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ABSTRACT 
Cowpea is a crop with great economic, social and food importance in semi-arid regions, 

but its production is drastically reduced by the water deficit in these regions, requiring better 
management strategies that allow the crop’s production. This study therefore aimed to evaluate 
the photosynthetic efficiency and production of cowpea cultivars under deficit irrigation 
replacement levels. The experiment tested three cowpea genotypes (G1 = ‘BRS Aracé’,                       
G2 = ‘BR 17 Gurguéia’ and G3 = ‘BRS Marataoã’) and four irrigation depths (40, 60, 80 and 
100% of ETc), resulting in a 3 x 4 factorial scheme, arranged in randomized complete blocks 
design with four replicates. During the experiment, the gas exchanges, chlorophyll a 
fluorescence and production of the cowpea genotypes under deficit irrigation were evaluated. 
Carbon fixation in the photosynthetic metabolism of cowpea plants was reduced by accentuated 
water deficit, regardless of the genotype. The low stress severity was indicated by the lack of 
effects on chlorophyll fluorescence, indicating that the reduction in the rate of carbon 
assimilation was due to the stomatal effects. The irrigation with 80% of ETc can be used in the 
cultivation of the respective cultivars, but with small losses in the production. Among the 
genotypes, ‘BRS Marataoã’ stands out with respect to yield, with higher values for weight of 
pods and green beans. 

Keywords: gas exchanges, physiology, Vigna unguiculata, water replacement.  
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Eficiência fotossintética e produção de cultivares de feijão-caupi sob 
irrigação deficitária 

RESUMO 
O feijão-caupi é uma cultura que apresenta grande importância econômica e sócio-

alimentar em regiões semiáridas, no entanto, sua produção é drasticamente reduzida pelo déficit 
hídrico ocorrente nessas regiões, sendo necessário traçar melhores estratégias de manejo que 
viabilizem a produção da cultura. Com isso, objetivou-se avaliar a eficiência fotossintética e a 
produção de genótipos de feijão-caupi sob níveis de reposição da irrigação deficitária. O 
experimento foi constituído por um estudo de três genótipos de feijão-caupi (G1 = BRS Aracé, 
G2 = BR 17 Gurgueia e G3 = BRS Marataoã) e quatro lâminas de irrigação (40, 60, 80 e 100% 
da ETc), que aos combinados resulta em um fatorial 3 x 4, organizado no delineamento em 
blocos casualizados com quatro repetições. Durante a condução do experimento foram 
avaliadas as trocas gasosas, fluorescência da clorofila a e de produção dos genótipos de feijão-
caupi sob irrigação deficitária. A fixação de carbono no metabolismo fotossintético de plantas 
de feijão-caupi é reduzida com déficit hídrico acentuado, independente do genótipo. A baixa 
severidade do estresse foi indicada pela inexistência de efeitos sobre a fluorescência da 
clorofila, indicando que a redução na taxa de assimilação de carbono se deveu aos efeitos 
estomáticos. A irrigação com 80% da Etc pode ser utilizada no cultivo das respectivas 
cultivares, porém com pequenas perdas na produção. Entre os genótipos de feijão, o ‘BRS 
Marataoã’ destaca-se quanto à produtividade com maiores valores para peso de vagem e grãos 
verdes. 

Palavras-chave: fisiologia, reposição hídrica, trocas gasosas, Vigna unguiculata. 

1. INTRODUCTION 

Cowpea (Vigna unguiculata L.), also known as ‘feijão-de-corda’ or ‘feijão-macassar’, is 
the main subsistence crop in the North and Northeast regions of Brazil, standing out as the main 
source of protein in the diet of people of this region. Recently, the cowpea crop started to be 
cultivated also in the dry period under irrigation, especially in the Northeast region of the 
country (Nascimento et al., 2011).  

In Northeast Brazil, the prominent climatic features are a remarkable aspect, particularly 
the rainfalls concentrated in short periods of the year, low relative air humidity and high 
temperatures. In this region, irrigation management strategies associated with the resistance of 
the crops to drought and the utilization of species tolerant to water stress allow an alternative 
production of the crop under water scarcity (Figueiredo et al., 2008; Ferraz et al., 2011). 

Under these conditions, the need for studies aiming to identify genotypes adapted to 
distinct edaphoclimatic conditions becomes evident, in order to have positive results in the 
cultivation of the crop, thus leading to improvements in production and higher profitability for 
the producers (Lemos et al., 2004). According to FLOSS (2004), approximately 90% of the 
biological production of the crop occurs in response to photosynthetic activity and 60% of the 
global cowpea production comes from regions with water deficit, which makes it the second 
largest cause of reduction in the yield of the crop (Singh, 1995).  

Among various abiotic stresses that affect the cowpea crop, water deficit stands out for its 
large area of occurrence and its role in yield reduction, reduction of stomatal conductance and 
increase of diffusive resistance to water vapor through stomatal closure, reduction of 
transpiration and, consequently, the CO2 supply for photosynthesis (Oliveira et al., 2005; 
Muñoz-Perea et al., 2006; Dutra et al., 2015). However, the responses of the crop to water stress 
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vary according to the species, cultivar, duration of exposure and edaphic factors. In addition, 
the physiological variables alone do not constitute an indication of tolerance to drought, 
requiring studies that evaluate plant physiology and production under stress, to identify tolerant 
genotypes. This study therefore aimed to evaluate the photosynthetic efficiency and production 
of cowpea genotypes under deficit irrigation replacement levels. 

2. MATERIAL AND METHODS 

The research was a field study in the experimental area of the Fruticulture and Plant 
Ecophysiology Sector, at the Center of Human and Agrarian Sciences (CCHA), Campus IV of 
the State University of Paraíba (UEPB), located in the municipality of Catolé do Rocha, PB, 
Brazil. The city is situated at latitude 6º21’ S and longitude 37º48’ W, at an altitude of 250 m.  

The climate of the region is BSw’h’, according to Köppen’s classification, characterized 
as hot semi-arid, with two different seasons, a rainy one with irregular rainfall and another one 
without rainfall. The mean annual rainfall is 870 mm, and the mean temperature is 27ºC with a 
rainy period concentrated between February and April, and a maximum temperature of 35ºC 
and a minimum of 19ºC. 

The study was carried out from September 19 to December 12, 2012, which corresponds 
to the drought period in this region, requiring the use of irrigation for the crop. 

In the locality, the edaphic conditions were represented by a soil classified as typic 
eutrophic Tb FLUVIC NEOSOL with sandy loam texture (sand = 773.7; silt = 168.3 and                    
clay = 58 g kg-1), with soil density = 1.53 and particle density = 2.53 g kg-1, porosity of 42.26% 
and moisture at field capacity and permanent wilting point of 114.4 and 35.1 g kg-1, 
respectively. The mean results of the chemical analyses, before installing the experiment, were: 
pH in H2O (1:2.5) = 7.32; P = 186.97 and K = 309.08 mg dm-3; Ca = 4.8; Mg = 1.55;                      
Na = 0.404; Al = 0.0; H + Al = 0.413; SB = 7.54; CEC = 7.96 cmolc dm-3 and                                             
OM = 12.62 g kg-1. 

The experiment consisted of three cowpea cultivars, obtained from the cowpea genetic 
improvement program of Embrapa Mid-North with potential of production in the semi-arid 
region (G1 = ‘BRS Aracé’, G2 = ‘BR 17 Gurguéia’ and G3 = ‘BRS Marataoã’) and four 
irrigation depths (40, 60, 80 and 100% of ETc). Factorially combined, it resulted in a 3 x 4 
factorial scheme, arranged in randomized complete block design with four replicates. The 
experimental units consisted of a zinc box with dimensions of 1.20 x 1.20 x 1.0 m, containing 
8 useful plants per box, totaling 288 experimental plants in a total area of 300 m2. Sowing of 
the cultivars was done manually, and three seeds were distributed per hill at a spacing of                     
0.50 x 0.20 m. At 15 days after sowing (DAS) plants were thinned, leaving five plants per linear 
meter.  

Soil tillage consisted of one plowing with disc harrow, which turned the soil to a depth of 
0.20 cm, and subsequent leveling with a leveling harrow. Fertilizers were applied according to 
the soil analysis, for the cowpea crop. Fertilizer application was the same for all treatments 
using mineral fertilizers with NPK, in the form of urea (45% N), single superphosphate                      
(22% P2O5) and potassium chloride (60% K2O).  

Irrigation management was based on the soil water depletion level relative to the treatment, 
determined through the reference evapotranspiration (ETo) by the Penman-Monteith method 
(Allen et al., 1998), based on data from the existing meteorological station in the experimental 
area, to determine the evapotranspiration of the culture (ETc = ETo x Kc), using the Kc  
proposed by Doorenbos and Kassan (1979), in the different crop development stages: 
germination - primary leaves (V0 – V2), Kc from 0.30 to 0.40; first trifoliate leaf - third trifoliate 
leaf (V3 – V4), Kc from 0.70 to 0.80; pre-flowering - pod formation (R5 – R7), Kc from 1.05 
to 1.20; grain filling (R8) and maturation (R9), Kc from 0.25 to 0.30. These data were used to 
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calculate the gross irrigation depth, application intensity and irrigation time. 
Internal CO2 concentration (Ci) (µmol m-2 s-1), transpiration (E) (mmol H2O m-2 s-1), 

stomatal conductance (gs) (mol H2Om-2 s-1) and net photosynthesis (A) were evaluated and the 
readings were taken between 8:40 and 9:40 h in the morning at 22 days after sowing (V5 
vegetative stage). These data were used to quantify the instantaneous water use efficiency 
(IWUE) (A/E) [(µmol m-2 s-1) (mmol H2O m-2 s-1)-1] and instantaneous carboxylation efficiency 
(A/Ci) (Silva et al., 2014). These measurements were taken in the third leaf of the central leaflet 
from the apex, fully expanded and without signs of senescence or herbivory, in two plants per 
plot, using an infrared gas analyzer (IRGA), Model LCpro+Sistem. 

Fluorescence determinations were taken in 2-h intervals throughout the day on the same 
date of the readings of gas exchanges. The evaluations of initial fluorescence (Fo), maximum 
fluorescence (Fm), variable fluorescence (Fm-Fo) and maximum quantum efficiency of 
photosystem II (Fv/Fm) were performed in the third intermediate leaf of the main branch of the 
evaluated plants of each plot, after being pre-adapted in the dark for 30 minutes, using a portable 
fluorometer (Hansatech). 

After the phenological stage R3, characterized by the beginning of the change of color of 
the pods, considering that the grains were already completely formed, the pods were harvested, 
for later determination of the weight of green pods, length of green pods, number of grains by 
pod and weight of green grains. For weighing, a precision balance ± 0.01g. 

The data of the variables were subjected to analysis of variance by F test (P ≤ 0.05), while 
the regression models were fitted based on the coefficient of determination (α ≤ 0.05) and the 
means were compared by Tukey test (α ≤ 0.05), using the program SAEG 9.1. 

3. RESULTS AND DISCUSSION 

For the variables internal CO2 concentration, stomatal conductance, photosynthesis, 
instantaneous water use efficiency and instantaneous carboxylation efficiency was significant 
influenced by irrigation levels (Figure 1A, B, C, D e E). The transpiration rate was not 
influenced by the treatments. 

The internal CO2 concentration (Ci) suffered significant effect of the irrigation depths, with 
highest gas accumulation (191.16 μmol mol-1) in cowpea plants cultivated under highest stress 
(40% of ETc) (Figure 1A). On the other hand, there was a slight variation in the Ci rates with 
the increase of water availability in the soil, after applying water depths of 40 to 100% ETc. It 
should be pointed out that Ci accumulation in the leaf mesophyll is directly associated with 
stomatal closure and reduction in CO2 assimilation (Paiva et al., 2005). Souza et al. (2016) also 
observe this fact, in cowpea cv. BRS Punjante, where the increase of Ci concentration in the 
lower levels of water availability corroborated with the lower levels of photosynthesis. 

For stomatal conductance (gs), there was a reduction of 30.30% to the critical value of 
0.2861 mol m-2 s-1 obtained with the replacement of 40% ETc after a water stress period of                 
24 h for all cowpea genotypes studied (‘BRS Aracé’, ‘BR17 Gurguéia’ and ‘BRS Marataoã’) 
(Figure 1B). Such reduction in gs was obtained in relation to the highest conductance among 
the means (0.3728 mol m-2 s-1), relative to the highest irrigation depth (100% ETc). Since gs is 
responsible for almost all activities of the internal and external factors of the plant related to 
water deficit, it is a highly integrative factor for the global effect of water stress on the 
physiological parameters (Singh and Reddy, 2011; Silva et al., 2014).  

For net photosynthesis (A), the decrease from 100% irrigation to deficit irrigation of 40% 
ETc caused linear reductions in the photosynthetic rates of the cowpea plants. The highest value 
of photosynthetic rate was 23.57 μmol of CO2 m-2 s -1, observed in plants under irrigation of 
100% ETc, and the lowest value (19.32 μmol CO2 m-2s-1) was obtained in plants under deficit 
irrigation of 40% ETc (Figure 1C). According to Taiz and Zeiger (2013), such reduction in net 
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photosynthesis under water deficit is partially associated with the high temperatures and low 
relative air humidity, which are peculiar characteristics of the climate of the semi-arid region 
of Paraíba, where the research was conducted. 

 
Figure 1. Internal CO2 concentration, Ci (A), stomatal conductance, gs (B), net photosynthesis, A 
(C), instantaneous water use efficiency, IWUE (D) and instantaneous carboxylation efficiency, EiCi 
(E) of cowpea genotypes under irrigation depths.  

The irrigation depths differed significantly for the variable instantaneous water use 
efficiency (IWUE), with reductions on the order of 29.55% between the highest value of                    
4.90 [(μmol m-2 s -1) / (mmol H2O m-2 s -1)] at the irrigation depth of 100% ETc and the lowest 
value of 3.78 [(μmol m-2 s -1) / (mmol H2O m-2 s -1)] recorded at the lowest irrigation depth, 
40% ETc (Figure 1D). The assimilation of CO2 from the external environment leads to water 
loss and the decrease in this loss also restricts the CO2 entry (Shimazaki et al., 2007). Thus, the 
increments observed in IWUE, notably at irrigation depths of 40 to 100% ETc, are reflexes of 
the increases observed in the net photosynthetic rate (A) of the cowpea plants. 

The instantaneous carboxylation efficiency (EiCi) was affected by the application of 
irrigation depths, with the increase from 40 to 100% ETc. The highest EiCi (0.1429) occurred 



 

 

Rev. Ambient. Água vol. 13 n. 5, e2133 - Taubaté 2018 

 

6 Alberto Soares de Melo et al. 

in plants irrigated with 100% ETc, contrasting with the lowest value of 0.1031 observed at the 
lowest irrigation depth (40% ETc), which represented a reduction of 38.60% (Figure 1E). Brito 
et al. (2012), evaluating the physiological behavior of citrus plants in protected environment 
under water replacement levels, observed that high values of internal CO2 concentration 
associated with the increase in stomatal conductance indicate an increment in the instantaneous 
carboxylation efficiency, due to the availability of ATP and NADPH and of the substrate for 
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). This fact may have occurred in 
the present study because of the increase of photosynthesis and stomatal conductance and 
reduction of the internal concentration of CO2 under the greater availability of water (Figure 1). 

There was no significant influence on the variables of chlorophyll a fluorescence, with 
mean values of 330, 1739 and 1335 electrons quantum-1 for Fo, Fm and Fv, respectively, and 
0.77 for quantum efficiency of PSII, which indicate absence of damages to the photosynthetic 
apparatus (Baker and Rosenqvst, 2004). This indicates that the reductions in the photosynthetic 
capacity of the studied cultivars were mainly of stomatal origin. 

For the variable Length of green pods, significant (p <0.05) influence of irrigation levels 
was observed (Figure 2A). However, for weight of green pods, number of green beans and 
weight of green beans (WGB) significant (p <0.05) influence of cowpea cultivars was observed 
(Figures 2B, C and D). 

For the length of green pods (LGP), there was an increasing linear behavior as the water 
availability increased, with lowest value (13.3 cm) for the application of 40% ETc and highest 
value (15.9 cm) for the maximum water content in the soil (100% ETc). There was an increment 
of 20% at this irrigation depth and no difference between the studied genotypes (Figure 2A), 
denoting that the water stress has direct influence on cowpea production, affecting the growth 
and filling of the pods and, consequently, of the grains. 

For the variables weight of green pods (WGP) and weight of green beans (WGB), the 
genotype ‘BRS Marataoã’ exhibited a superior behavior compared with the others, with 6 g for 
WGP and 3.46 g for WGB, showing mean differences of 41 and 43% in relation to the values 
obtained by the genotypes ‘BRS Aracé’ (4.26 and 2.59) and ‘BR17 Gurguéia’ (4.23 and                   
2.83 g), respectively (Figures 2B and D). This reduction in the weight of pods and beans has 
direct influence on the yield of green beans and indicates that it is related to the reduction in 
soil water content, which means that the lowest values of growth, photosynthesis and 
biochemical components also reflect in the production characteristics of cowpea plants. Hence, 
there is a reduction of conductance and leaf transpiration in the plant and, consequently, an 
increment in leaf temperature and reduction in the production of photoassimilates, causing 
reduction in the production components and final yield. 

For the variable number of green beans (NGB), the genotype ‘BR17 Gurguéia’ showed the 
highest mean values for beans per pod (11.5 beans), four more in comparison to the cultivar 
‘BRS Aracé’ (7.5 beans) (Figure 2C). The results were similar to those obtained by Mendes et 
al. (2007), working with the source-sink relationships in cowpea for the production of dry beans 
subjected to water deficit. These authors found that water stress applied in both vegetative and 
reproductive stages leads to significant reduction in number of beans per pod. 
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Figure 2. Length of green pods, LGP (A), weight of green pods, WGP (B), number of green beans, 
NGB (C) and weight of green beans, WGB (D) of cowpea genotypes under irrigation depths. 

4. CONCLUSIONS 

Carbon fixation in the photosynthetic metabolism of cowpea plants is reduced with 
accentuated water deficit, regardless of the genotype. 

Low stress severity was indicated by the lack of effects on chlorophyll fluorescence, 
indicating that the reduction in the rate of carbon assimilation was due to the stomatal effects. 

Irrigation with 80% of the ETc can be used in the cultivations of the respective cultivars, 
but with small losses in production. 

Among the genotypes, ‘BRS Marataoã’ stands out with respect to the yield, with higher 
values for weight of pods and green beans. 
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ABSTRACT 
Particulate matter is the mixture of solid and liquid particles. It may at times cause adverse 

effects to human health, in the climate, ecosystem and materials. The objective of this study 
was to identify the sources emitting particulate matter that contributes to environmental 
pollution at two sites in Belo Horizonte city. The metropolitan region of Belo Horizonte is 
characterized by numerous mining activities and other industries, high population and, 
consequently, a high number of vehicles. There are therefore several sources emitting pollutants 
into the atmosphere. Airborne particulate matter was collected in air filters during 
approximately one year using a high-volume sampler in strategic points. The concentration of 
particulate matter results showed that, in general, the values were 40% higher than the values 
recommended by legislation. During the summer rainy season, no sample exceeded the 
recommended limits at both sampling sites. The elemental composition was determined through 
neutron activation analysis and these values were considered variables in the multivariate 
statistical analysis for the identification of the main sources of particle emission and their 
contributions. The results confirmed a significant influence of the soil and motor vehicles in the 
degradation of the region’s air quality. 

Keywords: airborne particulate matter, air quality, environmental monitoring, multivariate statistics 
analysis, neutron activation analysis. 

Identificação de fontes emissoras de material particulado na cidade de 
Belo Horizonte (Brasil) através da análise estatística multivariada 

RESUMO 
O material particulado é a mistura de partículas sólidas e líquidas, causando efeitos 

adversos na saúde humana, no clima, no ecossistema e nos materiais. O objetivo deste estudo 
foi identificar as fontes emissoras de material particulado que contribuem para a poluição 
ambiental em dois locais da cidade de Belo Horizonte. A região metropolitana de Belo 
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Horizonte é caracterizada por inúmeras atividades de mineração e outras indústrias, grande 
população e, consequentemente, um elevado número de veículos, ou seja, diversas fontes 
emissoras de poluentes na atmosfera. As partículas suspensas no ar foram coletadas no filtro de 
ar durante aproximadamente um ano usando um amostrador de grande volume em pontos 
estratégicos. A concentração de material particulado apontou que, em geral, os valores foram 
40% superiores aos valores recomendados pela legislação. No verão, a estação chuvosa, 
nenhuma amostra excedeu os limites recomendados em ambos os locais de amostragem. A 
composição elementar foi determinada através da análise de ativação neutrônica e estes valores 
foram considerados variáveis na análise estatística multivariada para a identificação das 
principais fontes emissoras de partículas e suas contribuições. Os resultados confirmaram uma 
influência significativa do solo e veículos motorizados na degradação da qualidade do ar da 
região. 

Palavras-chave: análise estatística multivariada, análise por ativação neutrônica, material particulado, 
monitoramento ambiental, qualidade do ar. 

1. INTRODUCTION 

Changes in the natural air constituents may negatively affect plant and animal species, as 
well as human health and well-being (CONAMA, 1990). The air quality standards established 
by the World Health Organization (WHO) and national councils such as the National 
Environment Council (CONAMA) and the State of Minas Gerais Environment Foundation 
(FEAM) are based on political, social and economic issues, as well as health risk factors and 
national capacity for air quality management (CONAMA, 1990; FEAM, 2017; WHO, 2006). 

Industrial activities generate a large volume of waste that is emitted to the atmosphere, 
containing several compounds harmful to human health (Brasil et al., 2007). Automobiles are 
one of the greatest sources of pollution developed by man, and release gases and particles into 
the atmosphere that alter its natural composition (Albuquerque et al., 2012; Sharma and Khare, 
2001). This activity has had a significant impact on air quality, since over the years the number 
of vehicles has been growing sharply (Nagendra and Khare, 2002; Tavares et al., 2014). 

One of the major pollutants released into the atmosphere is particulate matter (PM), which 
is the mixture of solid and liquid particles that vary in shape and chemical composition, and 
cause adverse effects on human health, and to the climate, ecosystem and materials (Kappos et 
al., 2004). 

Some elemental traits can cause biological effects, such as inflammation, allergies and 
DNA damage, generating free radicals in human body tissues (HEI, 2002). The PM composition 
in the atmosphere depends on emission factors that occur in each region, such as the occurrence 
of fires, mining activities, automotive vehicle flow or industrial activities (Calijuri and Cunha, 
2013), as well as the processes of PM resuspension by natural or artificial agents. Further, PM 
can be emitted from several sources, fixed or mobile, presenting varied chemical composition 
(Adissi et al. 2013). Monitoring air quality is essential to the control of air pollution.  

The use of monitoring networks associated with computational modeling resources is 
fundamental to monitoring the evolution of pollutant dispersions and thereby obtaining support 
for the elaboration of public environmental policies (CETESB, 2015; FEAM, 2017). 

Techniques based on monitoring networks allow the investigation of local conditions of 
air quality. The equipment used is costly and requires operating conditions and adequate 
structure for sampling at specific points. The generated environmental data are used mainly for 
statistical analyses on which strategies to identify the main contributing sources of pollution at 
the monitored site are based (Tavares et al., 2014). 

The main statistical tool used to aid and interpret air quality monitoring data (Rebelo et al., 
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2015) is the Principal Component Analysis (PCA). Many studies, use PCA to assess the impact 
of pollutants in the atmosphere and in the environment (Almeida et al., 2017; Elbayoumi et al., 
2014; Jacomino et al., 2009; Megido et al., 2017; Sánches-Rodas et al., 2017). 

This work therefore assessed air pollution in Belo Horizonte, the capital of the state of 
Minas Gerais, Brazil, at two sites located on the campus of Federal University of Minas Gerais, 
in order to identify sources emitting PM10. The elemental composition of airborne particulate 
matter was analyzed through neutron activation analysis in order that PCA could be used to 
identify the main sources of PM10 emission. 

2. MATERIALS AND METHODS 

Sampling of PM10 was performed in the northeast region of Belo Horizonte. The city has 
a territorial area of 331,401 km², and an estimated population for the year 2017 of 2,523,794 
inhabitants (IBGE, 2016). It is 900 meters above sea level and its temperature varies between 
16ºC to 31ºC. The climate is a humid subtropical climate, registering rainfall and high 
temperatures in summer, while winter is characterized by low rainfall and low temperatures 
(Belo Horizonte, 2016). 

The metropolitan region of Belo Horizonte is characterized by numerous mining activities 
and other industries, and is highly populated. Because the high population density, there is a 
high number of vehicles and consequent traffic jams and high emissions of pollutants into the 
atmosphere. 

The area studied, the campus of the Federal University of Minas Gerais (UFMG) is the 
second largest in terms of the circulation of people in the city of Belo Horizonte, with an 
estimated 55,000 people circulating daily. This movement causes transportation problems as 
described in the UFMG Technical Report (UFMG, 2010). 

The first step of this work was the selection of PM sampling points. An assessment of the 
study area was performed in order to identify points exposed to various emission sources, both 
of natural origin (soil, vegetation, etc.), as well as anthropogenic sources (vehicle and industrial 
emissions). The proximity to access routes containing high vehicular flow was a factor, due to 
the urban characteristics of the study area. Based upon these considerations and the 
surroundings of the region and the main routes of the neighborhood, two points were selected 
as shown in Figure 1. Point 1 is in an area that includes an ecological preservation site and local 
transit routes (Coordinate Latitude 19°52'19.53" S and Longitude 43°58'15.14" W); Point 2 is 
on the margin of one of the main avenues of Belo Horizonte with intense vehicular flow 
(Coordinate Latitude 19°51'47.32" S and Longitude 43°57'30.27" W).  

Several methods have been applied for PM monitoring. A technique widely used 
throughout the world is based on the High Volume Sampler (HVS), which uses a filter to retain 
particulate matter, sampling over a 24-hour period (USEPA, 1999). In this work, glass fiber 
filters were used to collect trace elements contained in suspended particulates in the air (Pöykiö 
et al., 2003). The HVS has an inertial impact separation head at a flow rate of 1.13 m3 min-1. 
The flow uncertainty is less than 1% (ENERGÉTICA, 2012). For this study, only one high 
sampler was available. The equipment was therefore placed for few days at Point 1 and on other 
days at Point 2.  

At Point 1, due to the presence of animals in the area of ecological preservation and the 
inclination of the terrain, it was necessary to delimit and elevate the equipment by 1.2 meters 
(Figure 1). The elevation of the equipment did not interfere with the sampling. It is important 
to mention that in both sampling points, in order to avoid the resuspension of dust, a bulkhead 
was placed in the inferior part of the equipment. 
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Figure 1. PM10 Sampling sites at the Federal University of Minas Gerais. 

Before each sampling procedure, the equipment was calibrated to ensure the required flow 
rate. Samplings were performed using a filter for the retention of particulate during a 24-hour 
period. The filter model used for monitoring and determining the concentration of PM was the 
Whatman GF/A fiberglass type, with dimensions of 203 x 254 mm. Before the samplings, the 
filter was prepared by heating it in a muffle at 400°C for a period of 4 hours to eliminate 
moisture and organic compounds, and it was later stored in a desiccator to avoid contact with 
air humidity. 

Before the sampling, each entire filter was weighed in a precision balance, with a 
maximum capacity of 210 g and a standard deviation of 0.1 mg.   

After the sampling, the concentration (C) of PM, given in μg m-3, was determined by the 
initial mass (mi), final mass (mf) and volume of the sampled air (Vs) as shown in Equation 1. 

𝐶𝐶 = 106. �𝑚𝑚𝑓𝑓−𝑚𝑚𝑖𝑖

𝑉𝑉𝑠𝑠
�      (1) 

The identification of elements present in the particulate matter was performed through 
Neutron Activation Analysis, which is a multielementar analytical technique to determine 
chemical elements in biological or geological material, effluent, oil, water and also in 
particulate matter (Menezes and Jacimovic, 2006). The sample is analyzed without being 
solubilized, a great advantage compared with other technical analytics that require that the 
sample is in a soluble form. In this study, the technique was applied via k0-standardization 
method. This method does not use standards of the involved element but neutron monitors, 
gamma spectroscopy system absolutely calibrated, good knowledge of spectral parameters in 
the irradiation channel and k0 constants available in literature. In this technique, the sample is 
bombarded by neutrons in a nuclear reactor and the radionuclides produced emit characteristic 
radiation formed in the (n,γ) reaction. The chemical elements are then identified and assayed 
after irradiation by measurement – gamma spectrometry.  



 

 

5 Use of statistical multivariate analysis to identify … 

Rev. Ambient. Água vol. 13 n. 4, e2202 - Taubaté 2018 

 

The irradiation was carried out on the carousel of the TRIGA MARK I IPR-R1 reactor at 
CDTN (Nuclear Technology Development Centre) in Belo Horizonte, at 100 kW, under an 
average thermal neutron flux of 6.30 x 1011 cm-2 s-1. The averages parameters f and α are                      
(21.7 ± 1.1) and (0.0026 ± 0.0011), respectively. The samples were irradiated simultaneously 
with neutron flux monitor Al-Au (0.1%) IRMM-530RA foil, cut into a 6 mm diameter 0.1 mm 
thick. The gamma spectroscopy was performed on an HPGe detector with 15% efficiency and 
for the spectra analysis - peak area evaluation - the HyperLab program was used. For the 
calculation of elemental concentrations, a software package called Kayzero for Windows® was 
applied (Menezes and Jacimovic, 2006). 

In this study, the sampled filter was cut into a fraction of 30 cm2 and packed in a 
polyethylene tube, 2.3 cm high and 1.1 cm in diameter, and then irradiated. In order to discount 
the influence of the filter material, the blank was prepared in triplicate under the same 
conditions. 

Subsequently, Multivariate statistics was used, which is commonly applied in 
environmental studies, through principal component analysis (PCA), which analyzes multiple 
measurements of variables, with the objective of investigating, measuring, explaining and 
predicting relationships among statistical variables (Hair et al., 2009).  

In the same way as PCA, Factorial Analysis (FA) describes the original vectors in a smaller 
number of variables, where they are called common factors and related to the original vector 
through the linear model (Mingoti, 2005). Through some rules, the quantity of factors according 
to Kaiser's criterion (Elbayoumi et al., 2014; Mingoti, 2005) refers to eigenvalues greater or 
equal to 1, and many times it is necessary to carry out a rotation of these factors. One of the 
methods of rotation is the Varimax, which tries to find factors with great variability to better 
explain the PCA (Mingoti, 2005). Minitab Software was used for the execution and 
interpretation of statistical data. 

3. RESULTS AND DISCUSSION 

3.1. Particulate Matter Concentration 
According to legislation (USEPA, 2014), air is considered to be of Good Quality when the 

concentration based on PM10, is lesser than 50 μg m-3; Moderate, when it is between 51 and      
100 μg m-3; Unhealthy for Sensitive Groups, between 101 and 150 μg m-3; Unhealthy, between 
151 and 200 μg m-3; Very Unhealthy, between 201 and 300 μg m-3; and above 301 μg m-3 is 
assessed as Hazardous. Figure 2 shows the concentration values for particulate matter collected 
from Point 1 and Point 2, the central tendency and variability of the data and their classification 
according to the values of US-EPA. 

 
Figure 2. Concentration of PM10 data separated by location and station followed by Boxplot of 
concentration data. 
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The samples from Point 1 presented a range of PM10 concentration of 9.4 μg m-3 occurring 
in the fall, and 123 μg m-3 in the spring. During the monitored period, the concentration of PM10 
in samples showed abrupt changes over time. Two samples in the winter exceeded 50 μg m-3, 
classified according to US-EPA as “Moderate”. In the spring, three samples presented 
concentrations higher than 50 μg m-3, two presented as “Moderate” and one as “Unhealthy for 
Sensitive Groups”. In the summer rainy season, these limits were not exceeded, resulting in 
good air quality.  

Point 2 samples presented a range of PM10 concentration of 29 μg m-3 in the summer season 
and 68 μg m-3 during spring time. The results showed a stable behavior throughout the sampling 
campaign, with only a slight decline in concentration in the summer. In winter, four samples 
exceeded 50 μg m-3. In the spring, two samples exceeded 50 μg m-3, and one of them had the 
highest value recorded in the whole campaign for this site, 68 μg m-3. In the summer, no sample 
exceeded the recommended limits. 

Related to elemental concentration results, Table 1 displays the range of the values 
determined for the elemental concentration in the particulate matter collected in the air filters. 
Elements that presented values lower than their limits of detection, that is, Ag, Cd and Hg, were 
not included in the calculations.  

The Brazilian legislation does not foresee maximum values allowed in particulate matter 
for elemental concentration (Querol et al., 2001, except for lead (CETESB, 2017). Comparing 
the obtained values in Table 1 with the values of samples of PM10 collected in China (Song et 
al., 2017), for instance, the Chinese results are higher. One reason is due to poor environmental 
control. Comparing the same results with those from another Brazilian capital, São Paulo, there 
are similarities of pollution in terms of chemical elements and elemental concentrations 
(Albuquerque et al., 2012; Almeida et al., 2017). European elemental concentrations are below 
those found in this study. The report points out a tendency of reduction of pollution, due to the 
public policies in those countries (Leoni et al., 2018). 

Table 1. Lower and upper values for elemental concentrations determined in the particulate matter 
collected in the air filters. 
Elem. Point 1 (pg m-3) Point 2 (pg m-3) Elem.  Point 1 (pg m-3) Point 2 (pg m-3) 

Ag < DL < DL Na 43676 - 1291138 91861 - 358425 
As 23.3 - 79.5 23.2 - 39.3 Nd 13.7 - 323 59 - 88.8 
Au 0.1 - 0.4 0.1 - 0.2 Rb 20 - 408 41.8 - 97.4 
Ba 24613 - 722536 77343 - 209459 Sb 2.8 - 3212 10.5 - 53 
Br 4.1 - 292 11.7 - 53.2 Sc 0.6 - 13.0 0.9 - 3.8 
Ca 10067 - 305862 29437 - 83641 Se 53.5 - 92.6 29.8 - 726 
Cd < DL < DL Sm 1.1 - 51 1.2 - 17.1 
Ce 11.3 - 642 12.7 - 227 Sr 928 - 28890 2851 - 8132 
Co 0.4 - 13.7 0.9 - 3.9 Ta 0.2 - 19.1 0.4 - 5.7 
Cr 37.1 - 977 58.8 - 254 Tb 0.3 - 435 0.5 - 5.1 
Cs 1.6 - 7.9 1.5 - 3.3 Th 1.7 - 86.1 4.1 - 30.2 
Eu 0.8 - 80.3 1 - 11.5 U 1.7 - 33.5 7.5 - 12.5 
Fe 1846 - 85157 3815 - 23304 W 3754 - 4150 1584 - 4214 
Hf 12.7 - 229 12.1 - 92.6 Yb 5.2 - 94.7 3.4 - 33.6 
Hg < DL < DL Zn 20039 - 569939 57009 - 167672 
K 30019 - 469573 61232 - 307734 Zr 554 - 2068 1649 - 2483 
La 6.7 - 338 6.7 - 118        

< DL, lower than the value corresponding to the limit of detection. 
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3.2. Statistical analysis 
PCA was used after normalization for statistical analysis. The variables used were the 

chemical elements of the samples of the PM10 and their elemental concentrations. As the 
variables were higher than the number of samples, it was necessary to reduce the number of 
variables, according to Mingoti (Mingoti, 2005). This was based on the concentration frequency 
of the variables, that is, concentration values with smaller occurrences in the samples were 
excluded from the analysis. 

The PCA and the Varimax rotation were used for better data interpretation, providing the 
factors that contribute to the sample matrix. The results of PCA were highlighted that showed 
greater relevance among the factors of each variable (Mingoti, 2005). 

3.2.1. Site: Point 1 
The software Minitab reduced the original variables of sampling site Point 1 according to 

Mingoti (Mingoti, 2005), obtaining two factors, shown in Table 2. The Kaiser criterion (Rebelo 
et al., 2015; Stobinski et al., 2014) was taken into account, using values of the eigenvalues 
higher than 1. For this analysis, sixteen variables were used (Ba, Br, Ca, Ce, Co, Cr, Fe, Hf, K, 
La, Na, Sb, Sc, Tb, Th and Zn) of the thirty-three obtained. 

Table 2. Results of PCA after rotation VARIMAX at Point 1. 
Variable Factor 1 Factor 2 

Ba 0.955 - 
Br 0.915 - 
Ca 0.932 - 
Ce - 0.724 
Co 0.950 - 
Cr 0.887 - 
Fe 0.948 - 
Hf 0.753 - 
K 0.936 - 
La - 0.696 
Na 0.858 - 
Sb 0.832 - 
Sc 0.938 - 
Tb - - 
Th 0.691 - 
Zn 0.953 - 

Eigenvalues 13.130 1.068 
Total variance (%) 70.2 18.5 

Cumulative variance (%) 70.2 88.7 

It was verified that the accumulated variance is 88.7% of the data. Factor 1 explained 
70.2% of the total variation, where the elements Ba, Br, Ca, Co, Cr, Fe, Hf, Na, Sb, Sc, Th and 
Zn contributed to this first factor. From the characterization of the factor loadings, the main 
contributors can be identified. These elements indicate a strong influence of geogenic origin 
(Destefan and Holanda, 2011; Moreno et al., 2017; Noce et al., 1997), although it is difficult to 
differentiate its origin due to the processes of transport and resuspension of the soil. The 
elements Ba, Na and Zn strengthen even more this origin due to their elemental concentrations, 
averaging 165 ng m-3, 328 ng m-3 and 128 ng m-3, respectively. The elements in Factor 1 may 
come mainly from streets that are covered by paving stones and close to an ecological reserve. 

Factor 2 explains 18.5% of the total variation, where the elements Ce and La are the main 
contributors for this factor. These elements indicate, according to the PM speciation profiles 
repository of air pollution sources of the United States Environmental Protection Agency - 
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Speciate (USEPA, 2015), influence from fuel combustion (gasoline, oil and diesel) of 
automotive supplies and paving stones of the municipal road in front of the sampled site (Silva 
et al., 2009; Xue et al., 2006). The elements La and Ce have average concentrations of 0.06 ng 
m-3 and 0.13 ng m-3, respectively. There are no specific studies of isotopic ratios of rare earths 
present in PM in Brazil. In addition to these influences, the burning of organic material and 
construction can also contribute to the presence of these elements. The relationship between La 
and Ce of the analyzed samples showed an increase of approximately 10% in comparison with 
the crustal source of Belo Horizonte (Noce et al., 1997).  

3.2.2. Site: Point 2 
The original variables of the samplings carried out in Point 2 were reduced, according to 

Mingoti (Mingoti, 2005), based upon the concentration frequency of the variables. The Kaiser 
criterion (Rebelo et al., 2015; Stobinski et al., 2014) was also followed. Three factors were 
obtained as shown in Table 3, with a cumulative variance of 84.9% of the variability in the data. 
For this analysis, 17 variables were used (Ba, Ca, Ce, Co, Cr, Fe, Hf, K, La, Na, Sb, Sc, Sm, 
Ta, Tb, Th, Zn) from the thirty-three obtained, due to the removal of variables that were not 
found elementary concentrations representative for the calculation of PCA. 

Table 3. Results of the PCA after VARIMAX rotation at Point 2. 
Variable Factor 1 Factor 2 Factor 3 

Ba 0.960 - - 
Ca 0.865 - - 
Ce - 0.962 - 
Co 0.871 - - 
Cr 0.701 0.700 - 
Fe 0.867 - - 
Hf 0.719 - - 
K - - -0.653 
La - 0.953 - 
Na 0.936 - - 
Sb 0.628 - - 
Sc 0.881 - - 
Sm - - - 
Ta - - 0.620 
Tb - 0.967 - 
Th - 0.965 - 
Zn 0.962 - - 

Eigenvalues 9.883 3.280 1.269 
Total variance (%) 43.5 33.3 8.1 

Cumulative variance (%) 43.5 76.8 84.9 

Factor 1 explains 43.5% of the total variation, where 10 elements contributed to this factor 
(Ba, Ca, Co, Cr, Fe, Hf, Na, Sb, Sc and Zn). Through the factorial loads, the elements of this 
factor indicate a strong influence of geogenic origin (Noce et al., 1997). 

Factor 2 explains 33.3% of the total variation, where Th, Tb, Ce and La contributed to this 
factor. Through factor loads, there is a strong influence on fuel combustion, similar to the 
second factor at Point 1 (Silva et al., 2009; Xue et al., 2006), which identified sources from 
automotive fuel burning, burning of organic material (leaves of trees), buildings, and coal 
combustion (wood burning) (Someshwar and Jain, 2003; USEPA, 2015). 

Factor 3 explains 8.1% of the total variation, where Ta and K contributed to this factor. 
Factorial loads show the influence of oil combustion, cigarettes, fertilizers, Portland cement, 
diesel and furnace, due to the maintenance of the wooded sites at the university and the 
buildings in the vicinity of the sampling site (Guillén et al., 2017; USEPA, 2017). 
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4. CONCLUSION 

The first sampling site (Point 1) is near buildings and streets with a constant traffic of 
vehicles. The second sampling site (Point 2) is near an avenue with intense and constant traffic 
of vehicles (cars, buses and trucks). Concerning the concentration of airborne particulate matter, 
PM10, Point 2 presented higher range of values than Point 1. The highest value, in spring time, 
was considered “Unhealthy for Sensitive Groups” according to US-EPA. These results point 
out that this site near of the avenue presents more health risks. In general, the values were 40% 
higher than those recommended by legislation. In the summer rainy season, no sample exceeded 
the recommended limits.  

The analysis of the elemental composition of PM10, resulted in the determination of thirty-
three elements. This information was fundamental for the verification of possible PM10 emitters 
present in the sampling sites by means of the statistical technique of multivariate analysis, using 
the main component method.  

Two factors were identified for the first sampled site and three factors for the second site. 
It was observed that in both locations the air quality is influenced by vehicular emissions, 
though more strongly at Point 2. At Point 1, the influence of the dust from the soil was 
confirmed. At this point, the lower contribution of the vehicular sources was expected due to 
its central position in relation to the avenues that surround the site. However, the results suggest 
that the pollutants are transported from the streets in direction of the study area. 

This study suggests that air quality monitoring should be conducted periodically to identify 
and alert the population of the health risks related to air pollution. This monitoring should also 
provide data for a better statistic for the study of local air quality. Therefore, the methodologies 
used in this study to determine airborne particulate matter concentration, the chemical 
composition and a statistical tool for multivariate analysis, are useful in PM10 research.  
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ABSTRACT 
To maintain quality measurement of water consumption, it is necessary to know the 

metrology of single-jet water meters over time. Knowing the accuracy of these instruments over 
time allows establishing a metrological operation period for different flow rates. This will aid 
water companies to optimize management and reduce economic losses due to unaccounted 
water consumption. This study analyzed the influence of time on the measurement error of 
single-jet water meters to evaluate the deterioration of the equipment and, with that, launch the 
metrological operation period. According to standards 8316 and 4064 of the International 
Organization for Standardization (ISO), 808 meters of metrological Class B were evaluated in 
six water supplies, with age ranges of 3.7 to 16.4 years of use. The measurement error was 
estimated by comparing the volume measured in a calibrated tank with the volume registered 
by the meters at flow rates of 30, 120, 750 and 1,500 L h-1. The metrological operation period 
of the meters was obtained for each flow rate by the relation between error of measurement and 
time of use (simple linear regression). According to the results, the majority of the equipment 
presents increasing under-registration errors over time, more pronounced at low flow rates and 
with less favorable operating conditions. The metrological operation period for flow rates of 
30, 120, 750 and 1,500 L h-1 is estimated at approximately 3, 8, 14 and 13 years. This operation 
period combined with consumption patterns of users will establish the best time to replace the 
meters. 

Keywords: hydrometry, measurement error, water consumption. 

Desempenho metrológico de hidrômetros unijato com o tempo de uso 

RESUMO 
Para manter a qualidade de medição do consumo de água, é necessário conhecer a 

metrologia de hidrômetros unijato ao longo do tempo. Conhecer a metrologia desses 
instrumentos com o tempo permite estabelecer um período de operação metrológica para 
diferentes vazões. Isso ajudará as empresas de água a otimizar a gestão e a reduzir as perdas 
econômicas devido ao consumo do volume de água não contabilizado. Neste estudo, a 
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influência do fator tempo sobre o erro de medição de hidrômetros unijato foi analisada com o 
objetivo de estimar sua deterioração e, com isso, o período de operação metrológica. Conforme 
as normas 8316 e 4064 da Organização Internacional de Normalização (ISO), foram avaliados 
em seis abastecimentos 808 hidrômetros de classe metrológica B, com uma faixa de idade de 
3,7 a 16,4 anos de uso. O erro de medição foi calculado pela comparação entre o volume de um 
depósito calibrado e o volume medido pelos hidrômetros, nas vazões de 30, 120, 750 e                     
1.500 L h-1. O período de operação metrológica dos medidores foi estimado para cada vazão, 
por meio da relação entre erro de medição e tempo de uso (regressão linear simples). De acordo 
com os resultados, a maioria dos hidrômetros apresenta erros crescentes de submedição com o 
tempo, sendo mais pronunciados nas vazões reduzidas e nas condições de funcionamento 
menos favoráveis. O período de operação metrológica para as vazões de 30, 120, 750 e                   
1.500 L h-1 é estimado em aproximadamente 3, 8, 14 y 13 anos. Este período de operação, 
combinado com os padrões de consumo dos usuários, estabelecerá o melhor momento para 
substituir os hidrômetros. 

Palavras-chave: consumo de água, erro de medição, hidrometria. 

1. INTRODUCTION 

Single-jet water meters are the most widely used velocity meters for quantifying domestic 
water consumption (Szilveszter et al., 2017), mainly due to their low cost and high reliability 
(Arregui et al., 2007). This technology is used in residential areas (Arregui et al., 2016) and in 
small areas of pressurized irrigation systems (Daneshnia et al., 2015). 

These water meters are composed of a totalizer incorporated by mechanical or magnetic 
coupling to a turbine inside a measuring chamber. The incidence of a tangential water jet on the 
turbine generates the rotation of this element. The rotation speed is directly proportional to the 
flow rate and to the volume registered (Arregui et al., 2007). 

Over time, like any mechanical instrument, these water meters present a natural 
deterioration of their mobile elements that can cause significant measurement errors. The 
problem is more serious when this wear is accelerated by external factors, such as inadequate 
mounting position, reduced pressure in the network (Arregui et al., 2007), poor water quality 
(Buck et al., 2012), water freezing (Cichoń and Królikowska, 2016), on-site leakage (Couvelis 
and van Zyl, 2015), storage tanks (Mutikanga et al., 2011), partial blockage of the inlet strainer, 
water consumption patterns (Arregui et al., 2005), different manufacturers (Shields et al., 2012), 
and intermittently operated pipe networks (Walter et al., 2018).   

Studies show that the degradation of single-jet meters over time, especially when 
associated with low flows rates, causes increasing errors of under-registration (Criminisi et al., 
2009; Mutikanga et al., 2011, Puleo et al., 2014). The magnitude of these errors varies according 
to the manufacturer and materials used, the quality of water and the installation conditions of 
each water meter.  

The lack of knowledge of the metrological evolution of these instruments over time can 
produce economic losses due to unregistered consumption. This study therefore evaluated this 
deterioration over time. This is fundamental to estimate the metrological operational period to 
achieve adequate water meter management.  

2. MATERIALS AND METHODS 

The tests were carried out in the laboratory of the ITA (Sustainable Urban Water 
Management), located in the Universitat Politècnica de València, Valencia, Spain.  

The metrological behavior of the single-jet water meters was analyzed by the method of 
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collecting liquid in a volumetric tank, according to ISO 8316 (1987). To meet the requirements 
of this standard, a test bench with two calibrated tanks and three independent flow lines was 
installed in the laboratory (Figure 1A). 

 
Figure 1. Test bench (A), calibrated volumetric tanks (B) and accurate volumetric water meters and 
rotameter (C). 

The calibrated tanks of 10 and 200 L had resolutions of 0.01 and 0.2 L, respectively, and 
an accuracy of 0.2% as percentage of span for both probes. Each tank contained a capacitive 
level switch that stopped the water flow at nominal volume and allowed measurement of the 
exact volume by a graduated scale (Figure 1B). 

The first two flow lines had highly accurate volumetric meters with pulse emitters of                   
20 mm (0.1 L pulse-1) and 40 mm (1 L pulse-1).  The frequency of pulses was received by a 
converter that regulated the test flow, showing it on a digital display. The third line had a 
rotameter that allowed the adjustment of flow rates between 10 and 100 L h-1 (Figure 1C). 

The test procedure was based on comparing the volume of the calibrated tank (actual 
volume) with the volume measured by the single-jet water meters (indicated volume) at four 
flow rates: 30 L h-1 (minimum flow rate); 120 L h-1 (transitional flow rate); 750 L h-1 (permanent 
flow rate); and 1,500 L h-1 (maximum or overload flow rate).  

In the first two flow rates, the volumes were compared using the tank of 10 L. In the last 
two flow rates, the volumes were compared using the tank of 200 L. Meters were tested by a 
volumetric standing-start-and-finish method (Paton, 2005). Volume readings were taken at the 
beginning and at the end of the test period to compare water meter measurement with calibrated 
volume. 

The measurement error of the single-jet water meters was calculated by the volume 
difference in litres, by Equation 1, as referred to in ISO 4064 (2014). 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 (%) = �𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖−𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖

�  100         (1) 

Samples of 808 single-jet meters of metrological Class B, randomly selected by the water 
supply company, were tested. This metrological class must guarantee ±2% accuracy for flow 
rates between the minimum and the transition, and ±5% for flow rates between the transition 
and the maximum, according to withdrawal standard ISO 4064 (1993). In the current standard 
ISO 4064 (2014), the corresponding metrological class would be accuracy Class 2 with the 
same requirements.  

Nine models ('a', 'b', 'c', 'd', 'e', 'f', 'g', 'h' and 'i') belonging to different manufacturers (Figure 
2) were chosen for testing from six water supplies (Table 1).  
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Figure 2. Sample of the evaluated single-jet meters. 

Generally, water meters of analyzed supplies are similar in terms of the initial metrological 
class and measurement technology. The evaluated supplies have a number of users ranging 
from 1,500 to 200,000 homes. The differences are found in the conditions of installation and in 
the company management. Factors such as water quality, position of installation, topology of 
the dwelling or the period that the meters remain in service are variables that affect their 
deterioration. 

Table 1. Description of the samples of single-jet water meters in service, by water 
supply company and by water meter model. 

Model 
Water supply 

Total NSM NMD 
1 2 3 4 5 6 

a 81 - 5 35 - 272 393 7 24 
b - - - - - 66 66 2 1 
c - 17 - 40 - 11 68 0 0 
d 3 - 11 39 - 3 56 0 0 
e 12 - - 11 - 1 24 0 2 
f 34 - 20 - - - 54 16 13 
g - 4 - - 110 7 121 34 2 
h - 1 - - - 2 3 0 0 
i - - 1 - - 22 23 0 0 

Total 130 22 37 125 110 384 808 59 42 
Subscriber 5,500 750 4,000 200,000 4,500 7,500 - - - 

NSM: number of stopped water meters; NMD: number of water meters deteriorated.  

Only the water meters samples in operation were evaluated in all water supplies. In this 
sense, the stopped and deteriorated equipment was not considered in the study. Stopped water 
meters were considered those with a measurement error of -100% at all tested flow rates and 
deteriorated meters showed -100% error at 30 and 120 L h-1 flow rates. 

The results were analyzed by water supply and by water meter model. The discussion was 
based mainly on the most representative groups, which had the highest number of suitable 
samples. The 95% confidence interval was estimated with samples that had a minimum of ten 
meters per supply to enable comparison between systems studied.  

The metrological operational period of the meters was estimated for the most 
representative model (Model 'a'), by means of a simple linear regression graph between 
measurement error and time of use. This chart, using new and used water meters, was created 
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by measuring the errors at regular intervals of two years. In the regression graph, the operation 
period was the time of use obtained with the measurement errors of ±2% for the flow rates of 
30 and 120 L h-1, and of ±5% for the flow rates of 750 and 1,500 L h-1.  

3. RESULTS AND DISCUSSION 

3.1. Analysis by water supply 
The average errors of the samples of each population are shown in Table 2. 
In general, the water meters have more accentuated under-registration of volumes at lower 

flow rates, which decreases potentially when the instrument operates at higher flow rates. High 
under-registered errors at low flow rates can be explained by increasing friction in the rotary 
drive, which requires a higher flow rate to begin the movement. This friction wears moving 
parts and progressively reduces the accuracy of the meter (Fontanazza et al., 2013), which does 
not register lower than starting flow rates. 

In water supply 1, Models 'a' and 'f' show the most severe under-registration errors 
operating at low flow rate, in addition to the greater number of stopped and deteriorated 
equipment. In Models 'e' and 'f', under-registration errors greater than -2% also occur at higher 
flow rates (750 and 1,500 L h-1). In this case, the deterioration of the equipment can cause a 
great economic problem to the water company due to the unaccounted volume of water not 
registered.  

In water supplies 2, 3 and 4, sample size was not considered representative of the 
population of instruments. Therefore, results are only valid to study the performance of water 
meters by model. 

In water supply 5, with only Model 'g' tested, the percentage of damaged water meters was 
high (35 instruments) and very significant. This may indicate that a defective lot of meters has 
been installed which can lead to significant economic losses for the company or that the sample 
tested is biased and not randomly selected. 

Sample in water supply 6 is considered the most representative of meter population. For 
this reason, it is possible to carry out a detailed study of performance of water meters over time. 

In general, most of the models studied have high under-registered errors, especially at low 
flow rates (30 and 120 L h-1). One parameter that may accelerate deterioration is the installation 
position. Inclined installation of the meter usually causes under-registered errors due to the 
reduction of the turbine's rotation and the rise of starting flow rate (Arregui et al., 2007). 
According to the mentioned authors, the turbine rotation decreases because of the inadequate 
position of the turbine shaft. This wrong position increases the friction and wear of the 
measurement zones. Furthermore, this deterioration reduces sensitivity to low flow rates and 
single-jet meter are not able to measure reduced flow rates. 

The optimum performance of a single-jet meter is in horizontal position because the turbine 
shaft rests in only one point. This reduces friction and, consequently, measurement error at low 
flow rates are lower (Silva et al., 2012). In this position, deterioration of the turbine and the 
turbine shaft is smaller due to the hard and resistant materials used in manufacturing (Arregui 
et al., 2007). 

Error curves of most representative models of the water supply 6 are shown in Figure 3. 
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Table 2. Measurement errors of the single-jet water meters in service, organized by water supply. 

Water supply Model NMT CV (m3) 
Measurement error (%) 

NSM NDM 
(30 L h-1) (120 L h-1) (750 L h-1) (1,500 L h-1) 

1 

a 70 1,308.4 -42.7 ±10.1 -3.0 ±2.7 -0.9 ±0.9 -0.4 ±0.8 2 8 
d 3 2,007.5 -34.5 -5.2 -3.1 -2.7 0 0 
e 11 3,396.2 -14.2 ±9.2 -2.9 ±2.6 -3.1 ±1.6 -2.6 ±2.0 0 1 
f 26 3,164.6 -43.0 ±15.2 -4.9 ±1.7 -3.9 ±2.2 -3.1 ±0.8 4 11 

2 
c 17 222.9 -24.3 ±18.2 -1.3 ±1.7 -0.8 ±0.5 -0.7 ±0.4 0 0 
g 3 1,456.7 -42.5 -4.3 0.5 -0.7 0 1 
h 1 95.2 -8.4 -0.9 0.7 -1.8 0 0 

3 

a 4 1,022.3 -57.0 -0.5 0.2 0.3 1 0 
d 11 1,420.6 -30.3 ±26.6 1.3 ±3.2 0.6 ±2.1 2.0 ±2.2 0 0 
f 6 2,121.4 -74.2 -7.9 -5.5 -6.0 12 2 
i 1 1,601.6 -100.0 1.4 -9.4 -8.3 0 0 

4 

a 32 - -19.8 ±11.9 0.0 ±0.9 -0.6 ±0.7 -0.2 ±0.8 0 3 
c 40 - -17.3 ±10.1 0.9 ±1.6 1.2 ±1.6 1.3 ±1.6 0 0 
d 39 - -5.3 ±5.0 -0.7 ±0.4 -0.2 ±0.4 0.3 ±0.4 0 0 
e 10 - -62.5 ±21.5 3.0 ±2.4 4.9 ±2.4 5.0 ±2.3 0 1 

5 g 64 892.9 -14.8 ±6.5 -2.1 ±1.4 -0.1 ±0.7 0.9 ±0.4 34 1 

6 

a 253 893.3 -52.5 ±5.1 -6.8 ±1.6 -1.8 ±0.3 -1.1 ±0.3 4 13 
b 62 1,737.6 -11.0 ±8.9 0.0 ±1.3 -0.2 ±1.7 2.4 ±1.6 2 1 
c 11 352.8 -29.8 ±22.6 -0.2 ±0.9 -1.4 ±1.1 -0.9 ±0.4 0 0 
d 3 1,110.1 -20.7 -2.2 -1.6 -1.8 0 0 
e 1 485.6 -100.0 -1.3 0.8 1.2 0 0 
g 7 3,588.3 -0.5 -0.9 -1.2 -0.6 0 0 
h 2 237.0 -1.0 0.7 -1.4 -0.8 0 0 
i 22 2,152.5 -60.2 ±19.0 -3.5 ±3.5 -1.2 ±1.8 -1.6 ±1.9 0 0 

NMT: number of water meters tested; CV: cumulative volume; NSM: number of stopped water meters; NDM: number of 
water meters deteriorated. The 95% confidence interval was estimated with samples that had a minimum of ten meters per 
supply to enable comparison between the studied systems.
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Figure 3. Error curve of the single-jet water meters Models 'a' and 'b', 
installed in water supply 6. 

The determination of error curve in Model 'a' indicates that water meters are damaged. 
Therefore, average errors are outside the limits established by ISO 4064 (2014) at flow rates of 
30 and 120 L h-1 (error of ±5%). In addition, a high percentage of equipment, approximately 
7%, were stopped or failed at 30 and 120 L h-1, or they had under-registered errors greater than 
-50%.  

The error curve of Model 'b' indicates a better performance than Model 'a'. Also, this model 
shows slight over-registered errors at flow rates close to 1,500 L h-1. This can be caused by the 
by-pass regulation system of this model, which generates positive errors at medium and high 
flow rates (Silva et al., 2012). The bypass circuit is partially obstructed over time and water 
passes through a restricted area. This causes higher fluid velocity and turbine rotation speed 
increases, generating over-registration measures. According to Arregui et al. (2007), the 
reduction of water passing sections or sediment accumulation on the inner surface of the turbine 
chamber are the main causes of over-registration error in single-jet water meters. 

The parameter that may have had an influence on the rapid deterioration of all models was 
the inclination in which many of them were installed in this water supply (Figure 4).  

 
Figure 4. Inadequate mounting position of some evaluated 
single-jet meters. 
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The inappropriate installation of water meters increases the friction of the moving parts 
and leads to a higher degradation rate of the equipment (Figure 3). This effect is even more 
visible at low flows rates (Arregui et al., 2005). 

3.2. Analysis by water meter model 
In general, comparing the errors of the main models of each water supply shows that their 

performance is quite similar. Age is the parameter that most affects their deterioration (Table 
3). 

Table 3. Measurement errors of the single-jet water meters in service, organized by model. 

Model Water supply NMT AA (year) 
Measurement error (%) 

(30 L h-1) (120 L h-1) (750 L h-1) (1,500 L h-1) 

a 

1 70 8.20 -42.7 ±10.1 -3.0 ±2.7 -0.9 ±0.9 -0.4 ±0.8 
3 7 10.10 -62.80 -0.60 0.30 0.30 
4 35 7.20 -26.8 ±13.2 -0.4 ±0.9 -0.8 ±0.8 -0.3 ±0.8 
6 251 9.80 -52.2 ±5.1 -6.9 ±1.6 -1.9 ±0.3 -1.1 ±0.3 

c 
2 17 3.90 -24.3 ±18.2 -1.3 ±1.7 -0.8 ±0.5 -0.7 ±0.4 
4 40 3.70 -17.3 ±10.1 -0.8 ±1.6 -1.2 ±1.6 1.3 ±1.6 
6 11 5.80 -29.8 ±22.6 -0.5 ±1.1 -1.4 ±1.1 -0.9 ±0.4 

d 

1 3 7.00 -34.40 -5.20 -3.10 -2.70 
3 11 16.40 -30.3 ±26.6 1.3 ±3.2 0.6 ±2.1 2.0 ±2.2 
4 39 6.80 -5.3 ±5.0 -0.6 ±0.4 -0.2 ±0.4 0.3 ±0.4 
6 3 13.00 -20.70 2.20 -1.60 -1.80 

g 
2 3 5.30 -42.50 -4.40 -0.50 -0.70 
5 64 4.70 -14.8 ±6.5 -2.1 ±1.4 -0.1 ±0.7 1.0 ±0.4 
6 7 8.40 -30.30 1.30 0.60 1.90 

NMT: number of water meters tested; AA: average age. 

In the same way as in the supply analysis, the models investigated have similar 
measurement errors. Mostly negative errors, decreasing as the flow rate increases, with accused 
values at lower flow rates. Main models performance clearly show, considering the low flow 
rates, that measurement error increases with the time of use.  

Similar results were found in Kampala, Uganda. Residential water meters with 10 and 20 
years of use and low pressures in water network were the main cause of under-registration 
(Mutikanga et al., 2011). In Palermo, Italy, in the same way, meters with 0 to 45 years of use 
had negative errors that increased rapidly with age (Criminisi et al., 2009). 

Fontanazza et al. (2013) indicates that age and pressure are relevant factors to determine 
the starting flow rate of the meter, considered the main parameter that influences operation. The 
wear caused by age increases the meter mechanism friction, increasing the resistance to begin 
the movement of the turbine, especially when the pressure is reduced. In this situation, the water 
meter considerably increases the unregistered volume of water by not recording consumption 
or by doing so improperly.  

The comparison of similar models with the same age in different supplies shows that the 
variability between them can be explained by the different operating conditions: installation 
conditions, water quality, hydraulic parameters of the network, etc. (Arregui et al., 2005, 2018; 
Buck et al., 2012; Mbabazi et al., 2015). 

In Model 'a', meters installed in supplies 1 and 6 had certain characteristics that accentuates 
their deterioration with respect to supply 4. In these cases, meters presented a wrong installation 
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in the majority of the samples. In Models 'c' and 'd', operating conditions in supply 4 were more 
favorable than in supplies 1 or 2 for the period of use from 4 up to 7 years, respectively. In 
Model 'g', similar to other models, supply conditions in 5 were more favorable than supply 
conditions 2. 

The comparison between different models can be done in supply 4 that permits comparison 
to models with similar ages. In this case, Model 'a' presents higher deterioration than Model 'd', 
especially at low flow rates. This wear can be attributed to manufacturing differences that 
normally affect metering (Sumrak et al., 2016). 

The Figure 5 shows Model 'a' water meters by age groups to obtain the error evolution over 
time for each flow rate tested. 

 
Figure 5. Measurement error of the single-jet water Model 'a' meters, depending on 
the time of use. 

According to Figure 5, measuring errors for meters up to 2 years in service remain within 
the recommended limit of ±5% at all flow rate tested.  

Over time of use, the rates of deterioration vary depending on the consumption flow rate 
patterns of the users. Regarding consumption at higher flow rates of 750 and 1,500 L h-1, errors 
are repeated during the study period, ranging from -0.5 to -1.5% per year and within the limit 
of ±2%. Only after about 13 and 12 years of use, respectively, would deterioration be 
considerable. Working at low flow rates of 120 L h-1 and, especially, 30 L h-1, the errors exceed 
the limit of ±5%, suggesting the substitution in approximately 8 and 3 years, respectively. 
Therefore, water meters working at low flow rates during long periods will worsen easily. 

It should be noted that age is one of the crucial parameters for the renewal decision-making 
process. However, in recent strategies to replace water meters, in addition to age, factors such 
as total volume passing through the meter and the network pressure are considered (Puleo et 
al., 2014). Also, the price of water, the consumption volume or the cost of acquiring and 
installing the meter can help to make the decision (Arregui et al., 2011). 

Single-jet water meters in service tends to shift the error curve to the right, registering 
water consumption inadequately over time. As already mentioned, improper installation 
resulting in increased turbine friction, particle accumulation causing partial obstructions and 
other factors can accelerate the deterioration of the equipment. Particularly, this phenomenon 
is enlarged at low flow rates. For example, at 30 L h-1, where water driving forces are lower 

Error 30 l/h = -6,78x + 15,35
R2 = 1,00

Error 120 l/h = -1,31x + 5,34
R2 = 0,81

Error 750 l/h = -0,18x + 0,35
R2 = 0,70

Error 1500 l/h = -0,23x + 0,80
R2 = 0,70
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and the greater friction caused by the wear of internal parts is more appreciable in meter 
accuracy. 

However, as the instrument ages, the deterioration can appear in higher flow rates as 
verified in the 120, 750 and 1,500 L h-1. 

4. CONCLUSIONS 

The study of metrological performance of several models of single-jet water meters in 
service shows that most equipment has increased under-registration errors over time. These 
measuring errors are greater at low flow rates and under less favorable operating conditions. In 
addition, the study allows estimating the measurement error with the service time to evaluate 
the metrological operation period of the equipment. This period, for the tested flow rates of 30, 
120, 750 and 1,500 L h-1, is estimated at approximately 3, 8, 14 and 13 years, respectively.  

Unaccounted volume of water depends on the consumption pattern of users. If percentage 
of consumption is higher at high flow rates, the volume not registered will be less. On the 
contrary, if the percentage of user consumption at low flow rates is higher, unaccounted water 
volume will also be high. 
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ABSTRACT 
This work evaluated the removal of total Kjeldahl nitrogen (TKN) and total phosphorus 

(P) through electrocoagulation and used aluminum electrodes to optimize the potential 

differential (pd) and hydraulic retention time (HRT) variables in a batch reactor. The 

experimental design used was Rotatable Central Composite Design (RCCD). The application 

of the electrocoagulation in the treatment of effluents from pig slaughterhouses and packing 

plants proved to be efficient in relation to the removal of TKN and total phosphorus, obtaining 

maximum efficiency equal to 67.15% and 99%, respectively. The maximum TKN removal 

value was found in Test 12, where treatment conditions were 30 minutes for HRT and 20 volts 

for pd, which corresponds to 0.86 A of electric current and a current density of 17.2 mA cm-2. 

For P, the only test that removed below 99% was the first. Through statistical analyses, it was 

only possible to obtain a mathematical model for TKN removal. While the response surface 

graph did not present a defined range of the best conditions for the independent variables, it 

was possible to observe the tendency for better removal, a wide range of pd and values over 30 

minutes for retention time. 

Keywords: electroflotation, electrolytic treatment, nutrients. 

Otimização da remoção de nitrogênio e fósforo de efluente de 

matadouro e frigorífico de suínos por meio da eletrocoagulação em 

reator batelada  

RESUMO 
O objetivo desse trabalho foi avaliar a remoção de nitrogênio total kjeldahl (NTK) e fósforo 

total (P) através da eletrofloculação e otimizar as variáveis diferencial de potencial (ddp) e 

tempo de detenção hidráulica (TDH) em um reator batelada utilizando eletrodos de alumínio. 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2233
mailto:fleckmissal@gmail.com


 

 

Rev. Ambient. Água vol. 13 n. 5, e2233 - Taubaté 2018 

 

2 Fábio Orssatto et al. 

O delineamento experimental utilizado foi o DCCR. A aplicação da técnica da eletrofloculação 

no tratamento de efluentes de matadouros e frigoríficos de suínos demonstrou ser eficiente no 

que tange a remoção de NTK e fósforo total obtendo-se eficiência máxima igual a 67,15% e 

99%, respectivamente. O valor máximo de remoção de NTK foi encontrado no ensaio 12, onde 

as condições de tratamento foram de 30 minutos para o TDH e 20 volts para a ddp o que 

corresponde a 0,86 A de corrente elétrica e uma densidade de corrente igual a 17,2 mA cm-2. 

Para o P, o único ensaio que removeu abaixo de 99% foi o primeiro. Através das análises 

estatísticas, foi possível obter modelo matemático apenas para a remoção de NTK, entretanto o 

gráfico da superfície de resposta não apresentou uma faixa definida das melhores condições 

para as variáveis independentes, mas foi possível observar a tendência para melhor remoção, 

uma ampla faixa de ddp e valores acima de 30 minutos para o tempo de detenção. 

Palavras-chave: eletroflotação, nutrientes, tratamento eletrolítico. 

1. INTRODUCTION 

The production of pork in Brazil has great relevance for the country's economy. According 

to ABPA (2017), Brazil produced 3.73 million tons of pork in 2016, ranking 4th in the world. 

Pig slaughterhouses and packing plants generate a large amount of effluents, which consist 

of protein, fat, salts, animal manure and other substances. This waste therefore has a high degree 

of pollution, with high levels of organic matter, oils and greases, nutrients and total solids. 

In addition to the high degree of pollution, the meat processing industry produces large 

volumes of wastewater due to the slaughter of animals and the cleaning of slaughterhouses and 

meat processing plants (Bustillo-Lecompte and Mehrvar, 2015). The meat processing industry 

uses 24% of the total fresh water consumed by the food and beverage industry and up to 29% 

of the worldwide agricultural sector demand (Mekonnen and Hoekstra, 2012; Gerbens-Leenes 

et al, 2013). 

In addition to the large amount of effluent generated, the wastewater from the 

slaughterhouses and packing plants contains several types of pollutants, among them nutrients.  

Nutrients released into the water, especially nitrogen and phosphorus, contribute to the 

increase of primary productivity of the system, resulting in an accumulation of organic matter 

and reduction of light penetration (Azevedo et al., 2008).  

Because of this, removing such nutrients from the wastewater is indispensable to minimize 

the impacts caused to the receiving bodies. Several techniques can be used to treat effluents 

generated in productive processes. 

Jaafari et al. (2017) used Moving Bed Biofilm Reactors (MBBRs) for the simultaneous 

removal of organic matter and nutrients from wastewater. In this same context, Safari et al. 

(2015) and Naghipour et al. (2015) used the adsorption and biosorption processes for the 

removal of phosphorus in aqueous solutions. 

Techniques involving electrochemical reactions have been studied in environmental 

applications, especially in the treatment of wastewater. One such process is electrocoagulation 

(EC) which has gained attention because of its attractive advantages such as simplicity and low 

operating cost (Deghles and Kurt, 2016). 

EC involves the dissolution of a metal (usually iron or aluminum) in the anode with the 

simultaneous formation of hydroxyl ions, and the generation of hydrogen gas in the cathode, 

which can be recovered for use as an energy source or a reagent for other industrial applications 

(Phalakornkule et al., 2010).  

According to Crespilho and Rezende (2004), EC occurs in four stages: electrochemical 

generation of the coagulating agent, electrocoagulation, electroflocculation and flotation of the 

impurities. 
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The electrochemical generation of the coagulating agent occurs from the dissolution of the 

anode of aluminum electrodes subjected to an obtained electric current. In addition to the 

electric current, other factors should be considered, such as the conductivity of the solution, the 

resistivity of the medium and the potential applied between the electrodes (Crespilho and 

Rezende, 2004). 

In electrocoagulation, the positively charged material can react with the negative charges 

of the solution. This causes the hydrolysis that releases aluminum hydroxide, responsible for 

the treatment of the effluent submitted to the process (Brito et al., 2012).  

In the electroflocculation stage, the aluminum complexes are adsorbed in colloidal 

particles, giving rise to larger particles. This step consists of greater destabilization of the 

system and the flocs can be removed through flotation (Crespilho and Rezende, 2004).  

Finally, electroflotation promotes the separation of the impurities by flotation. This occurs 

due to the applied potential-forming hydrogen microbubbles in the cathode. The formed 

hydrogen bubbles promote the entrainment of the formed flocs to the surface of the solution. 

An example of application using electrocoagulation with aluminum electrodes is the work of 

Esfandyari et al. (2015). 

This work evaluated the removal of total Kjeldahl nitrogen (TKN) and total phosphorus 

(P) through electrocoagulation, and used aluminum electrodes to optimize the potential 

differential (pd) and hydraulic retention time (HRT) variables in a batch reactor.   

2. MATERIALS AND METHODS 

2.1. Effluent from pig slaughterhouses and processing plants 

The effluent used in the study came from a pig slaughterhouse and a packing plant located 

in the western region of Paraná. This industry slaughters approximately 6,500 animals, 

producing a discharge of 5,200 m3 of effluent per day. 

The treatment system of the studied plant is composed of preliminary treatment with 

sieves, decanters and grease traps, which aim to eliminate coarse solids, oils and greases from 

industrial activities. 

In the sequence, the effluent is directed towards biological treatment, with a sequence of 

four lagoons, which carry out the removal of carbonaceous and nitrogenous organic matter, 

along with residual solids and pathogens. As a post-treatment, the effluent passes through a 

float, being then directed to the river.  

The effluent used for the electrocoagulation tests was collected after the discharge of the 

decanters/grease traps, and was characterized by total Kjeldahl nitrogen (4500-NorgB), total 

phosphorus (4500-PE), pH (4500-H+B) and conductivity (2510B), in accordance with APHA 

protocols (APHA et al., 2005). 

2.2. Batch experimental system 

The electrocoagulation treatment system consisted of a batch bench reactor composed of 

a 1-liter beaker containing 800 mL of effluent in each test. This system was maintained under 

constant stirring by means of a magnetic stirrer and a magnetic bar placed inside the beaker.  

In order to provide the electric current that makes the electrocoagulation process viable, a 

direct current source, in which two metallic aluminum electrodes were connected and immersed 

in the effluent, was used. The electrodes were arranged at a distance of 7.8 cm and each plate 

was 10 cm long and 5 cm wide. 

The best conditions for the treatment of the effluent were determined by testing different 

values for the variables: potential differential (pd) and hydraulic retention time (HRT).  
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2.3. Evaluation of the system 

To verify the best efficiency, the removal of Total Kjeldahl Nitrogen (TKN) and Total 

Phosphorus (P) was considered. The values of electric current (A) were also recorded so that it 

was possible to calculate the current density (mA cm-2).  

2.4. Experimental planning 

The design used was the Rotatable Central Composite Design (RCCD). As two 

independent variables (pd and HRT) were worked, a complete 22 factorial was performed, 

including four axial points and four repetitions at the central point, totaling 12 tests.  

Table 1 shows the number of tests with the coded and actual values, which were defined 

from pretests with the effluent. These pretests also showed that the addition of alkaline agents 

was not necessary and that the effluent had the necessary electrical conductivity for 

electrocoagulation to occur. 

Table 1. Number of tests with coded values. 

Tests pd (V)  HRT (min) 

1 -1 (12,91) -1 (12’55”) 

2 +1 (27,09) -1 (12’55”) 

3 -1 (12,91) 1 (27’05”) 

4 +1 (27,09) 1 (27’05”) 

5 0 (20) 0 (20) 

6 0 (20) 0 (20) 

7 0 (20) 0 (20) 

8 0 (20) 0 (20) 

9 -1,41 (10) 0 (20) 

10 + 1,41 (30) 0 (20) 

11 0 (20) -1,41 (10) 

12 0 (20) + 1,41 (30) 

From the results, it was possible to calculate the effects of the variables, the respective 

errors and the analysis of variance (ANOVA) to verify the quality of adjustment of the obtained 

model, which related the response variable to the other independent variables tested, as well as 

the effect among these. The graphical representation of this model consisted of a surface chart, 

which aided in the determination of the optimum operating region of the system. 

The regression analysis of the data obtained through the RCCD allowed for the adjustment 

of the parameters of quadratic models of the response variables, as a function of the studied 

factors and their interactions. Equation 1 represents a general model to be obtained, and the α 

parameters were adjusted by regression analysis. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑇𝐾𝑁 𝑜𝑟 𝑃 =  𝛼1 + 𝛼2𝑝𝑑 + 𝛼3𝐻𝑅𝑇 + 𝛼4𝑝𝑑. 𝐻𝑅𝑇 + 𝛼5𝑝𝑑2 + 𝛼6𝐻𝑅𝑇2     (1) 

Where HRT is time in minutes and pd is the potential differential in volts. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the crude effluent 

Regarding the characterization of the crude effluent, the following values were found: 

289.8 mgN L-1 for the total Kjeldahl nitrogen parameter, 38 mgP L-1 for phosphorus,                           

3.91 mS cm-1 for conductivity and a pH equal to 6.46. 

In analyzing the values, it was observed that the majority of the parameters had high 
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indexes, with the exception of pH. Corroborating with the found values, Bustillo-Lecompte et 

al. (2014) report that wastewater from packing plants may have total nitrogen concentrations 

ranging from 50 to 841 mg L-1 and a pH range of 4.90 to 8.10. 

Pan et al. (2014) found, on average, 172.6 mg L-1 of total nitrogen and 52 mg L-1 total 

phosphorus, when characterizing packing plant effluent. 

Palatsi et al. (2011), in their work on the biodigestion of packing plant waste, characterized 

the effluent and found on average 150 mg L-1 of total Kjeldahl nitrogen. 

3.2. Efficiency of removal 

Figure 1 shows the removal efficiency values for TKN and Total Phosphorus parameters 

in the 12 tests performed. 

 
Figure 1. Efficiency of removal of TKN and total phosphorus parameters. 

Different behaviors for the removal of TKN and phosphorus can be observed in the graph 

in Figure 1, such as a high efficiency for phosphorus and satisfactory removal of TKN. 

For phosphorus, the lowest removal occurred in Test 1, 67.10% (±20,47), and the other 

tests showed efficiency above 99%. Nunes (2012) points out that the use of chemical 

precipitation is common for the removal of phosphorus and, for this to occur, aluminum sulfate 

or the combination of ferric chloride with lime is used. With the use of aluminum sulfate, a 95% 

removal of phosphorus can be obtained, a result similar to the one previously found, as the 

electrodes used were aluminum. 

According to Nunes (2012), the phosphorus is removed as phosphate (PO4
3-) and the 

chemical reaction outlined in Equation 2 occurs. 

𝐴𝑙3+ + 𝑃𝑂4
3− → 𝐴𝑙𝑃𝑂4             (2) 

Gökkus and Yildiz (2015) applied electrocoagulation in the treatment of wastewater from 

hospital waste-sterilization plants; they removed 100% of the phosphorus present in the 

effluent. 

While studying phosphorus removal and turbidity of pork effluent with aluminum 

electrodes, HRT of 80 min and current density of 50 mA cm-2, Mores et al (2016) obtained a 

removal of 93.6% of total phosphorus. 

Khennoussi et al. (2013), when treating wastewater from a slaughterhouse and packing 

plant with electrocoagulation, applying a voltage of 12 V, 25 min contact time and iron 

electrodes, obtained a removal of 95.4% orthophosphate. 
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For TKN, the removal efficiency values ranged from 35.26% (±2.73) to 67.15% (±11.61). 

Test 12 showed the best removal efficiency with 30 minutes of hydraulic retention time and 20 

volts of potential differential, corresponding to 0.86 A of electrical current, and current density 

of 17.2 mA cm-2; however, excluding the least efficient test, the variation compared to the other 

assays was low, having a standard deviation of 7.76. 

Kabuk et al. (2014) applied electrocoagulation in the Leachate treatment and obtained a 

removal efficiency of TKN removal efficiency of 32%. 

Khennoussi et al. (2013), in the same paper cited above, obtained a removal of 76.2% of 

total nitrogen. 

The biological removal of the nitrogen present in liquid effluents is possible through a 

series of reactors, where the processes of nitrification and denitrification occur. These methods 

are efficient; however, they require more time and space since the removal of organic matter 

must occur first and then the specific removal of nitrogen. 

In addition, the process of nitrification and denitrification also demands electric power 

since it is necessary to supply oxygen to the nitrifying bacteria to convert the ammoniacal 

nitrogen into nitrite and nitrate, and for homogenization of the denitrification tank. 

Hu et al. (2013) state that for both nitrification and denitrification processes, large energy 

consumption is required, resulting in relatively high costs for treatment systems. 

In this manner, a high removal of nutrients in the electrocoagulation process was observed, 

using a significantly shorter time than in traditional biological processes. 

3.3. Optimization of the electrocoagulation process 

Through the results, it was possible to evaluate a mathematical model for the removal of 

TKN and total phosphorus. 

Parameters with p-values less than 5% were considered significant, as can be observed in 

Figures 2, 3 and in Table 2, which represent the pareto charts for the removal of the parameters 

studied; the linear terms are associated with the letter L and the quadratic terms with the letter 

Q. 

 
Figure 2. Pareto chart for the removal of TKN. 
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Figure 3. Pareto chart for the removal of total phosphorus. 

Table 2. Regression coefficients for the response variable NTK removal. 

 Estimates per interval (95%) 

Factors 
Regression 

coeficiente 

Standard 

error 
t (6) p – value Lower limit Upper limit 

Average 46.01776 1.663442 27.66419 0,000000 41.9475 50.08805 

pd (L) 4.25874 2.355990 3.61525 0,011161 2.7526 14.28239 

pd (Q) -2.58596 2.641143 -1.95822 0,097937 -11.6346 1.29072 

HRT (L) 6.59238 2.355990 5.59627 0,001386 7.4199 18.94966 

HRT (Q) 3.73182 2.641143 2.82591 0,030119 1.0010 13.92629 

pd HRT -2.65700 3.326913 -1.59728 0,161317 -13.4547 2.82665 

In Figure 2 and Table 2, it can be observed that for the TKN removal variable response the 

significant terms were pd (L), HRT (L) and HRT (Q). 

However, for the total-phosphorus removal response variable (Figure 3), no term was 

significant, which was already expected when observing the behavior of the values in the chart 

of Figure 1, as similar removals were obtained for the majority of the assays. Thus, it was only 

possible to obtain a mathematical model for the TKN removal response variable. 

It can be observed that the adjusted model for the TKN response variable was characterized 

by Equation 3. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑇𝐾 = 46.01776 + 4.25874𝑝𝑑 + 6.59238𝐻𝑅𝑇 + 3.73182𝐻𝑅𝑇2                 (3) 

The analysis of variance (ANOVA) of the results found for the removal of TKN showed 

that the obtained model fits the data, since the p-value was 0.004685, with a variation 

percentage of explained variation (R2) of 91.12% evidencing a valid model. Figure 4 shows the 

response surfaces for the removal of TKN. 



 

 

Rev. Ambient. Água vol. 13 n. 5, e2233 - Taubaté 2018 

 

8 Fábio Orssatto et al. 

 
Figure 4. Response surface for removal of TKN. 

For TKN removal, the response surface did not present an approximate range for the best 

removal conditions; however, it is possible to observe a tendency for a better removal, a wide 

range of pd and values over 30 minutes for retention time. 

4. CONCLUSION 

The objective of this work was to evaluate the removal of total Kjeldahl nitrogen (TKN) 

and total phosphorus (P) through the electrochemical technique, and to optimize the potential 

differential (pd) and hydraulic retention time (HRT) variables in a batch reactor of 

electrocoagulation using aluminum electrodes. 

The application of electrocoagulation in the treatment of effluents from pig 

slaughterhouses and packing plants proved to be efficient in relation to the removal of TKN 

and total phosphorus, obtaining maximum efficiency equal to 67.15% for TKN and 99% for 

total phosphorus. 

The maximum TKN removal value was found in test 12, where treatment conditions were 

30 minutes for HRT and 20 volts for pd, which corresponds to 0.86 A of electric current and a 

current density equal to 17.2 mA cm-2. 

For total phosphorus, the only assay that removed below 99% was the first, showing that, 

for phosphorus removal, electrocoagulation is an excellent treatment option. 

Through statistical analyses, it was only possible to obtain a mathematical model for the 

removal of TKN. However, the response surface chart did not present a defined range of the 

best conditions for the independent variables, but it was possible to observe the tendency for 

better removal across a wide range of pd and values above 30 minutes for retention time. 

As suggestions for future work, pH can be evaluated as a variable, even if this implies a 

change in the initial characteristics of the effluent, in an attempt to increase the efficiency of 

nitrogen removal. Higher levels of electrolysis time can also be tested since the response surface 

graph showed a trend of increased efficiency with higher HRT. 
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ABSTRACT 
The quality of drinking water flowing in a distribution network can possess corrosive 

characteristics that may cause the material degradation of pipes and accessories. This problem 

can result in reduction of the service life of pipes and create a major public health problem. The 

agreement between the physical-chemical water quality analysis and national standards are not 

enough to confirm the balance of the water quality in terms of corrosion. In order to predict 

pipe corrosion in water distribution system networks, the corrosive trend was evaluated using 

the Langelier (LSI), Ryznar (RSI), and Larson-Skold (LRI) indexes based on measurements of 

pH, temperature, total dissolved solids, alkalinity, calcium hardness, sulfate and chloride. This 

study was setup with 180 samples collected in six zones of the distribution network, from July 

to December of 2017, according to the standard methods for the analysis of drinking water.  

The results indicate a variation of the LSI from -1.22 to -1.68; RSI from 9.75 to 10.52 and LRI 

from 0.46 to 0.77. A linear model was fitted for each index to predict the corrosion with the 

water quality conditions of this study case. Therefore, the drinking water of the city of Azogues, 

Ecuador has a corrosive tendency from significant to severe. Corrosion indices were calculated 

to provide useful information on the water's corrosiveness. These results indicate the need to 

constantly monitor the corrosion rate in the distribution network and conduct a laboratory study 

to adjust effective parameters such as pH, in order to control corrosion. 

Keywords: Azogues city, corrosion rates, potabilization, water quality.  

Estimativa da tendência corrosiva e de escala no sistema de água 

potável 

RESUMO 
A qualidade da água potável que flui em uma rede de distribuição pode fornecer 

características corrosivas que podem causar a degradação do material de tubos e acessórios. 

Esse problema pode resultar na redução da vida útil dos tubos e em um grande problema de 
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saúde pública. O acordo entre a análise físico-química da qualidade da água e os padrões 

nacionais não são suficientes para confirmar o equilíbrio da qualidade da água em termos de 

corrosão. Para prever a corrosão da tubulação nas redes do sistema de distribuição de água, a 

tendência corrosiva foi avaliada utilizando os índices Langelier (LSI), Ryznar (RSI) e Larson-

Skold (LRI) com base em medidas de pH, temperatura, sólidos dissolvidos totais, alcalinidade, 

dureza de cálcio, sulfato e cloreto. Este estudo foi montado com 180 amostras coletadas em seis 

zonas da rede de distribuição, de julho a dezembro de 2017, de acordo com os métodos 

padronizados de análise de água potável. Os resultados obtidos indicam uma variação do LSI 

de -1,22 para -1,68; RSI de 9,75 a 10,52 e LRI de 0,46 a 0,77. Um modelo linear foi montado 

para cada índice para prever a corrosão com as condições de qualidade da água do presente 

estudo. Portanto, a água potável da cidade de Azogues (Equador) tem uma tendência corrosiva 

de significativa a severa. Os índices de corrosão foram calculados para fornecer informações 

úteis sobre a corrosividade da água. Esses resultados indicam a necessidade de monitorar 

constantemente a taxa de corrosão na rede de distribuição e realizar um estudo de laboratório 

para ajustar parâmetros efetivos como o pH, a fim de controlar a corrosão. 

Palavras-chave: cidade de Azogues, potabilização, qualidade da água, taxas de corrosão.  

 

1. INTRODUCTION 

Guaranteeing the availability and sustainable management of drinking water in compliance 

with regulatory requirements will increase consumer confidence (Omaka et al., 2015; Sorlini et 

al., 2017; Collivignarelli, 2017). Drinking water causes corrosion in the pipes used for transport 

(Gholizadeh et al., 2017). Iron pipes that undergo a corrosion process could have a great impact 

on the water quality distributed in the supply network (Yang et al., 2012). The corrosion process 

in the pipes is related to several factors, such as the pipe material, water quality and hydraulic 

conditions (García-Avila et al., 2018). The effect of the different water quality parameters 

including pH, residual chlorine, total organic carbon, conductivity, dissolved oxygen, hardness 

and alkalinity influences corrosion and the formation of scale inside the metallic pipe (Cui et 

al., 2016). Vazdirvanidis et al. (2016) noted that the accelerated corrosion of parts of a water 

pump was probably caused by the presence of sulfates, sulfides and chlorides that caused a 

severe chemical attack on the various metallic components of the pump. Drinking water is 

commonly corrosive at a pH of 6.5 to 7.5 and with a low alkalinity. The corrosion potential of 

iron is affected by sulfate and chloride concentrations, which is why, as a consequence, 

chemical and physical differences are considered to alter water stability (Jazdzewska et al., 

2016). Bigoni et al. (2014) indicated that the turbidity and iron concentration increase the 

corrosion of the pipes in the drinking water distribution network in a rural hospital in Peru. 

Corrosion of pipes and fittings that transport potable water is becoming a problem due to the 

high costs of repair and replacement (Liu et al., 2017). This means that it is important to know 

the physical and chemical characteristics of drinking water to determine the probable existence 

of corrosion using the Langelier saturation index (LSI), Ryznar stability index (RSI), the 

Larson-Skold index (LRI) (Achari et al., 2017). 

Based on the LSI, 71% of the waters of the city of Shiraz, Iran is causing incrustation. 

Based on the RSI, all the zones lacked the characteristic of formation of incrustations’ 

According to the LRI, 29% of the city have formations of inlays (Tavanpour et al., 2016). 

Considering the economic cost and the health risks related to incrustation and corrosion; the 

corrosive or fouling tendency can be analyzed using the indirect methods shown in Table 1. 

The equations of this table have been used to calculate the LSI (Liang et al., 2013; Alsaqqar et 

al., 2014; Choi et al., 2015; Vazdirvanidis et al., 2016; Gholizadeh et al., 2017); the RSI 

(Alsaqqar et al., 2014; Vazdirvanidis et al., 2016; Achari et al., 2017); and the LRI (Mirzabeygi 
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et al., 2017; Peng et al., 2013; Alsaqqar et al., 2014; Zhang et al., 2014). 

Taking into account the corrosion problems caused in drinking water pipes and the lack of 

studies on the drinking water distribution network of the city of Azogues, Ecuador, this research 

was carried out to determine the corrosion/incrustations in the pipes of the different zones. The 

results provided information on the chemical behavior of inorganic contaminants in water and 

its influence on drinking water quality. 

2. MATERIALS AND METHODS 

2.1. Description of the study area 

The drinking water distribution network on which this study was conducted is located in 

the city of Azogues, which is located in the southern part of the Ecuadorian Republic. 

Its geographical coordinates are: latitude 2°44'22" S, longitude: 78°50'54", and cover 

approximately 1200 km². The average altitude of the town is 2518 meters above sea level. The 

city has a population of 70,064 inhabitants. Its average temperature is 17°C; about 42,071 

inhabitants receive water from the public network. There are no relevant studies on the 

corrosion that water can cause in the pipes and fittings of both the public and private 

networks.  Figure 1 shows the location of the network supply, which is made up of pipes with 

diameters between 315 and 32 mm. The total length of the supply line is 218,105 m. A number 

of 288 valves have been installed. there are 26 reserves, distributed in six zones. Ten of the 

reserves have a capacity between 250 and 1000 m3. The altimetric variation of whole network 

is 2390-2823 meters above sea level. 

 
Figure 1. Location of the study area. 

2.2. Sampling and analysis of water 

To examine the conditions of corrosion and scale formation in the water distribution 

network of Azogues, 30 samples were taken monthly. A total of 180 drinking water samples 

were taken over six months at 30 sampling points; the sampling points were located in the 

drinking water distribution network taking into account the length of the distribution network, 

the location of the reserve tanks and the number of users present in each of the six zones. The 

sampling and analyses were carried out from July to December. All the samples were collected 

in polyethylene 1-liter containers complying with the necessary requirements to not alter the 
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samples for later analysis. The samples were obtained from the faucets in kitchens and 

bathrooms of homes, commercial places such as restaurants, workshops, washing cars, shops, 

etc., as well as from distribution tanks. The samples were maintained at 4°C and were 

transported on the same day for analysis to the laboratory of the city’s municipal drinking water 

company. The tests on all water samples were analyzed according to the Standard Methods for 

the examination of water and wastewater (Apha et al., 2012). The calcium hardness and 

alkalinity were measured by the titration method; the concentration of hydrogen ions (pH), total 

dissolved solids (TDS) and temperature were measured with the Hach Multiparameter HQ 40d; 

chloride and sulfate were determined with the HACH DR 2500 Spectrophotometer and 

compared with national standards. The pH, TDS and temperature were determined in site. 

2.3. Determination of corrosion and scaling trend in drinking water 

The LSI, RSI and LRI were calculated using the corresponding equations in Table 1. These 

indices allow the evaluation of the corrosion potential of the pipeline for each point of the 

network once the physical-chemical analysis has been realized (Bigoni et al., 2014). 

Table 1. Description of corrosion indexes used in this study. 

Index  Equation Value Water Feature 

LSI 

LSI = pH-pHs 

ISL= Langelier Saturation Index 

pH = pH measured in situ. 

pHs = pH at saturation 

pHs = 9.3 + A + B - C - D 

Where: 

𝐴 =
(𝑙𝑜𝑔10 𝑇𝐷𝑆 –  1)

10
 

B = [-13.12 log10 (273°C + T)] + 34.55 

C = log10 [𝐶𝑎+2 mg L-1 as 𝐶𝑎𝐶𝑂3]-0.4 

D = log10 [Alcal. mg L-1 L as 𝐶𝑎𝐶𝑂3 ] 

TDS = Total Dissolved Solids (mg L-1) 

LSI > 0 Scale forming 

LSI = 0 Neutral 

LSI < 0 Corrosive 

 

-0.4 to +0.4 is 

considered as 

a "zero" 

 

RSI 

RSI = 2 pHs-pH 

RSI = Ryznar Stability Index 

pHs = pH at saturation 

pH = pH measured in situ. 

RSI˂ 5.5 Heavy scale likely to form 

5.5˂RSI˂6.2 Moderate scale-forming 

6.2˂RSI˂6.8 Is considered neutral 

6.8˂RSI˂8 Low corrosion 

RSI ˃ 8 High corrosion 

LRI 𝐿𝑅𝐼 =
 [(𝐶𝑙−) + (𝑆𝑂4

−2)] 

 [(𝐻𝐶𝑂3
−) + (𝐶𝑂3

−2) ]
 

LRI <0.8 

Chloride and sulfate are 

unlikely to interfere with 

the formation of protecting 

film 

0.8<LRI <1.2 
Corrosion rates may be 

higher than expected 

LRI> 1.2 
High rates of localized 

corrosion may be expected. 

Source: Alsaqqar et al. (2014); Tavanpour et al. (2016); Mirzabeygi et al. (2017). 
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3. RESULTS AND DISCUSSION 

3.1. Physical and chemical characteristics 

Table 2 shows the average values of temperature, pH, total dissolved solids (TDS), the 

calcium hardness, alkalinity, chlorides, sulfates and free chlorine of the 180 samples collected 

at the 30 sites monitored over six months. Figure 2 shows the variation of the physical-chemical 

parameters of drinking water obtained at each of the sampling points.  

When analyzing the pH values of both Table 2 and Figure 2, conditions observed are 

almost neutral at each sampling point and during all the months analyzed. In terms of quality 

of drinking water according to the Ecuadorian standard, the recommended established value is 

a minimum pH of 6.5 and a maximum of 8.5. While the waters evaluated are within the 

acceptable range with values between 6.87 and 7.75, certain samples presented a pH less than 

7 and were taken in the month of July. This slightly acidic condition can accelerate corrosive 

processes; this pH record is due to a contribution from natural processes. For its part, the 

temperature of water presented values near the ambient temperature for all samples; the 

temperature varied between 12.4 and 24.8°C. The low temperatures that mostly correspond to 

the months of July, August and September indicate that there is a tendency to corrosion; there 

are no high temperatures that may cause the precipitation of calcium carbonate, which can cause 

scale in the pipes and therefore decrease the corrosion. Considering the average values of Figure 

2, it can be observed that the temperature values varies according the month, so the lowest 

temperatures are presented in the months of July and August, while the highest temperatures 

are presented in the months of October, November and December. 

To determine the corrosive or scaling character of the water, it is also important to know 

the concentration of total dissolved solids (TDS). This parameter in the first instance provides 

an indicator of the quality of drinking water. Hence, when compared to the maximum 

permissible value of the Ecuadorian standard equivalent to 1000 mg L-1, it can be observed that 

the water distributed in Azogues presents values between 43.1 and 108.0 mg L-1, well below 

the established maximums. Even in spite of the low concentrations of TDS, it is important to 

note that the concentration of total dissolved solids in aqueous solutions is directly proportional 

to the conductivity, and its increase can favor the corrosive tendency. 

When examining the values of drinking water hardness presented in Figure 2, according 

to the classification, it is observed that this water presents slightly hard values, which is 

especially related to low concentrations of calcium. This parameter is also an indicator of the 

quality of drinking water. Hence, when compared with the maximum permissible value of the 

Ecuadorian standard equivalent to 300 mg L-1, it can be observed that drinking water for the 

present study has values between 32.1 and 79.1 mg L-1, which are well below the established 

maximums. Waters with low hardness are considered aggressive, causing deterioration and 

corrosion in supply networks. This fact, together with the low pH presented at certain points, 

can generate a corrosive effect on the part of these waters. 

Figure 2 shows that the alkalinity during the months of July to September has lower values 

compared to the months of October to December. This is due to the fact that during the months 

of July and August there are generally fewer rains that cause a decrease in alkalinity; in general 

there is a corrosive tendency caused by low alkalinity of water, which is at values lower than 

76 mg L-1 as calcium carbonate. The Ecuadorian norm for concentrations of sulfate and chloride 

ions in drinking water establish maximum permissible values of 200 mg L-1, 250 mg L-1, 

respectively. The average values found in the drinking water in the present study were                            

5.65 mg L-1 and 18.12 mg L-1, which are well below the established norm. Sulfate ions and 

chlorides are components of natural waters, which is why the presence of these ions and their 

low concentrations is justified. 
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Table 2. Average values of the analysis of water collected in the sampling sites. 

N° 

Sample 
pH 

Temperature 

°C 

TDS                     

mg L-1 

Calcium 

mg L-1 as 

CaCO3 

Alkalinity 

mg L-1 as 

CaCO3 

Sulphate 

mg L-1 

Chloride              

mg L-1 

1 7.42 ± 0.07 17.66 ± 0.6 81.17 ± 7.02 20.40 ± 1.91 46.83 ± 6.30 22.33 ± 2.73 5.30 ± 0.47 

2 7.38 ± 0.08 18.96 ± 0.4 82.17 ± 5.33 20.87 ± 1.49 50.00 ± 6.32 21.00 ± 2.45 5.58 ± 0.55 

3 7.2 + 0.06  16.72 ± 1.0 63.67 ± 4.54 20.87 ± 2.01 51.33 ± 5.33 19.17 ± 1.96 5.33 ± 0.59 

4 7.17 ± 0.05 19.44 ± 0.7 80.67 ± 7.82  23.13 ± 1.79 48.67 ± 5.81 23.00 ± 2.27 5.22 ± 0.54 

5 7.41 ± 0.12 18.02 ± 0.5 71.50 ± 6.48 21.80 ± 2.80 46.67 ± 6.27 19.50 ± 2.91 5.05 ± 0.96 

6 7.23 ± 0.07 17.3 ± 0.6 70.50 ± 5.16 22.47 ± 1.54 52.50 ± 5.90 19.17 ± 2.01 5.12 ± 0.57 

7 7.2 ± 0.06 17.44 ± 08 72.33 ± 6.01 21.67 ± 2.01 52.5 ± 6.05 18.83 ± 2.06 11.58 + 0.6 

8 7.18 ± 0.06 16.3 ± 0.6 72.33 ± 4.24 21.73 ± 1.79 53.67 ± 5.65 18.58 ± 1.70 4.57 ± 1.05 

9 7.2 ± 0.05 17.72 ± 1.0 64.50± 5.91 21.00 ± 1.43 49.50 ± 5.14 17.33 ± 2.33 5.38 ± 0.71 

10 7.22 ± 0.05 16.1 ± 1.4 66.33 ± 4.76 20.20 ± 1.63 50.50 ± 6.04 17.33 ± 1.96 5.70 ± 0.48 

11 7.16 ± 0.05 15.78 ± 0.3 72.67 ± 6.50 21.33 ± 1.66 51.00 ± 4.92 15.50 ± 2.08 5.58 ± 0.97 

12 7.26 ± 0.05 15.66 ± 0.8 68.83 ± 4.69 21.47 ± 1.14 53.67 ± 6.06 17.00 ± 2.77  4.95 ± 0.6 

13 7.11 ± 0.08 16.16 ± 1.2 60.00 ± 3.66 17.47 ± 0.98 40.67 ± 2.53 13.50 ± 2.77 7.27 ± 1.56 

14 7.25 ± 0.10 18.06 ± 0.8 70.00 ± 5.66 22.23 ± 2.16 47.00 ± 6.47 21.00 ± 2.39 5.30 ± 0.41 

15 7.3 ± 0.08 16.36 ± 0.4 70.33 ± 6.54 21.57 ± 1.48 48.67 ± 4.98 20.17 ± 1.66 5.67 ± 0.46 

16 7.17 ± 0.06 18.2 ± 1.3 72.67 ± 7.29 21.33 ± 1.35 45.67 ± 4.90 21.17 ± 2.24 5.22 ± 0.4 

17 7.21 ± 0.07 17.64 ± 0.2 69.83 ± 5.55 20.60 ± 1.39 46.00 ± 4.50 18.83 ± 1.89 5.62 ± 0.74 

18 7.24 ± 0.06 17.8 ± 0.7 68.67 ± 6.99 22.00 ± 1.78 48.83 ± 5.08 19.00 ± 2.82 5.58 ± 0.4 

19 7.23 ± 0.09 17.76 ± 0.6 71.00 ± 6.04 21.87 ± 1.90 47.50 ± 5.66  19.67 ± 2.38 5.58 ± 0.65 

20 7.18 ± 0.06 17.52 ± 1.2 69.67 ± 7.22 21.20 ± 1.48 46.52 ± 4.27 17.67 ± 2.69 5.57 ± 0.61 

21 7.22 ± 0.06 18.7 ± 0.4 58.17 ± 2.33  17.47 ± 1.0 40.82 ± 1.87 12.50 ± 2.79 6.63 ± 1.03 

22 7.24 ± 0.04 17.3 ± 0.5 63.50 ± 4.92 20.13 ± 1.54   46.50 ± 4.15 18.50 ± 2.17 5.72 ± 0.80 

23 7.24 ± 0.09 17.62 ± 0.7 68.17 ± 5.13 21.33 ± 1.78 49.17 ± 5.24 19.50 ± 2.11 5.47 ± 0.47 

24 7.26 ± 0.07 17.22 ± 1.1 66.83 ± 6.77 21.07 ± 1.73 47.50 ± 2.96 17.50 ± 2.62 5.80 ± 0.58 

25 7.2 ± 0.05 17.1 ± 0.7 64.33 ± 3.8 20.07 ± 1.56 46.33 ± 3.48 17.00 ± 2.28 5.30 ± 0.82 

26 7.26 ± 0.09 18.1 ± 0.6 67.83 ± 5.15 20.67 ± 1.37 48.83 ± 4.43 16.33 ± 2.33 5.88 ± 0.74 

27 7.28 ± 0.07 16.24 ± 1.1 65.17 ± 6.99 20.13 ± 1.54 47.67 ± 4.72 15.83 ± 2.21 6.03 ± 0.68 

28 7.31 ± 0.06 17.16 ± 1.2 67.83 ± 5.70 20.2 ± 1.51 51.33 ± 4.72 17.33 ± 2.17 6.00 ± 0.86 

29 7.26 ± 0.05 18.56 ± 0.8 72.50 ± 6.84 20.13 ± 1.43 49.00 ± 5.49 16.17 ± 2.70 5.93 ± 0.67 

30 7.27 ± 0.06 17.26 ± 1.2 59.83 ± 2.64 17.33 ± 0.91 40.00 ± 2.54 14.00 ± 3.2 5.97 ± 1.22 
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Figure 2. Variation of pH, temperature, TDS, calcium, alkalinity, sulfates and 

chlorides of drinking water in the distribution network sampling points. 

3.2. Corrosion monitoring 

Table 3 presents the mean values of the indices obtained by zones of the supply network. 

The table shows that the values of the indices are similar in each of the zones. All values 

obtained for the LSI are negative, with an average value of 1.39 (Table 3 and Figure 3), 

indicating that the water that is distributed in all zones of Azogues is corrosive, considering that 

at more negative values there is greater corrosivity.  The values in Table 3 show that the zones 

Zhigzhiquin and Zhapacal (2390-2500 altitude meters above sea level) have less negative 

values with respect to the Mahuarcay zone (altitude 2700-2823 meters above sea level); this 

could be due to the temperature variation, which in turn affects the pH. 

The values obtained with the RSI turned out to be greater than nine, indicating that the 

water that is distributed in Azogues is very corrosive. It can be seen that the LRI average value 
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of 10.07 shows a slightly to moderately corrosive character of the drinking water distributed in 

Azogues. Meanwhile, average LRI values of 0.58 were obtained, which does not conform with 

the strongly corrosive character determined by the Langelier and Ryznar models. This 

difference is because the Larson-Skold relationship is based on the corrosive influence of the 

chloride, sulfate and bicarbonate ion, not considering other physicochemical factors such as 

pH, temperature, total dissolved solids, alkalinity and calcium. 

Table 3. Average values of corrosion indexes by zones. 

Zone LSI RSI LRI 

Alta -1.40 10.03 0.52 

Mahuarcay -1.58 10.38 0.53 

Media -1.4 10.03 0.67 

Zhigzhiquin -1.31 9.94 0.63 

Principal -1.43 10.09 0.54 

Zhapacal -1.34 9.93 0.60 

Average -1.39 10.07 0.58 

p <0.0001 <0.0001 <0.0001 

 
Figure 3. Variation of corrosion indexes in the different zones. 

The results obtained by several authors are presented in Table 4. When compared with the 

results obtained in this study, we can observe a similarity to the results obtained by Alimoradi 

et al. (2018) and Khorsandi et al. (2015). These waters are highly corrosive based on the LSI, 

RSI and LRI; but they have no tendency to form coatings of calcium carbonate precipitates, due 

to the low alkalinity and hardness. 

Table 4. Average values of LSI, RSI, LRI obtained by several authors. 

Authors LSI RSI LRI 

Abbasnia et al. (2018) 0.5 6.76 2.71 

Yousefi et al. (2018) 1.15 6.92 0.85 

Alimoradi et al. (2018) -1.31 9.73 0.24 

Khorsandi et al. (2015) -1.94 12.05 0.68 

Tavanpour et al. (2016) 0.08 7.15 1.1 
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Figure 4 shows the variation of corrosion indexes with physical-chemical parameters. pH 

is one of the main factors that influence the corrosion process (Cui et al., 2016). In Table 2 and 

Figure 2, it can be observed that the pH varied between 6.87 and 7.75, with an average of 7.24. 

In Figure 4(a) it can be seen that the LSI increases with increasing pH; meanwhile, the RSI 

decreased with the increase of pH. Therefore, corrosion increases with the decrease in pH. 

Another factor that alters the corrosion process is temperature; increase in temperature can 

cause the precipitation of calcium carbonate, which can cause encrustation in the pipes and 

therefore reduce corrosion. In Table 2 and Figure 2, it can be observed that the temperature 

varied between 12.4 and 24.8°C, with an average of 17.6°C. In Figure 4(b), it can be seen that 

the LSI increased with the temperature increase; meanwhile, the RSI decreased with 

temperature. 

The conventional potabilization process does not affect the dissolved content of treated 

water. The effect of TDS content on the corrosivity of water is a complex issue; some substances 

such as carbonate and bicarbonate reduce corrosion, while chloride and sulfate ions notably 

accelerate corrosion (Alsaqqar et al., 2014). From the data registered in Table 2 and Figure 2, 

the TDS concentration fluctuated between 43.1 and 108.0 mg L-1 with an average of                             

69.29 mg L-1. In Figure 4(c) it can be seen that the LSI increased with the increase of the TDS. 

Meanwhile, the RSI was reduced with the increase of TDS; therefore the corrosion increases 

with the decrease of TDS. Calcium is the second most frequent component in most surface 

waters and is generally among the three or four most frequent ions in groundwater. The increase 

Ca2+ concentration decreases water corrosivity (Mirzabeygi et al., 2017), since Ca2+ is important 

for the formation of a passivation film on the surface of the pipe, decreasing corrosion. From 

the data recorded in Table 2 and Figure 2, the Ca2+ concentration varied between 12.8 and                              

31.6 mg L-1, with an average of 20.8 mg L-1. In Figure 4(d), it can be seen that the LSI increased 

with the calcium increase; the RSI decreased with the calcium increase. The slightly low 

calcium values in this study influenced the presence of drinking water corrosion. 

In water treatment plants, alkalinity is required in the coagulation process for the reaction 

of alum with water; lime can be added if natural alkalinity is not sufficient for this reaction. 

Water corrosivity increases as alkalinity decreases (Peng et al., 2013, Choi et al., 2015). 

According to data obtained from the water analysis, the variation in alkalinity ranged between 

30.00 and 76.00 mg L-1, with an average of 48.42 mg L-1 as CaCO3, as shown in Table 2 and 

Figure 2. In Figure 4(e) it can be seen that the LSI increased with the increase in alkalinity; 

meanwhile, the RSI decreased with the increase in alkalinity. The somewhat low concentrations 

of alkalinity that have been obtained in this study favor the solubility of CO2, increasing the 

drinking water corrosivity; it can also be observed that alkalinity does not have a great 

relationship with the LRI. 

The chloride and sulfate ions drastically reduce corrosion resistance (Vazdirvanidis et al., 

2016; Yang et al., 2012). Steel is easily susceptible to pitting corrosion in solutions containing 

aerated chloride with pH in a wide range (4 - 12.5) at room temperature (Wang et al., 2015). 

According to data obtained from the water analysis, the chloride ion concentration fluctuated 

between 1.30 and 12.30 mg L-1, with an average of 5.65 mg L-1; the sulfate varied between 3.0 

and 33.0 mg L-1  with an average of 18.12 mg L-1, as shown in Table 2 and Figure 2. In Figure 

4(f), it can be seen that the LRI increases with the increase of the concentration of the sulfate 

ion; the LRI does not show a direct relationship with the chloride ion concentration. Hence, 

according to the LRI values obtained in this study, there is a slight corrosion of drinking water. 

A box plot was made using the monthly results for each of the indices. For the LSI, Figure 

5(a) shows that during the first three months of monitoring (July-September) values are 

observed between -1.40 and -2.00, indicating a strong corrosion. This is due to the fact that in 

these months the ambient temperature and therefore of the water is low with respect to that 

registered during the year. In the same way, the alkalinity and pH were slightly low from July 
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to September, which increased the corrosion. From October to December, a decrease of -1.40 

to -0.80 can be observed in the LSI, generating a less corrosive tendency than during the three 

previous months. 

 Analyzing the box plot for the RSI, Figure 5(b) shows that during the first three months 

of sampling (July-September) values between 10.00 and 11.00 are observed, due to a significant 

decrease in terms of the temperature, pH and alkalinity. During the following three months a 

decrease in the index of 10.00 to 9.00 can be observed, decreasing this index, but retaining its 

severe corrosive character. 

 
Figure 4. Variation of corrosion indexes with physical-chemical parameters. (a) pH 

relationship with LSI and RSI; (b) temperature relationship with LSI and RSI; (c) TDS 

relationship with LSI and RSI; (d) calcium relationship with LSI and RSI; (e) alkalinity 

relationship with LSI, RSI and LRI; (f) LRI relationship with sulfates and chlorides. 
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In Figure 5(c), we can observe a constant trend regarding the LRI; the values calculated 

and analyzed during July - December, are between the range of 0.29 to 1.26, with an average 

value of 0.56, presenting a slight corrosion, with a slightly corrosive character, which indicates 

that there is little amount of chloride and sulfate ions that can cause corrosivity. 

 
Figure 5. Variation of corrosion indexes over time. (a) Variation of LSI with months, (b) 

Variation of RSI with months, (c) Variation of LRI with months. 

3.3. Linear model for corrosion indexes 

To facilitate the calculation of corrosion in the drinking water distribution network in 

Azogues, a mathematical model was obtained for each of the corrosion indexes analyzed in this 

study. The multiple regression technique was applied using Infostat software, based on data of 

pH, temperature, SDT, alkalinity, calcium, sulfates and chlorides, obtained from drinking water 

sampling and analysis. The results of the multiple regression for LSI are presented in Table 5. 

Table 5. Regression coefficients and statistical data associated with the LSI model. 

Coef       Est.     E.E.   LI (95%)  LS (95%)    T     P-Value CpMallows VIF  

Const       -9.84 0.06 -9.96 -9.71 -155.32 <0.0001                

PH          1.01 0.01 0.99 1.03 106.29 <0.0001 11236.03 1.96 

T           0.02 6.60E-04 0.02 0.02 28.91 <0.0001 836.03 1.36 

SDT         -4.30E-04 1.60E-04 -7.50E-04 -1.20E-04 -2.69 0,008 12.18 3.91 

Calcium      0.02 5.50E-04 0.02 0.02 38.61 <0.0001 1487.2 3.42 

Alkalinity 0.01 1.80E-04 0.01 0.01 44.71 <0.0001 1992.51 3.49 

It can be observed that the pH, temperature, TDS, calcium and alkalinity showed a value 

p <0.05, there being a significant linear relationship with the LSI. The model obtained for the 

LSI is (Equation 1): 

𝐿𝑆𝐼 =  −9.95 +  1.03𝑝𝐻 +  0.02𝑇 − 0.00049𝑆𝐷𝑇 +  0.02 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 +  0.01 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦      (1) 
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The equation is useful to calculate the LSI knowing the values of pH, temperature in °C, 

SDT in mg/L, calcium hardness in and alkalinity in mg/L as CaCO3.  

The results of the multiple regression for RSI are presented in Table 6. It can also be noted 

that the pH, T, SDT, calcium and alkalinity showed a value p <0.05, there being also a 

significant linear relationship with the RSI. The model obtained for the RSI is (Equation 2): 

𝑅𝑆𝐼 =  19.93 − 1.06 𝑝𝐻 − 0.04𝑇 +  0.00096 𝑆𝐷𝑇 − 0.04 𝐶𝑎𝑙𝑐𝑖𝑢𝑚 − 0.02 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦      (2) 

Table 6. Regression coefficients and statistical data associated with the RSI model. 

Coef      Est. E.E. LI (95%) LS (95%) T P-Value CpMallows VIF 

Const       19.7 0.12 13.67 19.95 157.76 <0.0001 
  

PH          -1.02 0.02 -1.06 -0.99 -54.61 <0.0001 2969.87 1.96 

T           -0.04 1.30E-03 -0.04 -0.04 -29.55 <0.0001 873.33 1.36 

SDT         8.40E-04 3.20E-04 2.10E-04 1.50E-03 2.64 0.0091 11.94 3.91 

Calcium      -0.04 1.10E-03 -0.04 -0.04 -39.07 <0.0001 1522.9 3.42 

Alkalinity -0.02 3.60E-04 -0.02 -0.02 -45.06 <0.0001 2023.09 3.49 

4. CONCLUSIONS 

Although the temperature values, total dissolved solids, alkalinity, calcium hardness, 

sulfate and chloride obtained in this study were admissible based on Ecuadorian regulations, 

the average values of the corrosion indexes obtained in this study indicated a significant 

corrosive tendency. The results obtained were: LSI: -1.39; RSI: 10.02 and LRI: 0.58. These 

indicated a significant corrosive tendency of the drinking water distributed in Azogues. The 

most critical parameter analyzed for the LSI and RSI is pH, as well as the low alkalinity and 

low hardness; while, for the Larson-Stolk index, the most critical parameter is sulfate. It can be 

concluded that an understanding of the chemical composition of drinking water is vital for 

predicting the materials behavior that are in contact with drinking water. The corrosion 

calculation caused by the water is based solely on the physical chemical parameters proposed 

by Langelier, Ryznar and Larson-Skold; this is not so exact, considering other factors or 

conditions that prevail in a typical drinking water network, such as dissolved oxygen, residual 

chlorine and room temperature.  the supply system. This factor should be taken into account for 

the control and prevention of corrosion potential; adjustments in stabilization should be made 

at the treatment plant. 
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ABSTRACT 
This paper develops a model to characterize the demand for domestic water based on its 

end users' usage habits. The use of individual residential appliances (bathroom sink, toilet, 
shower, bath, etc.) is interpreted using a probabilistic approach. The paper also applies the 
model to the distribution network of the municipality of Sparanise, a small city in the province 
of Caserta, Italy. The results of this application are compared to the real output of the city's 
actual water reservoir. Flow variability during the day was successfully modelled. A 
comparison of the simulated and recorded data on a daily level indicates the proper adjustment 
of the volume distribution; the peak flow rates were also comparable. The model could be a 
useful tool for analyzing domestic water consumption, especially in the design and management 
of water distribution networks. Use of the model would particularly aid the Integrated Urban 
Water Management Operator both in optimizing the operating pressures in the various districts’ 
networks and in predicting domestic water consumption when drafting its water balance 
documents. 

Keywords: domestic appliances, management, probabilistic model, water demand, water distribution 
network.  

Demanda hídrica diária 

RESUMO 
No artigo é proposto um modelo para caracterizar a demanda hídrica doméstica a partir 

dos hábitos de utilização dos usuários finais de água. O uso dos equipamentos domésticos (bidê, 
pia, chuveiro, banheira, lava-roupas, etc.) é analisado com o uso de abordagem probabilística. 
Também é descrita a aplicação do modelo na rede de distribuição do município de Sparanise 
na Província de Caserta (Itália) e a consequente verificação dos resultados obtidos com aqueles 
registrados diretamente na saída para o reservatório da cidade. A comparação entre os dados 
registrados mostrou um bom ajuste do volume distribuído diariamente, os volumes de pico 
também se mostraram compatíveis. O modelo se mostrou como instrumento útil para análise 
do consumo doméstico com grande potencial de aplicação no projeto e na gestão das redes de 
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distribuição. Em particular a utilização do modelo poderia auxiliar o Órgão de Gestão Integrada 
de Recursos Hídricos na otimização das pressões operacionais nas redes subdivididas em 
distritos e para prever o consumo de água doméstico quando da elaboração de relatórios de 
balanço hídrico. 

Palavras-chave: demanda hídrica, equipamentos domésticos, gestão, modelo probabilístico, rede de 
distribuição hídrica.  

1. INTRODUCTION 

Integrated Urban Water Management (IUWM) consists of all public services relating to 
water management, such as catchment, conveyance and distribution of water for civil uses, and 
sewage and wastewater treatment. 

Current Italian regulations require that IUWM is managed with respect to the principles of 
efficiency, effectiveness and affordability. The achievement of the above principles must 
necessarily also comprise knowledge of the complex infrastructure system, its current 
performance levels, the volumes collected and distributed, and the flows collected in the final 
receptors of the sewer system. 

In an urban center, the variability of the water demand over time describes its functional 
range and is also a useful tool for its managing institutions in order to correctly manage the 
service. 

Civil consumption of water depends on a variety of uses which can be related to multiple 
components. Civil consumption is generally separated into two components: domestic 
consumption and collective consumption.  

Domestic consumption is intended as the water demand of dwelling occupants; collective 
consumption is instead usually considered consumption by public and commercial activities. 

Public consumption takes into account all civil consumption, which is not generated by the 
residential users. When industrial consumption is restrained, it is counted as collective 
consumption. 

Experimental investigations carried out in ten municipalities located in Southern Italy 
showed a baseline consumption value which remained more or less constant throughout the day 
(Silvagni et al., 2004).  

This value also considers the presence of losses - a physiological component which is 
always present in distribution networks - and the collective consumption component (Figure 1 
and 2).  

 
Figure 1. Plots of city reservoir output flows. 
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Figure 2. Plot indicating the division of consumption based on 
flow – time. 

Therefore, the output flow QL [l/s] in Figure 1 can be expressed as the sum of domestic 
flow QD [l/s], collective flow QC [l/s] and losses QP [l/s] (Equation 1). 

𝑄𝑄𝐿𝐿 =  𝑄𝑄𝐷𝐷 +  𝑄𝑄𝐶𝐶 + 𝑄𝑄𝑃𝑃 [l/s]                        (1) 

The estimation of network losses is basic to correct IUWM operator management, as it is 
a fundamental aspect of the water balance; indeed, the detection, estimation and resolution of 
the losses allow the managing institutions to optimize service with direct, positive repercussions 
on administrative aspects.  

Estimating losses is a complex task based on the comparative analysis of the daily volumes 
delivered by the distribution network, the volumes invoiced to users and the volumes delivered 
to collective users. In technical literature, some models have been proposed for estimating the 
vulnerability and incidence of the losses (Infrastructure Leakage Index – ILI), which are based 
on a network's topography, type and working pressures (Lambert et al., 1999; Lambert, 2000; 
Thornton and Lambert, 2006). 

Collective consumption depends on the type of town planning and the socio-economic 
services present in the area; they are generally identified with special water supply contracts. 
Detailed knowledge of the system and its users allows for the direct estimation of the amounts 
of water delivered in the provision of services to citizens and production systems. 

Domestic consumption is directly correlated to the number of inhabitants and their daily 
habits; it varies from urban center to urban center within the geographic areas considered 
(Silvagni et al., 2004), and within the various water districts relating to town planning types.  

The model described in this paper makes it possible to estimate domestic demand based 
on domestic appliances and users' daily habits.  

The characterization of users' water demand together with the estimates of collective 
volumes and respective losses therefore makes it possible to create a diagram indicating the 
daily water demand required by each urban center analyzed. 

The model can be applied to the entire urban center, as well as to the different, 
homogeneous water districts within the same center. The result is a snapshot of water use over 
space and time, with obvious benefits for monitoring and managing the water supply system. 

The technical literature on the analysis of users' water demand has essentially targeted the 
estimation of per capita daily water volume. These studies often reveal a weakness in the 
system: they highlight that the daily drinking water demand is higher than the available amount 
of natural water, also as a consequence of climate changes (Fox et al., 2009; Schleich and 
Hillenbrand, 2009; Arbués et al., 2003; Levallois et al., 1998).  
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Other studies have focused more on characterizing the demand within a broader context of 
reducing losses to reduce use of the available amount of water (e.g. Makropoulos and Butler, 
2007; Bertola et al., 2014; Parker and Wilby, 2013).  

A recent study (Gargano et al., 2016) presented a probabilistic model that allows for users' 
demand to be estimated based on residential meter readings. 

The proposed methodology for defining domestic water demand is based on the 
experiences carried out in the sewage networks and in particular on the analysis of domestic 
users' waste (Butler, 1991; 1993; Butler and Graham, 1995). The aim of this study is to link 
demand to the number and type of appliances existing inside a home and their use during a 
typical day.  

Therefore, the estimation of each appliance’s usage times and frequency is necessary, as 
well as the volume and variability of the water used. 

Butler and Graham (1995) developed a probabilistic model for a sewage network to 
simulate the spatial and temporal variation of domestic wastewater in dry weather conditions.  

The discharged wastewater was considered equivalent to the volume of water delivered to 
users. 

Water demand is the result of the random use of domestic appliances, each one with its 
own characteristics (i.e. usage volume and variability, assumed as randomly variable within 
certain ranges) and with usage frequency related to defined hourly periods of the day. These 
flows have an intermittent nature and are used for limited durations (in the range of 10-15 s). 

The probability p that an appliance will be used in time interval Ta is given by Equation 2: 

𝑝𝑝 = 𝑡𝑡𝑎𝑎1
𝑇𝑇𝑎𝑎

< 1               (2) 

where ta1 is the total observed time during which the hydro-sanitary device delivers water. 

The probability of having r appliances out of a total N appliances which are simultaneously 
in use can be determined with a binomial distribution expressed by the following relationship 
Equation 3: 

𝑝𝑝(𝑟𝑟) = 𝑁𝑁!
𝑟𝑟!(𝑁𝑁−𝑟𝑟)!

𝑝𝑝𝑟𝑟(1 − 𝑝𝑝)𝑁𝑁−𝑟𝑟            (3) 

The binomial distribution makes it possible to determine the expected amount of 
simultaneous uses E(r) in a generic moment in time as the product of N appliances and 
probability p(r). 

The resulting flow Eq(r) relating to the simultaneous use of multiple appliances is 
determined (Butler and Graham, 1995) by the product of the expected number of simultaneous 
uses E(r) and the initial flow q of the single appliance considered (Equation 4). 

𝐸𝐸𝑞𝑞(𝑟𝑟) = 𝐸𝐸(𝑟𝑟) ∙ 𝑞𝑞               (4) 

Butler and Graham (1995) also indicate the possibility of extending their theory to define 
a mean or expected flow value generated by intermittent demand to estimate the flow variability 
around its mean value. 

This transposition is possible through the use of the standard deviation σ (Equation 5) of 
the simultaneous demand expressed by means of normal distribution (Shaw, 1963), and the 
calculated flow variability. 

𝜎𝜎 = �𝑁𝑁𝑝𝑝(1 − 𝑝𝑝)               (5) 
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The amount of simultaneous demand Eα(r) and the resulting flow Eqα(r) are related to a 
fixed level of confidence α (confidence coefficient Zα) (Equation 6). 

𝐸𝐸∝(𝑟𝑟) = 𝑁𝑁𝑝𝑝 ± 𝑍𝑍∝𝜎𝜎 → 𝐸𝐸𝑞𝑞∝(𝑟𝑟) ∙ 𝑞𝑞              (6) 

Butler and Graham (1995) applied this probabilistic model to the English sewer system of 
Edenbridge, obtaining an excellent correspondence between recorded and simulated flood 
hydrographs. 

The approach used, which starts with a typical distribution of equipment and home 
appliances, allows for both a characterization of domestic demand in existing networks and the 
estimate of demand charts for project design. In fact, domestic water demand can be estimated 
starting with the data available from regulations based on town planning type, the number and 
type of apartments and the maximum number of occupants. 

An important aspect highlighted by Butler (1991; 1993) is the variability of the parameters 
depending on geographical areas (northern or southern Europe) or lifestyle (lower class, upper 
class); previous studies have already highlighted this variability in some distribution networks 
in Southern Italy (Silvagni et al., 2004). The domestic demand charts for certain towns in the 
Campania Region have shown trends and parameters of the harmonic functions which depict 
them as being comparable with one another (Figure 3). 

 
Figure 3. Charts recorded vs. reconstructed sinusoidal signals (Silvagni 
et al., 2004). 
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2. MATERIALS AND METHODS 

In this first stage, the proposed model considers middle-class users without any 
specifications regarding age, profession or economic-cultural conditions. 

The daily use of appliances by a typical user was set in reference to a standard domestic 
environment.  

The individual appliances were characterized using four parameters: 

1. Average daily frequency of use [uses/day]; 
2. Start time of use during the day [h]; 
3. Average duration of appliance use [minutes/use]; 
4. Volume of water required [litres/use]. 

For domestic appliances, a probabilistic process must be applied by estimating the standard 
deviation (σ) compared to the mean value. 

In particular, and in agreement with Butler and Graham (1995), a normal distribution 
around the mean value µ was assumed. 

This assumption makes it possible to consider the habits, lifestyles and different needs of 
users, which can cause significant variability in the manner and frequency of use. 

The daily demand hydrograph of users is strongly influenced by σ; an experimental 
investigation with flow-demand measurements and users' daily usage reports is the most 
effective tool for correctly estimating the standard deviations. 

In this first development phase of the probabilistic model, the σ values for the various types 
of appliances tested were assumed equal to Butler's experimentally estimated values (1991, 
1993), suitably adjusted according to the estimated habits and lifestyles of the population which 
was subsequently studied in this paper. 

The probability density function of the normal distribution pdf is expressed by the 
following (Equation 7), as a function of the average value µ and the standard deviation σ:  

𝑓𝑓(𝑡𝑡, 𝜇𝜇,𝜎𝜎) = 1
√2𝜋𝜋𝜎𝜎𝜎𝜎

𝑒𝑒−
(𝑡𝑡−𝜇𝜇)2

2𝜎𝜎2               (7) 

With a daily number of users greater than one, the effects due to the single pdf(t) must be 
combined.  

Figure 4 shows the Probability Density Functions (Pdf) for the start time of using the sink. 

 
Figure 4. Use start time – Pdf. 
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A random process makes it possible to estimate the start time, duration and volume of use 
throughout the day for the appliance in question. Figure 5 shows the daily chart for a sink. 

 
Figure 5. Sink – Estimated daily demand. 

The chart in Figure 6 shows the water demand considering a number of users (N) equal to 
20 and considering other domestic appliances (kitchen sink, shower, bathtub, toilet, washing 
machine, dishwasher, etc.) in addition to the bathroom sink.  

 
Figure 6. Typical user - Estimated daily demand - N = 20 

This model was applied and adjusted to the municipality of Sparanise in the province of 
Caserta (Italy). 

3. RESULTS AND DISCUSSION 

The monitoring system of Sparanise water distribution network provided daily demand 
data for a study characterizing water consumption (Silvagni et al., 2002). 

The municipality of Sparanise has about 7,000 inhabitants and is predominantly 
residential.  

The diagrams in Figure 7 show the recorded city reservoir output data, both as recorded 
(a) and as filtered data (b), linked to traditional uses (collective) and the net losses deducted 
from the overnight time range (t = 0÷6 h, Figure 7a). 
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Figure 7. Municipality of Sparanise – Water Demand (April 1995). 

Table 1 shows the model parameter values, mean value (µ) and standard deviation (σ), 
estimated for Sparanise using data from the literature (Butler 1991; 1993; Blokker et al., 2006; 
2010; Buchberger and Wu, 1995), which is based on the town planning type, average living 
standards and mostly residential water use. 

The average use duration and mean volume are fixed and use the experimental results 
Butler obtained for wastewater (Butler, 1991), considering the flows that the appliances are able 
to distribute, also in reference to the existing technical standards (UNI, 2014). 

A middle-class household was considered for the type of appliances examined: a 
household composed of three people with a single bathroom with a shower and bathtub, a 
kitchen with a dishwasher and a washing machine.  

The shower and bathtub are considered as not generally being used simultaneously. The 
model assumes an average bathtub use of once per week. Therefore, considering that the user 
area consists of N typical users, the use of the bathtub on the reference date is by N/7 users; the 
remaining 6N/7 users use the shower. 

A similar consideration was made for the washing machine and dishwasher. 
The hypothesis also includes the consideration that a single appliance is shared by three 

users. This hypothesis can be explained by considering the daily use of a family comprised of 
three people on average, or the appliance’s use every three days on average by each individual 
user in question. 

The average use frequency and times were set based on user behavior and by analyzing the 
consumption shown in Figure 7, which indicates three flow peaks at 8:00, 14:00 and 21:00. 

Figure 8 depicts the first results of the model's application to the municipality of Sparanise. 
The model produced an optimal estimation of the peak demand values and overall, the demand 
trends obtained in the chart are quite in line with the chart of recorded data. 

The results obtained for the time period from 9:00 to 12:30 underestimate the recorded 
flow data; although less marked, a similar trend emerges in the time period from 15:30 to 19:30. 

The highlighted time periods both include the opening of commercial activities with the 
addition, between 9:00 and 12:30, of activities in the citizen services and public facilities 
sectors. 

The above-mentioned activities are not considered within the proposed probabilistic 
method, which is aimed at domestic users. Therefore, the underestimation is certainly 
influenced by the initial assumption of removing a constant amount from the recorded values 
due to non-domestic users. 

The time period deviation of the volume distributed to users between the probabilistic 
model and the recorded data has no significant effect on the overall daily volumes delivered. In 
fact, the daily water allocation estimated by the model (equivalent to 136 litres per inhabitant) 
is almost identical to the per capita available water supply recorded (134.7 litres per inhabitant). 
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Table 1. Probabilistic model input. 

 
Figure 8. Model application – Results. 

4. CONCLUSIONS 

The variability of an urban center's water demand over time is directly related to its citizens' 
use of residential equipment. The probabilistic model proposed makes it possible to estimate 
users' hourly consumption, starting from the single residential unit. 

In this first phase, the model was tested on Sparanise users which are predominantly 
residential, with commercial activities and public services for the community. 

The results demonstrate that the proposed model can be effective for managing distribution 
networks, as it is able to temporally place and estimate peak flow values.  

This aspect, especially in networks which are subdivided into districts, allows for the 
management of pressures in order to optimize the networks' operation and ensure the expected 
service level to users.  

Domestic Appliances 
Bathroom  

Sink 
Toilet Bidet Shower Bathtub 

Kitchen  
sink 

Dishwasher 
Washing  
Machine 

Use 
duration 

µd 
[min/use] 1.0 1.5 0.6 4.0 6.0 1.0 0.7 5.0 

σd 
[min/use] 1.5 1.0 1.0 1.0 0.5 1.5 0.3 0.5 

Volume µv [l/use] 3.0 7.0 3.5 25.0 35.0 4.5 4.0 30.0 
σv [l/use] 1.7 1.0 1.7 20.0 20.0 2.0 1.3 10.0 

Use 
frequency 

f 
[use/day] 4.0 4.0 2.0 2.0 1.0 3.0 3.0 2.0 

Start time 
use 

µ1 [h] 8.0 7.3 7.5 8.0 14.0 9.0 21.3 14.0 
σ1 [h] 1.5 1.5 1.5 1.5 1.0 1.5 8.0 12.0 
µ2 [h] 13.5 17.0 21.0 14.0 -- 14.0 22.0 14.5 
σ2 [h] 1.0 2.0 1.5 1.5 -- 1.5 8.0 12.0 
µ3 [h] 17.1 20.5 -- -- -- 21.0 22.2 -- 
σ3 [h] 2.0 1.0 -- -- -- 1.5 8.0 -- 
µ4 [h] 21.5 23.0 -- -- -- -- -- -- 
σ4 [h] 1.0 2.0 -- -- -- -- -- -- 
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The results obtained in the estimation of the user volume demand for domestic use show 
how the model can be used to define an urban centre's water balance, especially considering 
how this water balance consists of domestic consumption, collective consumption and losses. 
Further investigations and applications of the model are underway in order to confirm and 
thereby also generalize both the method and the results obtained from it. 
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ABSTRACT 
Urbanization modifies the heat balance in urban areas and has negative effects on 

landscape, aesthetics, energy efficiency, human health and the inhabitants’ quality of life. This 
work evaluated future scenarios of bioclimatic conditions for João Pessoa, a humid tropical city 
in Northeast Brazil. The scenarios were determined based on trends in air temperature, relative 
humidity and wind speed for the time period from 1968 to 2015. The study was performed for 
two distinct periods of three months each (dry and wet seasons) using data from weather stations 
equipped with thermo-hygrometers and cup anemometers located in nine representative areas 
of the city. Trends in air temperature, relative humidity, wind speed, and effective temperature 
index (ET index) time series were evaluated using the Mann-Kendall test. Results indicated that 
the air temperature showed an increasing trend of 0.34°C /decade, whereas the relative humidity 
showed a decreasing trend of 0.49%/decade and the wind speed values ranged from 1.3 ms-1 to 
3.80 ms-1. These trends are statistically significant according to the Mann-Kendall test (p<0.05). 
The air temperature increased between the 1980s and 2010s, which corresponds to a period of 
rapid urbanization of the city. Future environmental conditions in João Pessoa will be 
determined in accordance with the urbanization processes. 

Keywords: Mann-Kendall test, thermal comfort, urban climate. 

Cenários futuros das condições bioclimáticas térmicas de uma cidade 
tropical úmida sob o aspecto de desenvolvimento urbano 

RESUMO 
 O processo de urbanização modifica o balanço térmico nas áreas urbanas e tem efeitos 

negativos na paisagem, na estética, na eficiência energética, na saúde humana e na qualidade 
de vida dos seus habitantes. O objetivo principal deste trabalho foi avaliar os cenários futuros 
das condições bioclimáticas de João Pessoa, uma cidade tropical úmida localizada no Nordeste 
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do Brasil. Os cenários foram determinados com base nas tendências da temperatura do ar, 
velocidade do vento e da umidade relativa para o período de 1966 a 2015. Este estudo foi 
realizado durante dois períodos distintos de três meses cada (estação seca e estação úmida) 
usando dados da estação meteorológica equipada com um sistema termo-higrômetro e 
anemômetro de concha localizados em 9 áreas representativas da cidade. A tendência nas séries 
temporais de temperatura do ar, umidade relativa, velocidade do vento e do índice de 
temperatura efetiva (ET índice) foi avaliada usando o teste de Mann-Kendall. Os resultados 
indicaram que a temperatura do ar mostra uma tendência crescente de 0,34°C /década, enquanto 
a umidade relativa apresenta uma tendência decrescente de 0,49% /década e os valores da 
velocidade do vento variam de 1,3 ms-1 a 3,80 ms-1. Essas tendências são estatisticamente 
significativas de acordo com o teste de Mann-Kendall (p <0,05). A temperatura do ar aumentou 
entre os anos de 1980 e 2010, o que corresponde a um período de rápida urbanização da cidade. 
As futuras condições ambientais em João Pessoa serão determinadas de acordo com o processo 
de urbanização. 

Palavras-chave: clima urbano, conforto térmico, teste de Mann-Kendall. 

1. INTRODUCTION 

Since microclimatic conditions have a major influence on people’s comfort, the issue of 
outdoor thermal comfort has attracted wide attention in recent years. An estimated three billion 
people living in urban areas throughout the world are directly exposed to problems related to 
urban heat island intensity (UHI), which are expected to increase significantly in the near future 
(Tong et al., 2005; Memon et al., 2008). Several studies have addressed this theme in several 
different urban climates due to the worldwide severity of the problem, and a wide range of 
literature is available on the subject (Silva et al., 2010; Salvati et al., 2017; Lobaccaro et al., 
2017; Rafael et al., 2017).  

The temporal and spatial behavior of air temperature, relative humidity and wind speed are 
mainly affected by meso- and micro-scale differences in the natural and artificial morphology 
(Gulyás et al., 2006; Han et al., 2009; Matzarakis et al., 2010). These effects are significant for 
different levels of regional and urban planning, such as the design of urban parks, assessment 
of radiation conditions in urban canyons, and a variety of other applications. The growth of a 
metropolitan area and rise in air pollution levels lead to increases in urban air temperature, 
energy consumption and heat stress (Krüger et al., 2011; Veremchuk et al., 2016). One of the 
possible causes of these environmental problems is the drastic reduction of green spaces within 
cities. Therefore, as cities expand, land use planning becomes critical for determining 
environment quality because changes in land use from green areas to newly built structures 
result in changes in the natural surface of the earth (Jusuf et al., 2007; Wu et al., 2016). 
Meteorological variables, including solar radiation, air temperature, relative humidity, and wind 
speed have a significant bearing on human comfort and the perception of indoor and outdoor 
conditions. Specifically, the effect of air velocity on the thermal sensation depends on the 
environmental temperature. For example, at temperatures below 32°C, increases in air velocity 
reduce the sensation of heat, whereas at temperatures between approximately 33°C and 37°C, 
air velocities do not significantly affect the thermal sensation (Robaa, 2003; Yu et al., 2006). 
Impervious surfaces can contribute to the formation of UHI, which has significant adverse 
effects on the quality of the urban environment and the sustainable development of cities. 
Because vegetation can mitigate the effects of UHIs caused by artificial urban land uses, the 
UHI problem is more severe in cities with large populations and extensive economic activities 
(Tseliou et al., 2010). 
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The basic hypothesis of this study is that changes in land from green areas to impervious 
surfaces in a city affect the absorption of solar energy, and changes in wind speed patterns due 
to buildings results in changes in air temperature and, consequently, changes in human 
discomfort perception. Since over 50% of the world’s population live in urban areas, it is 
important to be able to project future bioclimatic conditions in outdoor spaces. Our study 
predicts future thermal comfort scenarios for the studied region based on changes in air 
temperature and relative humidity. This analysis is broadly divided into trend and regression 
analyses for obtaining the spatial configuration of thermal comfort during dry and rainy seasons. 
This work provides residents, city planners and governments with a methodology that supports 
the development of a more comfortable city area.   

2. MATERIALS AND METHODS 

2.1. Study area 
The city of João Pessoa is located at latitude -7º14’29” and longitude -34º47’36” in the 

tropical humid climate of Brazil. The predominant vegetation type is Atlantic Forest fragments. 
The city is bounded by the Atlantic Ocean to the east and experiences the influence of several 
important large-scale precipitation mechanisms due to its location, such as the Atlantic 
intertropical convergence zone, upper air cyclonic vortex and cold fronts (Kolotroni and 
Giridharan, 2008). João Pessoa lies on a relatively flat coastal plain and has an average elevation 
of 33 m. The annual average temperature ranges between 21°C and 31°C, and the normal annual 
rainfall is approximately 1800 mm (Silva et al., 2006). The dry season generally occurs between 
January and June, and the rainy season occurs between July and December. The meteorological 
data for trend analysis in wind speed, air temperature and relative humidity were provided by 
the Brazilian National Institute of Meteorology (Inmet, in Portuguese). Before conducting the 
analysis, the quality and adequacy of data were assessed. The data at each measurement site 
were acquired at hourly intervals. 

2.2. Measurements 
Measurements of air temperature, relative humidity and wind speed were performed in 

nine zones that were chosen to represent the most densely populated areas and various types of 
land cover in the urban spaces and rural areas surrounding the city (Table 1). Mata do 
Buraquinho (P01) was adopted as the reference area in this study due to its high-density Atlantic 
forest vegetation. This vegetation type clearly distinguishes that site from the other 
observational areas, whose locations are surrounded by high and low buildings that shade them 
during certain periods of the day.  

Table 1. Measurement points within the city of João Pessoa, Brazil. The latitudes 
and longitudes are shown using the Universal Transverse Mercator (UTM) 
geographic coordinate system. Altitudes are shown in meters. 

Urban zones Point Latitude Longitude Altitude (m) 

Mata do Buraquinho P01 9210910 0294473 18 
Bairro Expedicionários P02 9212248 0295307 54 
Bairro Manaíra P03 9213966 0297168 13 
Bairro Cabo Branco P04 9212232 0298053 09 
Bairro Mangabeira P05 9205666 0296918 50 
Bairro Cruz das Armas P06 9210044 0291631 47 
Bairro Alto do Mateus P07 9210524 0288930 45 
Bairro Centro P08 9205666 0296918 50 
Bairro Bancários P09 9209252 0297368 18 
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Davis Weather Stations were installed at nine points throughout the city and were supplied 
with anemometers and thermo-hygrometers for measurements of wind speed, air temperature 
and relative humidity (Figure 1). The data at each measurement site were recorded hourly. The 
field measurements were performed at the urban and rural areas from January 5th to March 12th, 
2015 (representing the dry season) and from June 5th to August 24th, 2015 (representing the 
rainy season). In addition, daily data of air temperature, relative humidity and rainfall from a 
typical meteorological observation station during the period of 1968-2015 were used to conduct 
a comprehensive temporal analysis. An analysis was performed to investigate the influence of 
various land use types that cause an increase in urban temperature. The percentage of land cover 
was obtained according to the methodology presented by Katzschner et al. (2006) for the 
following land cover types: (i) ceramic roof tile; (ii) asbestos roof tiles; (iii) aluminum roof 
tiles; (iv) body of water 1 (swimming pool); (v) body of water 2 (rivers and sea); (vi) asphalt 
pavement; (vii) concrete pavement; (viii) bare soil; (ix) bare soil + low vegetation; and (x) 
vegetation.  

 
Figure 1. Locations of the measurement points and the meteorological station (INMET) 
within the study area. The latitudes and longitudes are shown using the Universal 
Transverse Mercator (UTM) geographic coordinate system. Altitudes are shown in 
meters. 

2.3. Comfort index 
The human discomfort level within the study area was evaluated through the effective 

temperature index (ET). The ET index, adapted by Li and Chan (2000), has been used 
worldwide to assess the effects of thermal environment on the human body as follows (Equation 
1): 
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𝐸𝐸𝐸𝐸 = 37 −  37−𝑇𝑇
0.68−0.0014𝑅𝑅𝑅𝑅+ 1

1.7+1.4𝜗𝜗0.75
− 0.29𝐸𝐸(1 − 0.01𝑅𝑅𝑅𝑅)           (1) 

where υ is wind speed (m s-1) at 1.2 m above the ground, T is air temperature (°C) and RH 
is relative humidity (%). The ET index is suitable for open spaces and describes the extent of 
thermal loading under several meteorological conditions.  

2.4. Mann-Kendal test 
The World Meteorological Organization (WMO) recommends using the Mann‐Kendall 

nonparametric test (Mann, 1945; Kendall, 1975) for assessing trends in environmental time 
series data. This test consists of comparing each value of a time series with the remaining values 
in sequential order. The number of instances for which the remaining terms are greater than that 
being analyzed is counted. This test is based on the statistic S, which is defined as (Equation 
2): 

𝑆𝑆 =  ∑ ∑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑥𝑥 𝑖𝑖  −  𝑥𝑥𝑗𝑗 )𝑛𝑛
𝑖𝑖=1              (2) 

where xi to xj are the sequential data values, n is the length of the time series and the sign 
of (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗) is -1 for (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗) < 0, 0 for (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗) = 0, and 1 for (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗) > 0. The mean E[S] 
and variance V[S] of statistic S are given as (Equations 3 and 4): 

𝐸𝐸[𝑆𝑆] = 0          (3) 

𝑉𝑉𝑉𝑉𝑉𝑉[𝑆𝑆] =  
𝑛𝑛(𝑛𝑛−1)(2𝑛𝑛+5)− ∑ 𝑡𝑡𝑝𝑝(𝑡𝑡𝑝𝑝−1)(2𝑡𝑡𝑝𝑝+5)𝑞𝑞

𝑝𝑝=1

18
          (4) 

where tp is the number of equal occurrences for the pth value, and q is the number of equal 
values. The second term represents an adjustment for equal or censored data. The standardized 
test statistic (ZMK) is computed as Equation 5.  

𝑍𝑍𝑀𝑀𝑀𝑀 =  

⎩
⎪
⎨

⎪
⎧

𝑆𝑆−1
�𝑉𝑉𝑉𝑉𝑉𝑉 (𝑆𝑆)

𝑠𝑠𝑖𝑖 𝑆𝑆 > 0

0 𝑠𝑠𝑖𝑖 𝑆𝑆 = 0
𝑆𝑆+1

�𝑉𝑉𝑉𝑉𝑉𝑉 (𝑆𝑆)
𝑠𝑠𝑖𝑖 𝑆𝑆 < 0

          (5) 

Comfort condition was established using the ET index with the objective of proposing the 
comfort limits valid for the study area. A thermal sensation assessment test based on responses 
from structured questionnaires was used for obtaining the rating scales ranging from 
uncomfortable to comfortable (Table 2). A similar methodology was applied by Krüger and 
Drach (2017) to define ranges and performance of UTCI (Universal Thermal Climate Index) in 
downtown Rio de Janeiro. 

The presence of a statistically significant trend is evaluated using the ZMK value. This 
statistic is used to test the null hypothesis that no trend exists. A positive ZMK value indicates 
an increasing trend, whereas a negative value indicates a decreasing one. To test for either 
increasing or decreasing monotonic trends at the p significance level, the null hypothesis is 
rejected if the absolute value of ZMK is greater than ZMK1-p/2, which is obtained from a 
standard normal cumulative distribution table. In general, the significance levels of p = 0.01 
and 0.05 are applied. Least-squares linear regression was used to evaluate an increasing or a 
decreasing slope of trends in air temperature, relative humidity, wind speed, and ET index time 
series. Based on the trend in ET time series, it was possible to establish the scenarios for the 
2020s, the 2030s, the 2040, the 2050s and the 2060s for the annual period and for the dry and 
the rainy seasons within the study area. The Mann-Kendall nonparametric test was used to 
verify the significance level of the time series trend. 
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Table 2. Effective temperature index (ET) classification range 
adjusted to the climatic conditions of the city of João Pessoa. 

Number range ET (ºC) Comfort conditions 

1 ET < 24.0 Comfortable 
2 24.0 ≤ ET ≤ 26.0 Partially comfortable 
3 26.0 < ET < 28.0 Uncomfortable 
4 ET ≥ 28.0 Very uncomfortable 

3. RESULTS AND DISCUSSION 

The occurrence of maximum and minimum values of the ET index and the thermal 
variations during both the dry and rainy seasons are summarized in Table 3. The maximum and 
the minimum air temperature are not substantially different in both seasons. The thermal 
amplitude varies from 9.6 to 10.8°C during the dry season and from 9.5 to 11.5°C during the 
rainy season. During the rainy season, a temperature maximum occurs at point P08, and a 
minimum occurs at points P04 and P05. The air temperature increases rapidly in the mornings 
and reaches a maximum at approximately 14:00 LT (local time). The relative humidity shows 
an inverse relationship with temperature: the relative humidity decreases quickly from the early 
morning hours, and the lowest values are observed concurrent with the highest temperatures. 
The variability in these parameters corresponds to minimum ET values during the first hour of 
the day; this effect is most pronounced on January 24th during the dry season and on August 
16th during the rainy season. The thermal perception commonly indicates a greater level of 
discomfort during the daytime in tropical regions with a maximum level of discomfort between 
11:00 to 15:00 LT. Accordingly, heat stress increases until approximately 14:00 LT, although 
local differences occur between the seasons. Similar results were obtained by Gulyás et al. 
(2006), who assessed the microclimatic and human comfort conditions of the urban 
environment of a small city in Hungary. 

The reference point (P01) has the highest density of vegetation and lowest ET during both 
seasons (Mata do Buraquinho). Although point P03 (Manaíra) is located near the beach, this 
site has the highest ET value (Table 4) due to a low percentage of type IX land cover 
(vegetation) and a high percentage of concrete pavement and ceramic roofing tiles (Table 5). 
This result does not agree with the observations of Xu et al. (2010), who found that a water 
body can effectively improve the human comfort level in the littoral zone during the high-
temperature period of a hot summer day. This difference can be attributed to multiple factors, 
including the amount of impermeable areas with asphalt and concrete pavement, the number of 
high buildings and the lack of vegetation. 

As illustrated by our analysis, when the nights are hot and humid throughout the dry 
season, uncomfortable conditions prevail during most of the daylight hours due to abundant 
solar radiation, which provides an additional heat load. In contrast, the interception of radiation 
by clouds and evaporation from wet surface during the rainy season results in a comfortable 
thermal sensation in the urban environment. The percentage of land cover for each experimental 
point is presented in Table 5. As shown in Tables 4 and 5, the ET index decreases when the 
amount of vegetative area increases, thereby resulting in a significant improvement in the 
human comfort level. Similar results were obtained by Xu et al. (2010) when they evaluated 
human thermal comfort near an urban water body in Shanghai, China. They found that 
vegetation significantly expanded the littoral comfort zone. 
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Table 3. Time of occurrence of the maximum and minimum Effective Temperature index (ET) values 
and the thermal amplitude during the dry and rainy seasons for the study area in 2015. 

Points 
Effective temperature index (ET) (°C) 

Thermal amplitude (°C) 
Maximum value Minimum value 

 Date Hour Date Hour  

Dry season 

P01 March 10 11:00:00 February 28 05:00:00 09.9 
P02 February 2 13:00:00 February 13 09:00:00 09.7 
P03 February 25 14:00:00 January 24 06:00:00 10.6 
P04 March 10 14:00:00 January 24 05:00:00 10.2 
P05 February 25 11:00:00 January 24 05:00:00 09.8 
P06 February 19 13:00:00 January 24 05:00:00 10.7 
P07 February 25 13:00:00 January 24 05:00:00 10.8 
P08 February 25 14:00:00 January 24 05:00:00 09.9 
P09 February 25 13:00:00 January 24 05:00:00 10.6 

Rainy season 

P01 June 23 11:00:00 August 16 06:00:00 10.6 
P02 June 23 12:00:00 August 16 06:00:00 09.8 
P03 August 4 14:00:00 August 16 06:00:00 09.9 
P04 June 23 13:00:00 August 16 06:00:00 09.5 
P05 June 23 10:00:00 August 16 06:00:00 09.5 
P06 June 7 15:00:00 August 16 06:00:00 10.2 
P07 June 23 13:00:00 August 16 05:00:00 10.9 
P08 August 4 13:00:00 August 16 06:00:00 11.5 
P09 June 21 13:00:00 August 16 06:00:00 10.4 

Table 4. Average, maximum (Max) and minimum (Min) values of air temperature, relative humidity 
and Effective Temperature index (ET) during the dry and rainy seasons for the study area. 

Points 
Air temperature (oC) Relative humidity (%) ET (oC) 

Average Max Min Average Max Min Average Max Min 

Dry season 

P01 27.2 28.6 24.1 81.5 100.0 70.7 25.7 26.6 24.2 
P02 27.7 28.9 24.3 76.6 97.7 68.4 25.9 26.9 24.2 
P03 28.8 30.1 24.9 77.1 98.2 68.2 26.9 27.9 24.8 
P04 28.4 29.6 24.8 75.6 95.8 67.2 26.4 27.4 24.5 
P05 27.7 28.8 24.5 78.7 97.6 70.8 26.1 27.0 24.3 
P06 27.7 29.1 24.2 78.4 99.3 68.8 26.0 26.9 24.2 
P07 27.7 29.0 24.4 79.1 98.4 69.3 26.0 27.0 24.3 
P08 27.7 29.1 24.4 79.0 99.1 70.1 26.1 27.1 24.4 
P09 28.2 29.4 24.6 75.3 95.6 65.5 26.2 27.1 24.4 
Average 27.9 29.2 24.4 77.9 98.0 68.7 26.1 27.1 24.3 

Rainy season 

P01 24.3 25.2 23.0 89.8 100.0 77.9 23.4 24.2 22.8 
P02 24.9 26.1 22.7 86.0 99.6 74.7 24.0 25.5 22.7 
P03 25.4 27.6 22.9 81.7 96.9 68.6 24.2 25.8 22.7 
P04 25.2 26.8 22.9 83.5 97.5 69.5 24.1 25.6 22.8 
P05 24.9 27.0 22.5 85.9 100.0 73.2 24.0 25.7 22.5 
P06 25.1 26.7 22.7 85.0 99.2 72.5 24.0 25.6 22.7 
P07 25.1 27.0 22.7 84.0 99.3 72.6 24.0 25.7 22.7 
P08 25.2 27.3 22.7 83.9 98.9 72.8 24.1 25.5 22.8 
P09 25.4 28.0 22.7 86.3 100.0 73.0 24.4 26.2 22.8 
Average 25.0 26.8 22.7 85.0 99.0 72.7 24.0 25.5 22.7 
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Table 5. Percentages of land cover for each observation point. 

Land cover P01 P02 P03 P04 P05 P06 P07 P08 P09 

Type I 1.23 44.06 34.21 16.90 51.12 74.97 26.19 18.38 60.48 
Type II 0.08 1.40 5.13 4.57 0.77 0.34 2.46 7.52 0.00 
Type III 0.00 1.51 2.37 0.91 1.79 0.11 0.58 2.89 0.29 
Type IV 1.04 0.34 0.29 0.56 0.01 0.00 0.00 0.07 0.02 
Type V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Type VI 1.72 4.27 5.34 8.66 3.83 0.00 2.28 11.28 9.59 
Type VII 0.00 24.25 40.00 29.97 22.12 0.14 21.23 39.66 6.26 
Type VIII 11.9 4.49 4.20 8.14 8.81 5.87 36.50 6.37 7.74 
Type IX 84.84 19.69 8.46 30.28 11.55 18.78 10.74 13.83 15.61 

Type V land cover is absent, whereas type IV cover is rare within the study area. Therefore, 
bodies of water do not produce positive effects on an individual’s thermal perception. The 
quality and quantity of land cover affects the balance of energy of humans, and thus has strong 
implications for thermal comfort. In addition, different types of land cover have complex 
surface structures that determine the specific microclimatic qualities of an environment. The 
effect of vegetation on microclimates during the daytime results from the reduced penetration 
of solar radiation to the ground and through the walls due to partial shading (Hassaan and 
Mahmoud, 2011). 

Asphalt (Type VI) and concrete (Type VII) pavement produced microclimate effects, and 
therefore contributed to an increase in the ET at points P03, P04 and P05. These pavement 
materials absorb solar and infrared radiation and dissipate a portion of the accumulated heat to 
the atmosphere via convective and radiative processes, thereby increasing the ambient 
temperature (Akbari et al., 2001). João Pessoa is a coastal city with a warm and humid climate, 
and therefore building–system interactions play a significant role in thermal comfort. This study 
demonstrated that areas with a high density of ceramic roofing tiles and asphalt pavement have 
the highest temperatures and ET values, which are related to the thermal properties of these 
structures. In contrast, the most comfortable areas in the city were closest to vegetated areas, 
which had comfort levels similar to those of the rural area (Mata do Buraquinho). According to 
Table 4, the average air temperature, the relative humidity and the ET index at each analyzed 
point for both seasons throughout 2015 showed thermal perception ratios that were clearly 
outside the comfort zone, according to the adjusted ET range. The exception to this trend was 
the reference point (rural area) during the rainy season. The minimum values of the ET index 
in the mornings were in the comfortable and partially comfortable ranges during the rainy and 
dry seasons, respectively. However, in the afternoons, the maximum ET values were 
uncomfortable during the dry season and varied from partially comfortable to uncomfortable 
during the rainy season.  

Evaluation of the ET values during the dry season shows that the thermal comfort in most 
cases was significantly reduced relative to the rainy season; i.e., the comfort level changed from 
a superior to inferior range at all monitored points according to the classifications using the 
adjusted ET. The minimum ET values at point P01 tended to be slightly higher than at point 
P02 during the rainy season, although these values were equal in the dry season. However, 
appreciable differences in the ET index values during the dry season were, respectively, 6.1% 
and 6.6% higher than those during rainy season. In general, the relative humidity was high 
throughout the seasons. The results also show that difference in the ET between the measuring 
points was as high as 7.5%-8.7% due to the different abundances of permeable and impermeable 
materials.  
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Complex urban environments can result in very different and often extreme comfort 
sensations even within short distances (Gulyás et al., 2006). These differences are statistically 
significant according to the Mann-Kendall test (p<0.05). The air temperature increased between 
the 1980s and the 2010s, which corresponds to a period of rapid urbanization in this city. These 
trends were used to determine future scenarios of thermal comfort conditions and to compare 
these predictions to the comfort limits specified by current standards. These findings are 
particularly important because specific meteorological conditions, including high temperatures, 
low cloud cover, and low average wind speeds, tend to intensify the heat island effect. To 
quantify the bioclimatic conditions throughout the study area, air temperature and relative 
humidity trends from meteorological stations close to an urban area were used to assess the 
impact of urban development on thermal stress. Figure 2 shows the trends in air temperature 
and relative humidity in the study area for the period 1968-2015. Air temperature shows an 
increasing trend of 0.34°C/decade, whereas relative humidity shows a decreasing trend of                  
0.49%/decade, as calculated using annual mean data.  

 
Figure 2. Trends in air temperature and relative humidity in the study area for the period of 
1968-20115. 

Trend in wind speed in João Pessoa during analyzed periods is shown in Figure 3. The 
seasonal wind speed pattern in the study area is increasing with a trend of 0.15 ms-1/decade. 
This trend is statistically significant according to the Mann-Kendall test at the 5% confidence 
level. Wind speed values range from a minimum of 1.3 ms-1 to a maximum of 3.80 ms-1 with 
average ± standard deviation of 2.91 ± 0.61 ms-1. When discussing the effects of urban design 
and meteorological parameters on thermal comfort for pedestrians at street level, Kleerekoper 
et al. (2017) observed that wind is among the four main thermal comfort indicators, and is 
therefore an important parameter to be used in any urban climate index. Using the Mann-
Kendall test for analyzing climate trends on the extreme winds in Brazil, Pes et al. (2017) 
observed that trends in minimum wind speed series are not conclusive because they show 
disparate results between homogeneous regions. 

Figure 3 also shows that there is no trend in the wind data if we consider only the 1979-
2008 timeframe and a significant fall in the wind speed trend post 2008. This decrease can be 
linked objectively to the urban expansion in the last years. Silva (2004) found for João Pessoa 
an increasing trend in air temperature of 0.025°C/year and a decreasing trend in relative 
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humidity of 0.10%/year, both statistically significant at p<0.01 level. He also observed an 
increasing trend in Class A pan evaporation and reference evapotranspiration, which are 
indicative of a decreasing trend in wind speed. The results of the present study agree with those 
reported by Silva (2004). When analyzing the spatiotemporal impact of land use and land cover 
changes on urban heat islands in Maranhão State, Brazil, Silva et al. (2018) observed that many 
areas experienced extensive urbanization over the 16-year study period, which resulted in the 
loss of green spaces and increased urban heat island.  

 
Figure 3. Trends in air wind speed in the study area for the period of 1968-20115. 

The spatial distribution of the human thermal comfort level in João Pessoa for current 
climate conditions and for the 2020s, the 2030s, the 2040s, the 2050s and the 2060s are depicted 
for both the dry and rainy seasons in Figures 4 and 5, respectively. It is apparent that there is a 
large discrepancy in the thermal sensations between the two seasons. For the current weather 
conditions, the areas surrounding point P01 are partially comfortable, whereas the remainder of 
the city is uncomfortable during the dry season (Figure 4A). Except for the comfortable level 
of the reference area (point P01), the city is partially comfortable during the rainy season 
(Figure 5A). In the coastal area, large differences in the air temperature and ET index occur 
during the dry season relative to the rainy season.  For the dry season, results for the scenarios 
from the 2020s to the 2050s indicate that the entire city is uncomfortable during the dry season 
due to a sensation of heat that varies between approximately 27°C (point P01) and 30°C (point 
P03). For the scenario in the 2060s (Figure 4F), points P03 and P04 became very uncomfortable, 
with air temperatures in the range 28.9-30.5°C, and the remaining area is uncomfortable. 
Thermal conditions during the rainy season will tend to be less rigorous for the scenarios from 
the 2020s to the 2050s. Because building–system interactions play a significant role in thermal 
perception, it is reasonable that points P02 and P03 show a high discomfort level. The intensity 
of external heat loads in these areas is more dependent on the solar radiation and orientation of 
the building (east–west or north–south) than on wind speed. Although wind is an important 
factor for mitigating the heat stress of an urban area, the obstacles created by high-rise buildings 
prevent the flow of wind from the ocean.  

The simulated ET index also revealed significant changes in human thermal comfort for 
the rainy season, particularly in the coastal area, for the 2060s scenario. The reference point 
(Mata do Buraquinho) changes from comfortable to partially comfortable during this season, 
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whereas the coastal area (points P03, P04 and P09) changes from partially comfortable to 
uncomfortable. This indicates an overall difference of 5.5% and 6.4% during dry and rainy 
seasons, respectively. The temperature in the coastal area is primarily influenced by buildings 
and asphalt pavement that trap solar radiation. In contrast, the air temperature at the reference 
area is influenced by vegetation that maintains a temperature lower than that in the other areas 
of the city as a consequence of evapotranspiration by abundant vegetation. The relatively 
comfortable areas within the city for both current weather conditions and future scenarios are 
those closer to vegetation. Point P02 is the second-most comfortable area among the measuring 
points, which may be attributable to the green areas surrounding the reference point. In 
summary, the area of comfortable conditions surrounding point P01 appears during dry and 
rainy seasons due to evapotranspiration by native vegetation, which results in lower 
temperatures in comparison to other points in the city.  

Inversely, uncomfortable conditions near point P03 are caused by heat that is accumulated 
by the impervious surfaces or building materials (e.g., concrete and asphalt) during the day. 
This result agrees with the observations of Hassaan and Mahmoud (2011) who analyzed the 
microclimatic and human comfort conditions in an urban park in hot and arid regions. They 
documented that the thermal requirements of people and the qualities of the local climate should 
be carefully considered when designing the landscapes of urban parks in hot and arid regions.  
The temperatures were found to be highest near the coastal area, and the temperature gradient 
increases from the coastal area towards the reference point. The horizontal surface temperature 
gradient can be used to determine the cooling effect of vegetation relative to the urban effect. 
Air temperature has been increasing at a rate of 0.034°C/year during the last 48 years with 
predicted values as high as 30.5°C in the 2060s. The maximum predicted value is only 28.9°C 
at the reference point, in agreement with the presence of vegetation. There is a sharp increase 
in the ET values at point P03 when the ET reaches very uncomfortable conditions in the 2050s, 
whereas the remaining area has uncomfortable conditions during the dry season. 

The highest recorded air temperature at points P03, P04 and P09 are attributable to 
different types of cover, such as aluminum roofing tiles, asphalt pavement and concrete 
pavement. A major problem associated with the use of those materials in warm weather is that 
they absorb and retain enormous amounts of heat, which leads to an increase in air temperature. 
Therefore, the level of human thermal comfort has been increasing throughout these areas due 
to the substitution of vegetation for building materials. These data indicate that the range of ET 
index corresponds to a thermal sensation between uncomfortable in the dry season and 
comfortable/partially comfortable in the rainy season for the current weather conditions. This 
study indicates that physiological responses are determined primarily by changes in air 
temperature. 

Air temperature (Figure 6) is also significantly different in the dry season relative to the 
rainy season along the coastal area, which affects the heat stress in the urban area. The air 
temperature varies between 24.6-25.5°C during the rainy season (Figure 6A) and varies 
between 27.2-28.8°C among the measurement points during the dry season (Figure 6B). The 
small differences in temperatures can be explained by the relatively short distances between the 
measuring points. However, large differences in relative humidity are observed among the 
measurement points; e.g., the relative humidity varies by 7.8% and 9.9% during dry and rainy 
seasons, respectively.  
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Figure 4. Spatial distribution of human comfort levels in 2010s (A) and in scenarios for 2020s 
(B), 2030s (C), 2040s (D), 2050s (E) and 2060s (F) during the dry season within the study area. 
Latitudes and longitudes are shown using the Universal Transverse Mercator (UTM) geographic 
coordinate system. 
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Figure 5. Spatial distribution of human comfort levels in 2010s (A) and in scenarios for 2020s (B), 
2030s (C), 2040s (D), 2050s (E) and 2060s (F) during the rainy season within the study area. Latitudes 
and longitudes are shown using the Universal Transverse Mercator (UTM) geographic coordinate 
system. 
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Figure 6. Spatial distribution of air temperatures in 2015 during the rainy (A) and dry (B) seasons 
within the study area. 

Although points P03 and P04 are located near the coastal zone, they have an uncomfortable 
condition according to the adjusted ET index. The combined effects of high temperature, high 
moisture content and changes in the urban landscape can explain these results. Another reason 
for the high thermal conditions is that the surface materials in that zone have a high albedo, 
which reflects a large amount of radiation to the surrounding objects; that area is also not 
surrounded by any vegetation. Although studies have shown that areas 10–20 m from the 
water’s edge show the greatest improvement in thermal comfort (Xu et al., 2010) changes in 
the biodiversity and aesthetics of urban landscapes in littoral areas can have a synergistic effect, 
thereby reducing the effects of the water body on human thermal comfort. 

4. CONCLUSIONS 

This paper has studied the bioclimatic conditions for future scenarios for João Pessoa, a 
humid tropical city located in Brazil. This study indicates that physiological responses are 
determined primarily by changes in air temperature. Wind speed can be considered a valuable 
climatic variable for purpose of urban climate studies. Land cover changes produce effects on 
evaporation/evapotranspiration and therefore on human comfort level. There is a clear 
increasing trend in outdoor temperatures and decreasing trend in relative humidity levels in the 
study area. Current and future environmental conditions are likely to shift towards a warmer 
atmosphere due to urbanization processes. The effects of these changes on people will be more 
pronounced during the dry season when the human thermal comfort will change from 
comfortable to very uncomfortable throughout most of the city. The projection of climate 
variables from 2010 to 2060 in the hottest area of the city demonstrate a large air temperature 
increase of up to 2°C, whereas the relative humidity is reduced by up to 2.5%. Highly 
uncomfortable conditions are predicted for the period of 2050 to 2060 throughout João Pessoa 
city. 
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ABSTRACT 
This study analyzed the relative cost of charging for water use with respect to water users' 

production costs in the Grande River Basin, located in the Brazilian Cerrado, considering the 
principal charging methods existing in Brazil. The study was developed based on: the rights of 
use grant data surveys pertaining to water resources and the classification of bodies of water 
into usage classes; a simulation of charging for water use through various methods; and an 
analysis of the relative cost of charges on the production cost of the water users. The charging 
methods used by the following were studied: the Committee of the Basin of River Paraíba do 
Sul (CEIVAP), the Committee of Basins of Piracicaba, Capivari and Jundiaí Rivers (PCJ), the 
São Francisco River Basin Committee (CBHSF) and the Doce River Basin Committee (CBH-
DOCE). The study verified that irrigated agriculture is the sector that uses the most water, 
representing 46.4% of the outflow granted in the basin. Considering the different charging 
methods, the collection in the basin of the Grande River potentially allows for investments of 
US$ 1.2 million (PCJ), US$ 920,000 (CEIVAP), US$ 426,000 (CBH-DOCE), or US$ 297,000 
(CBHSF) in this region, leading to average relative costs of 0.68% (irrigation), 0.28% (human) 
and 0.08% (industry). For this reason, there is the possibility of implanting charges for water 
use in the Grande River Basin, with either the CEIVAP's or PCJ's method appearing to be the 
most suitable, given that the parameters of these mechanisms are in line with existing activities 
in the basin. 

Keywords: Brazilian Cerrado, water price, water resources management.  

Custo da cobrança pelo uso da água em bacia hidrográfica do Cerrado 
Brasileiro 

RESUMO 
Este trabalho teve por objetivo analisar o custo relativo da cobrança pelo uso da água em 

relação aos custos de produção dos usuários na bacia do rio Grande, localizada no Cerrado 
Brasileiro, considerando os principais mecanismos de cobrança existentes no Brasil. O trabalho 
foi desenvolvido a partir do levantamento dos dados de outorga dos direitos de uso de recursos 
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hídricos e de enquadramento dos corpos de água em classes de uso; da simulação da cobrança 
pelo uso da água utilizando diferentes mecanismos de cobrança; e da análise do custo relativo 
da cobrança no custo de produção dos usuários de água. Foram estudados os mecanismos de 
cobrança do Comitê para Integração da Bacia Hidrográfica do rio Paraíba do Sul (CEIVAP), 
Comitê da Bacia Hidrográfica dos rios Piracicaba, Capivari e Jundiaí (PCJ), Comitê da Bacia 
Hidrográfica do rio São Francisco (CBHSF) e Comitê da Bacia Hidrográfica do rio Doce (CBH-
DOCE). O levantamento dos dados de outorga permitiu verificar que a agricultura irrigada é o 
setor que mais utiliza água, representando 46.4% da vazão outorgada na bacia. A cobrança na 
bacia do rio Grande, considerando os diferentes mecanismos de cobrança, poderia permitir 
investimentos nessa região na ordem de US$ 1.2 milhão (PCJ), US$ 920 mil (CEIVAP),                  
US$ 426 mil (CBH-DOCE), ou de US$ 297 mil (CBHSF), gerando impactos econômicos 
médios de 0.68% (irrigação), 0.28% (humano) e 0.08% (indústria). Deste modo, há 
possibilidade de implantação da cobrança pelo uso da água na bacia do rio Grande, sendo o 
mecanismo do CEIVAP ou o do PCJ os mais adequados, haja vista os parâmetros destes 
mecanismos estarem alinhados às atividades existentes na bacia. 

Palavras-chave: Cerrado Brasileiro, gestão de recursos hídricos, preço da água.  

1. INTRODUCTION 

Demands from different users have been causing conflicts over water use worldwide 
(Garcia-Valiñas et al., 2013; Nazer et al., 2010).  The main reason for these disputes lies in 
water’s qualitative and quantitative limitations (Wolf et al., 2005), which has spurred many 
countries to review and or introduce legislation related to the management of water resources 
(Veiga and Magrine, 2013). 

Among the management instruments provided for in the National Water Resources Policy 
(NWRP), established by Law No.9.433/1997 in Brazil, charging for using water resources seeks 
to: “recognize water as an economic property and make users aware of its real value; to 
stimulate the rationalization of water use; and to get financial resources for subsidizing the 
programs and interventions covered in the plans for water resources” (Brazil, 1997). 

The attainment of financial resources by means of charging enables interventions in the 
basin that can provide improvements in the quality and amount of water, as well as reducing 
environmental degradation. Ploeg and Sommerfeld (2011) explain that charging is an effective 
tool to encourage the conservation and protection of water resources, whereas Johnson et al. 
(2002) point out that investment in the sustainable management of the basin can be significantly 
lower than the expenses necessary to obtain new forms of water supply or treatment. 

Charging is already enforced in various river basins across Brazil, such as the Paraíba do 
Sul River; Piracicaba, Capivari and Jundiaí Rivers; São Francisco and Doce Rivers, which use 
the main existing charging methods in Brazil. They were established, respectively, by the 
Committee for the Integration of the Hydrographic Basin of River Paraíba do Sul (CEIVAP), 
Committee of Hydrographic Basins of Piracicaba, Capivari and Jundiaí Rivers (PCJ), São 
Francisco River Hydrographic Basin Committee (CBHSF) and Doce River Hydrographic Basin 
Committee (CBH-DOCE).  

In 2015, Brazil collected approximately US$ 92.3 million with the from charges for water 
use from river basins (ANA, 2016). This situation demonstrates the involvement of water basin 
users, as defaults did not exceed 10% of the amount charged in 2014. 

Charging for using water resources is highly important in places where there is a high 
demand on water use, such as occurs in the Grande River Basin, located in the western part of 
the state of Bahia, in a region characterized by Cerrado Biome. This biome is considered a 
biodiversity hotspot (Araújo et al., 2012), and with an area of approximately 2 million 
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kilometers (Klink and Machado, 2005), it is the second largest in Brazil (Souza et al., 2016). 
The expansion of agribusiness in the region has accelerated the destruction of this biome, 
because more than half of its area has been transformed into pastures and grain crops, among 
other uses (Klink and Machado, 2005), and it has also been threatened by the expansion of 
sugar cane (Carvalho et al., 2009). 

According to AIBA (2015), Western Bahia is renowned for its agribusiness strength, 
having produced 7.4 million tons of agricultural products in 2014-2015 in a 2.3-million-hectare 
area, especially soybeans, maize and cotton. The region has a predominance of withdrawal for 
irrigation flows compared to other uses, representing more than 60% of the total demand (ANA, 
2013). 

Given the importance of the Grande River Basin, most notably through conservation needs 
for the Cerrado Biome, its intensely irrigated agriculture and the hydroelectric potential of the 
region, this study sought to analyze the relative cost of charging for water use with respect to 
water users' production costs in the Grande River Basin, taking the main charging methods 
existing in Brazil into account, aiming to provide a basis for the implementation of this 
management tool in order to contribute to the multiple and rational use of water. 

2. MATERIALS AND METHODS 

2.1. Study area 
In order to analyze the relative cost of charging for water use and taking the main charging 

methods existing in Brazil into account, this work was carried out in the Grande River Basin, 
Western State of Bahia, in a region of the Cerrado Biome (Figure 1). 

The Grande River Basin has an area of 78,500 km2 and corresponds to 13.9% of the State 
of Bahia (Almeida et al. 2014). The Grande River produces the third largest water source 
flowing into the São Francisco River Basin (Feitosa and Santos, 2016; Pereira et al., 2007); 
however, there have been conflicts over water use. Thus, proper management of its water 
resources is required (Moreira and Silva, 2010). 

The basin comprises 17 municipalities in Western Bahia where the climate ranges from 
humid to semi-arid (INEMA, 2014), and the Cerrado is its predominant biome (Santos and 
Castro 2016). As per Passo et al. (2010), the introduction of agriculture in the Cerrado of Bahia, 
notably in Western Bahia, has effected a change in the economic, political and geographic 
profile of the region - a milestone in the Brazilian economic scene. 

2.2. Grants and guidelines 
Considering that the Brazilian legislation only allows charging for water use subject to the 

granting instrument, the Institute for the Environment and Water Resources (INEMA) has 
provided the Grande River Basin grants data, issued up to September 2015, as INEMA is the 
managing agency of water resources for the State of Bahia. 

The waters from rivers are classified under CONAMA's resolution No. 357/2005, 
according to the quality required for their preponderant uses (special, I, II, III or IV classes) 
(CONAMA, 2005). This classification is required in order to meet the most demanding uses in 
each section of the basin, and it is fundamental to understand the uses and quality needed before 
implementing charges  

The framework class of the rivers from the Grande River Basin was provided by the São 
Francisco River Hydrographic Basin Committee (CBHSF), in its Water Resources Plan (ANA 
et al., 2004), since the Grande River Basin is a sub-basin of the São Francisco River Basin 
(Figure 1). 
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Figure 1. Location of the Grande River Basin. 

2.3. Simulation of water use charges through different methods 
The simulation of water-use charges in the Grande River Basin was carried out through 

methods adopted by the Committee for the Integration of the Hydrographic Basin of theParaíba 
do Sul River (CEIVAP); the Committee of the Hydrographic Basins of the Piracicaba, Capivari 
and Jundiaí Rivers (PCJ); the São Francisco River Hydrographic Basin Committee (CBHSF) 
and the Doce River Hydrographic Basin Committee (CBH-DOCE). The parameters and 
Equations 1, 2, 3 and 4 used in the simulation of the charges were obtained by CEIVAP (2014); 
PCJ (2007; 2012); CBHSF (2008; 2010) and CBH-DOCE (2011). 

VTCEIVAP = (VCAP + VCONS + VDBO). Kmanagement          (1) 

where the 

VTCEIVAP = total value of the annual payment for water use, in US$ year-1; 
VCAP = value of the annual payment for water catchment, in US$ year-1; 
Vcons = value of the annual payment for water consumption, in US$ year-1; 
VDBO = value of the annual payment for organic load release, in US$ year-1; and 
Kmanagement = coefficient of management, dimensionless. 

VTPCJ = �VCAP + VCONS + VDBO + VSHP + Vrural + Vtransp�. Kmanagement       (2) 

where the 

VTPCJ = total value of the annual payment for water use, in US$ year-1; 

VCAP = value of the annual payment for water catchment, in US$ year-1; 
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Vcons = value of the annual payment for water consumption, in US$ year-1; 

VDBO = value of the annual payment for organic load release, in US$ year-1; 

VSHP = value of the annual payment for water use for hydroelectric generation in a Small 

Hydroelectric Plant (SHP), in US$ year-1; 

Vrural = value of the annual payment for water catchment and consumption for users of the 

rural sector, in US$ year-1; 

Vtransp = value of the annual payment for water transposition, in US$ year-1; and 

Kmanagement = coefficient of management, dimensionless. 

VTCBHSF = (VCAP + VCONS + VDBO). Kmanagement          (3) 

where the 

VTCBHSF = total value of the annual payment for water use, in US$ year-1; 

VCAP = value of the annual payment for water catchment, in US$ year-1; 

Vcons = value of the annual payment for water consumption, in US$ year-1; 

VDBO = value of the annual payment for organic load release, in US$ year-1; and 

Kmanagement = coefficient of management, dimensionless. 

VTCBH−Doce = �VCAP + Vdisp + Vtransp + VSHP�. Kmanagement                   (4) 

where the 

VTCBH-Doce = total value of the annual payment for water use, in US$ year-1; 

VCAP = value of the annual payment for water catchment, in US$ year-1; 

Vlaun = value of the annual payment for organic load release, in US$ year-1;  

Vtransp = value of the annual payment for water transposition, in US$ year-1; 

VSHP = value of the annual payment for water use for hydroelectric generation in a Small 

Hydroelectric Plant (SHP), in US$ year-1; and 

Kmanagement = coefficient of management, dimensionless. 

2.4. Analysis of the relative cost of charging on the production costs of water users  
In order to analyze the relative cost of charging for water on the production costs of water 

users, considering simulated charging methods, it was necessary to determine the total cost of 
production, in US$ per year-1, for each one of the Grande River Basin’s user segments. 

For irrigation, an average of the production costs for the three major crops in the region 
(maize, cotton and soy) was carried out, in US$ per ha-1 per year-1, with the costs based on data 
provided by CONAB (2015). 
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For animal consumption, costs were obtained from the Development Agency of the State 
of Bahia (DESENBAHIA, 2010), which were updated up to 2015 through livestock indicators 
from the Centre for Advanced Studies in Applied Economics (CEPEA) (CEPEA, 2016). 

In relation to human supply and sanitation, costs were calculated based on the tariffs for 
commercial derivations of raw water of the Bahia Water and Sanitation Company (EMBASA). 
The determination of the total annual cost considered the flow granted and the annual 
consumption of the segment. 

For the industrial supply, the following were taken into account: costs of production                  
(US$ per year-1) obtained in the state of Santa Catarina (2012); the produced amount                                
(t per year-1), found in Bunge (2012); and the water demand for the food industry, obtained 
from CNI (2013). 

In relation to sand mining in the river stream bed, production costs (US$ per t-1) were 
obtained in DNPM (2015); the water demand for the extraction of sand came from MMA 
(Brasil, 2011). The relative cost was analyzed using the value of the charges through different 
methods and the costs of production for each segment, using Equation 5: 

RC = TV
PC

                                     (5) 

where the 

RC = relative cost of payment for water use, in %; 

TV = total value of charges for water use, in US$ year-1; and 

PC = production cost of the segment in analysis, US$ year-1. 

3. RESULTS AND DISCUSSION 

3.1. Grande River Basin Grants 
In the database of grants supplied by INEMA, there were 171 current grants in the Grande 

River Basin in September of 2015. Among those, 80 are intended for irrigation; 24 for animal 
watering; 20 for human supply; 16 for sanitation; 28 for industrial supply; two for sand mining; 
and one for a small hydroelectric plant (SHP). The total outflow granted in the Grande River 
Basin was 1,479,774,188.9 m3 per year-1 or 46.9 m3s-1, as shown in Table 1. 

As per the analysis of figures presented in Table 1, irrigation has found to have a greater 
representativeness in terms of grants, comprising 46.4% of the flow rate granted in the Grande 
River Basin. The data confirm that the region is predominantly agricultural and the water is 
heavily used by this segment. 

In addition, there were 332 processes considered insignificant uses in the database supplied 
by INEMA. The insignificant uses are exempted from the grant, but they total an outflow of 
2,373,580.4 m3 per year-1 or 0,075 m3 s-1 in the Grande River Basin. The flow rate 
corresponding to the insignificant uses represents 0.2% of the flow grant in the basin, which is 
an insignificant value when compared to irrigated agriculture, but higher than the flow intended 
for animal watering, human supply and sand mining, as shown in Figure 2. 

There is no consensus as to what is insignificant or little use. There is a tendency to abolish 
the insignificant term, since water uses do not fit into this category (ANA et al., 2004). The 
CEIVAP and CBH-Doce, in the Minas Gerais section of the basin, assume the derivations and 
catchments of up to 1 l s-1 or 86.4 m3 per day-1 as being of little significance (CEIVAP, 2014; 
CBH-Doce, 2011). CBH-Doce, in the Espírito Santo stretch of the basin, considers 1.5 l s-1 or 
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129.6 m3 per day-1 as insignificant use (CBH-Doce, 2011), while CBHSF considers 4 l s-1 or 
345, 6 m3 per day-1 in the main river channel and the PCJ adopts 5 m3 per day-1 as a low 
expression use (PCJ, 2007). 

Correct identification of significant or insignificant uses becomes fundamental in the 
process of charging for water use because the uses that are considered insignificant are not 
charged. In accordance with ANA et al. (2004), the exemption of payment for water use derives 
from the stipulation of insignificant use as per Law No. 9,433 of 1997, stating that it must 
previously be proposed by the committee of the hydrographic basin for approval by the Board 
of Water Resources, after negotiations with users, the public authorities and the representatives 
of civil society. 

Table 1. Water Use in the Grande River Basin. 

Type of use Number of 
grants % Outflow granted 

(m3 year-1) % 

Irrigation 80 46.8 687,233,628.9 46.4 
Animal watering 24 14.0 1,860,040.0 0.1 
Human supply 20 11.7 1,904,205.0 0.1 
Sanitation 16 9.4 404,720,395.0 27.4 
Industrial supply 28 16.4 5,569,170.0 0.4 
Sand mining 2 1.2 54,750.00 0.01 
Small Hydroelectric Plant (SHP) 1 0.6 378,432,000.00 25.6 

Total 171 100 1,479,774,188.90 100 

 
Figure 2. Dismissals of grant and other uses of water, in m3 s-1, in the 
Grande River Basin. 

3.2. Simulation for charging of water use using different methods 
The intensive use of irrigated agriculture characteristic of the region was demonstrated in 

the simulation of the CEIVAP's methods, representing 82.7% of the collection, followed by 
sanitation, at 8.7%, and industrial supply, at 6.2%. Other sectors were insignificant when 
considering the amount collected, since the representativeness did not exceed 2.1% of the 
simulated value, as shown in Table 2. 

CEIVAP's method adopted progressive charging in its implementation in the Paraíba do 
Sul River Basin, but only for the agricultural and aquaculture sectors. According to this 
definition, the users included must pay 80% of the value charged in 2015. By 2016, users should 
pay 90% of the amount charged, and in 2017 they must pay the total amount charged. 

The estimated value of charging by PCJ's method exhibited a value close to the one 
simulated by CEIVAP's method, except for irrigation and sand mining. The difference for the 



 

 

Rev. Ambient. Água vol. 13 n. 5, e2238 - Taubaté 2018 

 

8 Kalesson Martins Alencar et al. 

irrigated agriculture was generated by the progressivity adopted by CEIVAP. For sand mining 
in the river stream bed, the discrepancy occurred because CEIVAP's method has specific 
parameters for this usage activity. The similarity between the simulations is linked to the 
similarity between the charging methods, which have public unitary prices (PUP) as a basic 
difference. The PUPs are values charged in US$ m-3 for superficial catchment, consumption or 
waste discharges into water bodies. 

The progressivity adopted by CEIVAP for the user segment of agriculture and aquaculture 
is an important strategy in encouraging an acceptance of the charges. The methodology 
followed allows the user to adapt to the charging process, paying a lower value initially, which 
is raised gradually until the full charge is reached.  

The simulated charge values from CBHSF's methods and CBH-DOCE have proven to be 
different from CEIVAP's and PCJ's methods, but similar to each other. For the CBHSF's and 
CBH-DOCE's methods, the factor that justified the difference between these was the coefficient 
for irrigation, animal husbandry and aquaculture (Kt), whose value of 0.025 substantially 
lowers the collection when these methods are applied. However, the simulated value was close 
to the other methods for human supply, sanitation (except CBH-DOCE), industrial supply and 
sand mining (except CEIVAP). 

Table 2. Simulation of the charges for water use in the Grande River Basin considering different 
methods. 

Type of 
use 

CEIVAP 
(US$ year-1) 

% 
PCJ 

(US$ year-1) 
% 

CBHSF 
(US$ year-1) 

% 
CBH-DOCE 
(US$ year-1) 

% 

Irrigation 761,589.77 82.7 1,027,842.12 85.5 145,563.79 48.9 177,911.30 41.7 
Animal 
watering 1,526.88 0.2 2,060.36 0.2 452.34 0.2 481.53 0.1 

Human 
supply 19,539.19 2.1 21,092.77 1.8 18,523.40 6.2 19,718.45 4.6 

Sanitation 80,382.32 8.7 89,064.07 7.4 78,594.43 26.4 169,876.90 39.9 
Industrial 
supply 57,145.68 6.2 61,689.37 5.1 54,174.81 18.2 57,669.95 13.5 

Sand 
mining 212.23 0.02 606.46 0.05 532.59 0.2 567.89 0.1 

Total 920,396.08 100 1,202,355.16 100 297,841.36 100 426,226.03 100 

The grants for electricity production (Table 1) were not subject to the charging simulation 
due to the fact that it is regarded as a small hydroelectric plant (SHP) and, therefore, charging 
for water use is not allowed, as per Law No. 7,990/1989, along with Law No. 9,427/1996. As 
a result, according to ANA (2016), small hydropower plants (SHP) and hydroelectric generating 
stations (HGS) are not subject to paying for water use from the grants. In addition, the charges 
from SHP and HGS depend on regulation by competent federal authority (CEMIG, 2016; 
IGAM, 2011). 

Thus, considering the estimated values for the simulations shown in Table 2, charges in 
the Grande River Basin, based on different charging methods, could allow investments of 
US$1,202,355.16 (PCJ), US$920,396.08 (CEIVAP), US$426,226.03 (CBH-DOCE) or 
US$297,841.36 (CBHSF) in this basin. 

3.3. Analysis of the relative cost of charges on production cost of water users  
For irrigated agriculture, the lowest relative cost on annual production costs was 0.19%, 

simulated by the CBHSF's method; PCJ's method would cause a greater impact (1.31%). The 
simulation using CEIVAP's method would provide a relative cost of 0.97%, taking the 
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progressivity of the farming method into account, as shown in Table 3. 
The percentages ranged from 0.002% (CBHSF) to 0.011% (PCJ) for animal watering. 

CEIVAP's method led to an impact of 0.008%, considering the progressivity, and 0.010%, 
taking the entirety of the collection into account. The results showed that, for this user segment, 
the methods would cause a small increase in production costs when charging began to be 
enforced. 

Charging methods caused a similar impact on water use for human supply. The percentages 
ranged from 0.26% (CBHSF) to 0.30% (PCJ), proving the adoption of any of the charging 
methods studied to be similar for this segment. 

Table 3. Relative cost (RC) of charging for water use in the Grande River Basin considering 
different methods. 

 CEIVAP 
(%) 

PCJ 
(%) 

CBHSF 
(%) 

CBH-DOCE 
(%) 

Production cost 
(US$ year-1) 

RC Irrigation 0.97 1.31 0.19 0.23 78,307,499.12 
RC Animal watering 0.008 0.011 0.002 0.003 18,240,605.20 
RC Human supply 0.28 0.30 0.26 0.28 7,098,642.96 
RC Sanitation 0.18 0.20 0.18 0.29 57,608,270.24 
RC Industrial supply 0.08 0.08 0.07 0.08 73,563,327.54 
RC Sand mining 0.23 0.66 0.58 0.62 92,058.62 

The relative cost for sanitation ranged from 0.18% (CEIVAP/CBHSF) to 0.29% (CBH-
DOCE). The highest percentage for the CBH-DOCE was caused by the public unitary prices 
for catchment and effluent release, which are higher than the other methods. Even so, the impact 
generated by the CBH-DOCE is insignificant, so it does not substantially affect the user 
segment. 

For industrial supply, regardless of the charging method adopted, the impact generated 
would be basically the same, around 0.08%. The variation is minimal, fluctuating from 0.07% 
to 0.08%, resulting in a difference of 0.01% percentage point. For this segment, the choice of 
any method would maintain similar levels of collection.  

The simulation for the riverbed sand mining sector demonstrated a similar impact in the 
different methods that were studied. Only the result of CEIVAP's method is different from the 
others, due to the fact that it carries a different equation to calculate charging for this segment. 
In addition, the impact generated by the CEIVAP does not exceed the 0.5% of production costs 
limit set by the method. 

According to DAE (São Paulo, 2004), it can be asserted that international experiences have 
shown that the objective of obtaining financial resources prevails over environmental 
objectives, except in the Netherlands1, where the charging instrument has been effective both 
in revenue generation and pollution control, due to the high cost for the final user. 

                                                 
 
 
 
 
 
 
 
 
1 The Basic Unit Price (PUB) varies from US$ 30.00 to US$ 60.00, depending on the region. 
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The relative cost of charging for water use on users’ production costs, considering the 
different charging methods, is low for most users and, consequently, ends up not fulfilling one 
of its purposes - which is to stimulate efficient water use (ANA, 2011). In order to set a 
maximum limit for charges in the Grande River Basin, which is under the responsibility of the 
River Basin Committee, the socioeconomic and environmental characteristics of the Western 
region of Bahia must be taken into account. 

The Basin Committee must promote discussion of the issues of the impact of charging, 
minor uses, priorities for implementing charges and other issues related to water resources, 
considering the situation of the basin. These discussions will serve as a basis to set and approve 
the plan of the basin’s water resources, which is of the utmost importance in implementing the 
charging and promotion of investments, geared towards improving the quality of the water and 
general environmental conditions of the hydrographic basin.  

In the Grande River Basin, agriculture is highly technological and business-oriented, and 
is considered the largest consumer of water resources from the basin.  With a maximum impact 
of 0.5% in production costs, as simulated by the CEIVAP, few users will be concerned about 
water use efficiency just because they are being charged. The farmer might be concerned 
because of the unavailability of water, i.e., when the grant is not sufficient to irrigate the entire 
area of interest, but not necessarily due to charging, since water charges would mean an average 
cost of 9.70 US$ per ha-1 per year-1, as shown in Table 4. 

Table 4. Charging cost for water use for irrigation 
in the Grande River Basin. 

Method Charging value (US$ ha-1 year-1) 

CEIVAP 13.98 
PCJ 18.87 
CBHSF 2.67 
CBH-DOCE 3.27 

Average 9.70 

Using CEIVAP’s method as an example, and considering the reduction of the relative cost 
of 0.97% presented in Table 3 for 0.5%, the charging cost would fall from 13.98 US$ per ha-1 
per year-1, as in Table 4, to 7.18 US$ per ha-1 per year-1. Thus, it can be verified that the setting 
of a low impact limit for agriculture will not stimulate more rational use, nor will it meet the 
objectives of charging for water use. 

In Israel, for example, farmers are charged according to their water use, and prices range 
from 0.18 US$ per m-3 to 0.29 US$ per m-3, despite strong agricultural pressure for price 
increases. Charging is still not used as a primary source in Israel to induce the rational use of 
water (Cornish et al., 2004). The Brazilian levels are far below that, but to evaluate whether 
charging encourages conscious consumption at current values, the analysis should consider 
marginal costs and benefits provided by the charging, which is not the purpose of this study. 

All existing charging methods in Brazil opt to charge considering the volume of water that 
was collected and/or the volume of released effluent, i.e., through volumetric methods. The 
same is true in relation to the granting of the right to water resources by the various regulatory 
agencies. In Bahia, for example, the ordinances of authorization or concession for water 
catchment are published with the flow granted in m3 per day-1, including the purpose of use and 
location of the land.  

Cornish et al. (2004) state that the volumetric methods may not be of interest for 
developing countries due to the difficulty in installing measurement devices for users on a large 
scale, along with the costs therein. The authors also highlight the fragility of the devices when 



 

 

11 Cost of charging for water use … 

Rev. Ambient. Água vol. 13 n. 5, e2238 - Taubaté 2018 

 

it comes to fraud or accidental damage. 
Despite this, Foster and Hope (2017) demonstrated in their studies in rural communities in 

Kenya that volumetric basis charging provides a higher volume of revenue than charging flat 
fees. 

Considering the statement by Cornish et al. (2004), measuring the water catchment will be 
the main problem in the Grande River Basin, as in order to estimate consumption recognized 
coefficients in the literature may be adopted for various segments, notably irrigated agriculture. 

CEIVAP's and PCJ's methods are similar and generate intermediate impact in comparison 
with other methods, mainly for agriculture. These methods generate relative costs of charging 
of less than 1% on the production costs of user activities, except for irrigation (but this may be 
adjusted), and provide a higher collection than CBHSF and CBH-DOCE, which may allow 
larger investments for the improvement of the basin.  

Because of the significant differences in the circumstances found between the Grande 
River and the PBS Basins, mainly in regard to irrigated agriculture, one of the possible 
adjustments to CEIVAP's method could involve not setting a limit for the impact on the 
agricultural sector. If this limit is set, it must not be insignificant; otherwise, it will not 
encourage rational water use. 

In the Grande River Basin, pressures on water resources arising from the intensive use of 
water for irrigation and hydroelectric development projects for small hydroelectric plants (SHP) 
generate conflicts over water use. In a study performed by Almeida et al. (2014), they could 
identify segments of the Branco and Fêmeas Rivers, tributaries of the Grande River, with flows 
granted above legal limits established in the State of Bahia. 

This context of dispute and water scarcity, at some points in the basin, is an incentive for 
instituting a water usage charge. With the implementation of this instrument by NWRP, in 
addition to encouraging rational use, charging would provide the acceptance of water as an 
economic good that is limited, encouraging users of water resources to request volumes closer 
to their real needs. Indeed, for Letsoalo et al. (2007), charging reduces the use of water, directly 
affecting the quantity of water consumed. 

In this sense, Almeida and Curi (2016) propose a charging model with specific equations 
to discourage both granting requests above the users' needs and the use of water resources in a 
volume higher than that granted. 

It is important to emphasize that the actions aimed to prevent water use conflicts must be 
carried out based on studies on the vulnerability of water resources (Almeida et al. 2014). These 
studies will support the process of granting and, consequently, the establishment of charging, 
the application of which must be consolidated through legal instruments. 

Thus, considering the aspects discussed in this section, the CEIVAP or PCJ methods would 
be the most suitable ones in the context of the Grande River Basin, since the methods’ 
parameters are in line with existing activities in the basin. Furthermore, these methods are 
closest to supplying economic and environmental prospects for charging, although adjustments 
are suggested. 

However, it is important to emphasize that the introduction of charges for water use must 
be approved and established by the Grande River Basin Committee, which should institute the 
method and values to be charged. 

4. CONCLUSIONS 

Based on the analysis of the results, we can conclude that: 
- Irrigation represents the usage with the largest number of grants and flow of water 

collected from the Grande River Basin. 
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- The simulations undertaken have confirmed the resources that could be raised and applied 
in the interventions for the water resources plan of the basin, providing a basis for discussions 
on the establishment of this instrument of water-resource management in the Grande River 
Basin. 

- There is a possibility of implementing charges for water use in the Grande River Basin, 
with either the CEIVAP or PCJ method appearing to be the most suitable, given that the 
parameters of these mechanisms are in line with existing activities in the basin. 

- Due to the significant differences between the Grande River- and PBS Basins, mainly 
with regard to irrigated agriculture, one of the possible adjustments to CEIVAP's method would 
involve not setting a limit for the economic impact on the agricultural sector. If this limit is set, 
it must not be insignificant; otherwise, it will not encourage rational water use. 
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ABSTRACT 
This research determined the efficiency of removal of chemical oxygen demand (COD) by 

an electrocoagulation process. An electrocoagulation reactor with aluminum and iron electrodes 
was used to treat water from the treatment plant of the Research Center for Wastewater 
Treatment and Hazardous Waste. The COD removal percentage was a response variable for the 
experimental factorial design. The factors influencing the process were current intensity, 
treatment time, and pH. The best results in the percentage of removal of the COD were very 
similar to that obtained at a pH of 8.2 and 7, with values of 83% and 84%, respectively, with a 
current intensity of 7 A and a treatment time of 15 min. However, at 5 A and 10 min, values 
that exceed 80% removal were obtained. Statistical analysis indicates that only current intensity 
and time were significant for the response variable. Electrocoagulation is a viable process for 
the treatment of this type of effluent, in addition to being more versatile compared with 
biological processes. 

Keywords: aluminum electrode, COD, iron electrode, urban wastewaters. 

Eliminação da demanda química de oxigênio da água residual 
doméstica por eletrocoagulação com eletrodos de alumínio e ferro 

RESUMO 
O objetivo desta pesquisa foi identificar a eficiência do processo de eletrocoagulação para 

a remoção da demanda química de oxigênio (DQO). Foi utilizada água da estação de tratamento 
do Centro de Pesquisas de Tratamento de Águas Residuais e Resíduos Perigosos, empregando 
um reator de eletrocoagulação cujos eletrodos são feitos de alumínio e ferro. O desenho 
experimental fatorial teve como variável de resposta a porcentagem de remoção da DQO e 
como fatores que influenciam o processo a intensidade da corrente, o tempo de tratamento e o 
pH. Os melhores resultados relacionados à porcentagem de remoção da DQO foram muito 
semelhantes a um pH de 8,2 e 7, com valores respectivos de 83% e 84%, uma intensidade de 
corrente de 7 amperes e um tempo de tratamento de 15 minutos. Entretanto, utilizando uma 
intensidade de 5 amperes e um tempo de tratamento de 10 minutos, os valores obtidos superam 
80% de remoção. A análise estatística indica que somente a intensidade da corrente e o tempo 
foram significativos para a variável de resposta. A eletrocoagulação é um processo viável para 
o tratamento deste tipo de efluentes, além de ser mais versátil do que os processos biológicos.  

Palavras-chave: águas residuais urbanas, DQO, eletrodo de alumínio, eletrodo de ferro. 
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1. INTRODUCTION 

A large amount of wastewater is generated in Peru, mainly comprised of physiological 
waste from domestic and commercial human activity. According to the Agency of 
Environmental Evaluation and Control (OEFA), approximately 2,217,946 m3 of wastewater is 
generated per day in Peru, which is discharged into the public sewer system, wherein only 32% 
of the entire volume is treated. Only a fraction of the treated water is used to irrigate crops, 
green areas, or for fish farming. 

These effluents are generally treated by biological processes (including activated sludge 
and stabilization ponds), which are based on the use of microorganisms for the degradation of 
organic matter and the removal of pollutants. The activated sludge is among the most efficient 
conventional processes, which achieves high percentages of chemical oxygen demand (COD) 
removal and biochemical oxygen demand (BOD). However, this technology is very sensitive 
to parameters such as organic load, pH, dissolved oxygen, and presence of toxic compounds. 
In addition, supplying oxygen to biomass is required in this process, and its retention times are 
prolonged, which increases operational and maintenance costs. 

Electrocoagulation is used to decontaminate various types of residual water; therefore, 
various studies have been conducted to better understand the mechanics of electrocoagulation. 
In 2013, Bazrafshan et al. (2013) investigated the effects of voltage, reaction time, and spacing 
between the plates during electrocoagulation in residual water that was obtained from the lactic 
industry using aluminum electrodes, which resulted in a COD elimination of 98.84% at 60 V 
for a period of 60 min. In 2013, Al-Shannag et al. (2013) used the electrocoagulation technique 
with residual municipal water to improve the reduction of COD and obtained 86.0% and 
89.10% COD elimination without and with aeration, respectively. In the subsequent year, Al-
Shannag et al. (2014) applied this process to reduce the COD of residual waters obtained from 
a bakery using iron electrodes, which evaluated the pH parameters and the density of the 
current, and obtained an elimination of up to 85% COD with an energy consumption of                         
0.493 kWh. In 2017, Bani–Melhem et al. (2017) demonstrated the impact of the SCOD fraction 
with the total elimination of COD using Al and Fe electrodes to eliminate 96% of the total COD 
and 10% of the SCOD for 15 minutes of the electrocoagulation duration. 

Additionally, in recent years, there have been efforts to improve the efficiency of 
elimination of COD and other containments using processes that combine electrocoagulation 
and chemical coagulation. In 2012, Bazrafshan (2012a; 2012b) applied this to the residual 
waters from a slaughterhouse and obtained an elimination of 99% DBO by adding 100 mg of 
chemical coagulants using aluminum electrodes and by applying 40 volts. In the same year, this 
process was applied to the residual waters from a car wash using polyaluminum chlorine and 
aluminum electrodes, which resulted in an elimination of 96.87% of COD. In 2015, Bazrafshan 
et al. (2015) also applied this process to the residual water from the textile industry and reported 
a 98% elimination of COD. 

There are a few specific studies that have applied electrocoagulation to either domestic or 
municipal residual water. In 2008, Ugur Kurt (Kurt et al., 2008) used an electrolysis cell to 
remove COD and suspended solids and obtained efficiencies of 60% and 70%, respectively. In 
2009, Fuat Ozyonar (Ozyonar and Karagozoglu, 2011) conducted tests in which they obtained 
72% elimination of COD with aluminum electrodes at a natural pH of 7.8 and a treatment time 
of 10 min.    

The work by Sarala (2012) can also be cited, who evaluated the effect of iron electrodes in 
the removal of domestic wastewater, thereby obtaining a 90% removal of COD in a contact 
time of 20 min and at a current intensity of 0.36 A. Further, in 2012, Moreno et al. (2013) 
treated the residual municipal waters to eliminate COD and obtained efficiencies of elimination 
that varied from 77% to 94% using iron electrodes. 
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In another study in 2015, Nagarajappa used copper and aluminum electrodes at different 
time intervals, pH, and voltage values to treat this type of effluent. Chemical demand for oxygen 
and nitrates were among the main parameters evaluated, with removal percentages of 63.2% 
and 62%, respectively. Another study was completed by Lech Smoczyńskia in 2017, who used 
aluminum electrodes in residual municipal water and achieved COD elimination of up to 
63.5%. In recent years, the treatment of different types of wastewater using the 
electrocoagulation process has attracted considerable attention, increasing the amount of 
literature published on the subject (Kuokkanen et al., 2013). 

In general, the electrocoagulation process is used to treat wastewater originating from 
industries. There are very few studies on the treatment of domestic wastewater; therefore, it is 
important to conduct studies with real effluents monitored on site and taking into account that 
the wastewater features may vary according to the country. This will allow us to obtain data to 
evaluate the feasibility of this process instead of the biological processes.  

Considering the above-mentioned issue and to find alternatives for the treatment of 
domestic wastewater, the main objectives of this study were to determine the efficiency of the 
electrocoagulation process in the removal of COD and to study the impact of the main 
operational parameters on the alternative process. The results will allow us to verify what is 
indicated by the references on this process, which is a more versatile technology and less 
sensitive to the parameters that affect conventional water treatment processes. 

Electrocoagulation is a complex process wherein various chemical and physical 
phenomena are involved and consumable electrodes such as iron and aluminum are supplied 
with electric current to release ions to the wastewater flow (Mollah et al., 2004). An 
electrocoagulation reactor is an electrochemical cell in which a sacrificial aluminum or iron 
electrode as the anode is dissolved; this dissolved electrode doses the coagulating agent in 
contaminated water (Holt et al., 2005). These ions serve as destabilizing agents for the emulsion 
by neutralizing the strengths of repulsion that are maintained by the suspended particles in an 
aqueous medium, which causes the agglomeration of the colloidal particles. (Al-Qodah et al., 
2018). (See Figure 1). These agglomerates with a neutral load will either float or fall depending 
on their density. For example, if aluminum is used in an anode, aluminum cations will be 
produced (Al+3), and aluminum will act as a coagulant agent that can be used in traditional 
treatment systems for residual waters. This process exhibits several advantages with respect to 
another treatment process that includes reduction of the production of mud, which makes the 
operation easier, and does not include the addition of chemical products.  

At the same time, electrolytic gases (typically hydrogen) are generated at the cathode (Holt 
et al., 2005). The electrocoagulation reactors can be of a batch-type or continuous system 
reactors (Mollah et al., 2004). These types of reactors depend on the volume and features of the 
pollutants present in wastewater to be treated. The batch-type reactor can only treat a certain 
volume in a treatment cycle (Restrepo et al., 2006).  

According to the literature, there are factors that significantly influence the efficiency of 
the electrocoagulation process, including pH, conductivity, current density, and time of 
electrolysis for batch processes and flow velocity for continuous processes (Restrepo et al., 
2006). These parameters will be described in more detail later.  

The most commonly used materials for electrodes are aluminum and iron. Herein, we 
present their reactions according to Chen (2004) and Piña et al. (2011). 

At the anode: 

𝐴𝐴𝐴𝐴 − 3𝑒𝑒 →  𝐴𝐴𝐴𝐴3+                                   (1) 

In alkaline conditions: 

𝐴𝐴𝐴𝐴+3  +  3𝑂𝑂𝑂𝑂 →  𝐴𝐴𝐴𝐴 (𝑂𝑂𝑂𝑂)3                                 (2)                    
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In acidic conditions: 

𝐴𝐴𝐴𝐴+3 + 3𝑂𝑂2𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 + 3𝑂𝑂+                  (3)                      

For iron anode: 

𝐹𝐹𝑒𝑒 − 2𝑒𝑒 →  𝐹𝐹𝑒𝑒2+              (4) 

In alkaline conditions: 

𝐹𝐹𝑒𝑒2+ + 2𝑂𝑂𝑂𝑂−  →  𝐹𝐹𝑒𝑒(𝑂𝑂𝑂𝑂)2                              (5)                     

In acidic conditions: 

4𝐹𝐹𝑒𝑒2+ +  𝑂𝑂2 + 2𝑂𝑂2𝑂𝑂 → 4𝐹𝐹𝑒𝑒3+  + 4𝑂𝑂𝑂𝑂−                            (6) 

The electrolysis of water produces oxygen and hydrogen in the following way: 

At the anode: 

2𝑂𝑂2𝑂𝑂 − 4𝑒𝑒 →  𝑂𝑂2 + 4𝑂𝑂+                                             (7)  

At the cathode it is: 

2𝑂𝑂2𝑂𝑂 + 2𝑒𝑒 →  𝑂𝑂2 + 2𝑂𝑂𝑂𝑂−                                (8) 

 
Figure 1. Interactions in the electrocoagulation process (Mollah, 2004). 

The new ions of Al3+ or Fe2+ generated in the sacrificial electrodes are very efficient in the 
flocculation process, and they agglomerate colloidal particles. Hydrolyzed aluminum ions can 
form large networks of Al–O–Al–OH, which can remove various pollutants. Aluminum is 
generally used for the treatment of drinking water, and iron for wastewater treatment (Chen, 
2004). 
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2. MATERIALS AND METHODS 

2.1. Wastewater characterization  
For experimental tests, using actual wastewater taken on site was proposed because it 

presents totally different characteristics as compared with synthetic water used in the 
laboratory. The water was collected from the treatment plant located at the National College of 
Engineering's Research Center of Wastewater and Hazardous Waste, which has an outlet to a 
public network pipeline to be used in research. An initial characterization was performed to 
evaluate the features of this type of effluent; for the concluding tests, a considerable volume 
was collected in the early morning hours when there is a higher organic load.  

 2.2. Electrocoagulation reactor  
The electrocoagulation reactor is designed to work in a batch type system with the capacity 

to treat 6.0 l of domestic wastewater and has a footprint size of 15 × 20 × 22 cm, with a free 
space for the accumulation of sludge. The material used for the reactor was made of a 
transparent acrylic material and was completely removable, which helps in observing the 
reactions during the process and for a better cleaning after each treatment. The supports on the 
bases allowed spacing to be adjusted between the plates of the electrodes. Four aluminum 
electrodes were used at the anode and four iron electrodes at the cathode, which were 10 cm 
wide, 10 cm long, and 0.01 cm thick, with an area of 100 cm2. The power source had the 
capacity to supply from 0 to 12 A with an adjustable voltage from 0 to 32 V. A plastic tap was 
installed at the lower part of the reactor to obtain the samples at regular time intervals (See 
Figure 2).   

 
Figure 2. Diagram of the electrocoagulation reactor. 

2.3. Experimental tests 
Once the volume of water for the final tests had been taken, a sample was drawn to obtain 

the initial COD value of the wastewater to be treated. During the first stage, tests were 
conducted with an effluent at its natural pH of 8.2; the current intensities (3, 5, and 7 A) were 
adjusted and samples were obtained at different times (5, 10, and 15 min) with each current 
intensity. During the second stage, the pH of its initial state was adjusted to 7 to verify how it 
influences the process. This is because several authors indicate that the best percentages of 
pollutant removal are obtained at pH values close to neutral. Conductivity, pH, and temperature 
measurements were conducted on site with an OAKTON PCS 35 multi parameter, whereas the 
COD analyses were performed at the laboratory based on the SMEWW method APHA-
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AWWA-WEF 5220-D, 22nd Ed. 2012 COD Closed Reflux Method. Equation 1 was used to 
determine the COD removal percentage values.  

% 𝑅𝑅 = 𝐶𝐶𝐶𝐶𝐶𝐶i−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑥𝑥100                                           (1) 

Where:  

% 𝑅𝑅: 𝐶𝐶𝑂𝑂𝐶𝐶 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴 𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑒𝑒 

𝐶𝐶𝐷𝐷𝑂𝑂𝐶𝐶: 𝐼𝐼𝑝𝑝𝐼𝐼𝑝𝑝𝐼𝐼𝑟𝑟𝐴𝐴 𝐶𝐶𝑂𝑂𝐶𝐶 𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝐼𝐼𝑟𝑟𝑝𝑝 (𝑟𝑟𝑝𝑝/𝐿𝐿) 

𝐶𝐶𝐷𝐷𝑂𝑂𝐶𝐶: 𝐹𝐹𝐼𝐼𝑝𝑝𝑟𝑟𝐴𝐴 𝐶𝐶𝑂𝑂𝐶𝐶 𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝐼𝐼𝑟𝑟𝑝𝑝 (𝑟𝑟𝑝𝑝/𝐿𝐿) 

2.4. Experimental design  
In this study, a factorial design with several levels was used. The efficiency of 

electrocoagulation is mostly influenced by the density of the current or voltage, the treatment 
time, the pH of the residual water, the conductivity, and the temperature (Piña et al., 2011; Al-
Qodah and Al-Shannag, 2017); however, in case of a study related to the residual water that 
was obtained from a plant, not all these factors were considered due to the difficulty of handling 
them. Therefore, the factors that were considered in this design were the intensity of the current 
(A), time (B), and pH (C) along the variability of the results that were obtained in the percentage 
of elimination of COD (y).This allowed us to determine the individual effect and the interaction 
between the factors on the response variable and their significance in the process. All statistical 
analyses were performed using the Statgraphics Centurion XVI software. With these results, 
the analysis of variance (ANOVA) Table 1 with a confidence level of 95%, regression 
coefficients of the second-order general polynomial equation, and the three-dimensional 
response surface graphs were obtained. Next, in Equation 2, we present the statistical model 
used for the analysis of the information:  

𝑦𝑦𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 =  𝜇𝜇 +  𝛼𝛼𝐶𝐶 +  𝛽𝛽𝑖𝑖 +  𝛾𝛾𝑖𝑖 +  (𝛼𝛼𝛽𝛽)𝐶𝐶𝑖𝑖 + (𝛼𝛼𝛾𝛾)𝐶𝐶𝑖𝑖 +  (𝛽𝛽𝛾𝛾)𝑖𝑖𝑖𝑖 +  𝜀𝜀𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖                                  (2)                                                                                                    

Where:  

𝑦𝑦𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 : 𝐴𝐴 − 𝑝𝑝ℎ 𝑟𝑟𝑜𝑜𝑜𝑜𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝐼𝐼𝑟𝑟𝑝𝑝 𝑟𝑟𝑜𝑜 𝐶𝐶𝑂𝑂𝐶𝐶 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴 𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑒𝑒. 

𝜇𝜇 ∶ 𝑟𝑟𝑒𝑒𝑚𝑚𝐼𝐼𝑟𝑟𝑝𝑝 𝐶𝐶𝑂𝑂𝐶𝐶 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴 𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑒𝑒. 

𝛼𝛼𝐶𝐶,𝛽𝛽𝑖𝑖, 𝛾𝛾𝑖𝑖 ∶ 𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑝𝑝𝑝𝑝 𝑟𝑟𝑜𝑜 𝑝𝑝ℎ𝑒𝑒 𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟𝑒𝑒𝑝𝑝𝑝𝑝 𝐼𝐼𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑜𝑜𝐼𝐼𝑝𝑝𝑦𝑦 𝑜𝑜𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟, 𝑝𝑝𝐼𝐼𝑟𝑟𝑒𝑒 𝑟𝑟𝑝𝑝𝑚𝑚 𝑝𝑝𝑂𝑂.  

(𝛼𝛼𝛽𝛽)𝐶𝐶𝑖𝑖, (𝛼𝛼𝛾𝛾)𝐶𝐶𝑖𝑖, (𝛽𝛽𝛾𝛾)𝑖𝑖𝑖𝑖 ∶  𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑝𝑝𝑝𝑝𝑜𝑜 𝑟𝑟𝑜𝑜 𝐼𝐼𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝐼𝐼𝑟𝑟𝑝𝑝 𝑟𝑟𝑜𝑜 𝑜𝑜𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑜𝑜. 

𝜀𝜀𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 ∶ 𝐴𝐴 − 𝑝𝑝ℎ 𝑝𝑝𝑒𝑒𝑟𝑟𝑟𝑟 𝑟𝑟𝑜𝑜 𝑟𝑟𝑟𝑟𝑝𝑝𝑚𝑚𝑟𝑟𝑟𝑟 𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. 

Table 1. Factors and levels in the experimental design. 

Factors Levels 

A: Current intensity (A) 3  5 7 
B: Time (min) 5 10 15 
C: pH       7             8.2 
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3. RESULTS AND DISCUSSION 

The results of the initial characterization can be seen in Table 2, where it is observed that 
conductivity and pH have acceptable values to be used in the electrocoagulation process. In the 
definitive experimental tests, the initial value of the reported COD was 431 mg/L because the 
sample was obtained at the time of greatest organic load. 

Table 2. Results of the chemical and biological 
physical analysis of the effluent. 

Parameter Value 

DQO (mg/L) 347 
BOD5 (mg/L) 182 
Conductivity (μS/cm) 847 
pH 7.9 
Total solids (mg/L) 74 
Oils and fats (UNT) 19.2 
Total nitrogen (mg/L) 39 
Total phosphorus (mg/L) 4 
Total coliforms (NMP/100ml) 4900000 
Fecal coliforms (NMP/100ml) 2200000 

3.1. Influence of retention time  
An increase in the retention time causes an increase in the consumption of energy, as well 

as in the consumption of the electrodes; that is why this parameter is important and must be 
considered since it is directly related to the economic applicability of the process (Kobya et al., 
2006). Figures 3 and 4 show that after 10 min of treatment, the percentages of COD removal 
are similar and exceed 80%, and there is no considerable variation until 15 min of treatment. 
Additionally, Karichappan, in 2014, indicated that the elimination efficiency of COD increases 
the time for electrolysis by up to 15 min, after which the efficiency of elimination was observed 
to be almost constant. These results are very similar to those obtained by Bazrafshan et al. 
(2013), in which 75% elimination of COD was observed 15 min into the treatment; further, an 
elimination of 98% was achieved 100 min into the treatment. During electrocoagulation, the 
concentration of the coagulant produced in the anode increased with time. Additionally, the 
amount of eliminated contaminant also increased with the time of electrolysis until an optimal 
time was reached. The optimal time is dependent on the density of the current and presents itself 
when the efficiency of the elimination of contaminants becomes constant. 

3.2. Influence of current intensity  
The current intensities used in the experimental part were 3, 5, and 7 A, with a spacing of 

10 mm between the electrodes, which was defined in previous studies and preliminary tests. 
In Figures 4 and 6, it can be seen that at higher current intensity, the removal of COD is 

much faster after 5 min of treatment and then it becomes stable. This is similar to the findings 
by Merzouk et al. (2009), which indicate that the current intensity has a strong effect on the 
electrocoagulation process; particularly, in the kinetics of removal of pollutants, the higher the 
current, the shorter the treatment. This is because at high current intensity, the amount of anodic 
aluminum solution increases, which is favorable in view of allowing a greater amount of 
precipitate for the removal of pollutants. In contrast, an increase in the rate of bubble generation 
is observed, as well as the decrease in the size of the bubble, with the increase in intensity. All 
this is beneficial for the elimination of pollutants by flotation of H2 (Merzouk et al., 2009). This 
parameter directly determines the dose of the coagulant as well as the creation of gas bubbles. 
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Therefore, it considerably influences the mixing of solutions and the transfer of mass to the 
electrodes (Al-Qodah end Al-Shannag, 2017). A very high value of current intensity can 
significantly decrease the efficiency due to the production of oxygen; moreover, it influences 
the passivation of the electrodes (Piña et al., 2011). It can be said that it is one of the factors 
that influence the electrocoagulation process the most and therefore the removal of pollutants 
from wastewater (Restrepo et al., 2006). 

3.3. Influence of pH 
It is known that pH is an important parameter in the electrocoagulation process; optimal 

values thereof allow a better removal of pollutants. At a low pH between values of 2–3, the 
cationic Al3+ and Al (OH)2 monomeric species predominate. When the pH is between 4 and 9, 
Al3+ and OH− ions generated by the electrodes react to form various monomeric species, such 
as Al(OH)2+ and Al(OH)22+, and polymeric species, such as Al6(OH) 15

3+, Al7(OH)17
4+, and 

Al13(OH)34
5+, that are eventually transformed into amorphous insoluble Al (OH)3(s) through 

polymerization and complex precipitation kinetics. When the pH is greater than 10, the 
concentration of the monomeric anion of Al (OH)4− increases at the expense of Al (OH)3(s). In 
addition, the cathode may be chemically attacked by OH− ions created with H2 to higher pH 
values (Merzouk et al., 2009). The nature and efficiency of the chemical reactions and complex 
electrochemical reactions are completely related to the pH of the system (Mansoorian et al., 
2012). 

In previous studies, it was found that the best turbidity and COD removals are obtained at 
pH values close to 7 (Restrepo et al., 2006). The effects of pH on water are reflected in the 
efficiency of the current and in the solubility of metal hydroxides (Piña et al., 2011). Keeping 
this in mind, the natural pH of the wastewater was modified to bring it to a value of 7, and in 
this way, the effect of this parameter on the process was verified. 

Figures 3 and 4 show the results obtained when treating water while maintaining the natural 
pH of the effluent, wherein the COD removal reached a value of 83% at a current intensity of 
7 A. 

The results obtained at pH 7 can be seen in Figures 5 and 6, wherein the percentage of 
removal reached was 84%, a value very close to that obtained at natural pH, at an intensity of 
7 A and a treatment time of 15 min. These results do not match the value indicated by Piña and 
Restrepo, as a minimal improvement in the removal of pollutants at pH close to 7 was recorded. 
We can also highlight some coincidences with the study performed by Fuat Ozyonar (2011), in 
which he obtained the highest percentages of removal at a natural pH of 7.8 and pH close to 
neutral.  

Along with these results, Al-Shannag et al. (2014) exhibited that these improved 
efficiencies that obtained a pH of 7, or close to neutral, reported 81.7% of elimination of COD. 
This coincides with the observation of Bazrafshan et al. (2013), who indicated that the optimal 
results would obtain a pH of 7.24. 



 

 

9 Elimination of chemical oxygen demand from domestic … 

Rev. Ambient. Água vol. 13 n. 5, e2240 - Taubaté 2018 

 

 
Figure 3. Variation of COD as a function of time at different current intensities 
(COD C0 = 431 mg/L and pH = 8.2). 

 
Figure 4. % COD removal as a function of time (COD C0 = 431 mg/L and pH = 8.2).          
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Figure 5. Variation of COD as a function of time at different current intensities (COD 
C0 = 431 mg/L and pH = 7).       

 
Figure 6. % COD removal as a function of time (COD C0 = 431 mg/L and pH = 7).         

3.4. Results of the experimental design  
The experimental design and the adjusted regression model that is used to quantitatively 

find the effects of these variables are shown in Table 3 and Equation 3.  
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Table 3. Experiment design with the response variable for COD removal. 

Exp. No. 

Factors Removal (%) 

Current Int. (A) Time (min) pH COD 

A B C Y 

1 3 5 8.2 47 
2 3 10 8.2 78 
3 3 15 8.2 80 
4 3 5 7 44 
5 3 10 7 77 
6 3 15 7 82 
7 5 5 8.2 68 
8 5 10 8.2 79 
9 5 15 8.2 81 
10 5 5 7 59 
11 5 10 7 79 
12 5 15 7 83 
13 7 5 8.2 71 
14 7 10 8.2 80 
15 7 15 8.2 83 
16 7 5 7 71 
17 7 10 7 79 
18 7 15 7 84 

𝑌𝑌 (%) =  −72.8194 +  13.8889𝐴𝐴 + 14.7472𝐵𝐵 + 6.25𝐶𝐶 − 0.458333𝐴𝐴2 − 0.575𝐴𝐴𝐵𝐵 −

0.138889𝐴𝐴𝐶𝐶 − 0.303333𝐵𝐵2 − 0.472222𝐵𝐵𝐶𝐶                                                                                (3)            

Table 4 shows the ANOVA table, in which r2 correlation coefficient was found to be 
0.9423, which indicates that the proposed statistical model explains 94.23% of the variability 
of the COD removal ratio. This indicates a good fit of the model. 

With respect to the significant effects of the variables, it can be determined that the effect 
of time and current intensity is significant at a level of α = 0.05, while pH was not significant 
on the response variable. Figures 7 and 8 show the Pareto diagram and the main effects on the 
response variable. 

Table 4. ANOVA table for COD removal. 

Source of variation  Sum of squares GI CM F-ratio P-value 

A: Current intensity (A) 300 1 300 19.11 0.0018 
B: Time (min) 1474.08 1 1474.08 93.89. 0. 
C: pH 4.5 1 4.5 0.29 0.6054 
AA 13.4444 1 13.4444 0.86 0.3789 
AB 264.5 1 264.5 16.85 0.0027 
AC 0.333333 1 0.333333 0.02 0.8874 
BB 230.028 1 230.028 14.65 0.004 
BC 24.0833 1 24.0833 1.53 0.2469 
Total error 141.306 9 15.7006   
Total 2452.28 17       

r2 = 94.23%          
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Figure 7. Standardized Pareto diagram for the removal of COD. 

 
Figure 8. Graphical representation of the main effects for the removal of COD.  

In addition, in Figures 9a, 9b, and 9c, the response surface graphs are presented that 
indicate the results of the variation of the percentage of COD removal as the current intensity, 
time, and pH conditions change, respectively. 
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(9a) 

 
(9b) 

 
(9c) 

Figure 9.  Three-dimensional response surface graphs for the percentage of COD removal 
a) current and time intensity, b) current and pH intensity, and c) time and pH.  

4. CONCLUSIONS  

Electrocoagulation is a viable alternative for the treatment of domestic wastewater, as it 
demonstrates its effectiveness in the removal of COD, and it is a more robust technology 
compared with biological processes. The analysis of the proposed experimental design indicates 
that the variable time and intensity of current were the most significant variables in the process, 
whereas the variable pH was not significant with respect to the response variable (percentage 
of COD removal) and had a correlation coefficient r2 of 94.23%. The best results in the 
percentage of removal of the COD were very similar as compared with the results at pH 7 and 
8.2, with values of 84% and 83%, respectively, with a current intensity of 7 A and a treatment 
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time of 15 min. 
Considering the treatment time, it was determined that the efficiencies obtained at 10 min 

were very similar with the three current intensities, with a minimal difference against those 
obtained at 15 min. Considering the current intensity, the best removal results were obtained in 
the two types of pH, at 5 and 7 A; however, it is important to note that at an intensity of 3 A, 
acceptable removal percentages were obtained that must be taken into account considering the 
treatment costs. The retention times being shorter than the biological processes and the 
compactness of the residual sludge are the other important aspects that were studied in this 
research. By considering the previous results, they can be considered as operational values, with 
a current intensity of 5 A, a withholding time of 10 min and a natural pH of 8.2, with the goal 
of reducing the expense of energy and avoiding the use of reagents to lower the pH. Another 
important aspect that should be noted is that the withholding times are considerably less than 
those observed in the biological process, which will allow us to eliminate the contaminants in 
short times. One of the advantages of this process is that it does not use bacteria to deteriorate 
the organic material, which ends up being easier to operate and maintain. Additionally, the 
residual mud that is generated is much more compact than biological and physiochemical mud. 
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ABSTRACT 
This study investigated of the potential value of the integration of the 

coagulation/flocculation, Advanced Oxidation Processes (AOP) (Fenton reagent) and slow 
sand filtration technologies, with the aim of treating laboratory wastewater. The treatment 
system was designed in laboratory scale through coagulation/flocculation. It involved the use 
of Jar Test equipment with a sequence of two rotational phases: fast mixes to 300 rpm for 20 
seconds and slow mixes to 30 rpm for 6 minutes and 10 seconds, with the addition of anionic 
polymer and sedimentation for 60 minutes at ambient temperature. In the treatment via Fenton 
reagent, two rotational phases were used: rapid mixing at 300 rpm for 20 seconds with the 
addition of iron (Fe2+) and slow mixing at 30 rpm for 6 minutes and 10 seconds with the addition 
of hydrogen peroxide, followed by 60 minutes of sedimentation at ambient temperature. A 
cylindrical tank of polyvinyl chloride, sands and non-woven synthetic fabrics were used in the 
slow filtration. The filtration rate adopted was 3 m3 m-2 d-1 with a hydraulic retention time of 
264 minutes. The best concentrations of chemical reagents used in the treatments were:                     
0.80 mg L-1 of polymeric anionic, 200.00 mg L-1 of H2O2 and 13.00 mg L-1 of total soluble iron. 
The integration of the treatment technologies made it possible to achieve a removal rate of 
75.27% of COD and 94.12% of  total phenols. Furthermore, the conjugation of the processes 
allowed the removal of 87.58% of TOC. 

 Keywords: coagulation/flocculation, cosmetics, textile dyes. 

Integração de tecnologias de tratamento com reagente de Fenton para 
remediação de efluente laboratorial 

RESUMO 
Neste trabalho a potencialidade da integração de tecnologias coagulação/floculação, 

processo oxidativo avançado (reação de Fenton) e filtração lenta foram estudados com o 
objetivo de tratar resíduo líquido laboratorial apresentando compostos da indústria cosmética e 
têxtil, principalmente. O sistema de tratamento foi realizado em escala laboratorial através da 
coagulação/floculação, o equipamento de jarros foi utilizado com uma sequência de duas fases 
de rotação: mistura rápida a 300 rpm por 20 segundos, mistura lenta a 30 rpm durante 6 minutos 
e 10 segundos com a adição de polímero aniônico e com um tempo de sedimentação de 60 
minutos em temperatura ambiente. No tratamento via reagente de Fenton duas fases de rotação 
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foram estudadas: mistura rápida a 300 rpm por 20 segundos com a adição de ferro (Fe2+), 
mistura lenta a 30 rpm durante 6 minutos e 10 segundos com a adição de peróxido de hidrogênio 
e 60 minutos de sedimentação em temperatura ambiente. Na filtração lenta foi utilizado um 
tanque cilíndrico de policloreto de vinila, areia e mantas sintéticas não tecidas. A taxa de 
filtração adotada durantes os experimentos foi de 3 m3 m-2 d-1 com um tempo de detenção 
hidráulica de 264 minutos. As melhores concentrações de reagentes químicos utilizados nos 
tratamentos foram: 0,80 mg L-1 de polímero aniônico, 200,00 mg L-1 de H2O2 e 13,00 mg L-1 
de ferro solúvel total. A integração das tecnologias de tratamento permitiu a remoção de 75,27% 
de DQO e 94,12% de fenóis totais. Além disso, a conjugação dos processos permitiu remoção 
de COT de 87,58%. 

Palavras-chave: coagulação/floculação, cosméticos, corantes têxteis. 

1. INTRODUCTION 

The cosmetic industry in Brazil showed a rapid growth up to 2014, compared with other 
industrial sectors. However, in 2015 the sector showed a decline of about 9% for the first time 
in the last 20 years (ABIHPEC, 2017). The cosmetics are produced and used on a massive scale 
for aesthetic purposes and the huge amount of drinking water used in the refrigeration system, 
steam generation and particularly for the washing of machines, equipment and utensils, is a 
cause of concern in the cosmetics industry, since it results in a significant amount of effluent 
for waste disposal. 

According to Banerjee and collaborators (2016), the effluents of the cosmetic industry are 
harmful from an environmental standpoint; they include high concentrations of organic 
compounds of slow biodegradability, as well as the presence of anionic surfactants, grease and 
oils. These impede the aeration of the medium and the transfer of soluble substrates to micro-
organisms that might have been able to accomplish the degradation of the organic matter and 
which will hence reduce the rate of the substrate conversion. 

Another important industry in Brazil is the dye sector; dyes are widely used in several 
industrial areas, such as textiles, leather, paper, plastics, foods and rubber for the coloration of 
their products. Annually more than 10.000 tons of dyes are used, and approximately 100 tons 
are released into watercourses (Ashrafi et al., 2017).  

Water contamination caused by the release of textile dyes can have a considerable impact 
on   the ecosystem. Effluents from the textile industry are considered to be the worst pollutants 
of water bodies and soils. The dyes cause an undesirable color in the water when they are 
disposed of without treatment and lead to a reduction of solar radiation, which affects the 
photosynthetic activity of aquatic organisms (Semeraro et al., 2015). 

In addition, the textile dyes are characterized as mutagen agents that are carcinogenic, 
allergic and cytotoxic and represent a risk to all forms of life (Khandare and Govindwar 2015). 
Some of them are not biodegradable and undergo biomagnification along the food chain. 

 The integration of the coagulation/flocculation, advanced oxidation (Fenton reagent) and 
slow filtration processes was studied in an attempt to remediate the effluents discharged by the 
laboratory and address the problem outlined above. The effluent mainly contained compounds 
from the cosmetics and textile industry 

2. MATERIALS AND METHODS 

2.1. Site of experiments and effluent generation 
The experiments were carried out at the Wastewater Treatment Laboratory, located at the 

Chemistry Institute, Goiás Federal University, where the coagulation/flocculation, Fenton 
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reagent and slow filtration were performed. The analysis to monitor the efficiency of the 
treatment was carried out in the Residual Wastewater Treatment Laboratory and the Laboratory 
of Analytical Instrumentation IQ-UFG. 

The effluent used in this research was packaged in 50 liter bottles at room temperature and 
included the following:  a liquid by-product of other treatments performed in the Laboratory of 
Wastewater Treatment, a liquid mixture with chemical compounds in sunscreen, hair 
conditioners, textile dyes, the analysis of liquid wastewater and environmental procedures 
carried out by the Wastewater Treatment Laboratory team. 

2.2. Experimental methodology 
In evaluating the rate of  efficiency, we carried out analyses  in duplicate  such as: 

absorptivity performed at maximum absorption wavelength, turbidity, total residual soluble 
iron, residual hydrogen peroxide, chemical oxygen demand (COD), oil and greases, pH, total 
organic carbon (TOC), total solids (TS), total fixed solids (TFS), total volatile solids (TVS) and 
settleable solids (SS). All the analyses (except residual hydrogen peroxide) complied with the 
Standard Methods for Examination of Water and Wastewater (SMEWW) 20th Edition (APHA, 
1998). 

The determination of residual hydrogen peroxide follows procedures adopted by Oliveira 
et al. (2001), and depend on the reaction between hydrogen peroxide and vanadate ion (𝑉𝑉𝑉𝑉3−) 
in acid medium. The reaction leads to the formation of peroxovanadium ion (𝑉𝑉𝑉𝑉23+), which is 
of a reddish color and absorbs strongly at 446 nm. 

The coagulation/flocculation process and the Fenton reaction were performed with jar test 
equipment using a one-liter volume, and varying rotations between 30 and 300 rpm with 
sedimentation for 60 minutes. The parameters of rotation and treatment time, as well as the 
range of initial concentrations of chemical reagents were used for two treatment technologies 
(coagulation/flocculation and Fenton´s reagent) and based on the values of the parameters used 
in the wastewater treatment station-Goiânia-GO and in Morais and Brito (2015). 

 The studies of the treatment technology through coagulation/flocculation were initiated 
using a factorial experimental design (2²) that was built for experiments 2 levels: a smaller level 
(-) and larger one (+) for the variables: concentration of anionic polymer (0.60 and                              
1.40 mg L-1) and pH values (6.00 and 8.00); making a total of four experiments. 

The treatment with Fenton´s reagent to plan a factorial design for the studies was built at 
23 where there were 2 levels: a smaller level (-) and larger one (+) for the variables: 
concentration of total soluble iron (2.33 and 6.50 mg L-1), pH values (3.00 and 5.00) and 
concentration of peroxide of hydrogen (100.00 and 200.00 mg L-1); making a total of  eight 
experiments. 

The dosage of chemical reagents used for the coagulation/flocculation assays ranged from 
0.00 mg L-1 to 2.00 mg L-1 of anionic polymer and the pH values varied from 3.00 to 10.00.  
Fenton’s reagent treatment concentration of chemical reagents ranged from 2.33 mg L-1 to                           
90.00 mg L-1 for a total soluble iron concentration, 100.00 mg L-1 to 1200.00 mg L-1 for 
hydrogen peroxide concentration and a variation in pH values from 3.00 to 5.50. 

Approximately 200.00 mL of supernatant liquid were collected from the two treatment 
systems after sedimentation; values of pH, turbidity, chemical oxygen demand (COD), total 
residual soluble iron, absorbance and residual hydrogen peroxide (in the case of H2O2 residual, 
only in treatment via Fenton's reaction) were measured to determine the efficiency of the 
treatment through variations in the values of these parameters during the treatment operations. 

The COD determination was performed after an increase of pH to 8.00 and the sample was 
then heated to 80°C for 40 minutes to remove residual H2O2. The sample remained at rest for 2 
hours (ambient temperature) to sediment residual iron that interferes with the result 
(Cavalcante, 2005). 
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A cylindrical tank made of PVC (polyvinyl chloride) with a height of 55.00 cm and a 
diameter of 14.50 cm was used to construct a slow filter. The collection system, which also 
consisted of a PVC pipe, originated from the drainage system that follows the sand layer 
described above. Thus it was able to avoid the occurrence of negative pressure and, hence, the 
accumulation of air inside the filter medium, as well as ensuring the constant presence of 
effluent inside the filter. The adopted rate was 3 m3m-2 d-1 and this was monitored periodically 
by the volumetric method of analysis. 

The thickness of the filter material consisted of a 20 cm layer of fine sand used in civil 
engineering, followed by 5 cm of nº 2 crushed stone used as a support layer. The sand was 
washed with water and dried in the environment with solar radiation after being placed in a 
slow filter. 

 A non-woven synthetic blanket of brand GeotêxtilGeoFort GF Model 17 was placed 
between the crushed stone layer and the sand layer. Its features were as follows: 95.70% 
porosity, specific surface of 2.530 m2 m-3, weight 400 g m-2, thickness of 3 mm and 100% 
polypropylene composition to prevent sand from permeating the crushed stone. At the top of 
the sand layer, two non-woven synthetic blankets (Model 17) were used to prolong the effective 
time of the filter media and make the “schmutzdecke” development more efficient. The 
treatment began on June 13, 2016 at 1:00 p.m. and the treatment lasted for 264 minutes.  

The slow filter was operated with a sample of effluent, batch processing system. The 
analyses were only employed for the monitoring of the treatment efficiency after some 
preliminary tests had been carried out. This was accomplished so that the filter could acquire a 
period of biological development and maturation. 

The stages of the research treatment of the technologies tested are separated in the way 
shown in Figure 1 which represents the crude laboratory effluent involving a primary treatment 
through coagulation/flocculation, and subsequently a secondary treatment with Fenton´s 
reagent and concluding with the slow filtration to provide final polishing. 

 
Figure 1. Treatment flowchart: Coagulation/flocculation, Fenton reagent and slow sand 
filtration. 

As already explained, the studies began with the treatment technology through 
coagulation/flocculation so that a factorial experimental design (2²) planned for the variables: 
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concentration of anionic polymer (0.60 and 1.40 mg L-1) and pH values (6.00 and 8.00); subsequently 
the dosage of chemical reagents for the coagulation/flocculation assays ranged from 0.00 mg L-1 to               
2.00 mg L-1 of anionic polymer and the pH values varied from 3.00 to 10.00. 

Before starting the  treatment with  Fenton´s reagent  for the study,  a factorial experimental design   
(23) was planned for the variables: concentration of total soluble iron (2.33 and 6.50 mg L-1), pH values 
(3.00 and 5.00) and concentration of peroxide of hydrogen (100.00 and 200.00 mg L-1); subsequently 
the concentration of chemical reagents ranged from 2.33 mg L-1 to 90.00 mg L-1 for total soluble iron 
concentration, 100.00 mg L-1 to 1200.00 mg L-1 for hydrogen peroxide concentration and the pH values 
varied from 3.00 to 5.50. 

The total treatment time was 400 minutes for the integration of the technologies. At the 
end of the combined treatment stages, the treatment efficiency was monitored through an 
environmental control system and further studies on classification of treated effluent for 
disposal and non-potable reuse purposes were carried out in compliance with the following 
resolutions: Conama (2005;2011), AGR (2009), ABNT (1997) and USEPA (2012). 

2.3. Characterization of crude effluent 
A characterization of effluent was carried out, which provided average and standard 

deviations from the calculations made with five different samples that are illustrated in Table 
1. 

Table 1. Average values and standard deviation of the analyzed physicochemical parameters for crude 
laboratory liquid residue. 

Parameters Values Crude laboratory 
effluent 

Resolution 
Conama (2005; 2011); AGR (2009) 

pH Average 1.73 5-9 
Standard deviation 0.06  

Turbidity (NTU) Average 134.40 100 NTU 
Standard deviation 24.96  

Absorbance (320nm) Average 1.60  
Standard deviation 0.40  

COD (mg O2 L-1) Average 1400.49 450.00 mg O2 L-1 
Standard deviation 436.53  

Soluble Total 
Residual Iron (mg L-1) 

Average 82.49 15.00 mg L-1 
Standard deviation 3.34  

The main parameter that needs to be monitored is the removal of the organic matter 
represented in this study by the COD. The Brazilian Resolution of 2011 (Conama, 2011) does 
not specify a COD value for effluent discharge, but only for BOD with a minimum removal of 
60%. The Brazilian Resolution of 2009 (AGR, 2009) stipulates a COD maximum value of 
450.00 mg O2 L-1 for wastewater discharge. In this article, crude laboratory effluent had a COD 
value of, on average, 1400.49 mg O2 L-1, which is also outside the standards for hydraulic 
bodies. 

In light of the data, we believe that the integration of the proposed technologies gives a 
promising opportunity for the treatment of recalcitrant effluents. 

3. RESULTS AND DISCUSSION 

3.1. Coagulation/Flocculation treatment 
The most interesting results obtained in the preliminary tests (22 factorial planning) were 

anionic polymer concentration 0.60 mg L-1 and pH value 6.00 (31.16% COD removal), where 
the negative charges of the effective particles which led to chemical interactions were 
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neutralized, thus causing the formation of flake and incurring a lower cost, compared with the 
high cost of the chemical reagents involved in the process. 

After making a choice of these data, the variation of anionic polymer concentration was 
studied, with pH value fixed at 6.00 and concentration of total soluble iron 82.49 mg L-1 (natural 
concentrations of effluent) to obtain maximum efficiency in treatment, as can be seen in Figure 
2. 

 
Figure 2. Effect of variation of anionic polymer concentration on COD, turbidity and 
absorbance removals by coagulation/flocculation treatment (pH 6.00 and residual total soluble 
iron = 82.49 mg L-1). 

It can be observed in Figure 2 that COD removal remained constant at 23.00% up to                    
0.40 mg L-1, and it did not show any significant results in this range with the use of anionic 
polymer. 

The removal of the organic matter increased around 11% when there was a concentration 
of polymeric anionic of 0.80 mg L-1, which is a considerable value for treating recalcitrant 
compounds. 

It is worth noting that this dosage of polymeric anionic also contributes significantly to the 
cohesion of the flake, since a better interaction of the iron ions prevents them from being 
released into the water bodies (Shaikh et al., 2017). An example of this was the removal of iron 
(in these conditions) of 97.17%. The initial iron concentration was 82.49 mg L-1 and the final 
concentration was 2.33 mg L-1. This is because the polymer chains are able to adopt multiple 
conformations on the adsorbent surface, which distinguishes their adsorption behavior from 
that of simple molecules and ions (Wiśniewska et al., 2016). In this way, the soluble iron 
concentration also reaches parameters for disposal that comply with Brazil Resolution 2011 
(Conama, 2011) which provides a maximum of 15 mg L-1 of total iron for disposal in hydric 
bodies. 

It was found that when there was a concentration above  1.00 mg L-1, it led to a reduction  
in the percentage of COD removal efficiency observed, which  proves  that an excess of anionic 
polymer led to an increase of solids, especially colloidal and particulate material. The excess of 
anionic polymers re-stabilizes the charge on colloidal particles by saturating its surface, 
damaging the formation of flocks in flocculation process and increasing the concentration of 
particulate matter in the effluent (Quartaroli et al., 2014). 
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During the removal of the color as a result of absorbance, measured at the maximum 
absorption wavelength (spectral sweep) 320 nm, it was noted that without the addition of an 
anionic polymer, a removal of 70.51% was obtained. With the addition of the anionic polymer, 
the maximum rate of efficiency for the removal of this parameter was 75.00%, with                              
0.80 mg L-1 of anionic polymer. A decrease in the absorbance removal rate of efficiency of       
1.00 mg L-1 resulted in an excess of anionic polymer which led to an increase of solids 
interfering with absorption of the medium, and hence color parameter (Quartaroliet al., 2014). 

With regard to the analysis of turbidity, it was observed that the turbidity remained almost 
constant with a mean rate of removal for all concentrations of anionic polymer. It should be 
noted that without the addition of the anionic polymer, there is a removal efficiency rate of 
around 96.80%, which is evidence that anionic polymer does not interfere in the removal of 
turbidity. It is only the presence of total soluble iron in residue and the suitable adjustment of 
pH that are sufficient for the removal of suspended and colloidal particles that cause turbidity 
in this effluent. 

This fact can be explained by the formation of ferrous and ferric hydroxides of positive 
residual charge. These hydroxides, (also called gel), destabilize the colloidal particles of the 
effluent that possess a negative load, by reducing the potential Zeta and allow the approach and 
clustering of these particles, which characterizes the coagulation/flocculation process. It is also 
important to point out that there is a displacement of the chemical equilibrium when the pH 
increases to 6.00, which allows the formation of hydroxylated species, as is illustrated in 
Equation 1 (Morais and Brito 2016; Shaikh et al., 2017). 

𝐹𝐹𝐹𝐹2+ +  2𝐻𝐻2𝑉𝑉  𝐹𝐹𝐹𝐹(𝑉𝑉𝐻𝐻)2 + 2𝐻𝐻+            (1) 

In view of the obtained data, it was confirmed that the optimum concentration of anionic 
polymer was 0.80 mg L-1, and an attempt was made to evaluate the influence of pH values on 
the efficiency of the treatment. At this stage, the pH values were found to be in the range of 
3.00 to 10.00 with total soluble iron concentration of 82.49 mg L-1 and anionic polymer of                    
0.80 mg L-1 (Figure 3). 

 
Figure 3. The effect of the variation of the pH values on COD, turbidity and absorbance 
removals for the treatment with coagulation/flocculation (total soluble iron =82.49 mg L-1; 
anionic polymer =0.80 mg L-1). 
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In the case of the analysis of COD, the best percentage for removal (38.86%) occurred at 
pH 6.00, because the polyacrylamide chains were completely ionized. As a result, there was an 
interaction of the anionic polymer with surface of flake mainly through the formation of 
hydrogen bonds between them (Wiśniewska et al., 2016). 

The interactions between adsorbed species and surface hydroxyl groups, (whether 
protonated or not), altered the resulting charge of the particles and hence, the stability of 
suspension conditions. When pH of the solution is greater than the zero point charge of the solid 
in question (hydroxylated iron species), the surface of the solution becomes negative. This 
discourages electrostatic interactions with polyacrylamide polymer chains (since they contain 
completely dissociated carboxyl groups); this phenomenon may be occurring in this study when 
pH is above 6.00 (Wiśniewska et al., 2016). 

With regard to the absorbance analysis at 320 nm, it can be seen that the removal efficiency 
at pH 6.00 was 75.00% on average, with removals up to 78.00% (pH values between 5.00-7.50) 
which can also be visualized, although when analyzing a set of three parameters, the choice of 
the best pH value was 6.00. At pH less than 4.50, there is a decrease in removal efficiency, with 
a removal efficiency of 64.91%. 

When this occurs, low pH values (less than 5.00), and aquo-complexes [Fe (H2O)6]3+ are 
predominant, while the hydroxylated Fe (OH)2+ species is generally at a pH greater than 4.00 
(Gama, 2012). The Fe (OH)2+ species displays maximum absorbance with wavelengths of                 
300 nm, extending up to approximately 400 nm (Nogueira et al., 2007). 

In the case of the turbidity analysis, it can be observed in Figure 3 that the percentages or 
removals were similar to the pH values studied, with results of reduction around 99.00%.  A 
maximum removal rate at pH 6.00 was obtained of around 99.72%. 

When there is pH of 3.00 to 5.50, turbidity has a smaller point of removal. It has been 
shown that at higher pH values (> 5.50), a displacement of the hydrolysis equilibrium of iron 
ions is achieved, leading to the formation of iron hydroxides that are essential for the interaction 
with colloids and formation of flakes (Guo et al., 2010). 

A better operating condition was obtained from the results of the pH variation, where   
82.49 mg L-1 of total soluble iron and 0.80 mg L-1 of anionic polymer were used in a pH value 
of 6.00; this made it possible to reach COD removals of 38.86%, turbidity of 99.72% and 
absorbance of 75.00%. 

After the coagulation/flocculation treatment and the  results were obtained for pH value, 
the turbidity and total iron were in accordance with the effluent release standards established 
by Brazil 2011 (Conama, 2011), with the exception of the COD parameter (856.26 mg O2 L-1 ) 
that had  values above those  allowed by the  Brazil 2009 Resolution (AGR, 2009), at                      
450.00 mg O2 L-1. 

Thus, treatment must be provided via the Fenton reagent that can be combined with the 
coagulation/flocculation process, mainly to reduce the values related to chemical oxygen 
demand, that even after treatment by coagulation/flocculation still fail to meet the current 
standards for the discharge of effluents in water bodies, and hence would not be  suitable for 
reuse for non-potable purposes. 

3.2. Fenton reagent treatment 
After the coagulation/flocculation treatment, the best test obtained from the Fenton reagent 

assays, was used to meet the standards and established values laid down by the studied 
resolutions. The residual total soluble iron 2.33 mg L-1 obtained from the previous treatment 
(coagulation / flocculation) was used for the factorial design, which avoided the unnecessary 
use of chemical reagents. 
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Preliminary tests were conducted using a 23 factorial planning design (two levels and three 
variables), since this had the highest removal efficiency for COD (29.82%), and is the most 
important parameter, given the difficulty of its removal and its estimated representation of 
organic matter. In the case of the other parameters, the results were turbidity (65.00%), 
absorbance (40.00%) and final pH of 2.83. In this experiment, 6.50 mg L-1 of total soluble iron 
and 200.00 mg L-1 of H2O2 were used at an initial pH of 3.00. 

From the data produced  by the factorial design, the total soluble iron concentration, H2O2 
and pH values were varied  to determine the  best conditions for  the Fenton reaction in the 
treatment of laboratory effluent after coagulation/flocculation, starting with a concentration of 
total soluble iron (2.33 to 90.00 mg L-1) maintaining H2O2 at 200.00 mg L-1 and pH at 3.00. 

In Figure 4, it was clear that the COD removal values had maximum values in                             
13.00 mg L-1 concentration of total soluble iron (COD 32.37%).  When concentrations below 
13.00 mg L-1 of total soluble iron were analyzed, there was a loss of efficiency, caused by the 
low concentration of iron species capable of reacting with H2O2, and this reduced the generation 
of hydroxyl radicals in the medium. 

 
Figure 4. Effect of total soluble iron concentration on COD and turbidity removals through 
treatment with the Fenton reagent (H2O2 = 200.00 mg L-1, pH 3.00). Note:  the negative (-) signals 
represent an increase in value of the parameter in question. 

When going beyond a concentration of 13.00 mg L-1, there begins to be a decline in 
efficiency in the removal of organic matter. This is due to an increase in concentration of Fe+2 
that sequesters hydroxyl radicals, producing Fe3+ and OH- ions, as expressed in Equation 2 (Ma 
and Xia, 2009). 

𝐹𝐹𝐹𝐹2+ +  𝐻𝐻𝑉𝑉• → 𝐹𝐹𝐹𝐹3+ +  𝐻𝐻𝑉𝑉−    K= 2.5-5x108 L mol -1 s-1         (2) 

Because the  kinetic constant (2.5-5x108 L mol-1 s-1) is higher than the Fenton reaction  
Phase 1 reaction (Equation 2), the excess of Fe+2 in the system prefers the  reaction represented 
by  Equation 1 to the  reaction of  Equation 3, which confirms the  negative result of the high 
increase in the concentration of Fe+2 in the treatment. 

𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2𝑉𝑉2 + 𝐻𝐻+  →  𝐹𝐹𝐹𝐹3+ +  𝐻𝐻𝑉𝑉• +  𝐻𝐻2𝑉𝑉  40-80 L mol -1 s-1      (3) 
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In an analysis of turbidity, it can be seen that an excessive increase of concentration of Fe+2 
leads to a decrease in efficiency with regard to the removal of suspended/colloidal particles; 
this is shown in the graph of Figure 4, where there is a  concentration of around 50.00 mg L- 1 
of total soluble iron. This behavior can be explained  by the oxidation of Fe+2 to Fe+3 which, by 
hydrolysis in aqueous solution, leads to the  formation of iron and ferric hydroxides, which 
cause  increased turbidity in the treated  effluent,  as shown in  Equations 4, 5 and 6 (Morais 
and Brito, 2016). 

𝐹𝐹𝐹𝐹3+ + 6𝐻𝐻2𝑉𝑉  [𝐹𝐹𝐹𝐹(𝐻𝐻2𝑉𝑉)6]3+            (4) 

[𝐹𝐹𝐹𝐹(𝐻𝐻2𝑉𝑉)6]3+ +  𝐻𝐻2𝑉𝑉  [𝐹𝐹𝐹𝐹(𝐻𝐻2𝑉𝑉)5𝑉𝑉𝐻𝐻]2+ +  𝐻𝐻3𝑉𝑉+          (5) 

[𝐹𝐹𝐹𝐹(𝐻𝐻2𝑉𝑉)5𝑉𝑉𝐻𝐻]2+ +  𝐻𝐻2𝑉𝑉  [𝐹𝐹𝐹𝐹(𝐻𝐻2𝑉𝑉)4(𝑉𝑉𝐻𝐻)2]+ +  𝐻𝐻3𝑉𝑉+        (6) 

Figure 4 shows that keeping the concentration of H2O2 at 200.00 mg L-1 and pH 3.00 with 
a concentration of total soluble iron at 13.00 mg L-1 enabled the removal of COD to reach 
around 32.37%, with turbidity of 73.53% and final pH of 2.95. At the end of the treatment, the 
residual total soluble iron concentration was found to be 6.40 mg L-1, which is within the release 
standards established by Brazil (Conama, 2011) (i.e., 15.00 mg L-1.). 

In the next stage of the treatment, the influence of pH values was evaluated, and values of 
total soluble iron at 13.00 mg L-1 and H2O2 at 200.00 mg L-1 (Figure 5) were maintained. 

 
Figure 5. Effect of the variation of the pH values on COD and turbidity removals for the treatment with 
Fenton reagent (total soluble iron =13.00 mg L-1; H2O2 = 200.00 mg L-1). 

The efficiency removal rates of COD values (30.40%) and turbidity (74.00%), showed 
maximum values at pH 3.00. The treatment has a higher degree of efficiency in the acid range 
between pH 3-4, by directly increasing the concentration of Fe2+ in solution and the availability 
of the hydroxyl radicals in the medium (Lin et al., 2016). 

The efficiency of Fenton reagent depends on the formation of the hydroxyl radicals shown 
in Equation 3 and the increase of H+ ions induces the consumption of OH- ions by undergoing 
a displacement in the equation for the formation of hydroxyl radicals (Mirzaei et al., 2017). 
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When there was a pH value higher than 4.50, a decrease in COD removal percentage was 
observed, owing to the decrease of free iron species, together with formation of complex species 
and iron precipitates, as well as the degradation of H2O2 to O2 and H2O or the formation of 
anion HO2

- (Torradesa and Montañob, 2014). In conditions when there are neutral pH values, 
the reduction of H+ ions is induced, which reduces the productive efficiency of the hydroxyl 
radical. 

According to Nogueira et al. (2007), when the   pH value is smaller than 3.00, the rate of 
degradation also decreases, although iron species remains soluble, since high concentrations of 
H+ can sequester hydroxyl radicals, as shown in Equation 7: 

𝐻𝐻𝑉𝑉• + 𝐻𝐻+ +  𝐹𝐹−  →  𝐻𝐻2𝑉𝑉                      7 x 109 L mol -1 s-1     (7) 

In the last stage of Fenton's reagent, different concentrations of H2O2 were observed with 
constant values of total soluble iron of 13.00 mg L-1 and pH 3.00. The results for the variations 
of hydrogen peroxide are shown in Figure 6. 

 
Figure 6. Effect of H2O2 concentration on COD and turbidity removals through treatment with Fenton 
reagent (Total soluble iron = 13.00 mg L-1, pH 3.00). 

In the analysis of Figure 6, it was confirmed that concentrations of 200.00 mg L-1 of H2O2 
increase the removal of COD and turbidity; COD has a reduction efficiency of 30.40% and 
turbidity of 74.00%. Values greater than 200.00 mg L-1 reduce the removal efficiency, and have 
a negative effect on a high concentration of hydrogen peroxide, which reacts with hydroxyl 
radical and forms a hydroperoxyl radical (Equation 8) (Brito et al., 2010). 

𝐻𝐻𝑉𝑉• + 𝐻𝐻2𝑉𝑉2  →  𝐻𝐻𝑉𝑉2• +  𝐻𝐻2𝑉𝑉     K=1.7-4.5x107 L mol -1 s-1     (8) 

In addition to reacting to hydrogen peroxide, as is shown in Equation 9, hydroxyl radicals 
can react with each other, by regenerating hydrogen peroxide (eq 9), and reducing 
concentrations of the radical in the medium and reducing the efficiency of the Fenton reaction 
(Brito et al., 2010). 
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𝐻𝐻𝑉𝑉• + 𝐻𝐻𝑉𝑉•  →  𝐻𝐻2𝑉𝑉2     K= 5-8x109 L mol -1 s-1                      (9) 

Ragasson (2013) specifies that the typical ratio of [Fe+2] and [H2O2] is in the range of 1:5 
to 1:10 for greater efficiency of Fenton reagent; however, this ratio depends on the nature of 
the effluent and its organic load. 

After the reagent Fenton treatment for laboratory effluent, the relation between Fe2+ ions 
and hydrogen peroxide was 1:15.38. 

These concentrations was varied to determine the ideal concentrations of iron and 
hydrogen peroxide, which are always around the ratio 1:15 of soluble iron and hydrogen 
peroxide (the best ratio that has been found in this article), as shown in Figure 7. 

 
Figure 7. Study of Fe: H2O2 ratio in COD removal using the ratio obtained (1:15). 

From the perspective of the Fe: H2O2 (ratio of 1:15) COD removals ranged from 28.94% 
to 33.70%. It was decided to keep total soluble iron concentrations of 13.00 mg L-1 and H2O2 
of 200.00 mg L-1 with a removal percentage of around 32.05% COD. At concentrations of 15.00 
mg L-1of total soluble iron and H2O2 of 225.00 mg L-1, a COD removal of 33.70% was achieved; 
however, the increase of only 2.00% does not compensate for the extra expense of the chemical 
reagents. 

The selected concentration of 13.00 mg L-1 of total soluble iron may indicate whether there 
was removal of iron at the end of the slow filtration, by taking into account the assimilation of 
iron and manganese by the microbial consortium formed at the top of the layer of the filter bed 
called “schmutzdecke” and the adsorption of metals in microbial beds and from the formed 
biofilm in the sand layers (Arantes et al., 2014). 

On the basis of the study of the variables that had a direct influence on Fenton's reagent 
treatment, it could be  concluded what was the  optimal concentration in removal of both COD 
(30.40%) and turbidity (74.00%) -  using 200.00 mg L-1 of hydrogen peroxide and                                
13.00 mg L-1 of total soluble iron. With regard to pH, its greater efficiency was obtained at a 
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3.00 value. The final pH value after treatment was 2.95. The residual iron had a value of                          
6.67 mg L-1 and residual H2O2 of 0.42 mg L-1. 

After the treatments, there continued to be a problem concerning the discharge of the 
organic matter, which reached a COD value of 595.95 mg O2 L-1, and thus failed to reach the 
minimum value (450.00 mgO2 L-1) stipulated by the Brazilian Resolution of 2009 (AGR, 2009). 
For this reason, the use of combined slow filtration with coagulation/flocculation processes was 
recommended together with the Fenton reagent discussed above. This was used for final 
polishing with the aim of meeting current standards of effluent release in water bodies and, 
perhaps later, the end of reuse for non-potable purposes. 

3.3. Slow Filtration Treatment 
After the treatment by Fenton reaction, the pH was raised to 7.00. The pH around 7.00 

favors the growth of microorganisms that are essential for the development of the biological 
layer (“schmutzdecke”) at the top of sand layer and benefits from a good performance of the 
slow filter (Nascimento et al., 2012).  

The main parameter, which is still failing to comply with federal legislation regarding 
COD, reached a parameter for disposal ranging from 595.95 mg O2 L-1 to 346.21 mg O2 L-1 in 
the best treatment batch. 

After the fourth treatment batch, the slow filter starts the clogging process and it is 
necessary to clean the non-woven synthetic blankets on top of the sand filter layer before 
starting treatment again. 

After the integration of technologies in these studies, the following analyses were 
performed before and after proposed treatments and properly discussed as follows. 

3.4. Analysis of the Parameters Investigated 
In the study of pH values, it was observed that after the treatment by 

coagulation/flocculation, there is a   reduction of the pH value which achieves a final value of 
5.81. This is due to hydrolysis of iron which releases protons (H+) during the formation of 
hydroxylating species of iron in the reaction medium (Marcionilio et al., 2015). 

In the treatment of the Fenton reagent, the initial pH value was 3.00, but at the end of the 
process, this value changed to 2.95. This reduction is due to the release of H+ ions during the 
regeneration process of the catalyst represented in Equations 10 and 11 (Sohrabi et al., 2017). 

𝐹𝐹𝐹𝐹3+ +  𝐻𝐻2𝑉𝑉2  →  𝐹𝐹𝐹𝐹𝑉𝑉𝑉𝑉𝐻𝐻2+ +  𝐻𝐻+                         K = 0.001–0.01 L mol -1 s-1               (10) 

𝐹𝐹𝐹𝐹𝑉𝑉𝑉𝑉𝐻𝐻2+  →  𝐹𝐹𝐹𝐹2+ +  𝐻𝐻𝑉𝑉2•    K = 2.7x10-3 L mol -1 s-1                                 (11) 

The decomposition of the hydroperoxyl radical also triggers the release of protons in 
medium (Equation 12) (Giannakis et al., 2016). 

𝐻𝐻𝑉𝑉2•  → (𝑉𝑉2•−) +  𝐻𝐻+     K = 1.58 x 105 L mol -1 s-1    (12) 

The reaction between ferric ion and the hydroperoxyl radical also leads to the regeneration 
of ferrous ions with a release of oxygen gas and H+ ions, as expressed in Equation 13 
(Babuponnusami and Muthukumar, 2014). 

𝐹𝐹𝐹𝐹3+ +  𝐻𝐻𝑉𝑉2•  →  𝐹𝐹𝐹𝐹2+ +  𝑉𝑉2 +  𝐻𝐻+   K=0.33-2.1x106 L mol -1 s-1                         (13) 

At the end of the integration of the treatment technologies, the final pH value was 6.93, 
which is within the allowed range for disposal (between 5-9) according to Brazilian legislation 
(Pompei et al., 2017). 
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With regard to the absorbance analysis, it should be noted that at a wavelength of 320 nm 
researchers have found the presence of aromatic rings in solution. In addition, it is reported that 
at wavelengths of 200 to 300 nm, the main structures are carbonyl, carboxyl, nitroso and nitrite. 
At 292 nm, the most likely compounds are: aromatic amino acids and highly conjugated 
aliphatic chain volatile compounds, at 328 nm naphthalene and its derivatives (Hu and Wang, 
2017). 

Colored organic compounds have a chromophore group attached to a conjugated double 
bonds system. These chromophoric groups have unsaturated bonds such as C = O and N = N 
(Durigan et al., 2012). 

Within this scenario for absorbance analysis, it was noted that during the post-reaction 
Fenton treatment, there was an increase of 65.71% of absorbance at 200 nm, possibly owing to 
the generation of intermediates that are strongly absorbent at this wavelength. According to Hu 
and Wang (2017), at 200-250 nm absorbance, the values may represent carboxyl functional 
groups that are strongly absorbent in this range. 

The overall final removals of absorbance in this study were 83.50% at 200 nm and 86.25% 
at 320 nm for 400 minutes of treatment. 

With regard to the turbidity analysis, the crude effluent showed a value of 134.40 NTU, 
and the final value obtained was 0.78 NTU in accordance with the limits allowed by Brazil 
2005 (Conama, 2005), which establishes a value below 40.00 NTU in Class 1 waters. After 
crude laboratory effluent is treated by the coagulation/flocculation process, it already acquires 
a value of 4.1 NTU, which is within the limits imposed by federal legislation.  After integrating 
three technologies, it was possible to obtain 99.41% of the removal value of this analytical 
parameter. 

In the analysis of total soluble iron, the treated laboratory effluent had a total residual 
soluble iron concentration of 0.56 mg L-1, after combined treatments. Compared with the crude 
laboratory effluent, this value obtained a reduction of 99.32% with regard to the initial 
concentration of total soluble iron (82.49 mg L-1). 

In the same way as in the first turbidity stage of coagulation/flocculation treatment, the 
greatest removal value of this parameter (iron) was 96.19%.  This was due to the formation of 
iron hydroxylating species that interacts with colloids of medium to form cohesive flakes with 
good sedimentability; the action of the anionic polymer is of considerable importance for the 
interaction of the Fe2+/Fe3+ ions and reducing their availability to aqueous medium (Ma and 
Xia, 2009). 

The slow filtration process is also responsible for the removal of iron that enters in the 
treatment system with a concentration of 7.54 mg L-1 and has a final value of 0.56 mg L-1. The 
processes of straining, sedimentation, inertial impaction, interception, adhesion, flocculation, 
diffusion, adsorption and biological activity (a microbial consortium called “schmutzdecke”, 
which is described above and which consumes iron and manganese) have been suggested as 
mechanisms that can be employed for contaminant removal in slow filtration (Bagundol et al., 
2013). In this way, soluble iron concentration also reaches parameters for disposal that comply 
with   Resolution Brazil 2011 (Conama, 2011) which provides a maximum of 15 mg L-1 of total 
iron for disposal in hidric bodies. 

The Residual hydrogen peroxide in crude laboratory effluent had a concentration of                          
1.13 mg L-1. During the second stage, the Fenton reaction added 200.00 mg L-1 of H2O2 where 
almost all of the H2O2 was consumed during the homogeneous catalytic process (phase 1 of 
Fenton Equation 3) with a final concentration after the Fenton reaction of 0.41 mg L-1 and 
overall removal with combination treatments of 92.92%. 

The removal of this value is extremely important because hydrogen peroxide is an 
oxidizing agent (1.42 V) that can continue the process of oxidation in aqueous medium if it 
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does not decompose rapidly in water and molecular oxygen (Brito et al., 2015). In addition, the 
high presence of H2O2 prevents a visualization of spectral changes in wavelengths between 200-
300 nm, although in this article it was possible to determine the decrease of signals in these 
regions, which may indicate a degradation of aromatic intermediates (Salvador et al., 2012). 

Through the analysis of the Chemical Oxygen Demand, it was possible to achieve an 
overall removal of 75.27% with a final COD of 346.21 mg O2 L-1, thus obtaining  a parameter 
for disposal that is in compliance with  Brazilian  Resolution 2009 (AGR, 2009), which 
recommends a final disposal of COD in the order of 450.00 mg O2 L-1. The Fenton reaction, 
which is technology that involves the oxidation of organic matter, contributed to 30.40% of the 
removal. Fenton's reagent is an extremely promising remediation technology because it has a 
relatively low cost and high degree of efficiency compared with other advanced oxidations. 

The dissolved oxygen (DO) analysis in crude laboratory effluent showed a value of               
1.70 mg L-1, a value that can be explained by the high organic load and oils and greases present 
in the studied effluent. After treatment with Fenton's reagent, the final dissolved oxygen 
concentration was 4.70 mg L-1, which is an increase of 63.82% in the value of this parameter. 

The intermediate reactions of the Fenton process explains the increase of O2 concentration 
in the treated wastewater, hydroperoxyl radical in an aqueous solution is formed in reaction to 
Phase 02 during the regeneration of the catalyst. This leads to a   reduction of ferric ions to 
ferrous ions and forming oxygen gas and acidifying medium (Equation 13) (Morais and Brito, 
2016). 

𝐹𝐹𝐹𝐹3+ +  𝐻𝐻𝑉𝑉2•  →  𝐹𝐹𝐹𝐹2+ +  𝑉𝑉2 +  𝐻𝐻+   K=0.33-2.1x106 L mol -1 s-1                         (13) 

According to Frade (2013), the hydroperoxyl radical still undergoes decomposition and 
generates a superoxide radical (O2

•-), since it is involved in the reduction cycle between Fe+2 
and Fe+3. It also leads to an increase of concentration of O2 in treated wastewater (Equations 
12, 14 and 15). 

𝐻𝐻𝑉𝑉2•  → (𝑉𝑉2•−) +  𝐻𝐻+     K = 1.58 x 105 L mol -1 s-1    (12) 

𝐹𝐹𝐹𝐹2+ +  𝑉𝑉2•−  →  𝐹𝐹𝐹𝐹3+ +  𝑉𝑉2−2   K=1 x 107 L mol -1 s-1     (14) 

𝐹𝐹𝐹𝐹3+ +  (𝑉𝑉2•−)  →  𝐹𝐹𝐹𝐹2+ +  𝑉𝑉2   K = 5 x 107 L mol -1 s-1    (15) 

In addition, residual hydrogen peroxide releases water and oxygen gas during its 
decomposition, and thus increases the DO concentration in treated effluent. It is worth noting 
that the decrease of the concentration of organic matter and the aeration in the jar test can also 
assist in increasing the dissolved oxygen. 

After treatment by slow filtration, there was a reduction in the DO value and the final value 
was 3.22 mg L-1 at the end of the integration of the technologies, which included the following:  
physical absorption in the non-woven synthetic blanket, adsorption of chemicals in the sand 
layers and biological processes. For instance, dissolved organic material may be trapped in the 
filter that is adsorbed and metabolized by microorganisms. All these phenomena may affect the 
variation of the DO values (Arantes et al., 2014). 

In the case of the phenolic compounds, crude laboratory effluent showed a high 
concentration of 84.83 mg L-1, during combined treatments. It showed a 94.12% reduction with 
a final value of 4.98 mg L-1, despite the fact that high reduction treated effluent is not suitable 
for the release standards established by Brazilian legislation of 2011. This has a maximum 
concentration of 0.5 mg L-1 of total phenols as a standard for the discharge of effluent, and 
requires other technologies to provide guidelines for the phenols. 
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The oils and greases parameter was determined for the crude laboratory effluent after the 
three treatment technologies had been combined, namely i): coagulation/flocculation; ii) the 
Fenton reaction; and iii) slow filtration resulting in a reduction of 99.10%, which is a significant 
value in percentage terms. The values fell from 134.60 mg L-1 in crude laboratory effluent to 
1.20 mg L-1 in post-filtration effluent during 400 minutes of treatment. The final result of                 
1.20 mg L-1 is a much lower value than the established threshold in Brazilian Resolution 2011 
(Conama, 2011) for mineral oils up to 20 mg L-1 and 50 mg L-1 for vegetable oils and animal 
fats. 

In the analysis of total organic carbon, the crude laboratory effluent showed a total organic 
carbon (TOC) value of 56.42 mg L-1 after combined treatments, a reduction of 87.54% with a 
final value of 7.02 mg L-1. The results showed that combined processes are efficient, not only 
in degrading organic compounds, but also perhaps in the degradation that is continued until a 
complete mineralization. 

When the COD value (1400.49 mg O2 L-1) and TOC value (56.42 mg L-1) were calculated 
for crude laboratory effluent, the value obtained in TOC / COD ratio was 0.04. After treatment, 
COD and TOC values reached 346.21 mg O2 L-1 and 7.02 mg L-1 respectively. The TOC/COD 
ratio fell to 0.02, which is indicative of the destruction of heteroatomic groups and unsaturations 
(Aquino et al., 2006; Morais and Brito, 2015; 2016). 

In an analysis of the solids series for this type of effluent, there are no settleable solids and 
the most significant results are a 54.73% increase over total fixed solids treatment. This increase 
over total fixed solids treatment represents an estimate of inorganic matter, an interesting fact 
that shows the mineralization of organic compounds in CO2, H2O and inorganic ions. In the 
analysis of total volatile solids that represent an estimate of organic matter, there was an overall 
reduction of 74.49%, a result that can be regarded as significant (Munoz et al., 2012). 

3.5. Reuse of wastewater for non-potable purposes. 
The criteria and guidelines used to determine the possibility of reusing   treated liquid 

effluents, were based on publications from government agencies such as ABNT (1997) and 
USEPA (2012), as well as from Oenning Junior and Pawlowsky (2007); Tonetti et al., (2012); 
and Da Silva and Santana (2014). 

In this article, a study was carried out of two guidelines mentioned previously and a 
summary was made of the limit values of the main analytical parameters, that included the 
feasibility of reuse for non-potable purposes. 

The parameters studied for this purpose were as follows: pH, total iron, COD, dissolved 
oxygen, turbidity, Total Organic Carbon (TOC) and oils and greases. 

The analytical parameters pH (6.73), total iron (0.56 mg L-1), dissolved oxygen (DO                  
3.22 mg L-1), turbidity (0.78 NTU) and total organic carbon (7.02 mg L-1) are below the 
thresholds set by the guidelines with regard to reuse for non-potable purposes. 

The values for reuse (non-potable purposes) are: 

- pH value 6-9 

- Total iron ≤ 5.00 mg L-1 

- DO≥ 2.00 mg L-1 

- Turbidity ≤ 30 NTU 

- TOC ≤ 10.00 mg L-1 

However, the COD analyses (346.21 mg O2 L-1) and oils and greases (1.20 mg L-1) did not 
reach the thresholds set by the cited guidelines. 
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The values for reuse (non-potable purposes) are: 

- COD ≤ 90.00 mg O2 L-1 

- Oils and greases ≤0.05 mg L-1 

When adopting  an approach using only Brazilian legislation (ABNT, 1997), DO, Oils and 
greases, settleable solids and pH values were included  in  Class A for reuse for surface water 
recharge (the dam designed  for public supply, or for rivers up to 10 km upstream of this dam, 
regardless  of the distance from the catchment point and reservoir volume). 

4. CONCLUSION 

The optimum concentrations of anionic polymer, Fe+2, H2O2 and pH values were obtained 
during a treatment that integrated coagulation/flocculation with the Fenton treatment followed 
by slow filtration. They had the following values: Coagulation/Flocculation                                             
(total iron= 82.49 mg L-1, anionic polymer = 0.80 mg L-1 and pH = 6.00), Fenton reagent                  
(total iron=13.00 mg L-1, H2O2 = 200.00 mg L-1 and pH = 3.00) and slow filtration (pH = 7.00 
and filtration rate 3 m3m-2.d-1). 

The coagulation/flocculation/Fenton reagent followed by slow filtration showed the main 
final removals: 75.27% COD removal with a final value of 346.21 mgO2 L-1; 83.50% 
absorbance removal (200 nm) displaying  a final value of 0.94; 86.25% absorbance removal 
(320nm) with a final value of 0.22 and 99.41% turbidity removal with final turbidity of                      
0.78 NTU. The total treatment time was 400 minutes. 

The levels of total organic carbon (TOC) in treated effluent were evaluated by assessing 
the efficiency of the organic matter removal. The effluent treated at the end of the integration 
showed a reduction of 87.54% with a final value of 7.02 mg L-1; it can thus be concluded that 
combined treatments are efficient in the removal of organic compounds and can lead to 
degradation in the form of a complete mineralization. 

The possibility of reuse for non-potable purposes of laboratory effluent when the obtained 
results are compared is established through values based on a set of guidelines. It can be 
concluded that treated effluent is not feasible for reuse, since it is necessary to increase the 
efficiency of the treatment by conducting more stages of treatment or improving the studied 
technologies, as well as monitoring other analytical parameters. 
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RESUMO 
Os incêndios e as queimadas que ocorrem no Pantanal causam grandes prejuízos à fauna e 

flora locais. A previsão de eventos é de grande importância por possibilitar que as catástrofes 
nesse ecossistema sejam amenizadas ou, até mesmo evitadas. Este estudo teve como objetivo 
avaliar as ocorrências de queimadas e incêndios no Pantanal Sul-Mato-Grossense, associadas 
às variáveis meteorológicas e realizar uma modelagem de previsão a partir de técnicas de 
análise multivariada de dados. As variáveis ambientais envolvidas nesse processo foram 
extraídas da base de dados do Centro de Previsão de Tempo e Estudos Climáticos do Instituto 
Nacional de Pesquisas Espaciais (INPE) e do banco de dados meteorológicos para ensino e 
pesquisa do Instituto Nacional de Meteorologia (INMET). Foram observadas que a 
temperatura, umidade relativa e radiação solar, possuem um relacionamento estreito com a 
ocorrência dos focos e as correlações resultantes foram satisfatórias para a aplicação das 
modelagens de previsão. A técnica de Regressão Linear Múltipla apresentou 41% de 
ajustamento e a técnica de Análise Auto-regressiva Integrada de Médias Móveis apresentou 
ajustamento de 66,5% e desempenho geral de 68,4%, tornando-a a metodologia mais 
recomendada para a previsão. 

Palavras-chave: bioma pantaneiro, perfil climatológico, previsão de fogo. 

Fires in the Pantanal: modeling and forecasting using multivariate 
analysis techniques 

ABSTRACT 
The occurrence of fires in Pantanal causes great damage to the local fauna and flora. 

Predicting these events is of great importance, enabling catastrophes in this ecosystem to be 
mitigated or even avoided. This study evaluated the occurrence of fires in Southern Pantanal 
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associated with meteorological variables and created a predictive model using multivariate data 
analysis techniques. The environmental variables involved in this process were extracted from 
the database of the Center for Weather Forecasting and Climatic Studies of the National 
Institute of Space Research (INPE) and the meteorological database for teaching and research 
of the National Institute of Meteorology (INMET). It was observed that temperature, relative 
humidity and solar radiation have a close relationship with the occurrence of fires and the 
resulting correlations were considered satisfactory for the application of forecasting models. 
The Multiple Linear Regression technique presented an adjustment of 41% and the Integrated 
Averaging Analysis of Moving Averages presented an adjustment of 66.5% and a general 
performance of 68.4%, making it the most-recommended forecasting methodology. 

Keywords: biome pantaneiro, climatological profile, fire forecast. 

1. INTRODUÇÃO 

A ocorrência de incêndios no Pantanal Sul-Mato-Grossense representa uma ameaça para a 
conservação da biodiversidade local, com influência nas condições climáticas desse importante 
bioma, causando sérias consequências à manutenção de processos ecológicos, com reflexos 
inclusive na permanência do homem nesse habitat natural (Nogueira e Santos, 2015).  

Em grande parte as queimadas e incêndios ocorrem por causas antrópicas (Trejo, 2008; 
Santos e Nogueira, 2015; White e White, 2016; Clemente et al., 2017). Na estação de estiagem 
encontram condições propícias a se propagarem em alta magnitude pois,  os fatores climáticos 
e meteorológicos, tais como elevadas temperaturas, radiação solar, baixa umidade relativa do 
ar e vento, potencializam a sua ocorrência, visto que, o ar mais seco aumenta a 
evapotranspiração dos vegetais e favorece maior atuação da radiação solar sobre a superfície 
terrestre que, por sua vez, eleva a temperatura do ar, criando um ambiente facilmente propício 
ao processo de combustão (Deppe et al., 2004; Magi et al., 2012; Gonçalves e Vieira, 2013; 
Almeida et al., 2016). 

Os danos decorrentes dos processos de queimadas e incêndios nos diversos componentes 
do bioma são: i) na vegetação ocorrem perdas de espécies nativas; ii) no solo ocorrem a 
destruição da camada orgânica, a sua exposição e o enfraquecimento; mudanças nas 
propriedades físicas (porosidade e penetrabilidade da água); deslizamentos e erosão; iii) na 
fauna ocorrem mortes dos animais, destruição de ninhos e modificação do habitat (animais 
migram por busca de alimentos e abrigo); iv) nas propriedades ocorrem destruição de casas, 
construções, veículos, maquinários e equipamentos diversos; v) na vida humana ocorrem 
problemas respiratórios decorrentes da poluição atmosférica , acidentes em estradas causados 
pela fumaça, e morte de pessoas envolvidas no combate ao fogo (Freitas et al., 2005; Pereira et 
al., 2012; Soares et al., 2009; Silva, 2014; Nunes et al., 2015). 

A concentração de queimadas e incêndios ocorre entre os meses de julho a novembro, no 
bioma pantaneiro do Estado de Mato Grosso do Sul, também denominado de período JASON, 
caracterizado pela estação seca, onde os elementos climáticos contribuem fortemente com o 
processo de combustão da vegetação, registrando maior incidência no município de Corumbá 
(Viganó et al., 2017).  

Estudos sobre a composição elementar das partículas de aerossol resultantes dessas 
queimadas mostram que a emissão de carbono grafítico (Black-carbon) durante a estação seca 
associada a elementos conhecidos como traçadores de emissões de queimadas, Enxofre (S), 
Potássio (K), Cloro (Cl), Cálcio (Ca) e Zinco (Zn), potencializam a ocorrência das queimadas 
e consequentemente o efeito estufa (Nogueira e Santos, 2015; Artaxo et al., 2006).  

Diante da constatação dos grandes prejuízos causados pelo processo de combustão no 
bioma pantaneiro, a previsão, o controle e a fiscalização desses eventos são de considerável 
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interesse às autoridades competentes e ao homem pantaneiro. E nessa perspectiva, determinar 
e prever a localização dos focos, os riscos e as ocorrências, representa um desafio para a 
elaboração de planos de conservação ou de manejo.  

Segundo Silva (2014) e Morrison (2014), o meio mais eficiente e de baixo custo em países 
de grande extensão territorial, como o Brasil, é o monitoramento de queimadas e incêndios por 
meio de imagens orbitais de satélites pelo processo de sensoriamento remoto, que permite 
detectar e localizar os focos em tempo real. Outras ferramentas que podem ser utilizadas para a 
previsão de focos de queimadas são as técnicas de análise multivariada de séries temporais, 
através das quais, a partir de uma massa de dados sobre os valores de algumas variáveis 
meteorológicas que influenciam a ocorrência de queimadas e do seu número de focos, é possível 
obter uma previsão de ocorrência do fenômeno. 

Desse modo, o objetivo deste trabalho foi utilizar conceitos de análise de regressão linear 
múltipla e de médias móveis autorregressivas integradas para determinar uma modelagem 
matemática de previsão sobre o número de focos de incêndios no bioma do Pantanal de 
Corumbá, levando-se em conta os níveis de medidas de uma série de variáveis meteorológicas, 
como preditoras e avaliar a correlação existente entre a ocorrência desses focos com essas 
variáveis meteorológicas. 

2. MATERIAIS E MÉTODOS  

2.1. Área de Estudo 
Localizada na bacia do Alto Paraguai, na região Centro-Oeste do Brasil, às margens do rio 

Paraguai e na fronteira com a Bolívia, Corumbá é a quarta maior cidade do Estado de Mato 
Grosso do Sul, com cerca de 104.000 habitantes, a primeira cidade do Estado em extensão 
territorial, com aproximadamente 65.000 km2, onde 95% do total de sua área é bioma Pantanal 
(IBGE, 2016). Dentre os nove municípios que constituem o Pantanal Sul-Mato-Grossense, 
Corumbá representa 69% do bioma. 

A localização geográfica de Corumbá está compreendida entre as coordenadas de 
19°00’32’’ S e 57°39’10’’ W e altitude de 118 m acima do nível do mar. A classificação 
climática de Corumbá, pertence ao tipo Aw (Clima Tropical Úmido Megatérmico), ou seja, 
clima Tropical de Altitude, com verões quentes e chuvosos, e inverno seco (Brasil, 1982). 

De acordo com a Secretaria do Estado de Meio Ambiente e Desenvolvimento Econômico 
de Mato Grosso do Sul (SEMADE), e com a caracterização da cidade no RADAMBRASIL, o 
município de Corumbá divide-se em três regiões geomorfológicas: Região do Pantanal Mato-
Grossense; Região da Depressão do Alto Paraguai e Região da Bodoquena e Morrarias do 
Urucum-Amolar. 

A cobertura vegetal predominante é o Cerrado típico do Pantanal, Cerrado Parque e 
Cerrado Arbóreo Aberto. Nos locais mais elevados, há áreas de matas e, ao sul do município, 
ocorre vegetação chaquenha; nas áreas mais baixas, encontram-se as palmeiras carandá e o 
paratudal, que trata de formação savânica alagável (Brasil, 1982; IBGE, 2016). 

2.2. Coleta de dados 
As informações das variáveis climatológicas e meteorológicas analisadas foram extraídas 

do (1) sistema de informações geográficas do banco de dados meteorológicos para ensino e 
pesquisa do Instituto Nacional de Meteorologia (INMET), utilizando a estação de coleta 83552 
(19°00’36’’ S e 57°38’60’’ W), e (2) do banco de dados da plataforma de coleta 31949 
(19°01’19.2’’ S e 57°39’7.2’’ W), disponível no Centro de Previsão de Tempo e Estudos 
Climáticos do Instituto Nacional de Pesquisas Espaciais (CPTEC– INPE) numa série temporal 
de 2005 a 2015.  

Foram utilizadas 24 medidas diárias das variáveis preditoras (disponíveis de hora em hora 
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das 00h00 às 24h00) de cada variável meteorológica (total de 18 diferentes variáveis testadas), 
constituindo uma massa de dados inicial de 1.710.720 registros para toda a série temporal de 
janeiro a dezembro de 2005 a 2015. Para o período de julho a novembro (JASON), utilizaram-
se 712.800 registros na mesma série de medidas meteorológicas que foram tratadas para as 
modelagens. A base de dados da contagem dos focos, foi constituída apenas pelo total diário de 
focos detectados nos horários da passagem do satélite de referência, o que significa que essa 
contagem corresponde apenas à uma fração do total dos focos ocorridos, por este estudo se 
tratar da aplicação de técnicas de análise multivariada. Para a análise das variáveis 
meteorológicas do município, foram ainda calculados valores médios diários (série de 11 anos 
de dados), que foram calculadas a partir das médias compensadas diárias de cada variável, dada 
por X = (2.x00 + x12 + xmáx + xmín), onde X representa a variável em análise; x00 e x12 são os 
valores da variável em análise observadas à 00h00 e às 12h00 do tempo médio de Greenwich 
(TMG) e; os valores extremos xmáx e xmín são os valores dos registros máximo e mínimo dentro 
do intervalo de 24h00 de cada variável. 

Com isso, a base de dados já tratada com as descrições acima, foi configurada com os 
dados médios compensados diários das variáveis meteorológicas (variáveis independentes) e 
com os quantitativos totais de referência diários dos focos (variável dependente), ou seja, cerca 
de 1650 dias avaliados. 

Os dados da variável ambiental, número de focos, foram obtidos da Divisão de Geração de 
Imagens (DGI) do Instituto Nacional de Pesquisas Espaciais (INPE), que recebe e processa as 
imagens dos satélites de referência da série National Oceanic Atmospheric Administration - 
NOAA-12 (de 2005 a 2007) e da National Aeronautics and Space Administration - NASA 
AQUA M-T (de 2008 a 2015), por meio, respectivamente, dos sensores Advanced Very High 
Resolution Radiometer – AVHRR e Moderate Resolution Imaging Spectroradiometer - 
MODIS, cujas informações mantêm o mesmo padrão de amostragem temporal e de detecção, 
possuem horário de passagem em um mesmo ponto da Terra estável ao longo dos anos e são 
considerados isentos de falsas detecções em decorrência de reflexos do Sol na superfície 
terrestre. Cabe salientar que foram utilizadas medidas diárias disponíveis dos dados dos focos 
detectados pelos satélites de referência para a aplicação dos métodos multivariados de previsão 
de séries temporais, por apresentarem menores coeficientes de variação. 

As variáveis meteorológicas selecionadas para o estudo da análise de correlação com o 
número de Focos (N) foram: Temperatura Instantânea do Ar (oC) (TAr);Temperatura Máxima 
do Ar (oC) (TMax); Temperatura Mínima do Ar (oC) (TMin); Temperatura do Solo (oC) a                      
100 mm, 200 mm e 400 mm de profundidade (TSolo 100, 200, 400); Precipitação (mm) (P); Umidade 
Relativa (%) (URel); Umidade Absoluta (%) (UAbs); Velocidade do Vento (m/s) a 10 metros 
(VVento); Direção do Vento Máximo (oNV) (DMax); Direção do Vento (oNV) (D); Pressão 
Atmosférica (mB) (PAtm); Radiação Solar Acumulada (MJ m-3) (RSolar); Contagem de Água no 
Solo (m3) 100 mm, 200 mm e 400 mm de profundidade (CSolo 100, 200, 400). 

2.3. Técnicas de Análise Multivariadas para as previsões 
Para as modelagens das previsões dos focos foram utilizadas as técnicas de Regressão 

Linear Múltipla (RLM) e Análise Auto-Regressiva Integrada de Médias Móveis (ARIMA) 
(Hair Jr. et al., 2005; Morettin e Toloi, 2006; Caúla et al., 2016). Em ambos os modelos foram 
consideradas como variável dependente o número de focos e as variáveis meteorológicas como 
independentes. Os modelos foram testados com a série total de dados de janeiro de 2005 a 
dezembro de 2015 e, posteriormente, para o período de seca nos meses de julho a novembro 
com os dados das médias compensadas diárias das variáveis meteorológicas e as quantidades 
totais de referência de focos diários.  

As técnicas foram executadas no software IBM-SPSS, sendo que, para o modelo RLM foi 
utilizada a configuração “stepwise”, com nível de significância de 5%, e para o modelo ARIMA 
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foi adotada a configuração “expert modeler”, com a previsão após o último caso em análise e 
até cinco passos adiante.  

2.4. Análises Estatísticas 
As análises estatísticas aplicadas aos modelos para os ajustes, a validação e o desempenho 

foram: a) Correlação de Pearson das variáveis independentes com relação a variável 
dependente; b) Análise de Variância (ANOVA) e estatística F; c) Significância (p-valor); d) R2 
e R2 ajustado; e) Teste de Durbin-Watson; f) Análise do Fator de Inflação da Variância; g) 
Análise dos Resíduos; h) Critério de Informação Bayesiano (BIC); i) Análise das funções de 
Autocorrelação dos Resíduos; j) Análise de Erros: raiz do erro quadrático médio (RMSE), erro 
percentual absoluto médio (MAPE) e erro absoluto médio (MAE) (Brito et al., 2016). 

3. RESULTADOS E DISCUSSÃO 

Foram detectados 27.902 focos nos meses de julho a novembro, no período de 2005 a 
2015.A Tabela 1 apresenta a distribuição mensal dos focos, as médias mensais, os desvios 
padrão e os coeficientes de variação correspondentes, para a série analisada, ao longo dos meses 
de janeiro a dezembro, no período de 2005 a 2015, obtida de todos os sensores dos satélites que 
operam na faixa termal de 4 µm, sem sobreposição na leitura dos focos, para a varredura de 24 
medidas horárias ao dia. 

Tabela 1. Estatística mensal dos focos para os anos de 2005 a 2015, no bioma pantaneiro 
de Corumbá (MS). 

ANO 

MÊS 

JAN FEV MAR ABR MAI JUN JUL AGO SET OUT NOV DEZ 

2005 3 45 22 37 134 224 535 2475 819 247 47 20 
2006 4 19 17 6 34 7 65 262 387 58 40 0 
2007 2 7 4 15 14 38 64 811 1443 205 32 5 
2008 8 3 12 14 5 3 27 166 889 252 24 157 
2009 161 88 45 219 859 255 265 591 855 662 331 36 
2010 13 38 62 67 34 61 332 646 773 288 174 221 
2011 52 13 1 1 11 18 43 80 258 98 344 492 
2012 154 59 75 38 118 76 469 2709 1792 522 53 86 
2013 93 33 92 28 36 4 75 254 460 207 259 105 
2014 94 64 16 49 12 17 24 58 191 271 111 16 
2015 77 41 11 20 30 188 152 708 781 341 200 290 

Média 60 37 32 45 117 81 186 796 786 286 147 130 
DP* 59 26 30 59 239 91 189 884 509 231 116 147 
CV* 98 70 94 131 204 112 102 111 65 81 79 113 

*DP: Desvio padrão; CV: Coeficiente de Variação (%). 

Observa-se, na Tabela 1, que as médias mensais no período de 2005 a 2015 crescem muito 
a partir do mês de julho, com picos em agosto e setembro, atingindo os seus valores médios 
máximos (796 focos e 786 focos, respectivamente). Os desvios padrão e, consequentemente, os 
coeficientes de variação têm valores altos, indicando uma grande heterogeneidade dos dados, o 
que é compreensível, pois, no primeiro semestre, acontecem poucos focos ao passo que no 
segundo semestre, estação seca, eles aumentam consideravelmente.  

Com isso, o período selecionado para a aplicação das técnicas de previsão RLM e ARIMA, 
restringiu-se aos meses de julho, agosto, setembro, outubro e novembro de cada ano, 
denominado de período JASON, que corresponde aos meses em análises por se tratar de ser o 
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período com a maior concentração de ocorrência de focos. Para a análise das séries temporais, 
foram utilizados os focos detectados apenas pelos satélites de referência NOAA-12 e NASA 
AQUA M-T, por apresentarem órbita polar, o que gera dados que podem ser analisados 
estatisticamente para as mesmas regiões ao longo dos anos com erros minimizados e efeitos 
atmosféricos corrigidos. 

Para a execução da análise de regressão foi aplicada a transformação logarítmica de base 
10 sobre os valores da variável número de focos (Log(N)), para estabilizar a variância devido 
à grande variabilidade desses dados, pois, as previsões devem se caracterizar pela acurácia de 
seus resultados, pela simplicidade dos métodos empregados e pela confiabilidade estatística dos 
modelos empregados para gerar previsões. 

A Tabela 2 mostra os resultados da correlação linear entre a variável Log(N) e as variáveis 
meteorológicas preditoras.  

Tabela 2. Correlação linear de Pearson (r) entre a 
variável Log (N) e as variáveis meteorológicas 
preditoras, no período de 2005 a 2015, no 
município de Corumbá (MS). 

Variáveis r Variáveis r 

TMax (°C) 0,383 CSolo100 (m3) -0,041 
TAr (°C) 0,092 CSolo200 (m3) -0,144 
TMin (°C) 0,104 CSolo400 (m3) -0,038 
RSolar (MJ m-2) 0,310 DMax (oNV) -0,080 
TSolo100 (°C) 0,183 D (oNV) -0,090 
TSolo200 (°C) 0,165 P (mm) -0,085 
TSolo400 (°C) 0,013 PAtm (mB) -0,019 
VVento10 (m s-1) 0,114 URel (%) -0,564 
VVentoMax (m s-1) 0,067 UInst (%) 0,037 

Os valores negativos apresentados pelas correlações de Pearson (r) significam que, quanto 
menores os valores da variável preditora, maiores as chances de ocorrências de queimadas. 
Entretanto, se o valor de r for positivo, quanto maiores forem os valores das variáveis preditoras, 
maiores serão as chances de ocorrências de focos. 

As variáveis meteorológicas que mais contribuem para a ocorrência de focos, de acordo 
com a análise de correlação para a aplicação dos métodos de RLM e ARIMA, são temperatura 
máxima, umidade relativa e radiação solar, as quais apresentaram os maiores valores absolutos 
de r. As demais variáveis preditivas que foram desconsideradas no modelo de regressão 
explicam o fenômeno em menos de 2%, por se tratarem de termos indiretos, já associados com 
os fatores preditivos e apresentarem multicolinearidade com as demais variáveis.  

Comparando os dados da Tabela 1 com os dados de Torres et al. (2011), sobre um estudo 
de ocorrência de incêndios em Juiz de Fora (MG), as correlações de Pearson mais significativas 
que se apresentaram mais próximas do presente trabalho foram as variáveis meteorológicas 
Radiação solar (r = 0,357), Temperatura máxima (r = 0,182) e Umidade relativa (r = -0,467), 
diferindo-se na temperatura pelas diferenças geográficas e climatológicas das duas regiões 
comparadas. Esse resultado, confirma a escolha das variáveis meteorológicas para as técnicas 
de modelagens aplicadas. 

A variabilidade mensal para o período JASON para a série temporal de 2005 a 2015 do 
número de focos, da temperatura máxima, da umidade relativa e da radiação solar são 
apresentadas na Figura 1. É possível observar no gráfico da Figura 1 que a série que representa 
o número de focos (representado pelas barras) está disposta mensalmente, com cada barra 
correspondendo aos meses do período JASON (de julho a novembro). 
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Figura 1. Variabilidade das médias mensais dos dados meteorológicos (Temperatura, Radiação 
e Umidade Relativa), relacionadas ao número total de focos para o período JASON da série 
temporal de 2005 a 2015, no município de Corumbá (MS). 

Analisando o comportamento das variáveis meteorológicas com relação ao número de 
focos, verifica-se que, em geral, os maiores valores do número de focos ocorreram para os 
menores valores da umidade relativa, mostrando a correlação inversa entre essas duas variáveis 
como pode ser observado para o mês de setembro dos anos de 2007 e 2012. A baixa umidade 
relativa do ar influencia diretamente na vegetação, tornando-a mais seca, o que torna propício 
o aumento de material combustível e, consequentemente, a susceptibilidade ao processo de 
combustão. Os picos dos focos ocorreram para os meses de agosto e setembro do período de 
estiagem, com valor médio em torno de 450 focos.  

A temperatura máxima média foi de 32,3°C e pode-se observar que para as temperaturas 
mais elevadas o número de focos é maior como, por exemplo, agosto de 2005, setembro de 
2007, agosto e setembro de 2012 e novembro de 2014. A temperatura apresentou correlação 
com o número de focos, mas precisa estar associada ao fator da baixa umidade relativa para que 
possa ser significativa dentro dos modelos, pois se a temperatura for elevada e a umidade 
relativa do ar também, observa-se então uma diminuição do número de focos como ocorreram 
nos meses de agosto de 2006 e outubro de 2013.  

A radiação solar apresentou valor máximo de 9,2 MJ m-2, entretanto, alta taxa de radiação 
não significa que o número de focos será máximo, pois, a sua incidência é diretamente afetada 
pela presença de nuvens. Quando ocorre baixa umidade e alta temperatura as curvas se 
apresentam em fase (ou seja, os pontos de máximo estão alinhados), porém, analisadas 
isoladamente, ocorrem defasagens entre as curvas de focos e radiação. Pode-se observar que 
setembro de 2007 as curvas estão em fase, e em novembro de 2014 observa-se que a radiação 
e a temperatura são elevadas, porém, em decorrência da alta umidade relativa do ar a ocorrência 
de focos decresce, representando essa defasagem da análise isoladamente. 

Destacam-se os anos de 2005 e 2012 que apresentaram os maiores valores de incidências 
de focos da série, isso se deve ao acúmulo de material combustível das plantas dos anos 
precedentes (2004 e 2011, respectivamente), em que ocorreram grandes enchentes no 
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município, tornando a vegetação mais fraca e propícia à queima, quando submetida às 
condições climáticas das altas temperaturas e radiação solar e baixa umidade relativa do ar nos 
anos seguintes, conforme pode ser observado na Figura 1. 

Os anos de 2006, 2011 e 2014 apresentaram uma média de focos em torno de 170 registros, 
quantitativo inferior decorrente da alta umidade relativa apresentando a média acima de 60%. 

É apresentado, na Equação 1, o modelo RLM de previsão de focos de queimadas para o 
município de Corumbá (MS). 

𝐿𝐿𝐿𝐿𝐿𝐿�𝑁𝑁�� = 1,335 − 0,032 × 𝑅𝑅 − 0,028 × 𝑈𝑈 + 0,050 × 𝑇𝑇         (1) 

Onde 𝑁𝑁� é o valor estimado para o número de focos; R é a radiação solar acumulada; U é a 
umidade relativa; e T é a temperatura máxima. 

A estatística descritiva do modelo de regressão aplicado, com variável dependente 𝐿𝐿𝐿𝐿𝐿𝐿�𝑁𝑁�� 
e as variáveis preditoras Radiação Solar, Umidade Relativa e Temperatura, resultou no valor 
de R2 = 0,411 e indica que o grau de ajustamento das variáveis preditivas foi de 41% com                        
p < 0,001, explicando a variabilidade de saída pelos dados das variáveis meteorológicas 
preditoras. O erro percentual absoluto médio (MAPE) foi de 33,9%, cometido entre os valores 
do logaritmo decimal do número de focos para os valores estimados pela Equação 1. Ao se 
aplicar o teste de Stein no valor de R2 foi possível verificar que o resultado foi próximo do valor 
de ajuste resultando em 0,410, o que significa que o modelo pode ser generalizado para 
diferentes amostras, ocorrendo validação cruzada do modelo. 

A estatística F resultou no valor 390,034, que significa que novas variáveis preditoras 
inseridas no modelo pela configuração do software IBM-SPSS, no modo “stepwise, foi 
satisfatória para a previsão do número de focos, entretanto a hipótese de independência dos 
erros analisada pelo teste de Durbin-Watson, foi parcialmente satisfatória, resultando em 0,917. 

Com essas análises, pode-se verificar que a técnica de RLM não é o modelo mais adequado 
para a previsão do número de focos (quando se utiliza como variáveis preditoras somente os 
dados meteorológicos), pois, não se apresentou estritamente linear e deve-se levar em 
consideração ainda a possibilidade de inserir outras variáveis que possam contribuir para 
aumentar o desempenho desse método, como, por exemplo, uma variável associada à ação 
antrópica, da qual identifica as queimadas de acordo com a ação humana e classifica os focos 
provenientes de ação natural ou não (White e White, 2016). 

Na aplicação da técnica ARIMA de Box-Jenkins, utilizando os dados meteorológicos 
como variáveis preditoras, houve uma otimização da previsão com o modelo ARIMA (4, 0, 10), 
ou seja, com quatro termos autorregressivos e dez termos da média móvel. Não foi necessária 
a diferenciação, ou seja, d = 0, por se tratar de dados estacionários. O número de ordens 
autorregressivas foi p = 4, sendo necessários quatro períodos de tempo da série no passado para 
prever o valor atual. O valor de q = 10 especifica que os desvios dos valores médios das séries 
de cada um dos dez últimos períodos de tempo, são considerados, ao prever os valores atuais 
da série. 

A análise do critério de informações bayesianas aplicadas para comparar os modelos, 
demonstrou que o modelo ARIMA (4, 0, 10) é o melhor modelo previsor associado à 
significância p < 0,05. O ajuste do modelo passa a ser de 66,5%, com um erro percentual 
absoluto médio (MAPE) de 31,6%, melhorando consideravelmente o desempenho geral do 
modelo ARIMA ao se comparar à modelagem RLM. 

Os gráficos comparativos dos valores dos focos observados e previstos pelas técnicas de 
previsão RLM e ARIMA estão representados na Figura 2 (a) e (b), respectivamente.  
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Figura 2. Valores observados e previstos dos focos obtidos nas modelagens de RLM (Figura 
2a) e ARIMA (Figura 2b), no período JASON para a série histórica de 2005 a 2015 no 
município de Corumbá (MS).  

De acordo com a Figura 2a para o modelo RLM, é possível constatar que os gráficos dos 
focos previstos e dos focos observados estão em fase com picos de máximo e mínimo 
coincidentes e o crescimento e decrescimento com as mesmas características ao longo de toda 
a curva, em diferentes escalas por terem sido aplicados de forma parametrizada na regressão 
com a utilização do logaritmo decimal, cabe salientar, que para obter os dados previstos, aplica-
se o antilogaritmo no resultado da equação de modelagem. No entanto, o viés da previsão foi 
subestimar os valores dos focos, acertando em menos de 50% os dados de saída.  A partir da 
Figura 2b para o modelo ARIMA é possível observar que as curvas dos valores previstos e dos 
valores estimados estão em fase e apresentam as condições de tonicidade coincidentes e os 
picos de máximo e mínimo com o mesmo delineamento, sendo possível de realizar a previsão 
com cinco passos posteriores com essa mesma precisão, e apesar de também subestimar os 
dados de saída, os acertos foram superiores a 50% dos casos.  

Os gráficos dos resíduos dos dois modelos estão representados na Figura 3, sendo, para o 
RLM (Figura 3a) e para o ARIMA (Figura 3b), respectivamente. 
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Figura 3. Valores residuais nas modelagens de RLM (Figura 2a) e ARIMA (Figura 2b), no 
período JASON para a série histórica de 2005 a 2015 do município de Corumbá (MS).  

Considerando a análise de resíduos, pode-se enfatizar que o modelo ARIMA pode ser 
utilizado para fazer inferências além da amostra de dados utilizadas, entretanto o modelo RLM 
(Figura 3a) para a previsão dos focos a partir de dados preditores estritamente meteorológicos, 
não se apresentou uma técnica adequada para a previsão, o que evidencia não se tratar de um 
modelo de características estritamente lineares, e os resíduos oscilam consideravelmente em 
torno de zero. Já a análise do modelo ARIMA explica a variância das variáveis meteorológicas 
para a previsão dos focos no que tange em quão propício estão de ocorrer. Para melhorar a 
previsão de quantos focos poderão ocorrer é necessário inserir variáveis que especifiquem as 
causas da ocorrência de cada foco (naturais ou antrópicas), ou até mesmo variáveis da área 
agrícola e pecuária. 

Na análise dos resíduos na modelagem ARIMA (Figura 3b), o teste de Durbin-Watson 
(D=1,97) mostrou que a hipótese de interdependência dos erros é satisfeita, pois se apresenta 
próxima do valor esperado (2) e o desempenho geral da técnica foi de 68,4% com p < 0,002, 
sendo capaz de fazer a previsão cinco passos adiante com essa mesma precisão. 

A partir da análise do gráfico de resíduos, pode-se ainda constatar que o modelo ARIMA 
é mais ajustado, pois apresenta valores mais próximos de zero e com menor coeficiente de 
variação. Os estimadores não são enviesados e o modelo ARIMA apresentou resultados 
significativamente melhores para prever a saída de dados do número de focos a partir das 
variáveis meteorológicas. 

As modelagens de RLM e ARIMA foram aplicadas para a previsão do número de focos a 
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partir de dados preditores meteorológicos, e foi possível observar que há a necessidade de 
inserir outras variáveis para se utilizar esse tipo de técnica de previsão, no intuito de melhorar 
a saída de dados e consequentemente diminuir os valores residuais. 

4. CONCLUSÕES 

Foi possível verificar a correlação dos fatores meteorológicos com o número de focos,  que 
demonstraram a partir dos resultados da correlação de Pearson e da análise gráfica que essas 
variáveis guardam uma importante relação com as condições da vegetação do Pantanal de 
Corumbá-MS e afetam diretamente a ocorrência de focos de queimadas e incêndios, onde se 
destacaram a radiação solar, a umidade relativa e a temperatura.  

Foram aplicadas as técnicas de análises multivariadas de dados utilizando as modelagens 
RLM e ARIMA, em que o modelo RLM explicou 41% da variância do número de focos, 
mostrando-se uma técnica não eficiente para a previsão, no que tange as variáveis 
meteorológicas como preditoras, demonstrando a necessidade de inserir outras variáveis 
relacionadas à ação antrópica, tais como as atividades de agropecuária.  

Já, o modelo ARIMA (4, 0, 10) apresentou resultados mais satisfatórios em relação à 
modelagem RLM, possibilitando explicar a variância do número de focos em 66,5%, o que 
demonstra ser a técnica mais adequada para a previsão quando comparada com a técnica RLM. 
No entanto, espera-se que o desempenho dessa técnica melhore ao se realizar a inserção de 
outras variáveis. Outras modelagens podem ser testadas para a previsão dos focos a partir das 
variáveis estritamente meteorológicas e fica como sugestão para trabalhos futuros. 
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RESUMO 
O objetivo neste trabalho foi analisar a dinâmica temporal da pegada hídrica de oito 

cultivares de soja, plantadas na região do Oeste do Pará. Foram utilizados dados meteorológicos 

correspondentes ao período de 2009 a 2014 para calcular as taxas evapotranspiratórias da 

cultura. Como a Pegada Hídrica é subdividida em verde, azul e cinza e, na região os cultivos 

não são irrigados contabilizou-se apenas a verde e a cinza. A PHverde foi estimada considerando-

se o total de água consumida durante o ciclo de cada cultivar. A PHcinza foi avaliada utilizando 

como fator contaminante em corpos hídricos o composto nitrato que está presente nos 

fertilizantes nitrogenados, conforme as concentrações aceitáveis pelo CONAMA 357/2005. 

Considerou-se dois valores para as doses de N, sendo 30 kg ha-1 com base na adubação descrita 

na literatura, bem como o N existente nas formulações (2:20:20) dos adubos vendidos na região, 

sendo 2 kg ha-1 o máximo utilizado na adubação de cobertura. Entre as oito cultivares 

analisadas, em termos de indicador de baixa pegada hídrica, as cultivares BRS 278 RR; BRS 

325 RR e BRS 333 RR foram as mais expressivas no polo de grãos no oeste do Pará, 

evidenciando o uso eficiente da água disponível em todos os anos/safras analisados. A soja 

produzida no oeste do Pará possui baixa pegada hídrica cinza. Todavia, os valores de redução 

da produtividade em anos safra na região comprometem a pegada hídrica verde pela sojicultura 

na região, evidenciando que esse indicador deve ser analisado considerando as especificidades 

de cada cultivar de soja. O valor da pegada hídrica total estimada neste trabalho foi inferior aos 

obtidos na literatura, reforçando a importância de estimar a Pegada Hídrica (PH) como 

indicador de uso consuntivo de água em cultivos de grãos na Amazônia. 

Palavras-chave: indicador ambiental, nitrato, uso consuntivo. 
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Temporal dynamics of the water footprint of soybean hub grains in 

Western Pará, Amazon 

ABSTRACT 
This study analyzed the time dynamics of the water footprint of eight soybean cultivars 

planted in the Western Pará, Amazon. Meteorological data between 2009 and 2014 were used 

to calculate the crop’s evapotranspiration rates. Since the water footprint is subdivided into 

green, blue, and grey, and the crops are not irrigated in the region, only the green and grey 

footprints were used. WFgreen (water footprint green) was estimated considering the total 

amount of water consumed during the cycle of each cultivar. WFgrey was assessed using the 

nitrate present in nitrogen fertilizers as contaminating factor in water bodies according to the 

concentrations accepted by CONAMA 357/2005. Two N dose values were considered, i.e.,                    

30 kg ha-1 based on fertilizer values tested in the literature and the N present in the formulations 

(2:20:20) of the fertilizers sold in the region, while the maximum used in top dressing is                          

2 kg ha-1. Among the eight cultivars analyzed, C1 had the smallest water footprint, which shows 

the efficient use of the water available in every year/harvest analyzed. The total water footprint 

presented in this study highlights the importance of the methodology to estimate the 

consumptive use of water in grain production centers. The soybean produced in western Pará 

has a small grey water footprint, but the cultivars must be highly productive to reduce the green 

water footprint of soy farming in the region. The definition of the water footprint aids in the 

strategic planning of the management of water resources in grain production areas in the 

Amazon. 

Keywords: consumptive use, environmental indicator, nitrate.  

1. INTRODUÇÃO 

A quantidade de água potável necessária para suprir a demanda das populações vem 

aumentando, tanto para consumo quanto para produzir alimento, em períodos de escassez 

hídrica no solo. A acelerada degradação da qualidade das águas pela agricultura tem sido 

atribuída, principalmente ao fator erosivo das chuvas em solos expostos e ao uso indiscriminado 

em cultivos irrigados. A demanda crescente por produtos agrícolas de uso alimentar e não-

alimentar, bem como as crescentes mudanças nos padrões de consumo, principalmente de carne 

e açúcar, têm contribuído significativamente na redução da oferta de água e na intensificação 

da poluição em corpos hídricos (Lamastra et al., 2014). 

No Brasil, a estimativa do Instituto Brasileiro de Geografia e Estatística (IBGE, 2016) foi 

de 17 milhões de habitantes para o início do século XX, porém projeta-se para 2020 valores da 

ordem de 212 milhões de habitantes, no País. As projeções do Department of Economic and 

Social Affairs of the United Nations Secretariat (DESA) apontam que a população brasileira 

deverá atingir 238 milhões de habitantes em 2050, o que pode intensificar a disputa por 

melhores classes de solos, condições climáticas, água potável, alimentos e insumos agrícolas; 

e ainda, estimam que  2,3 bilhões de pessoas estarão vivendo em áreas com elevada restrição 

hídrica (UNESCO, 2015a; 2016). Portanto, nesse cenário, a humanidade poderá presenciar 

crises, sobretudo na oferta de alimentos e de água potável, intensificando-se os riscos de perda 

da qualidade hídrica às populações (Ercin e Hoekstra, 2014). 

Na Amazônia, áreas cultivadas com grãos em Mato Grosso foram ampliando-se para áreas 

mais ao norte da região, consolidando-se importantes polos no Pará como, por exemplo, no 

oeste do Estado. Nesse polo de produção participam com a maior área cultivada os municípios 

de Santarém, Belterra e Mojuí dos Campos. Essas áreas, anteriormente foram desflorestadas 
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com incentivo de programas de desenvolvimento na região, como o de integração da Amazônia 

às demais regiões brasileiras. No final da década de 1990, com a estruturação do terminal 

graneleiro, foram abertas novas frentes voltadas à exportação de grãos, o que estimulou a 

imigração de agricultores dispostos a investir na região. Vale ressaltar que a soja tem se 

destacado como cultura rentável economicamente, totalizando 41 mil hectares plantados (Pará, 

2016). 

Entre as variáveis climáticas, a oferta hídrica apresenta-se como fator limitante à obtenção 

de rendimentos máximos em safras agrícolas. A soja (Glycine max), de acordo com Farias et 

al. (2007), nos períodos de germinação-emergência e floração-enchimento de grãos a 

evapotranspiração real diária varia entre 7 a 8 mm.dia-1, ou seja, nos períodos vegetativos e 

reprodutivos a soja pode utilizar entre 450 a 800 mm de água nos processos evapotranspiratórios 

até completar o seu ciclo. A disponibilidade de água no solo é fator condicionante ao 

atendimento da planta à demanda hídrica da atmosfera (Martorano et al., 2009). Em períodos 

de escassez de água no solo os sojicultores podem adotar estratégias de reposição hídrica usando 

técnicas de irrigação, pois a produção de alimentos deverá suprir as necessidades da população 

em crescimento no globo terrestre, o que pode refletir na elevação da competitividade por água 

doce.  

A pegada hídrica (PH) contabiliza o uso consuntivo de água e apresenta-se como uma 

ferramenta de gestão eficiente de recursos hídricos pelo setor produtivo, como nas atividades 

agropecuárias de uma região. Índices apontando valores da população na condição de extrema 

pobreza, acesso desigual no abastecimento de água, escassez de serviços de saneamento básico 

e, o baixo gerenciamento dos recursos hídricos são fatores preponderantes de ameaças à 

obtenção do desenvolvimento sustentável no planeta (UNESCO, 2015b). Estima-se que até 

2050 haverá um aumento mundial de 55% da demanda hídrica, especialmente na África e Ásia 

Central. Os padrões de consumo da humanidade tendem a elevar as demandas por recursos 

naturais e reduzir a oferta de bens e serviços ecossistêmicos (MEA, 2003).  

Para contabilizar os diferentes usos da água, utilizam-se indicadores de desempenho do 

uso eficiente da água, como por exemplo, a Pegada Hídrica (PH). A metodologia da Pegada 

Hídrica apresenta-se como um importante indicador de prestação de serviços ecossistêmicos 

em provisão, regulação e suporte hídrico às populações. A PH é subdivida em: azul, verde e 

cinza (Hoekstra et al., 2011), sendo que a Pegada Hídrica Azul (PHazul) indica o uso consuntivo 

da água superficial ou subterrânea disponível à cultivos irrigados. A Pegada Hídrica Verde 

(PHverde) refere-se à precipitação que não escoa ou não repõe a água subterrânea, que é 

armazenada no solo ou na vegetação, ou seja, é a água consumida no processo 

evapotranspiratório das culturas. A Pegada Hídrica Cinza (PHcinza) indica o nível de poluição 

na cadeia de produtos ou de processo, sendo definida como a água necessária para diluir/depurar 

o poluente. Assim, na Amazônia, o manejo de fertilizante e defensivo agrícola pode 

comprometer a qualidade hídrica em áreas produtivas. O objetivo neste trabalho foi avaliar a 

dinâmica temporal da pegada hídrica da soja considerando cultivares e anos/safras diferentes 

no polo de grãos Santarém/Belterra, na Amazônia. 

2. MATERIAIS E MÉTODOS 

Na Figura 1, destacam-se as áreas destinadas para agricultura anual (milho, feijão, soja), 

onde a soja é plantada desde 2006. Atualmente o polo de grãos de Santarém/Belterra é 

reconhecido como uma das principais rotas para o escoamento de grãos do Brasil. Nessa região 

predomina a tipologia climática Am3, de acordo com a adaptação na metodologia de Köppen 

por Martorano et al. (1993). As chuvas anuais variam entre 2.000 a 2.300 mm, ocorrendo no 

mês de menor oferta pluvial valores abaixo de 60 mm. A temperatura máxima do ar varia entre 
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30,5 a 32°C e as mínimas entre 21,0 a 22,5°C. O período mais chuvoso ocorre de dezembro a 

maio com cerca de 80% dos totais pluviais e, entre junho a novembro são contabilizados o 

restante do volume precipitado na região (Varela-Ortega et al., 2013). 

 
Figura 1. Mapa de localização do polo de grãos Santarém/Belterra no oeste do Pará, 

Amazônia. 

Para calcular a pegada hídrica total das oito cultivares testadas na região, fez-se as 

estimativas das pegadas hídricas verde e cinza a partir dos valores em rendimento dessas 

cultivares, mas os valores de estimativas de taxas evapotranspiratórias foram contabilizados 

considerando a duração do ciclo e condições térmico-hídricas em cada ano/safra, no período de 

2009 a 2014, conforme descrito a seguir.  

Como na região de estudo os cultivos não são irrigados, a PHazul foi desconsiderada na 

contabilização da pegada hídrica total. 

2.1. Pegada hídrica verde (PHverde) 

Para o cálculo de evapotranspiração da cultura no polo de grãos de Santarém/Belterra foi 

utilizado o modelo CROPWAT 8.0 que foi desenvolvido pela Organização das Nações Unidas 

para Agricultura e Alimentação (FAO, 2010). Nessa ferramenta foram inseridos os dados 

mensais, correspondentes ao período de 2009 a 2014. Assim, inseriram-se os valores de 

precipitação pluvial (mm), temperatura máxima e mínima (°C), umidade relativa do ar (%) e 

velocidade do vento (m s-1), oriundos de estação automática do Instituto Nacional de 

Meteorologia (INMET) e posto pluvial da Agência Nacional de Águas (ANA). Os valores de 

coeficiente da cultura (Kc) adotados foram 0,4, 1,15 e 0,5, correspondentes a fase inicial, média 

e final, respectivamente (Allen et al., 1998). Identifica-se na Amazônia a predominância de 

Latossolo Amarelo, o que determinou os valores de entrada gerais do solo no software. A 

PHverde foi estimada baseando-se nos dados de clima, de precipitação e no período de semeadura 

de cada cultivar apontados na Tabela 1. Utilizou-se a metodologia de Hoekstra et al. (2011), 

Equação 1. 
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PHverde =
Cverde

R
              (1) 

Em que, PHverde é a Pegada Hídrica Verde da cultura (m³ t-1), Cverde o consumo de água 

verde (m³ ha-1); e R é o rendimento da cultura (t ha-1). 

O componente da Cverde foi estimado com base na evapotranspiração diária acumulada (ET, 

mm dia-1) durante o ciclo completo de desenvolvimento da cultura, conforme Equação 2. 

Cverde = 10 × ∑ ETverde
pdc
d=1                                                                                                        (2) 

Em que, ETverde é a evapotranspiração da cultura, considerando apenas a oferta pluvial, 

conforme os pressupostos de Hoekstra et al. (2011) como água verde. O fator 10 refere-se a 

conversão da unidade de ETverde em milímetros para volumes de água por superfície terrestre, 

em m³ ha-1. O somatório considera desde o dia de semeadura (d=1) até a colheita e pdc, 

corresponde a duração do período de desenvolvimento da cultivar, adotada neste artigo como o 

número de dias conforme as especificações de cada cultivar. 

2.2. Dados das cultivares de soja 

Na Tabela 1 apresentam-se as cultivares utilizadas, contabilizando-se o número de dias da 

emergência até a floração e, o número de dias até o final do ciclo, bem como o rendimento de 

grãos (t ha-1) de cada cultivar. Ressalta-se que essas oito cultivares (C1 a C8) foram materiais 

testados na região por Borges et al. (2012), ordenados conforme o rendimento de grãos. 

Ressalta-se que em cada ano/safra as estimativas da pegada hídrica foram realizadas 

considerando-se os rendimentos obtidos por Borges et al. (2012), variando-se as condições 

meteorológicas mensais ocorridas no período entre 2009 a 2014. Totalizou-se a precipitação 

pluvial (mm) até a floração e da emergência ao final de cada ciclo dessas cultivares, no polo de 

grãos Santarém/Belterra. 

Tabela 1. Cultivares, dias até a floração, número de dias para completar o ciclo, rendimento de soja 

(Glycine max), volume médio (2009 a 2014) de água precipitada (PRP) até a floração e a PRP até o final 

do ciclo para Santarém e Belterra, Pará. 

Cultivares e rendimento (t ha-1) 

indicado no “parêntese” 

Floração 

(dias) 

Ciclo 

(dias) 

SANTARÉM BELTERRA 

PRP (mm) 

Floração 

PRP (mm) 

Ciclo 

PRP (mm) 

Floração 

PRP (mm) 

Ciclo 

C1 BRS 278RR (2,7) 46 107 355,7 1205,7 345,1 796,8 

C2 BRS 325RR (2,5) 42 103 337,8 1204,1 271,3 782,1 

C3 BRS 333RR (2,8) 42 105 337,8 1204,1 271,3 788,3 

C4 P98Y70 (2,7) 45 103 345,4 1204,1 309,4 782,1 

C5 BRS 279RR (2,4) 42 96 337,8 1162,1 271,3 681,2 

C6 BRS 8990RR (2,3) 42 103 337,8 1204,1 271,3 782,1 

C7 BRS 271RR (2,1) 42 105 337,8 1204,1 271,3 788,3 

C8 M8766RR (1,9) 40 96 322,9 1162,1 265,6 681,2 

2.3. Pegada hídrica cinza (PHcinza) 

A estimativa da PHcinza foi realizada com base em doses de fertilizante nitrogenado 

empregado no processo de adubação de culturas, considerado como fonte difusa de poluição 

dos corpos hídricos. Utilizou-se a metodologia de Hoekstra et al. (2011), Equação 3. 

PHcinza =
(α×TAQ)/(Cmáx−Cnat)

R
            (3) 
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Em que, PHcinza é a pegada hídrica cinza (m³ t-1), α é a fração de lixiviação do fertilizante, 

TAQ é a taxa de aplicação por hectare de nitrogênio em campo (kg ha-1), cmáx é a concentração 

máxima aceitável e a cnat é a concentração natural do poluente (nitrato) no corpo hídrico e R, o 

rendimento da cultivar. 

Neste trabalho atribuiu-se o valor de 10% para a fração de lixiviação de fertilizante 

nitrogenado, recomendado por Hoekstra et al. (2011). O valor limite aceitável do nitrato foi 

considerado de acordo com a legislação CONAMA 357/2005 que categoriza como classe 3 

para águas doces e estabelece como quantidade máxima permitida de 10 mg L-1. Atribuiu-se o 

valor 0 (zero) para a concentração natural de nitrato em corpos hídricos (Wu et al., 2016). 

Considerou-se nas estimativas de PHcinza a adubação de nitrogênio (N) conforme as 

recomendações de Petter et al. (2012) que preconiza 30 kg ha-1. Também foram estimados os 

valores de PHcinza para o N existente nas formulações (2:20:20) dos adubos comercializados na 

região, sendo 2 kg ha-1 o máximo utilizado na adubação de cobertura. 

Fez-se a análise de variância considerando-se o delineamento em blocos casualizados, 

onde se testou cada cultivar.  Assim, no teste de significância (ANOVA) as médias foram 

comparadas pelo teste de Tukey (p<0,05) avaliando-se a diferença entre a pegada hídrica total 

de cada cultivar, sendo que o menor valor de pegada hídrica (a) representa o melhor 

desempenho pela cultivar comparadas duas a duas. 

3. RESULTADOS E DISCUSSÃO 

Considerando que a semeadura das cultivares foram realizadas em 1º de janeiro de cada 

ano safra analisado, é possível observar na Figura 2 que nos meses de janeiro e fevereiro, 

quando as cultivares estariam entre as fases de crescimento vegetativo e início da floração, que 

os eventos pluviais em Santarém foram melhor distribuídos ao comparar com Belterra, 

conforme descritos na análise dos box-plots. Todavia, apesar da maior simetria entre os eventos 

pluviais em Santarém, identificou-se maiores discrepâncias (outliers) quanto ao volume 

precipitado diariamente nesse período em relação a Belterra. No final de fevereiro, em 

Santarém, foram registradas cotas pluviais médias que atingiram cerca de 150 mm. No período 

correspondente à plena floração, formação de legumes, enchimento e maturação de grãos, 

percebe-se que as chuvas em Belterra mantiveram assimetrias positivas, ou seja, os valores 

pluviais ficaram acima da normal climatológica, indicando manutenção da oferta hídrica até o 

final do ciclo dessas cultivares. Em se tratando de radiação solar na área de estudo verifica-se 

que as maiores variações ocorreram ao final do ciclo das cultivares, atingindo a máxima energia 

incidente aos cultivos de soja na ordem de 16 MJ m-2 dia-1, registrada no 1º decêndio de abril. 

Ao final do ciclo dessas cultivares analisadas, a radiação solar estava com valores em torno de 

14 MJ m-2 dia-1. Durante o ciclo das cultivares, nota-se que em Santarém o volume de água 

precipitado é superior, entre 60% a 65%, em relação a Belterra. Até o início da floração, as 

chuvas em Santarém apresentaram valores entre 80% a 97% a mais do que em Belterra. 

Observou-se que entre os fatores biofísicos a oferta pluvial é a variável que mais influência na 

PHverde, pois a radiação solar praticamente ficou oscilando entre 14 e 16 MJ m-2 dia-1, ao 

considerar os ciclos das cultivares analisadas. Devido ao ciclo mais precoce das cultivares C5 e 

C8 é possível observar que no período entre o primeiro decêndio de janeiro até o primeiro 

decêndio de abril essas cultivares passaram por menores variações em termos de radiação solar 

incidente, ao comparar com as demais cultivares analisadas. 
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Figura 2. Variabilidade decendial média da precipitação pluvial e radiação 

solar, no período de 2009 a 2014 em Santarém e Belterra, Amazônia. 

Na Tabela 2 observa-se que nos anos/safras analisados, a cultivar C8 foi a que apresentou 

a maior PHverde em relação às demais, tendo o maior valor no ano safra 2009/2010 com                    

1.591 m³ ha-1. Essa cultivar completa o ciclo em 96 dias com rendimento médio de 1,9 t ha-1, 

indicando que houve baixa eficiência no uso da água da região. A cultivar C1 que completou 

seu ciclo com 107 dias, teve o menor valor de pegada hídrica verde (885 m³ ha-1), no ano safra 

2011/2012, pois expressou rendimento de 2,7 t ha-1, porém estatisticamente teve semelhante 

desempenho das cultivares C2 e C3 no uso eficiente de água, conforme Figura 3 (A).   

Tabela 2. Pegada hídrica verde das cultivares de soja (Glycine max) em safras agrícolas 2009/2010 a 

2013/2014, no polo de grãos Santarém/Belterra. 

Cultivares de soja 
Pegada Hídrica Verde (m³ t-1) 

2009/2010 2010/2011 2011/2012 2012/2013 2013/2014 

C1 (BRS 278RR) 1103 986 885 1011 1007 

C2 (BRS 325RR) 1094 974 872 998 988 

C3 (BRS 333RR 1135 1012 908 1038 1031 

C4 (P98Y70) 1153 1027 920 1052 1042 

C5 (BRS 279RR) 1215 1074 957 1098 1075 

C6 (BRS 8990RR) 1338 1191 1067 1220 1208 

C7 (BRS 271RR) 1501 1338 1201 1372 1363 

C8 (M8766RR) 1591 1407 1253 1439 1408 

Os resultados também evidenciam que a dinâmica temporal da PHtotal por cultivar durante 

os anos/safra 2009/2010 a 2013/2014 aumentaram gradativamente, principalmente ao 

contabilizar-se a pegada de cultivares como: C6, C7 e C8, possivelmente atribuídas à redução 

dos estoques de água no solo no período de maior necessidade hídrica que é a floração, o que 

compromete a produtividade da soja (Martorano et al., 2009). A cultivar C8 apresentou a maior 

PHtotal que contabilizou 7.906 m³ t-1, indicando sua baixa eficiência na conversão de uso da 

oferta hídrica da atmosfera para produzir grãos nesses anos/safras avaliados. Por outro lado, no 

ano/safra 2011/2012 essa mesma cultivar reduziu sua PHtotal para 1.415 m³ t-1, explicado pela 

sua baixa eficiência em expressar rendimento de grãos. Vale destacar que a pegada hídrica 

contabiliza os processos evapotranspiratórios decorrente das interações no sistema solo-planta-

atmosfera em cada ano/safra.   

Observou-se efeito significativo em nível de 5% de probabilidade em relação a PHtotal com 
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maiores valores para as cultivares C8, C7, C6, respectivamente. Ressalta-se que as menores 

pegadas hídricas foram contabilizadas nas cultivares C1, C2 e C3 (Figura 3A). Portanto, em 

termos de indicador de baixa pegada hídrica as cultivares BRS 278 RR; BRS 325 RR e BRS 

333 RR foram as mais expressivas no polo de grãos no oeste do Pará 

 
Figura 3. Pegada Hídrica total por cultivares de soja estimada no período de 

2009 a 2014 considerando 30 kg ha-1 de adubo nitrogenado (A). Pegada 

hídrica média considerando 30 kg ha-1(B). Pegada hídrica média 

considerando adubação local de no máximo 2 kg ha-1 (C). 

A cultivar C1 obteve PHtotal (5.520 m³ t-1) inferior às demais cultivares, atingindo-se no 

ano/safra 2011/2012 o valor de 991 m³ t-1. Ao comparar com os rendimentos encontrados por 

Borges et al. (2012) de 2,7 t ha-1 com 107 dias de ciclo médio, as estimativas de PHtotal indicam 

que essa cultivar apresenta alta eficiência no uso de águas pluviais na região. 

Ao comparar a PHtotal média obtida no polo de grãos Santarém/Belterra com os resultados 

da literatura, observou-se que os valores obtidos neste trabalho foram inferiores aos valores de 

outras áreas produtivas no globo terrestre. Comparando com polos de grãos no Brasil, como 

por exemplo no Paraná, no município de Maringá (Bleninger e Kotsuka, 2015) a pegada hídrica 

da soja foi de 2.210 m³ t-1, valor cerca de 43% superior aos valores obtidos no polo 

Santarém/Belterra. Vale destacar, mesmo que os cultivos de soja tenham sido irrigados em 

Maringá, os valores elevados de PHcinza (420 m³ t-1), contribuíram para evidenciar que houve 

redução na eficiência do uso de água nos cultivos de soja. Na China, a PHtotal da soja foi de 

1.816 m³ t-1 (Huang et al., 2012), diferente dos valores encontrados por Costa et al. (2016), 

também no Pará, mas no polo de grãos Paragominas, com valores da ordem de 1.327 m³ t-1, os 

quais foram inferiores aos valores médios globais para a soja (2.144 m³ t-1), apresentados por 

Mekonnen e Hoekstra (2010).  

Vale ressaltar que em Santarém/Belterra os valores médios de pegada hídrica foram cerca 

de 30% inferiores aos resultados na China, 5% menores que as estimativas de Costa et al. (2016) 

para a soja em Paragominas e, 41% abaixo dos valores de pegada hídrica média global.  

Assim, em relação aos valores disponíveis na literatura em outras regiões produtoras de 

grãos, as estimativas para o polo Santarém/Belterra apresentam a menor PHcinza, devido as 

baixas taxas de adubação nitrogenada na região, onde 2 kg ha-1 indica que esses são os valores 

máximos quanto ao uso de N na adubação de cobertura pelos sojicultores da região. A PHcinza 

mais elevada contabilizou em média 8 m³ t-1 para a soja, pois essa adubação é considerada 

desnecessária, pois considera-se o uso de inoculantes no processo de semeadura. Por outro lado, 
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existem sistemas de produção de soja que demandam alta tecnologia, inclusive com uso elevado 

de N, os quais podem atingir 300 kg ha-1 (Lamond e Wesley, 2001). Também, estudos apontam 

que a adubação com N pode ser adotada em casos de baixa eficiência na fixação biológica da 

planta e reduzida fertilidade do solo (Petter et al., 2012). 

4. CONCLUSÕES 

• A dinâmica temporal da pegada hídrica do polo de grãos Santarém/Belterra aponta que 

as cultivares com alto potencial produtivo são eficientes em uso da oferta pluvial na região, 

reduzindo assim a pegada hídrica da soja na região; 

• O baixo teor de nitrogênio utilizado na adubação da soja no oeste do Pará reduz a Pegada 

Hídrica Cinza em relação a outras áreas cultivadas no Brasil e no Mundo sendo um forte 

indicador de eficiência no uso consuntivo de água pela sojicultura na região; 

• A manutenção das taxas evapotranspiratórias que refletem em rendimento de grãos nos 

anos/safras avaliados reforçam o potencial de uso da Pegada Hídrica Verde como indicador de 

eficiência hídrica pela soja produzida no oeste do Estado do Pará, na Amazônia. 
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