Revista Brasileira de Ciéncias Ambientais
Brazilian Journal of Environmental Sciences

Sewage treatment efficiencies estimation for urban areas located in the
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RESUMO

Estimating efficiencies required for sewage treatment plants
within a river watershed, where there are usually multiple
sewage discharges and water withdrawals points in watercourses,
presenting different quality conditions and sewage assimilation
capacities, is a complex task. In this context, combined optimization
techniques and water quality modeling can be important tools to
support sewage treatment efficiencies appropriation processes. In
the present paper, QUAL-UFMG water quality model and Nonlinear
Programming (NLP) are jointly applied to sewage treatment levels
selection for the river Pardo’s (watercourse located in Espirito Santo
State, Southern region, Brazil) watershed different urban areas.
Four different optimization models were tested for estimating the
minimum organic matter removal efficiencies. The results indicate
strong dependence between the estimated minimum organic matter
removal efficiencies within the watershed and equity measures
incorporated in the optimization models.

Keywords: optimization; optimization model; water quality; domestic
sewage.

A estimativa de eficiéncias requeridas pelas esta¢des de tratamento
de esgoto constitui tarefa complexa no ambito de uma bacia
hidrogréfica, onde habitualmente existem mudltiplos langamentos e
captagdes em cursos d’agua com diferentes condigdes de qualidade e
capacidades de assimilagdo de despejos. Nesse contexto, as técnicas
de otimizagdo e a modelagem da qualidade de agua, quando aplicadas
de maneira combinada, podem constituir importante ferramenta de
apoio ao processo de apropriagdo de eficiéncias de tratamento de
esgotos. Neste trabalho, o modelo de qualidade de agua QUAL-UFMG
e a Programagdo N&o Linear (PNL) foram conjuntamente aplicados
para a selegdo de niveis de tratamento de esgotos para os diferentes
nucleos urbanos da bacia hidrografica do Rio Pardo, curso d’agua da
porgdo sul do estado do Espirito Santo. Quatro diferentes modelos
de otimizagdo foram testados, quando da estimativa das eficiéncias
minimas de remog¢do de matéria organica. Os resultados indicaram a
acentuada dependéncia entre as eficiéncias minimas de remogdo de
matéria organica estimadas no ambito da bacia e a incorporagdo de
medidas de equidade nos modelos de otimizagdo.

Palavras-chave: otimizagdo; modelo de otimizagdo; qualidade de agua;
esgotos domésticos.
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Introduction

In the last century, the world population has grown rapidly in a
disorderly manner, resulting in agglomerations without infrastructure
and quality of public services. Most Brazilian cities still release their
sewage directly into watercourses, causing significant impacts on the
receiving water bodies and imbalances to local ecology, posing risks to
human health (CHO et al., 2013).

Sewage treatment systems processes choice should be based on
technical, economic, and environmental criteria analysis, considering
each treatment system alternative characteristics (VON SPERLING,
2005). Usually, the main considered factors are treatment systems
installation land costs, systems’ operational costs, load of raw efflu-
ents and water quality standards to be attended by effluents (SOUZA,
1998). Other important environmental factors in the effluent treatment
systems selection process are related to the receiving water bodies ca-
pacities. Proper water bodies organic matter assimilation capacities
consideration allows selection of simpler (constructively and oper-
ationally) and treatment plants which are economically more viable.
Minimum pollutant removal efficiencies determination is the starting
point for sewage treatment systems selection processes.

Sewage treatment efficiencies estimation, when observed from
the watershed point of view, is often complex, due to numerous dis-
charge points, with different loads in water bodies presenting varied
assimilation capacities and water quality conditions (REIS; VALORY;
MENDONCA, 2015). In this context, water quality simulation models
can help in water resources management and sewage treatment sys-
tems selection processes (TEIXEIRA; PORTO, 2008; CALMON, 2015;
ARRUDA; RIZZI; MIRANDA, 2015; MATEUS et al., 2015; CORREA
et al., 2019; ROCHA; MESQUITA; LIMA NETO, 2019; FORTUNATO
et al., 2020).

However, water quality mathematical simulation does not, neces-
sarily, involve the analysis of the ideal solution to sewage treatment ef-
ficiencies within a watershed estimation problem, because the multiple
releases may require very large sewage treatment efficiencies combi-
nations analysis. In this context, the association between water quality
models and optimization techniques can allow the determination of
the optimal treatment efficiencies combination to be adopted with-
in a watershed (ANDRADE; MAURI; MENDONCA, 2013). In this
research line, different studies (VALORY et al., 2013; MANSHADI;
NIKSOKHAN; ARDESTANTI, 2015; SANTORO; REIS; MENDONCA,
2016; FANTIN; REIS; MENDONCA, 2017; BRINGER; REIS; MEN-
DONCA, 2018; AGHASIAN et al., 2019; SA et al., 2019) have prior-
itized the association between water quality models and Genetic Al-
gorithm (GA) metaheuristic optimization technique. According to
Lacerda and Carvalho (1999), GAs have been employed in complicat-
ed problems (where other optimization methods fail) and have several
advantages, such as the possibility to work both with continuous and
discrete parameters (or a combination of them), several optimization

variables, and complex optimization functions.
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These authors note that GAs are not efficient for many problems
and can be quite slow depending on values assumed for the initial pop-
ulation and options assumed for operators.

The present study’s main objective is to estimate minimum sewage
treatment efficiencies within a watershed, with water quality mathe-
matical modeling and conventional Nonlinear Programming (NLP)
optimization technique combination. According to Cirilo (2002), the
main advantage of NLP is its comprehensiveness, given that once
the mathematical model that describes the system to be optimized
is elaborated generally, no formulation simplification is needed, in-
creasing the accuracy of obtained results. Cirilo (2002) notes that the
uncertainty about obtaining the optimal solution weighs against NLP
(possibility of determining local optimal solutions values instead of
the global optimum).

What is relevant to note in the present study is that water qual-
ity modeling and NLP are conducted in a Microsoft Excel® spread-
sheet environment, a popular software usually more accessible than
other software available for applying metaheuristic optimization
techniques such as GA. Water quality mathematical model QUAL-
UEMG, whose use has been popularized in Brazil, is employed and
was introduced in an expeditious procedure, which aims to over-
come, without significant computational demands, the difficulty

arising from eventual optimal solutions appropriations.

Materials and methods
Study area

The study area considered in research is the river Pardo’s water-
shed (Figure 1). This river is an important tributary of Itapemirim
River. Itapemirim is the main watercourse located in the Southern
region of Espirito Santo State. The river Pardo’s watershed drainage
area is approximately 611 km?, distributed in the Ibatiba, Irupi, Iina
and Muniz Freire, all located in Espirito Santo State, and Lajinha, in
Minas Gerais State.

The river Pardo’s watershed presents three cities (Ibatiba, Itina, and
Irupi), and two villages (Santissima Trindade and Nossa Senhora das
Gragas). The watershed does not have any sewage treatment plants be-
ing operated. Although the cities and towns in the hydrographic ba-
sin that are the focus of the present study may have unitary treatment
systems and final effluent disposal, reducing the organic load released
into the water bodies, the authors chose to consider that the entire or-
ganic load produced in the basin reaches the water bodies, modeling
the most critical scenario. The river Pardo is the main raw domestic
effluents recipient, receiving the sewage produced in Ibatiba and Itina
Cities. The river Pardinho and Ribeirdo da Perdi¢do stream are two
tributaries of the river Pardo that also receive sewage discharges. The
river Pardinho receives the sewage produced in Irupi City. Ribeirdo da
Perdigdo stream receives the sewage produced in Santissima Trindade
and Nossa Senhora das Gragas villages. Ribeirdo Sao José constitutes a
Pardo’s tributary that does not receive any sewage.
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Water quality model

QUAL-UFMG water quality computational-simulation model,
developed in the Microsoft Excel® spreadsheet computational en-
vironment, was applied to the studied water system. In the pres-
ent paper, water quality was described exclusively as a function of

biochemical oxygen demand (BOD,_, ) and dissolved oxygen (DO)

5,20
parameters modeling. These parameters are usually used for wa-
ter bodies qualitative characterization after sewage discharges.
For simulating these parameters spatial variation, first order dif-
ferential equations were considered, covering deoxygenation and
atmospheric reaeration phenomena. The equations that describe
DO and BOD,

and reaeration phenomena, are presented in detail by Von Sperling
(2007).

parameters variations, considering deoxygenation

Kinetic constants, hydrodynamic, and water quality information

The kinetic constants, hydrodynamic data, and water quality param-
eters adopted in this paper were obtained from research conducted by
Calmon et al. (2016), when analyzing the use of water quality perma-
nence curves to support the definition of water quality classes of the river
Pardo’s watershed rivers.

Figure 1 - The river Pardo’s watershed location.
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In their study, Calmon et al. (2016) determined kinetic constants
and hydrodynamic variables values for the river Pardo from the re-
cords available for Terra Corrida Montante fluviometric station, in-
stalled and operated on the river Pardo by the Brazilian Water Agency
(Agéncia Nacional de Aguas — ANA).

Due to the small drainage areas associated to the springs of water
courses located in the study area, the flow rates of the first segments of
the water courses considered in the modeling were zero. Calmon et al.
(2016) estimated the incremental (diffuse) flows to Pardo river water-
shed watercourses by mass balance, considering the differences between
the flows in the final simulated section and the respective headwater
flows. Simulations performed in the river Pardo’s watershed assumed in-
cremental flow of 3.53 Ls'km™, and DO and BOD, ,, concentrations of
5and 2 mgL", respectively. These DO and BOD, , concentration values
were assumed from Von Sperling (2007) propositions.

The functional relations between flow (Q, m’s™), velocity (U, ms™),
and depth (H, m), potential functions in the QUAL-UFMG model, were
established from flow measurement records carried out at the cited
fluviometric station. Equations 1 and 2, established by Calmon et al.
(2016), made it possible to estimate watercourses velocities and depths
as functions of flows.
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U = 0.1433.QV6%5
H = 0.6076.Q025

1)
2

The average domestic effluents flow rates relative to the river Par-
do’s watershed urban population and the corresponding organic loads
are presented in Table 1.

For urban domestic sewage, a concentration of 400 mgL’ for
BOD,,, was adopted, as well as 145 Lhab'd" per capita yield, and re-
turn coefficient of 0.8. The adopted BOD, |
to the upper limit for the raw domestic sewage concentration range
indicated by Von Sperling (2005), and Jorddo and Pessoa (2009). Raw

domestic effluents DO concentrations were considered null.

concentration corresponds

Zero concentration for DO in raw and treated sewage was adopted
in order to simulate discharges under more conservative conditions, by
ignoring that certain sewage treatment systems may incorporate some
DO in the treated sewage.

As proposed by USEPA (1985), and Thomann and Mueller (1987),
Calmon et al. (2016) defined K, (in d") as a function of watercourse

hydraulic characteristics (depth and flow), according to Equation 3.
(3)

Equation 4 defines the kinetic constant that regulates the atmo-
spheric reaeration process (K,), according to the original proposition
by O’Connor and Dobbins.

4

Substituting Equation 1 and Equation 2 in Equation 4, the result is

the equation used to determine K, in each river stretch (Equation 5).

K, = 3.73.(0.1433.Q"%%)°,(0.6076.Q"%%) 15 (5)
Effluent disposal scenario
In the river Pardo’s watershed watercourses, the point sources

are composed by the river Pardo’s tributaries (Ribeirdo Sdo José,

Pardinho, and Ribeirdo da Perdigdo, presenting extensions of 17.5,
19.9 and 18.5 km, respectively) and domestic effluents from five
urban areas (Ibatiba, Irupi and Iina cities, and Santissima Trindade
and Nossa Senhora das Gragas villages). The distributed sources are
composed by incremental flows and BOD, , loads from the sewage
produced by the rural population located in the river Pardo’s water-

shed, evenly distributed throughout the water system.

Optimization models
The objective functions employed to estimate minimum sewage
treatment efficiencies for the river Pardos watershed were selected
from the study developed by Santoro, Reis and Mendonga (2016), and
considered the following aspects:
+ BOD,,
ferent treatment systems proposed for the river watershed;

removal efficiencies sum minimization referring to the dif-

« inequity minimization between different proposed treatment
systems, imposing higher BOD, , removal levels for those re-
ceiving higher organic loads;

« conformity with environmental quality standards established for
water bodies by the Brazilian Environmental Council Resolutions
(Conselho Nacional do Meio Ambiente — CONAMA) 357/2005 and
430/2011 (BRASIL, 2005; 2011).

Considering the above guidelines, the following optimization
models were used:

o Model 1, originally proposed by Valory, Reis and Mendonga
(2016), seeks to minimize the sum of efficiencies (Ei) within the
watershed (Equation 6);

o Model 2 introduces an equity measure in the objective function (Equa-
tion 7), as established by Mulligan (1991), seeking to ensure that the ef-
ficiency in each station is proportional to its raw organic load (load, );

o Model 3 employs an objective function that enforces an inequity
between treatment systems measure minimization (Equation 8), as
originally established by Marsh and Schilling (1994);

o Model 4 uses an objective function that imposes another inequity
between treatment systems measure minimization (Equation 9), as

proposed by Burn and Yuliant (2001).

Table 1 - The river Pardo’s watershed urban population mean domestic sewage flow rates.

Average domestic

Cities and Villages sewage flow (Ls")
Ibatiba 24.33
Irupi 5.24
Iina 19.90
Santissima Trindade 0.32
Nossa Senhora das Gragas 0.64

Source: Calmon et al. (2016).

Urban population Raw Organic
(inhabitants) Load (kgd™)
18,125 840.84
4,918 181.09
14,821 687.74
301 11.06
600 22.12
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(6)

@)

8)

)

All optimization models incorporate, as restrictions, the environ-

mental quality standards set for DO and BOD,  (minimum DO 5

5,20

mgL! and maximum BOD, 5 mgL") for class 2 rivers. Class qual-

5,20
ity 2 as assumed for the Pardo river watershed watercourses due to
legal framework absence, according to the guidelines established by
CONAMA Resolution No. 357/2005 (BRASIL, 2005). Additional re-
strictions aimed at ensuring efficiencies non-negativity (Ei > 1%) and
the establishment of a limit for BOD, ,  removal by treatment systems

(Ei < 95%).

Nonlinear Programming application

NLP is suitable for problems that have nonlinearity in their ob-
jective function or constraints. The solution, in general, is a vector
of decision variables that optimizes the nonlinear objective function
subject to nonlinear constraints (CIRILO, 2002). NLP is character-
ized by not presenting a general method for solving all problems. In
the present study, for obtaining treatment efficiencies from the dif-
ferent optimization models selected, the Generalized Reduced Gra-
dients Method (GRG), available in the Microsoft Excel® spreadsheet
Solver macro, was employed. The GRG Method, originally proposed
by Lasdon et al. (1978), deals with the solution of nonlinear optimi-
zation problems, in which the objective function and constraints can
present nonlinearities if the function is differentiable.

According to Cirilo (2002) and Albertin, Mauad and Daniel (2006),
the main limitation in applying NLP to water management problems is
that the technique does not necessarily provide the overall optimum,
often reaching a partial optimum value. In research, seeking to circum-
vent this limitation and maximize global optimum obtaining chances,
a total of 150 initial efficiencies sets was randomly generated for each
optimization model. These efficiencies set established the initial values
from which the established NLP search process was conducted. The
search process operationalization occurred with the implementation of
a computer program developed in Visual Basic for Applications (VBA)

in the Microsoft Excel® spreadsheet environment, the code integrated
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with the Solver macro and the QUAL-UFMG model. This integration

allowed search process automation.

Results and Discussion
Control scenario: raw effluent discharges

This section presents the results from raw effluents final dispos-
al in the different river Pardo’s watershed watercourses simulations.
Considering the river Pardo’s watershed does not present any sewage
treatment plants installed and in operation, the results gathered in this
section represent the currently expected condition for the watershed,
establishing a control scenario for subsequent discussions.

Ribeirdo Perdi¢do stream receives domestic effluents discharges from
Santissima Trindade and Nossa Senhora das Gragas villages (with dis-
charge rates of 0.3 and 0.6 Ls’, respectively). These discharges are small
and have little impact on Ribeirdo Perdi¢io water quality. In this water-
course, DO and BOD,
lished by environmental quality standards.

Figure 2 shows the DO and BOD, , profiles for the river Pardin-
ho river, which receives in kilometer 5 the domestic effluents from

concentrations invariably respect the limits estab-

Irupi City. Although not among the largest organic loads produced
in the river Pardo’s watershed, Irupi City domestic effluents disposal
effect is relevant due to the river Pardinho’s low flow (0.18 m®s) in
the final disposal point. This condition gives the river Pardinho low
organic loads assimilation capacity, leading to non-compliance with
the BOD, ,; environmental quality standard downstream effluent dis-
charge point.

Along the Pardo river, the largest watershed cities (Ibatiba and
Iina) are located. Consequently, it is in this water system portion
where the highest DO and BOD,

(Figure 3). The large parameters variation observed in kilometer 16 of

concentrations variability occurs

the river Pardo is due to Ibatiba City’s domestic effluent final dispos-
al (corresponding to the largest pollutant load in the watershed, with
24.3 Ls! raw sewage discharge rate), and the limited river flow at the
discharge point (0.60 m®s™). Thus, BOD, ,, concentration exceeds the
environmental quality standard imposed for class-two rivers, reaching
a18.1 mgL"! peak.

Ribeirdo Sdo José stream flows into the river Pardo approximately 7
km downstream Ibatiba and provides a 0.62 m®s" flow increase to this
river, improving water quality downstream the affluence point. This
affluence increases the main river dilution capacity for the remainder

of its course, decreasing its BOD_, concentration, attenuating Ibatiba

5,20
effluent final disposal impact. The same happens for the river Pardin-
ho, which flows into the river Pardo at km 30, with a 0.71 m?s'flow.
Although this flow increase is greater than the corresponding to Sao
José stream, the reduction in BODS’ZO concentration for the river Pardo
is smaller due to the higher main river flow on the river Pardinhos

affluence and the higher river Pardinhos BOD_, = concentration (4.9

5.20
mgL") when compared to the corresponding Ribeirdo Sdo José stream

(2 mgL?).
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At the kilometer 35 of the river Pardo, Iuna City’s domestic effluent
50 Concentration to a maximum value of

9.5 mgL", and reducing DO levels to a minimum value of 6.77 mgL".

is discharged, increasing BOD

Downstream Itina, Ribeirdo Perdicdo stream flows into the river Pardo,
and as it happens for the other tributaries, main river water quality con-

ditions improvement occurs.

Minimum sewage treatment efficiencies

Optimization Model 1 (Equation 6) seeks exclusively to comply
with watercourses environmental quality standards and minimize the
treatment efficiencies sum within the watershed. The main purpose

of its application was to evaluate the difference between the estimat-

ed efficiencies considering models with and without equity measures
incorporation.

The lack of an equity measure in the pursuit of sewage treatment
systems efficiencies, within the watershed sum minimization, may mean
that users located in the watershed downstream stretches need to treat
their effluents with higher efficiencies, because the river Pardos water
reaches their disposal locations with lower quality, as a result from up-
stream discharges. There is also the possibility that the river presents
much higher flow downstream than upstream, due to incremental flow
and tributary affluences. Consequently, sewage produced closer to head-
water would require higher treatment efficiency even if its discharge load
is like that discharged downstream (ALBERTIN, 2008).

Figure 2 - DO and BOD, , concentration profiles for the river Pardinho, considering the raw effluent final disposal.

DO: dissolved oxygen; BOD,, : biochemical oxygen demand.

Figure 3 - The river Pardo’s DO and BOD
DO: dissolved oxygen; BOD,, : biochemical oxygen demand.

5,20
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concentration profiles for the considered raw effluent final disposal.
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Primary sewage treatment systems present minimal BOD removal
efficiency, usually of 25% (VON SPERLING, 2007). From this perspec-
tive, all estimated efficiencies with values lower than 25% are shown in
parentheses in the following tables, next to the symbol < 25.

Table 2 shows the estimated minimum BOD, _  removal efficiencies

5,20
values for the treatment systems associated to the river Pardo’s water-
shed urban areas, according to optimization Model 1.

Eftluent discharges from Irupi City occurs near the river Pardinho’s
headwater, where flow is still low. Hence, a more rigorous treatment for
this effluent than the necessary for similar organic loads is required. The
BOD, , peak concentration, when the treated effluent is discharged, reach-
es the limit value acceptable for class-two rivers. In this context, treatment
efficiency was 73% (Table 2), defined for Irupi effluent, which is the min-
imum required to maintain the river Pardinhos water quality parameters
respecting class-two rivers limits under the boundary conditions that con-
formed the simulations performed.

Considering that effluent discharges from Santissima Trindade and
Nossa Senhora das Gragas villages in Ribeirdo Perdi¢io stream are small,
they can be assimilated by the river without affecting maintenance of qual-
ity standards even if disposed without treatment (minimum allowable effi-

ciency of 1%, imposed to guarantee non-negativity).

Table 2 - Estimated minimum efficiency: optimization model 1.

Ibatiba effluent is released into a river Pardo’s section that presents
low flow, a condition that imposes high treatment efficiency to the city
effluents (95%, according to Table 3). For Itina City, where Pardo river
presents higher flow, the required efficiency is considerably lower than
that imposed for Ibatiba effluent (approximately 13%, according to Ta-
ble 3), allowing simpler sewage treatment systems adoption.

Optimization Model 2 (Equation 7) sought to minimize the differ-
ence that point organic loads and estimated efficiencies for treatment
systems present among themselves. Table 3 presents the five best results
related to optimization Model 2.

Optimization Model 3 (Equation 8) aimed to minimize inequities
between adjacent discharge points, so that the relation of organic load
over efficiency ratio between two adjacent points would be as close as
possible, seeking to establish a common efficiency that was related not
only to the organic load, but also consistent with its neighborhood,
where the discharged eftfluent presents greatest influence. These results
are summarized in Table 4.

The results of Model 3 indicate that the inequity measure proposed
by the model established a pattern similar to that obtained previously,
with the urban areas that produce largest organic loads charged with
applying the highest efficiencies in their effluents treatment.

Treatment efficiency (%)

Y efficiency

Ibatiba Santissima Trindade Nossa Senhora das Gragas

<25(1)

Table 3 - Minimum estimated efficiencies: optimization model 2.

Treatment efficiency (%)

<25(1) 184

1 <25(1) <25(2) 186
2 81 73 <25(2) <25(2) 30 188
3 81 73 <25(7) <25(2) 30 193
4 95 73 <25 (20) <25(2) <25 (13) 203
Table 4 - Minimum estimated efficiencies: optimization model 3.
Treatment efficiency (%)
Solution Y efficiency
1 <25(1) <25(2) 266
2 95 73 <25(1) <25 (6) 95 270
3 95 73 <25(1) <25(7) 95 271
4 95 73 <25(1) <25(9) 95 273
5 95 73 <25(1) < 25(10) 95 274
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In this model, however, greater rigor was observed for urban areas that
contribute with higher loads, reducing the variations observed for optimi-
zation Model 2. BOD, |
treatment was due to the fact that the inequity measure associated with

high removal levels suggested for Iina effluent

optimization Model 3 considers discharges in the vicinity. By the fact that
Tuna presents higher sewage load than the adjacent urban areas (Irupi and
Nossa Senhora das Gragas villages), NLP sought to minimize the ratio be-
tween loads discharges and treatment efficiencies for these locations, in-
creasing Iuna treatment efficiency.

Model 4 (Equation 9) aimed to minimize the relation between or-
ganic load and efficiency for each discharge point in relation to the
ratio between average load and efficiency in the watershed. The results
from the application of this model are presented in Table 5.

The DO and BOD

5,20
estimated with optimization Model 4 help are presented in Figures 4 (the

profiles produced considering the efficiencies
river Pardinho), 5 (Ribeirdo Perdi¢do stream), and 6 (the river Pardo),

and were conformed with the use of efficiencies referred to the solution
presenting lowest efficiencies sum. These figures exemplify the profiles

Table 5 - Minimum estimated efficiencies: optimization model 4.

produced from the incorporation of efficiencies estimated by the opti-
mization model. Similar figures were produced considering efficiencies
estimated by other optimization models. Regardless of the efficiencies
set for their production, these profiles present DO and BOD, , parame-
ters variations that are established in accordance with the environmental
quality standards, since the environmental quality standards constituted
optimization models restrictions.

When comparing only the efficiencies sum obtained by the dif-
ferent optimization models, optimization Model 1 produced the low-
est BOD

5,20
Models 2, 3, and 4, however, usually imposed considerably more effi-

removal efficiencies sum for the watershed. Optimization

cient treatments than those established with the aid of optimization
Model 1.

Recurrently, sewage treatment efficiencies associated to the smaller
urban areas (Nossa Senhora das Gragas and Santissima Trindade vil-
lages) were not significant, being lower than the efficiencies normally
achieved by primary sewage treatment systems. Ibatiba and Irupi Cit-
ies, regardless of the optimization model employed, demanded higher

Treatment efficiency (%)
Solution Y efficiency
Santissima Trindade Nossa Senhora das Gragas m
1 <25(2) <25(3) 268
2 95 95 <25(2) <25(3) 95 290
3 95 73 <25(2) 46 95 311
4 95 73 63 <25 (4) 95 330
5 95 73 <25(2) 85 95 350

Figure 4 - The river Pardinho’s DO and BOD, ,,
model 4.

DO: dissolved oxygen; BOD,, : biochemical oxygen demand.

concentration profiles after minimum treatment efficiencies incorporation: optimization
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Figure 5 - Ribeirio Perdi¢do stream’s DO and BOD, , concentration profiles after minimum treatment efficiencies incorporation: optimization

model 4.
DO: dissolved oxygen; BOD, , : biochemical oxygen demand.

Figure 6 - The river Pardo’s DO and BOD
DO: dissolved oxygen; BOD,, : biochemical oxygen demand.

5,20

treatment efficiencies, compatible with secondary or higher-level treat-
ment systems. These urban areas are substantially more populous than
Santissima Trindade and Nossa Senhora das Gragas villages, making
their final sewage disposal in the upper portion of the rivers Pardo
(Ibatiba) and Pardinho (Irupi) stretches, in sections that present low
flow rates for sewage dilution.

Model 2, among the optimization models that incorporated equity
measures in the objective functions, was the only one to present effi-
ciencies sums close to those established by optimization Model 1.

The results achieved in the present study are similar to those found
in Santoro, Reis and Mendonga (2016), Fantin, Reis and Mendonga
(2017), and Bringer (2017), who used GA as an optimization tool to
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concentration profiles after minimum treatment efficiencies incorporation: optimization model 4.

determine minimum sewage treatment efficiencies for the river Pardo’s
watershed. In this context, NLP has produced consistent and similar
results to those obtained from the use of a metaheuristic optimization

technique, which usually requires higher computational demands.

Conclusion

qQUAL-UFMG water quality mathematical model and NLP com-
bined use is a versatile alternative for minimum sewage treatment effi-
ciencies within a watershed determination, allowing different optimi-
zation models and agile results.

The estimated efficiencies for the river Pardo’s watershed with the

aid of NLP were similar to those obtained with the use of the Genetic
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Algorithm, a metaheuristic optimization technique that usually re-
quires computational demands substantially higher than those asso-
ciated to conventional optimization techniques use.

The estimated minimum organic matter removal efficiencies within
the river Pardos watershed were highly dependent on the incorpora-

tion of inequity measures into the optimization models. Sewage treat-

ment efficiencies associated to Nossa Senhora das Gracas and Santissi-
ma Trindade villages were not significant, and were usually lower than
primary sewage treatment systems organic matter removal efficiencies.
Estimated efficiencies for Ibatiba and Irupi cities were usually high,
regardless of the optimization model employed. These efficiencies are
compatible with secondary or higher-level treatment systems.
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