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Abstract 

The Paraopeba River Basin, located in the state of Minas Gerais, Brazil, has been severely 

impacted by extreme climatic events and the 2019 Vale S.A. dam failures in Brumadinho. 

This study underscores the importance of integrating multi-criteria decision analysis with 

a conceptual model to diagnose water security in the region based on socio-environmental 

indicators. Employing the DPSIR methodology, socio-environmental indicators are 

proposed and analyzed to assess water security and to support the planning and 

management of water resources in the Paraopeba River Basin (BHRP). The approach 

combines the TOPSIS multi-criteria analysis model with the entropy weight method to 

rank municipalities according to their levels of water security. The analysis identified 

critical challenges, including population growth, industrialization, and agricultural 

expansion, which exacerbate water contamination. Brumadinho and Betim emerged as the 

most vulnerable municipalities, exhibiting high rates of waterborne diseases and 

inadequate wastewater treatment infrastructure. Intense industrial and agricultural 

activities have further heightened environmental risks, as exemplified by the dam failures. 

The study underscores socio-environmental pressures and highlights the importance of 

integrated approaches. The findings emphasize the need for robust public policies, 

sustainable agricultural practices, participatory management, infrastructure 

improvements, and climate change adaptation to ensure water security and improve 

quality of life. 
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INTRODUCTION 

 

 

The Paraopeba River Basin (BHRP) has 

suffered extreme climate-related events, 

including prolonged periods of drought and 

intense rainfall, in addition to being severely 

impacted by the 2019 rupture of the B-I tailings 

dam, part of the Córrego do Feijão mining 

complex, which belonged to the company Vale 

S.A. This was immediately followed by the 

collapse of the B-IV and B-IV-A dams which 

then reached the Ferro-Carvão Feijão stream 

and its flow into the Paraopeba River, in the 

municipality of Brumadinho. This has been 

extensively documented by several authors, 

such as Nero et al. (2024) and Lima et al. (2021). 

Furthermore, the region remains at risk of 

additional dam failures, thereby threatening 

the population's water supply and productive 

activities with the potential for serious water 

shortages (ARMBH, 2021). Within this 

scenario, integrated water resources 

management (IWRM) emerges as a viable 

approach to water planning and management. 

Addressing these risks requires collaborative 

efforts among government authorities, local 

institutions and the community, to facilitate 

the planning of conflict management and for 

the protection of water resources. 

Advances in understanding the organization 

and functioning of environmental systems have 

driven research projects that assess the water 

security of river basins through environmental, 

economic and social indicators. For example, a 

study by Alves et al. (2024) analyzed the 

relationship between the water security index 

(WSI) and socioeconomic indicators in water 

and sewage microregions in the Brazilian 

Northeastern state of Paraíba. Their study 

employed the statistical method of principal 

component analysis (PCA) and demonstrated a 

positive correlation between the scores of the 

Human Development Index (HDI) and the 

Sustainable Cities Development Index (SCDI) 

with the WSI. Despite favorable conditions in 

terms of supply network coverage, the 

municipalities exhibited low to medium WSI 

rates in both microregions. Conversely, the 

resilience, ecosystem and economic dimensions, 

including investments and the Gross Domestic 

Product (GDP), demonstrated a negative 

correlation with the WSI, indicating that these 

variables rendered a negative influence on the 

WSI.  

Zlat et al. (2024) quantified the impact of 

water security on economic and social 

development using a new structural equation 

model to identify changes in the latent variable 

WSI during the period 2000–2022 for the 27 

Member States of the European Union. The 

methodology combined structural equation 

systems with the Kruskal-Wallis independent 

samples test to assess the influence of water 

security measures on economic and social 

indicators along with the regional disparities in 

the development of environmental policies in 

relation to economic and social development. 

The results revealed a significant correlation 

between population density, pollution levels 

and the costs associated with maintaining 

water quality. They ultimately concluded that 

the findings provide valuable insights for 

economic, environmental and social policy 

makers to optimize sustainable development 

strategies across Europe.  

Building on this premise, the analysis of 

indicators enables the monitoring and 

assessment of the performance of river basins 

over time, identifies areas requiring 

improvement, and the implementation of 

appropriate actions to ensure water security in 

a balanced manner.  

The present study aimed to analyze a set of 

socio-environmental indicators for diagnosing 

water security in municipalities in the 

Paraopeba River basin (BHRP), in Minas 

Gerais, and is based on a synthesis of the 

research developed by Honorato (2024). Thus, 

indicators were selected using the Driving 

Force-Pressure-State-Impact-Response 

(DPSIR) conceptual framework, (and were 

classified according to their potential to affect 

the state of water resources in terms of quantity 

and quality. In addition, the classification of 

municipal water availability, undertaken using 

the Technique for Order Preference by 

Similarity to Ideal Solution (TOPSIS) method, 

as applied by Aires and Salgado (2024), made it 

possible to identify the municipalities with the 

best performances in water security. 

 

Theoretical Foundation 

 

The use of conceptual models and multi-criteria 

analyzes is essential for addressing the 

complexity of environmental and social 

systems, especially in regions facing water 

security challenges (Salamé et al., 2020; Araújo 

et al., 2019). Conceptual models, such as the 

DPSIR, enable the structuring of problems 

based on causal relationships and socio-

environmental dynamics, thereby facilitating 

the identification of pressures, impacts and 

responses (Liu et al., 2018). Multi-criteria 

analyses, such as TOPSIS, offer robust methods 
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for classifying and prioritizing alternatives, 

incorporating multiple indicators and criteria 

(Zhang et al., 2023).  

 

The Driving Forces – Pressure – State - 

Impact – Response (DPSIR) Framework 
 

The Driving Force-Pressure-State-Impact-

Response (DPSIR) was proposed by Rapport 

and Friend (1979).  

This framework offers a structure for 

identifying environmental problems in a given 

location, including their causes, impacts and 

possible solutions through indicators. For 

example, Shi et al. (2021) successfully applied 

the model to assess water security in river 

basins in the Jiangxi province, China. 

Similarly, a study by Acostupa et al. (2018) 

employed the model in the environmental 

diagnosis of the Lucre-Huacarpay Pantanal.   

The circular structure of the DPSIR model 

captures the continuous cycle of influences 

(Figure 1), emphasizing the interconnectedness 

of driving forces, pressures, state changes, 

impacts and responses. This interrelationship 

ultimately guides decision-making for 

sustainable development and for the allocation 

of resources in water systems (Pirrone et al., 

2005).  

 

Figure 1 – Example of the conceptual scheme of DPSIR indicators 

 

Source: The authors (2024). 

 

Water security, as defined by the United 

Nations (UN, 2013), refers to the ability of a 

population to ensure sustainable access to 

adequate quantities of water of an acceptable 

quality, in order to sustain health, human well-

being, socioeconomic development and the 

preservation of ecosystems. In order to carry 

out the water security analysis in the middle 

course of the BHRP, 30 indicators were selected 

(Table 1), including seven driving forces (D), 

five pressure indicators (P), four status 

indicators (S), two impact indicators (I) and 

twelve responses (R). The selection of indicators 

was based on an assessment of the state of 

water resources and their relationships with 

the Driving Force, Pressure, Impact and 

Response indicators. 
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Table  1 – Water Security Indicators 

Name Magnitude Unit Name Magnitude Unit 

D.01 Geometric 

Annual Growth 

Rate 

% p.a. 

S.04 Exploitable water depth  mm/year 

D.02 Inhabitants per 

km² 

hab./k

m² 
I.01 Waterborne diseases nº 

D.03 Agricultural 

establishments 

nº 
I.02 Conflict of use nº 

D.04 
Cultivated Area 

% 
R.01 

Households connected 

to the sewage network 
% 

D.05 Industrial 

establishments 

nº 
R.02 Sewage treatment % 

D.06 Mineral 

exploration 

nº 
R.03 Selective collection yes/no 

D.07 Urbanized area % R.04 Landfill yes/no 

P.01 Total water 

consumed per 

year 

m³/yea

r 
R.05 Inspections nº 

P.02 Total water 

treated 

m³/yea

r 
R.06 

Households connected 

to the supply network 
% 

P.03 Environmental 

accidents 

nº 
R.07 

Percentage of water 

losses 
% 

P.04 Tailings dams nº R.08 Monitoring Stations nº 

P.05 municipal 

human 

development 

index 

- 

R.09 Fluviometers nº 

S.01 
average water 

quality index 
- R.10 Native vegetation cover % 

S.02 

Parameters 

changed as per 

DN 08/22 

nº R.11 Protected area % 

S.03 
Minimum flow 

rates (Q 7 10) 
nº R.12 

Management 

instruments 
nº 

Source: The authors (2024). 

 

To diagnose the water security of 

municipalities, the approach assessed 30 

indicators segmented by the DPSIR model. 

Qualitative indicators were coded as binary 

variables, with "YES" assigned to 1 and "NO" to 

0. The application of TOPSIS and the 

calculation of weights were modeled using 

Excel® and Python language, with the pandas, 

numpy and matplotlib libraries. 

 

The TOPSIS Method 

 

The Technique for Order Preference by 

Similarity to Ideal Solution (TOPSIS) method 

is a widely used resource in multi-criteria 

decision analysis, also known as the method for 

determining the shortest distance to the ideal 

solution. 

It is a decision-making technique that 

assesses alternatives based on a set of criteria 

and is widely applied in areas such as 

environmental management, engineering, 

economics and other disciplines that require 

complex decision-making involving multiple 

factors. Initially proposed by Hwang and Yoon 

(1981), TOPSIS has been extensively adopted 

in various studies. For example, Aires and 

Salgado (2024) used a multi-criteria approach 

based on R-TOPSIS to assess water reservoirs 

in semi-arid Brazil. Another relevant study by 

Zhang et al. (2023) applied TOPSIS to analyze 

the performance of agricultural ecological 

governance in Henan Province, China. 

Elshoubaky et al. (2023) applied the method to 

select sustainable construction materials, 

considering life cycle assessment. Furthermore, 

the adaptation of TOPSIS to a diffuse 

environment, as described by Carnero (2020), 

enables the assessment of the environmental 

responsibility of healthcare organizations, 
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contributing to the promotion of public health 

through improved environmental 

sustainability practices. The application of the 

method follows the outlined steps below: 

Step 1 – Calculate the weights (w) (Equation 

1): First, the entropy for each indicator is 

calculated using the entropy weight method, 

initially proposed by Shannon and Wiener in 

1949. This method has found widespread 

application across several fields, as in Yang et 

al. (2022), who used it in engineering decision-

making, while Luo et al. (2022) applied it to 

assess the risks associated with zoonotic 

visceral leishmaniasis.  

 

𝑤 =
1−𝐸𝑗

∑ (1−𝐸𝑗)𝑚
𝑗=1

                                             (1) 

 

Entropy (E) is a measure of diversity or 

uncertainty in data, used to determine the 

relative importance of each indicator in 

decision-making. Indicators with a higher 

entropy reflect greater variability in the data 

and are therefore assigned lower weights, while 

criteria with lower entropy receive higher 

weights (Table 2).  

Step 2 - Construct the normalized decision 

matrix (Equation 2): A normalized decision 

matrix is created, where each line represents a 

municipality, and each column represents an 

indicator. This matrix is essential for 

calculating the distances between alternatives 

and ideal values. 

Step 3 - Multiply the weights (Equation 3): 

The weights (w, Equation 1) are then 

multiplied by the normalized decision matrix. 

 

𝑉 =  𝑣𝑖𝑗 (𝑚𝑥𝑛) = 𝑟𝑖𝑗  𝑥 𝑤𝑖𝑗                             (2) 

 

Step 4 – Determine the ideal values 

(Equations 4 and 5): Two types of ideal 

solutions are calculated: the best and the worst. 

 

𝐴 = (𝑣𝑖𝑗)𝑛𝑥𝑚= (

v11 ⋯ v1m
⋮ ⋱ ⋮

vn1 ⋯ vnm

)                  (3) 

 

Positive Ideal Solution A+: Contains the 

best values for each indicator 

 

 SIP = 𝑣+ = (𝑚𝑎𝑥𝑖, 𝑣𝑖𝑗| 𝑗 ∈

𝑗𝑏),(𝑚𝑖𝑛𝑖𝑣𝑖𝑗  |𝑗 ∈ 𝑗𝑛𝑏)| ∈ [1 … 𝑚]               (4) 

 

Negative Ideal Solution A−: Contains the 

worst values for each indicator 

 

SIN = 𝑣− =  (𝑚𝑖𝑛𝑖,𝑣𝑖𝑗| 𝑗 ∈ 𝑗𝑏),(𝑚𝑎𝑥𝑖𝑣𝑖𝑗  |𝑗 ∈

𝑗𝑛𝑏)| ∈ [1 … 𝑚]                                                  (5) 

 

Step 5 – Calculate the distances: Calculate 

the Euclidean distance between each 

alternative and the ideal solutions (positive and 

negative) (Equations 6 and 7). These distances 

are used to determine how close each 

alternative is to the ideal solutions. 

 

𝑆𝐼𝑃 = 𝐷𝑖
+ =  ⌊∑ (𝑉𝑖

𝑚
𝑗=1 − 𝑉𝑗

+)²⌋ 0,5                    (6) 

 

𝑆𝐼𝑁 = 𝐷𝑖
− = ⌊∑ (𝑉𝑖

𝑚
𝑗=1 − 𝑉𝑗

−)²⌋ 0,5                    (7) 

 

Step 6 - Determine the relative proximity 

(Equation 8): Based on the calculated distances, 

the relative proximity of each alternative to the 

ideal solutions is determined. The closer to a 

positive ideal solution and further from the 

negative ideal solution, the better the 

alternative. 

Step 7 – Rank the alternatives (Table 2): 

Finally, the alternatives are classified 

according to their relative proximity to the ideal 

solutions, with those closest to the positive 

ideal solution being considered the best options. 

 

𝐶𝐶𝑖 =  
𝐷𝑖

−

𝐷𝑖
++ 𝐷𝑖

−                                                   (8) 
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Table 2 – Weights of the indicators according to the entropy method  

Indicator Weight  (w) Indicator Weight (w) 

D.01 0.0198 S.04 0.0879 

D.02 0.0216 I.01 0.0690 

D.03 0.0234 I.02 0.0311 

D.04 0.0149 R.01 0.0183 

D.05 0.0219 R.02 0.0303 

D.06 0.0418 R.03 0.0122 

D.07 0.0144 R.04 0.0122 

P.01 0.0507 R.05 0.0463 

P.02 0.0469 R.06 0.0156 

P.03 0.0242 R.07 0.0215 

P.04 0.0530 R.08 0.0709 

P.05 0.0246 R.09 0.0387 

S.01 0.0287 R.10 0.0293 

S.02 0.0531 R.11 0.0267 

S.03 0.0207 R.12 0.0303 

Source: The authors (2024). 

MATERIAL AND METHODS  

 

 

The methodology (Figure 2) of this study is 

based on two main pillars: the technical report 

from the Institute for Technological Research 

(IPT, 2008) and the study by Yin and Yuan 

(2022). 

 

Figure 2 - Methodological pathway of the research.

 
Source: The authors (2024). 

 

The IPT report diagnosed the state of water 

resources in the Rio Grande Basin (SP/MG) 

using the DPSIR model. The study by Yin and 

Yuan assessed the green development of the 

Beijing-Tianjin-Hebei region by combining the 

DPSIR -TOPSIS frameworks with the entropy 

weights method. Together, these elements 

provide a robust approach to understanding 

and managing water resources sustainably, 

contributing to sustainable management 

strategies and water security policies in the 

Paraopeba River basin.  

The steps involved in the classification of 

indicators were modeled using spreadsheets 

and Python language with the pandas, numpy 

and matplotlib libraries.   

 

Characterization of the study area 

 

The Paraopeba River Basin (BHRP) (Figure 3), 

located in the central region of the state of 

Minas Gerais, spans approximately 13,640 km² 

and forms part of the Alto São Francisco region. 

It is strategically significant for water supply, 

mining and industrial activities.

.  
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Figure 3 - Location map of the Paraopeba River Basin

 
Source: The authors (2024). 

 

The river drains into the reservoir of the 

Três Marias Hydroelectric Plant, which has a 

total power generation capacity of around 396 

MW. It is crucial for water supply and 

ecological sustainability, since it provides 53% 

of the water for the state capital, Belo 

Horizonte. Its varied topography includes 

plateaus and depressions, while a diverse 

geology features rocks in the Crystalline 

Complex, iron formations in the Minas Group 

and sedimentary deposits, in addition to fault 

systems that influence underground hydrology 

(COBRAPE, 2020). The predominant climate is 

tropical high altitude (Cwb), with average 

temperatures  between 18°C and 22°C and an 

annual rainfall of 1,000 to 1,400 mm, primarily 

concentrated in the summer, while winters are 

dry (COBRAPE, 2020). The soils in the region 

vary between Oxisols, Cambisols, Argisols and 

Fluvic Neossolos (COBRAPE, 2020). The 

original vegetation, composed of a transition 

between Cerrado and Atlantic Forest, including 

typical Cerrado, riparian forests, and semi-

deciduous forests. However, much of this 

vegetation has been largely replaced by 

pastures, agriculture and mining, with only 

fragments remaining in protected areas 

(COBRAPE, 2020). Economically, the 

Paraopeba River Basin is highly diverse, with 

significant activities in mining, steel, 

petrochemicals and automobile industries, 

beverage production, services, hydroelectric 

power generation, livestock and agriculture. 

The region hosts a well-developed industrial 

sector, with metallic and non-metallic mineral 

extraction, metallurgy, steel production, and 

the manufacturing of food, textiles, clothing, 

and footwear. Key environmental impacts 

include mining – particularly dam failures - 

deforestation and urbanization, all of which 

affect water quality, soil health and 

biodiversity. These issues underscore the need 

for making robust environmental planning 

essential for the region. 

The basin is hydrologically subdivided into 

three sectors: Upper, Middle and Lower 

Paraopeba. Each sector exhibits distinct 

characteristics in terms of geomorphology and 

land use. Mining activities, particularly the 

exploration of iron and manganese ores, are 

concentrated in the “iron quadrangle”, in the 

middle Paraopeba region, significantly 

affecting the water quality and aquatic life. 

The present study focuses on five 

municipalities located in the middle course of 

the Paraopeba River: Betim, Brumadinho, 

Mário Campos, Juatuba and São Joaquim de 

Bicas (Figure 4). 
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Figure 4 - Location of the study area.

 
Source: The authors (2024). 

 

These municipalities were selected due to 

their direct or indirect exposure to the impacts 

of the B1 dam collapse on January 25, 2019, in 

the municipality of Brumadinho. This disaster 

underscored the basin’s vulnerability in 

relation to industrial and mining activities, 

highlighting the urgent need for effective water 

resource management and conservation 

measures to prevent future environmental 

crises. By focusing on these municipalities, the 

study enables an in-depth analysis of the most 

affected and vulnerable areas, facilitating the 

development of targeted strategies to mitigate 

impacts and promote water sustainability 

across the region.  

 

 

RESULTS AND DISCUSSION 

 

 

The analysis ranked the municipalities 

according to their levels of water insecurity, 

placing Brumadinho at the top, followed by 

Betim, São Joaquim de Bicas, Juatuba and 

Mário Campos (Table 3 and Figure 5).  

 

Table 3 - Classification of municipalities according to the TOPSIS method 

Municipality Similarity Index 

Brumadinho 0.5949 

Betim 0.4873 

Juatuba 0.2389 

São Joaquim de Bicas 0.2364 

Mário Campos 0.2317 

Source: The authors (2024). 
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Figure 5 - Classification of municipalities in relation to water security 

 
Source: The authors (2024). 

 

Based on the relationship between the 

indicators presented in Table 4, a matrix was 

constructed to analyze the quality and quantity 

of surface and underground water supplies in 

the municipalities under analysis, aiming to 

understand how these indicators function in 

the middle portion of the Paraopeba River 

Basin (BHRP). 

Municipalities classified at the highest level 

in the classification face greater water 

insecurity due to high rates of environmental 

accidents, water-borne diseases, water loss and 

low rates of sewage treatment. Municipalities 

in lower positions demonstrate better water 

security, with higher rates of sewage 

treatment, fewer environmental accidents and 

better native vegetation cover.  

Brumadinho requires significant attention 

due to the high incidence of waterborne 

diseases (7,353), which reflects problems in the 

quality of sanitation and access to drinking 

water, negatively impacting public health and 

water security. The municipality presents a 

mixed performance in sewage collection (50.6%) 

and treatment (10.7%). Additionally, it leads in 

changed parameters according to the DN08 

normative resolution of 2022, thereby further 

compromising water security.  

Intense mineral exploration, with 306 active 

mining processes, places considerable pressure 

on water resources. The 24 tailings dams pose 

a significant risk, increasing the likelihood of 

environmental disasters. The collapse of the 

Córrego do Feijão dam is a clear example of the 

contamination risks that these structures can 

pose. Brumadinho also has the largest number 

of agricultural establishments (443) and the 

highest total water demand (643.36 million 

m³/year), making it the largest water consumer 

in the region.  
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Table 4 - Indicators of the status of water quality and quantity 

 

Indicator Unit Betim Brumadinho Juatuba 
Mário 

Campos 
São Joaquim de Bicas 

Driving 

force 

D.01 % a.a. 0.69 1.14 2.75 1.57 2.5 

D.02 inhab/km² 1197.01 60.86 316.6 451.76 478.66 

D.03 nº 233 443 42 140 120 

D.04 % 47.64 43.54 52.76 53.02 49.82 

D.05 nº 48 20 27 13 52 

D.06 nº 123 306 32 35 66 

D.07 % 27.82 1.62 17.02 13.86 18.97 

 Pressure 

P.01 m³/ year 87.03 million 643.36 million 1.90 million 98.69 million 2.58 million 

P.02 m³/ year 19.16 billion 2.56 billion 2.28 billion 882.13 million 2.76 billion 

P.03 nº 50 30 19 1 6 

P.04 nº 3 24 0 3 0 

P.05 - 0.735 0.712 0.705 0.678 0.674 

 State 

S.01 - 61.3 65.3  48.1 47.4 53.3 

S.02 nº 2 4 sd 2 3 

S.03 nº 0.2085 0.4256 1.0486 1.6805 1.4739 

S.04 mm/ year 58.75 58.75 58.75 58.75 58.75 

 Impact 
I.01 nº 125838 7353 6118 2946 2001 

I.02 nº 8 32 3 0 8 

 Response 

R.01 % 76 50.6 32.39 13.8 36.5 

R.02 % 76.4 10.7 29.89 9.9 0 

R.03 % 1 1 1 1 0 

R.04 - 1 1 1 1 1 

R.05 nº 1721 833 226 169 192 

R.06 % 89.0 82.9 89.6 97.2 90.9 

Source: The authors (2024). 

1 
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Despite exhibiting high efficiency in water 

supply (31.8, considered excellent), the high-

water demand characterizes a potential water 

security problem in the context of climate 

change, which could lead to water shortages. 

The indicator S04, which is the exploitable 

water depth (mm/year), is high across all 

municipalities, signaling extensive groundwater 

exploitation, contributing to significant 

vulnerability.  

The analysis consistently ranks Betim as the 

second municipality with the poorest water 

security performance. Betim faces high water 

insecurity due to several critical factors. During 

the 1990s, it experienced rapid population 

growth, driven by the influx of new industries, 

although by 2022, this rate had slowed down. 

However, despite this slowdown, Betim has 

remained the most densely populated 

municipality in the region, with 1,197.01 

inhabitants per km². The combination of high 

population density with ongoing population 

growth indicates continued pressure on water 

resources, both in terms of demand and 

potential pollution from urban and industrial 

effluents (Honorato, P., 2024). With the high 

number of agricultural establishments (233) in 

Betim, plus the fact that 47.64% of the territory 

is dedicated to cultivated land, the municipality 

faces a significant strain on local water 

resources. Intensive agriculture and livestock 

farming require large volumes of water for 

irrigation and animal management, thereby 

heightening the risk of water security and 

pollution of water sources. This situation 

compromises water security, affecting both 

human water supply and the sustainability of 

the region's aquatic ecosystems. In addition to 

agricultural establishments, Betim has a 

considerable number of industrial 

establishments (48), and faces intense mineral 

exploration with 123 active mining processes, in 

addition to three dams. These activities place 

severe pressure on local water resources, 

increasing the water demand and the risk of 

contamination, thus compromising water 

security and the sustainability of aquatic 

ecosystems. The situation is further exacerbated 

by excessive water consumption (87.03 million 

m³/year) and the treatment of large volumes of 

water (19.16 billion m³/year).   

Between 2014 and 2022, Betim recorded the 

highest number of environmental accidents (50), 

highlighting the need for more stringent 

supervision of potentially polluting activities to 

mitigate risks to water resources. Even with 

1,721 inspections conducted from 2006 to 2023, 

it is clear that efforts need to be intensified to 

prevent accidents and safeguard water sources, 

which are crucial for both water supply and 

environmental sustainability.  

Betim also presents the highest number of 

waterborne diseases (125,838), especially 

dengue (116,678), likely due to deficiencies in 

basic sanitation, inadequate solid waste 

management and insufficient urban drainage 

infrastructure. Although the indicators for 

sanitary effluent collection (76%), treatment 

(76.4%) and proper disposal of solid waste and 

selective collection have revealed positive 

results, the proliferation of disease-transmitting 

mosquitoes remains a significant challenge. 

There is a pressing need to intensify 

environmental education, and vector control 

efforts, and improve urban infrastructure to 

reduce these cases.  

Betim has also presented poor efficiency in 

public water supply (50.90%), with significant 

water losses during the process. This is 

particularly concerning given the high demand 

for water in the municipality, emphasizing the 

urgent need for improvements in infrastructure 

and water resource management.  

São Joaquim de Bicas faces significant 

challenges in water security, with a 

demographic density of 478.66 inhabitants/km² 

and a population growth of 2.5% p.a. The 

municipality treats 2.76 billion m³ of water per 

year, but loses 57.7%, indicating inefficiency in 

the distribution system. The lack of sewage 

treatment (0%) and low regular collection rates 

(36.5%) negatively impact public health, as 

reflected in 2,001 cases of waterborne diseases. 

With 120 agricultural establishments and 

49.82% of the territory under cultivation, the 

pressure on water resources is substantial. 

Improvements in infrastructure and water 

management are essential to ensure 

sustainability and to protect public health. 

Juatuba, ranked fourth, faces moderate 

challenges in water security. With 19 

environmental accidents and 6,118 cases of 

waterborne diseases, there is a clear need for 

improvements in environmental management 

and basic sanitation. The low sewage treatment 

rate (29.89%) affects public health, while the 

high rate of water loss (55.3%) during 

distribution reveals significant inefficiencies in 

the water infrastructure. The growing 

urbanization (17.02%) is a further strain on 

water resources, underscoring the need for 

sustainable urban planning. Juatuba treats 2.28 

billion m³ of water per year, with 89.6% of 

households connected to the supply network, 

reflecting good access to drinking water. 

However, improving infrastructure to reduce 
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losses, making more efficient use of resources, 

and expanding sewage treatment are crucial to 

improve the efficiency of public healthcare and 

protect the environment.  

Mário Campos, ranked in fifth place, faces 

lesser challenges in water security, with 2,946 

cases of waterborne diseases attributed to 

deficiencies in basic sanitation and a low rate of 

sewage treatment (9.9%). Water losses (34.7%) 

indicate inefficiencies in the distribution 

system, and the increase in urbanized areas 

(13.86%) intensifies the demand for water. 

However, the municipality benefits from a high 

level of native vegetation cover (47.41%) and a 

significant amount of treated water (882.13 

million m³/year). Protected areas (33.12%) 

reflect a commitment to preservation, 

demonstrating investments in environmental 

conservation and in the efficient management of 

water resources.  

Thus, the integrated management of water 

resources must be strengthened, through 

participatory planning and management, 

ensuring the involvement of all stakeholders, 

including local communities, industries and 

farmers. The use of scientific data and analysis 

to inform policy decisions ensures that the 

measures adopted are grounded in the best 

practices and available evidence. Similarly, 

sustainability policies and environmental 

education are fundamental. The continuous 

monitoring and assessment of water quality and 

quantity, supported by advanced systems and 

automation technologies, are crucial for effective 

management.  

 

 

FINAL CONSIDERATIONS  

 

 

Using an interdisciplinary methodology, we 

have aimed to understand the dynamics of 

pressure and response within a river basin, 

assessing how socioeconomic and environmental 

factors influence the management of water 

resources. 

The study has demonstrated the applicability 

of the DPSIR model in complex contexts, such as 

that of the BHRP, providing a foundation for 

public policies and management strategies that 

offer a holistic view of the environment. The 

importance was reiterated of integrated 

approaches, such as the DPSIR model, alongside 

multi-criteria analysis methods, such as 

TOPSIS, for diagnosing and managing water 

security. Understanding the driving forces and 

pressures on the environment and water 

resources can guide more effective and 

sustainable responses, which are essential for 

protecting water resources that are vital for 

socioeconomic development and sound 

environmental management in the region.  

The results have demonstrated that the 

DPSIR model is effective in mapping 

interactions between human activities and 

environmental health, identifying the driving 

forces and pressures that impact water security. 

The application of specific indicators facilitated 

the analysis of the current state of water 

resources, highlighting critical areas that 

require intervention to mitigate risks of 

contamination and scarcity. Interpretation of 

the data has confirmed that pressures, such as 

increased industrial and mining activities and 

intensive land use are degrading the water 

quality of the region. This suggests that current 

responses have been insufficient and require 

more robust public policies and effective 

community engagement.  

The municipalities of Brumadinho, Betim, 

Juatuba, São Joaquim de Bicas and Mário 

Campos were assessed for water security using 

the TOPSIS method, considering critical 

indicators and the existence of management 

plans.  

The management plans (Plano Municipal de 

Gestão Integrada de Resíduos Sólidos – 

PMGIRS - Municipal Integrated Solid Waste 

Management Plan; Plano Municipal de 

Saneamento Básico – PMSB - Municipal Basic 

Sanitation Plan;  Plano de Segurança Hídrica da 

Região Metropolitana de Belo Horizonte - PSH-

RMBH - Water Security Plan for the 

Metropolitan Region of Belo Horizonte; Plano 

Diretor- PD - Master Plan, Plano Nacional de 

Recursos Hídricos – PNRH -  National Water 

Resources Plan and Plano Diretor de 

Desenvolvimento Municipal – PDDMA -  

Municipal Development Master Plan), reinforce 

the commitment of the municipalities to water 

security. These plans provide a structured 

framework to address critical issues related to 

water, sanitation and waste management, 

essential for long-term sustainability and for 

mitigating the problems faced by each 

municipality.  

The study faced limitations related to the 

accessibility of long-term data and the lack of 

specific indicators on local dynamics, such as the 

supply of mineral water and tanker water by 

Vale S.A., following the dam collapse. By 2022, 

Vale S.A had supplied around 3.9 billion liters of 

water to the riverside population, with 100 

tanker trucks making daily emergency water 

deliveries (Vale S.A. 2022). Although this 

practice is well-known in the affected territories, 
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this data is unavailable per municipality. 

Another valuable indicator for the analysis 

would be the number of riverside dwellers and 

fishermen who had to abandon their activities 

due to the ban on the use of raw water from the 

Paraopeba River.  

These gaps have hindered a more accurate 

assessment of some responses and management 

strategies adopted in the region. Future 

research could provide a more in-depth study 

into local dynamics and gather primary data on 

indicators that describe in more detail the 

context of water security for the populations 

affected in the municipalities of the Paraopeba 

River Basin. Furthermore, it would also be of 

great value to develop methodologies that more 

effectively integrate climate variability and 

long-term anthropogenic impacts.  

To address the challenges identified in water 

security in the Paraopeba River basin, it is 

essential to implement robust, innovative 

response strategies. Primarily, it is crucial to 

improve water collection and treatment 

infrastructure. Adopting advanced treatment 

technologies and expanding treated water reuse 

systems for agricultural irrigation and 

industrial processes can help to alleviate the 

pressure on natural water resources.  

 

 

FUNDING SOURCE 

 

 

Conselho Nacional de Desenvolvimento 

Científico e Tecnológico (CNPq). Process 

number: 23072.216578/2022-51.  

 

 

REFERENCES 

 

 
ACOSTUPA, Y.; ARÉSTEGUI, D.; CASTRO, E.; 

CHOQUEVILCA, W.; GUZMÁN, G.; SÁNCHEZ, P. 

Aplicación de la metodología FPEIR al diagnóstico 

ambiental del Humedal Lucre-Huacarpay, 2017. 

Yachay - Revista Científico Cultural, v. 6, n. 01, 

p. 90–114, 2018. 

https://doi.org/10.36881/yachay.v6i01.33 

AIRES, R. F. DE F.; SALGADO, C. C. R. A TOPSIS-

Based Multicriteria Approach for Reservoir 

Assessment. Sociedade & Natureza, v. 36, n. 

e70948, p. 14, 2024. https://doi.org/10.14393/SN-

v36-2024-70948. 

ALVES, A. P. de A.; FÉLIX, A. C. T.; BARBOSA, D. 

L.; BRANDÃO, I. A. de P.; PAZ, M. A. de F.; DA 

CRUZ, S. G. Análise da relação do Índice de 

Segurança Hídrica com indicadores 

socioeconômicos em microrregiões de água e esgoto, 

no Estado da Paraíba, Brasil. Caderno 

Pedagógico, [S. l.], v. 21, n. 1, p. 840–861, 2024. 

https://doi.org/10.54033/cadpedv21n1-043 

ARAÚJO, M. D. de; RIBEIRO, M. M. R.; BRAGA, C. 

F. C. Integrando a modelagem da alocação de água 

ao sistema de indicadores FPEIR: aplicação ao 

semiárido do Brasil. Engenharia Sanitária e 

Ambiental, v. 24, n. 6, p. 1167–1181, 2019. 

https://doi.org/10.1590/S1413-41522019184425. 

ARMBH. Agência de Desenvolvimento da Região 

Metropolitana de Belo Horizonte. Governo de 

Minas publica edital de licitação do Plano de 

Segurança Hídrica da RMBH, Belo Horizonte, p. 12, 

2021. Available: 

http://www.agenciarmbh.mg.gov.br/wp-

content/uploads/2022/05/ARMBH_RMBH_PSH_R

F001_R01.pdf. Accessed on: Apr. 23, 2023.  

CARNERO, M. C. Fuzzy TOPSIS Model for 

Assessment of Environmental Sustainability: A 

Case Study with Patient Judgements. 

Mathematics, v. 8, n. 11, 2020. 

https://doi.org/10.3390/math8111985 

COBRAPE, Companhia Brasileira de Projetos e 

Empreendimentos. Plano Diretor da Bacia 

Hidrográfica do  Rio Paraopeba/São Paulo. 2020. 

Available:  

http://www.repositorioigam.meioambiente.mg.gov.

br/jspui/handle/123456789/4272. Accessed on: May. 

20, 2023.  

COPAM, Conselho Estadual de Política Ambiental.  

Deliberação Normativa nº 08/22. 2022. 

Available: 

https://www.siam.mg.gov.br/sla/download.pdf?idN

orma=56521. Accessed on: Jun. 12, 2023. 

ELSHOUBAKY, S.; ELBELTAGI, E.; ELRAHMAN, 

M. A.; ELMASOUDI, I. System Dynamics and 

TOPSIS Models for Sustainable Building Materials 

Selection Considering Life Cycle Assessment. 

Mansoura Engineering Journal, v. 48, n. 1, 2023. 

https://doi.org/10.58491/2735-4202.3026 

HONORATO, P. A. R. A contribuição do modelo 

FPEIR/TOPSIS no diagnóstico ambiental da 

segurança hídrica do médio curso do Rio 

Paraopeba, MG. 2024. Advisor: Antônio Marcos 

Timbó Elmiro. 2024. 135 f.  Master's dissertation. 

Aug. 08, 2023. Available: 

http://hdl.handle.net/1843/77479. Accessed on:  

Aug. 08, 2024. 

HWANG, C.-L.; YOON, K. Multiple attribute decision 

making: Methods and applications. A state-of-the-

art survey. 1. ed. Springer-Verlag. Lecture Notes 

in Economics and Mathematical Systems, 1981.  

https://doi.org/10.1007/978-3-642-48318-9. 

IBGE. Malhas territoriais. 2022. Available: 

https://www.ibge.gov.br/geociencias/organizacao-

do-territorio/malhas-territoriais/15774-

malhas.html. Accessed on: Jan. 21, 2022. 

UN. UNITED NATIONS. INSTITUTE FOR WATER, 

ENVIRONMENT & HEALTH, UNU-INWEH. 

Water Security & the Global Water Agenda. A UN-

Water Analytical Brief. Canada: ONU, 2013.  

Available: 

https://www.unwater.org/publications/water-

security-and-global-water-agenda. Accessed on: 

Aug. 26, 2023. 

https://doi.org/10.36881/yachay.v6i01.33
https://doi.org/10.14393/SN-v36-2024-70948
https://doi.org/10.14393/SN-v36-2024-70948
https://doi.org/10.54033/cadpedv21n1-043
https://doi.org/10.1590/S1413-41522019184425
http://www.agenciarmbh.mg.gov.br/wp-content/uploads/2022/05/ARMBH_RMBH_PSH_RF001_R01.pdf
http://www.agenciarmbh.mg.gov.br/wp-content/uploads/2022/05/ARMBH_RMBH_PSH_RF001_R01.pdf
http://www.agenciarmbh.mg.gov.br/wp-content/uploads/2022/05/ARMBH_RMBH_PSH_RF001_R01.pdf
https://doi.org/10.3390/math8111985
http://www.repositorioigam.meioambiente.mg.gov.br/jspui/handle/123456789/4272
http://www.repositorioigam.meioambiente.mg.gov.br/jspui/handle/123456789/4272
https://doi.org/10.58491/2735-4202.3026
http://hdl.handle.net/1843/77479
https://doi.org/10.1007/978-3-642-48318-9
https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-territoriais/15774-malhas.html
https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-territoriais/15774-malhas.html
https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-territoriais/15774-malhas.html
https://www.unwater.org/publications/water-security-and-global-water-agenda
https://www.unwater.org/publications/water-security-and-global-water-agenda


HONORATO et al.                                                                                The Contribution of the FPEIR/TOPSIS Model 

14 
Soc. Nat. | Uberlândia, MG | v.37 | e74110| 2025 | ISSN 1982-4513 

IPT. Instituto de Pesquisa Tecnológica. Diagnóstico 

da situação dos recursos hídricos na Bacia 

Hidrográfica do Rio Grande (BHRG) – SP/MG 

(Relatório Síntese – R3). São Paulo: IPT, 2008. 

Available:https://sigrh.sp.gov.br/public/uploads/doc

uments/7113/diagnostico_sintese.pdf. Accessed on:  

Aug. 26, 2023. 

LIMA, R. P., ELMIRO, M. A. T., NERO, M. A., 

TEMBA, P. DA C., FONSECA, B. M., & 

CASTIGLIONE, L. H. G. Assessment of Digital 

Terrain Models in Dam Break Simulation Studies. 

Boletim de Ciências Geodésicas, 27(spe), 2021. 

https://doi.org/10.1590/s1982-21702021000100005 

LIU, X.; LIU, H.; CHEN, J.; LIU, T.; DENG, Z. 

Evaluating the sustainability of marine industrial 

parks based on the DPSIR framework. Journal of 

Cleaner Production, v. 188, p. 158–170, 2018. 

https://doi.org/10.1016/j.jclepro.2018.03.271 

LUO, Z.; ZHOU, Z.; HAO, Y. Establishment of an 

indicator framework for the transmission risk of the 

mountain-type zoonotic visceral leishmaniasis 

based on the Delphi-entropy weight method. Infect 

Dis Poverty, v. 11, n. 122, 2022. 

https://doi.org/10.1186/s40249-022-01045-0. 

NERO M. A., DE MORAIS, V. T. P., ELMIRO M. A. 

T, GARCIA, R. A., CINTRA, J. P.,  

MANCIPEMUÑOZ, N. A. Assessment of the 

influence of DTM quality on dam rupture 

simulation processes. MOJ Ecology & 

Environmental Sciences (MOJES), v. 9, n. 2 p. 

61 – 70, 2024.  .  

https://doi.org/10.15406/mojes.2024.09.00308 

PIRRONE, N.; TROMBINO, G.; CINNIRELLA, S.; 

ALGIERI, A.; BENDORICCHIO, G.; PALMERI, L. 

The Driver-Pressure-State-Impact-Response 

(DPSIR) approach for integrated catchment-coastal 

zone management: preliminary application to the 

Po catchment-Adriatic Sea coastal zone system. 

Regional Environmental Change, v. 5, n. 2–3, p. 

111–137, jun. 2005. https://doi.org/10.1007/s10113-

004-0092-9 

RAPPORT, D.; FRIEND, A. Towards a 

comprehensive framework for environmental 

statistics: a stress-response approach. Advisor: 

Anthony Friend. 1979. 90f. Monograph - Statistics 

Canada. Available: 

https://publications.gc.ca/site/eng/9.896799/publica

tion.html. Accessed on:  Aug. 18, 2023. 

SALAMÉ, L.; BOGARDI, J. J.; SEBESVARI, Z.; 

TOCKNER, K.; YAZICI, B. Drivers, Pressures and 

Stressors: The Societal Framework of Water 

Resources Management. Handbook of Water 

Resources Management: Discourses, 

Concepts and Examples, [s. l.], p. 329–364, 2020.  

https://doi.org/10.1007/978-3-030-60147-8_11 

SISEMA. Sistema Estadual de Informações 

Ambientais de Minas Gerais, 2021. Available: 

https://idesisema.meioambiente.mg.gov.br/webgis. 

Acesso em: jan. 21, 2025. 

SHANNON, C. E.; WEAVER, W. The Mathematical 

Theory of Communication. Urbana: University of 

Illinois Press, 1949. Available: 

https://pure.mpg.de/rest/items/item_2383164/comp

onent/file_2383163/content. Accessed on:  Aug. 26, 

2023. 

SHI, S.; TAO, X.; CHEN, X. CHEN, H; FITRI, A. and 

YANG, X. Evaluation of urban water security based 

on DPSIR model. IOP Conference Series: Earth 

and Environmental Science, v. 880, n. 1, 

p. 012023, 2021.  https://doi.org/10.1088/1755-

1315/880/1/012023 

YANG, J.; XING, S.; QIU, R; CHEN, Y.; HUA, C.; 

DONG, D. Mathematical Problems in Engineering 

Decision-Making Based on Improved Entropy 

Weighting Method: An Example of Passenger 

Comfort in a Smart Cockpit of a Car. 

Mathematical Problems in Engineering, v. 1, 

n. 1, 2022. https://doi.org/10.1155/2022/6846696 

YIN, J.; YUAN, J. DPSIR-TOPSIS Model-Based 

Assessment of Green Development Performance in 

Beijing, Tianjin, and Hebei. Advances in 

Engineering Technology Research, v. 1, n. 2, p. 

554–559, 2022. 

https://doi.org/10.56028/aetr.2.1.544 

VALE S.A. Balanço da Reparação: 1º Semestre de 

2022. 2022. Available: 

https://vale.com/documents/d/guest/val3862-

2_revista-balanco-da-reparacao-1-sem-22_final. 

Accessed on: May. 15, 2024. 

ZHANG, P.; ZHANG, J.; GE, R.; ZHOU, Q. The 

impact of agricultural international trade on agro-

ecological environment based on TOPSIS model. 

Applied Mathematics and Nonlinear Sciences, 

v. 8, n. 2, 2023. 

https://doi.org/10.2478/amns.2023.1.00297 

ZLATI, M. L.; ANTOHI, V. M.; IONESCU, R. V.; 

ITICESCU, C.; GEORGESCU, L. P. Quantifying 

the impact of the water security index on socio-

economic development in EU27. Socio-Economic 

Planning Sciences, v. 93, p. 101912, 2024. 

https://doi.org/10.1016/j.seps.2024.101912 

 

 

AUTHORS CONTRIBUTION 

 

 

Priscila Aparecida da Rocha Honorato: 

conception, data collection, data analysis, 

preparation of the manuscript, writing, 

discussion of results. 

Marcos Antonio Timbó Elmiro: data analysis,  

writing, review. 

Marcelo Antonio Nero: writing, review 

Plinio da Costa Temba: review 

Helder Lages Jardim: review.

 

 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

https://sigrh.sp.gov.br/public/uploads/documents/7113/diagnostico_sintese.pdf
https://sigrh.sp.gov.br/public/uploads/documents/7113/diagnostico_sintese.pdf
https://doi.org/10.1590/s1982-21702021000100005
https://doi.org/10.1016/j.jclepro.2018.03.271
https://doi.org/10.1186/s40249-022-01045-0
https://doi.org/10.15406/mojes.2024.09.00308
https://doi.org/10.1007/s10113-004-0092-9
https://doi.org/10.1007/s10113-004-0092-9
https://publications.gc.ca/site/eng/9.896799/publication.html
https://publications.gc.ca/site/eng/9.896799/publication.html
https://doi.org/10.1007/978-3-030-60147-8_11
https://idesisema.meioambiente.mg.gov.br/webgis.
https://pure.mpg.de/rest/items/item_2383164/component/file_2383163/content
https://pure.mpg.de/rest/items/item_2383164/component/file_2383163/content
https://doi.org/10.1155/2022/6846696
https://doi.org/10.56028/aetr.2.1.544
https://vale.com/documents/d/guest/val3862-2_revista-balanco-da-reparacao-1-sem-22_final
https://vale.com/documents/d/guest/val3862-2_revista-balanco-da-reparacao-1-sem-22_final
https://doi.org/10.2478/amns.2023.1.00297
https://doi.org/10.1016/j.seps.2024.101912


Available in:
https://www.redalyc.org/articulo.oa?id=321382839009

How to cite

Complete issue

More information about this article

Journal's webpage in redalyc.org

Scientific Information System Redalyc
Diamond Open Access scientific journal network
Non-commercial open infrastructure owned by academia

Priscila Aparecida da Rocha Honorato , 
Marcos Antônio Timbó Elmiro , Marcelo Antonio Nero , 
Plinio da Costa Temba , Helder Lages Jardim
A Contribuição do Modelo FPEIR/TOPSIS no Diagnóstico 
Ambiental da Segurança Hídrica de Áreas Atingidas pela 
Barragem B1, Brumadinho, MG
The Contribution of the FPEIR/TOPSIS Model in The 
Environmental Diagnosis of Water Security in Areas 
Affected by the B1 Dam, Brumadinho, MG

Sociedade & Natureza
vol. 37, no. 1, e74110, 2025
Editora da Universidade Federal de Uberlândia - EDUFU,
ISSN: 0103-1570
ISSN-E: 1982-4513

DOI: https://doi.org/10.14393/SN-v37-2025-74110

https://www.redalyc.org/articulo.oa?id=321382839009
https://www.redalyc.org/comocitar.oa?id=321382839009
https://www.redalyc.org/revista.oa?id=3213&numero=82839
https://www.redalyc.org/articulo.oa?id=321382839009
https://www.redalyc.org/revista.oa?id=3213
https://doi.org/10.14393/SN-v37-2025-74110

