the different regions of the country,
so the highest values of inequality indexes were concentrated in the north and northeast
regions. Rural areas represent bottlenecks in the universal provision of safe drinking water
in Brazil. The most significant disparities in safe drinking water access occurred in rural
municipalities with a per capita GDP lower than the state average. Addressing inequalities
together with drinking water access discriminates between municipalities with similar rates
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of safe drinking water access but with differences in access inequalities. The amplitude
of inequality index results was pronounced when considering the same regions or SDWA
range, revealing inequalities that were not visible with average statistics.

The proposed method of analysis could also be adapted for replication in other coun-
tries. In terms of practical implications, it may be that these inequality indexes represent
a potential tool to priorities actions that expand the full right to drinking water to all
citizens and may subsidize the monitoring of the SDG 6 goals. The lack of safe water access
and poverty are mutually reinforcing. Access to safe water is crucial to reducing poverty,
but poverty makes access to safe water more difficult. The issues of sanitation, poverty,
environmental degradation, and public health are interrelated. Understanding inequalities
in water access will help identify the areas most vulnerable to the transmission of disease,
which can proliferate with weaknesses in basic sanitation, as in the ongoing COVID-19
pandemic. Recent events in the Amazon involving illegal mercury mining, which have
created a sanitary emergency in the Yanomamis indigenous area, revealed the importance
of improving access to safe drinking water, even in remote areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15081620/s1, Figure S1. Lorenz Curves adapted to safe drinking
water access of Brazil’s Regions, UFs and municipalities with the lowest and highest values of Gwater.
Figure S2. Concentration Curves adapted to safe drinking water access of Brazil’s Regions, UFs
and municipalities with the lowest and highest values of Cwater.; Table S1. Comparison between
studies that use inequality indices based on Lorenz Curve and Dissimilarity Index to analyze drinking
water access inequalities. Table S2. Adapted Saaty scale. Table S3. Pairwise comparisons between
sub-criterions and weights of the AHP Method. Table S4. Pairwise comparisons between water
sources for each sub-criterion of the AHP Method.
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