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RESUMO

Choosing the best form of domestic sewage treatment requires
analyses that allow decision-making on the ideal solutions for
implementation, according to the particularities of each regionality,
especially when it comes to rural and isolated areas dependent
on decentralized solutions. Thus, through this study, the Analytic
Hierarchy Process (AHP) was used from a data collection on simplified
treatment systems existing in temperate municipalities without a dry
season, to evaluate priority systems in different scenarios considering
environmental, social, and technical-economic indicators. Among the
results for the scenarios performed, the compact upflow anaerobic
reactor, the septic tank and anaerobic filter, and the septic tank and
built-in flooded system of vertical subsurface flow were the solutions
that proved to be the most indicated following the indicators used
and the existing information. It is noteworthy that the results refer
to the study area in question, and new applications of the method
are needed in different climatic regions. From the application of the
methodology, the AHP tool indicated that it is a viable method to
assist in decision-making regarding the selection of sewage treatment
systems in rural areas, which, being tied to municipal planning in
basic sanitation, assists in the optimization of existing resources.
The sensitivity of the method showed the importance of its application
with data collected on site, in addition to the incorporation of public
and experts opinions in the contribution of the degree of importance
of the criteria and indicators used.

Keywords: analytic hierarchy method; rural sanitation; wastewater
treatment.

Escolher a melhor forma de tratamento de esgoto doméstico requer
andlises que permitem a tomada de decisdo sobre as solugGes ideais
de implantagdo, conforme as particularidades de cada regionalidade,
principalmente quando se trata de dreas rurais e isoladas dependentes
de solugdes descentralizadas. Assim, por meio deste estudo, o método
de analise hierarquica — Analytic Hierarchy Process (AHP) — foi
utilizado com base em um levantamento de dados sobre sistemas de
tratamento simplificados existentes em municipios de clima temperado
sem estacdo de seca, para avaliar os sistemas prioritarios em diferentes
cendrios considerando-se indicadores ambientais, sociais e técnico-
econdmicos. Entre os resultados para os cenarios realizados, o reator
anaerdbio de fluxo ascendente compacto, o tanque séptico e filtro
anaerdbio, bem como o tanque séptico e sistema alagado construido de
fluxo subsuperficial vertical foram as solugdes que se mostraram as mais
indicadas seguindo os indicadores utilizados e as informagdes existentes.
Destaca-se que os resultados se referem a area de estudo em questdo,
sendo necessarias novas aplicagdes do método em diferentes regides
climaticas. Com a aplicagdo da metodologia, a ferramenta AHP mostrou
ser um método viavel para auxiliar na tomada de decisdo quanto a
selegdo de sistemas de tratamento de esgoto em dreas rurais, o qual,
atrelado ao planejamento municipal em saneamento bdsico, auxilia na
otimizagdo dos recursos existentes. A sensibilidade do método revelou
a importancia de sua aplicagdo com dados coletados in loco, além da
incorporagdo de opinides publicas e de especialistas na contribuigdo do
grau de importancia dos critérios e indicadores utilizados.

Palavras-chave: método de andlise hierarquica; saneamento rural;
tratamento de esgoto.
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Application of the Analytic Hierarchy Process for selection of alternative solutions for domestic wastewater treatment

Introduction

The search for universal access is a major challenge, especially
when it comes to rural sanitation — access to sanitation in rural lands
(individually or collectively), namely rural producers, traditional
communities, and indigenous peoples (Funasa, 2019). Regarding do-
mestic sewage treatment, according to the National Rural Sanita-
tion Program (Programa Nacional de Saneamento Rural — PNSR),
the current scenario presents a deficit of 79.4% for the population
residing in rural areas (Funasa, 2019). Among the forms of dispos-
al of domestic sewage used, there is great persistence in the use of
rudimentary septic tanks, removal of untreated gray water sewage,
and final disposal by infiltration. In this scenario of investment need-
ed for the implementation of domestic sewage treatment solutions,
several alternative technologies have been implemented according to
local conditions. Therefore, the purpose of this study was to classify
domestic sewage treatment solutions for Brazilian rural households,
based on a multi-criteria analysis, in order to hierarchically judge the
technical-economic, social, and environmental feasibility of the solu-
tions evaluated.

In the context elaborated by the PNSR, the Program addresses
technological solutions as one of its strategies, in order to guide the
implementation of individual or collective solutions, according to the
treatment divided into dark water (from the toilet) and gray water, or
domestic sewage in its entirety (no separation). These matrices were
prepared by the PNSR based on typical situations found in Brazilian
rural areas (Funasa, 2019), and Figure 1 presents alternative solutions
for treating domestic sewage without separation.

Following the above, several options can be chosen by the user

when implementing a sewage treatment solution. Among so many

possibilities, how to choose the best treatment configuration? Each
system has its qualitative and quantitative characteristics (area, cost,
pollutant removal efficiency, among others), and it is necessary to as-
sociate its implementation with studies that support the application of
the indicated solution (according to environmental, social, and techni-
cal-economic aspects) among those available.

Thus, multi-criteria analyses are presented as tools capable of
aligning indicators, for the integration of relevant factors in the evalu-
ation and decision-making process (Francisco et al., 2007; Borza and
Petrescu, 2016; Campolina et al., 2017).

The Analytic Hierarchy Process (AHP), a hierarchical analysis
method, is a multi-criteria assessment method, based on comparing
information through judgments according to their degree of impor-
tance (Saaty, 1977; Velasquez and Hester, 2013). Its methodology has
already been used to analyze various environmental issues, including
domestic sewage collection and treatment (Kellner et al., 2009; Sanch-
es, 2009; Molinos-Senante et al., 2014; Ouyang et al., 2015; Pereira
et al,, 2019; Sun et al., 2020; Lima et al., 2020). In this study, the hi-
erarchy of several alternative solutions for the treatment of domestic
sewage (decentralized systems, for small communities or residences)
was elaborated using the AHP methodology, with technical-economic,
social, and environmental indicators, providing the opportunity to de-
fine the most suitable solutions for implementation and contribution

to the universalization of rural sanitation.

Methodological procedures
The methodological process was developed in several stages, given
the need for data collection, elaboration of calculation matrices, and

scenarios for discussion of the results.

—> Drainage ramp
—> Wetland
—> Polishing tank
Septic tank
. Compartmentalized Sand filter
aerobic reactor
Anaerobic filter
RAFA
Preliminary treatment Vertical wetland Percolador biological filter
(French system)
Anaerobic tank }~> Facultative tank Maturation tank
L

Facultative tank

Maturation tank

Figure 1 - Technological matrix of sewage collection and treatment solutions, according to PNSR.

RAFA: Upflow Anaerobic Reactor.
Source: based on Funasa (2019).
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Step 1: Gathering data and information

According to Metcalf and Eddy et al. (2003), among the climat-
ic aspects, the temperature interferes in the reaction rates of the mi-
crobiological growth process. Therefore, it was decided to regionalize
the collection of information on existing solutions in municipalities
belonging to the humid subtropical climate zone where there is no
dry season (with rains throughout the year). It is represented by the
acronym Cf in the Képpen climate classification, and its subdivisions
are: Cfa: the hot summer zone; and Cfb: the temperate summer zone
(Alvarez et al., 2013; Soares et al., 2015).

Keywords such as rural sanitation, treatment efficiency, rural area,
domestic sewage treatment, sanitation — both in English and Portuguese
—, were searched on the platform of Periodicals of the Coordination for
the Improvement of Higher Education Personnel (Coordenagdo de Aper-
feicoamento de Pessoal de Nivel Superior — CAPES), in addition to Goo-
gle Scholar, Science Direct, Web of Science, Scientific Electronic Library
Online (SciELO), and Congress Proceedings of the Brazilian Association
of Environmental and Health Engineering (Associagdo Brasileira de En-
genharia Ambiental e Sanitdria — ABES). Both studies and pilot projects
(existing in the municipalities of the chosen region) were selected.

The solutions indicated by Funasa (2019) were the basis for the search,
contemplated in a single or several stages: built flooded systems (BES),
compact upflow anaerobic reactor (reator anaerdbio de fluxo ascendente
— RAFA), septic tank (ST), anaerobic filter (AF), and sand filter (SF). Ac-
cording to the available data, the systems were categorized as alternatives
(ALTs) for the hierarchical analysis, and indicators were established for
the criteria evaluated based on the list of Technical-Economic Indicators
(TEIs), Environmental Indicators (EIs), and Social Indicators (SIs) pro-
posed by Molinos-Senante et al. (2014) and presented in Chart 1.

For each indicator used, data were assigned as follows:

In the Els, data published in studies implemented in municipalities
in the study area were used (when more than one study was found
for the same solution and municipality, the average of the efficien-
cies was calculated), together with data from Von Sperling (2014)
(in the absence of information on any step), for the calculation of
global efficiency and standard deviation;

For the TEISs, the data presented by Dotro et al. (2017) and Tonetti et al.
(2018) were used, in addition to data for cost and area indicators in sys-
tems with several stages (both calculating minimum and maximum
values), and establishing a maintenance frequency scale with qualitative
information (considering, for each stage, the average number of times
to perform maintenance on the system, and the maintenance frequency
scale was established as: very low; low, moderate, high; and very high);
As for SIs, information from Von Sperling (2014) was used, esti-
mating a qualitative scale for the systems, according to similarity
in the treatment process. For systems with more than one stage,
the data set was considered, adapting the scale on a case-by-case
basis, and then being elaborated in a qualitative way: very low, low,

moderate, high, very high.
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Chart 1 - List of criteria and indicators used in the feasibility assessment.

Criteria Code Indicator Unit
i ITEOl  Required area m?/hab.

Technical-
economic ITE02  Implementation cost R$/hab.
(TEC) . o

ITE03  Maintenance frequency Qualitative

IAMO1  BOD removal efficiency %

IAM02  COD removal efficiency %

IAMO03  TC removal efficiency unit log
fl? é;ronmental IAMO04  TSS removal efficiency %

IAMO05 N_ removal efficiency %

IAM06 N, removal efficiency %

IAM07 P removal efficiency %

ISO01  Simplicity of operation Qualitative
Social ISO02  Unpleasant odor Qualitative
£9 Proliferation of i d

1S003 roliferation of insects an Orlbiitie

worms

BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; TC: total
coliforms; TSS: Total suspended solids; N, : Ammonia Nitrogen; N, : total Ni-
trogen; P_ : total Phosphorus.

total”

Source: Tres (2021).

Step 2: Application of the hierarchical analysis method

In general, the AHP is structured according to Figure 2. The
analysis is carried out level by level, comparing and establishing
weight values for each piece of information: criteria; indicators; and
alternatives in relation to the data for each indicator. The matrix
product of the resulting weight values in the comparison of each
level allows the formation of a hierarchy of alternatives that solve
the problem (Saaty, 1977) — with the one with the highest score
being the best solution.

The method approach is algebraic calculus, where comparisons are
made in pairs, and must contain the following properties:
« reciprocity: for each input m,, there is an input 1/m;
o identity: the input m, where i = j, results in 1;

consistency: for the consistency of the comparison matrix, the rela-

tion m, X m, =m, is valid (Saaty, 1977).

Then, the application of the method starts with the construc-

tion of a matrix M = (m (pair comparison matrix) where each

D
item to be evaluated bel(])ngs to a row and a column, where # is the
number of items evaluated. The pairwise comparison is constructed
using the scale assigned by Saaty (1977), in which values are as-
signed to items on a linear scale from 1 to 9, based on their intensity
of importance (Chart 2), always with the definition of the value as
an answer to the question “how important is the i item, in relation

to the j™ item?”.
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Main goal
|
¥ L] Y y
\J ¥ v v Al ¥ v v \] (] v v
IND. 1.1 IND. 1.2 IND. L.n IND. 2.1 IND. 2.2 IND. 2.n IND. 3.1 IND. 3.2 IND. 3.n
Alternative 1 Alternative n
Figure 2 - Representative flowchart of the hierarchical analysis method.
IND: Indicator.
Source: Tres (2021).
Chart 2 - Linear scale of comparisons of the AHP method. M, M, M,
i M
.Inten51ty of Definition Explanation ! 1 12 1
importance M= M m m m
2 21 22 2n
1 el s, Two activities COl'.ltl‘lli.)ute equally 1)
to the objective. M
n mnl ng mnn
3 Weak importance of ~ Experience and judgment slightly
one over the other. favor one activity over the other. ” T n
m; my, - m;
Strong or essential Experience and judgment Z = 21 11 21 2 Zl m
5 importance of one over  strongly favor one activity over = = =
the other. the other.
Demonstrated One activity is strongly M, M, M,
7 importance of one over favored, and its dominance is M . My My, My
the other. demonstrated in practice. — - =
Liaimy  Xitymp XMy
The evidence favoring one M= M My m My
9 Absolute importance of activity over the other is of 2 ST n_zz S m
one over the other. the highest possible order of L P =1 Tin (2)
affirmation.
2,4,6,and 8 Intermediate values between two adjacent assessments. M, M Ma Myp
n
Source: Saaty (1977). Ziei Min XMy, X my,
After peer comparison, it is possible to calculate the eigenvector m m
11 12 n
. . . . +
W in an approximate way, with the following steps presented by SEimy o SEimg | S mg, "
Saaty (1977): n w,
« sum the assessments of each column of the matrix M (Equation 1); W= = |ws 3)
+ divide each entry (m ) by the sum of its respective column (Equa- My My My, :
S L w
tion 2); i=1Mi1 i=1 Min i=1Min n
+ obtain the eigenvector W through the arithmetic mean of each row n

(Equation 3).

The result of the eigenvector is the weight calculated for each com-
pared item (of the respective row).
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Each criterion is compared with each other, in the level 1 as-

sessment, resulting in the eigenvector w, where W, W, W are the

weight values calculated for each criterion. For the level 2 assess-
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ment, each indicator is compared with the group of indicators of
w

TEIn EIn’
where w,, w,, ..., w, are the weight values of each indicator.

its respective criterion, resulting in the eigenvectors W
W,

SIn®
Then, each alternative is compared in relation to the information of
each indicator (level 3), resulting in the eigenvectors W, . where
wal’ WaZ’

to each indicator.

s W, are the weight values of each alternative in relation

For the level 3 assessment, Saaty (2008) presented an alternative
way to establish the weight values at this stage of the method, the
rating mode, in which ranges of values are established and com-
pared with each other, as a way of reducing the number of interac-
tions performed. For example, when comparing the BOD remov-
al efficiency (where the data are numbers between 0 and 100%) a
classification mode is created by assigning the data in ranges from
0 to 20%, 21 to 30%, and so on. With the weight values calculated
for the ranges of values, the data are normalized (divided by the
largest among them), and assigned as the weight of each alternative,
according to the data of each one and the correspondence of the
value range (Saaty, 2008). The scales assigned for this calculation
are shown in the Table 1.

Step 3: Analysis of the consistency of the weight
values obtained in the pairwise comparison matrices

The assessments made need to be consistent for the AHP method
to be valid, considering that, for the method 4 , =n, 4 , was calcu-
lated by Equation 4 (Saaty, 1977). The W eigenvector is the ratio of the
weight values for each i™ item evaluated by the pairwise comparison
matrix, and the X vector is obtained by multiplying M x W.

n
gy =X Y 2 (4)
noLiw

The Consistency Index (CI) is also calculated from Equation 5.
When close to zero, the CI shows that the judgments made are consis-
tent and useful (Saaty, 1977).

Anax — 1

= n—1

~0.00 (5)

In addition to the CI, the consistency of the matrix is evaluated by
the Consistency Ratio (CR), according to Equation 6. For the calcula-
tion, the CI and the Random Index (RI) are used, as shown in the Ta-
ble 2. The CR consistency test should result in 0.10 or less (Saaty, 1987).

CR—CI <0.10
=57 =0 (6)

Step 4: Calculation of partial and global priorities

Finally, the calculation of partial priority (each criterion) and global
priority for each alternative was carried out to prepare the ranking of alter-
natives. Where x = 1, 2, ..., X is the number of the alternative, y=1,2, .., Y
is the number of technical-economic indicators, b = 1, 2, ..., B is the num-
ber of environmental indicators, and z = 1, 2, ..., Z is the number of social
indicators, the partial score of each alternative is calculated by Equations 7,
8,and 9. The calculation was performed by the sum of the matrix product
between the weight of each indicator (P) with the normalized weight of
each alternative (TEL, EI , SI ), being divided by the sum for each criterion
(sum of TEC,, EC_and SC, of all alternatives for each partial priority).

TEC. Y . -
Precx = m,where TEC, = ZyzlPiy X TElyy and Prgc, = partial priority of TEC (7)
EC, B . -
Ppcx = oy——= where ECx = Z Piy X Ely and Pgcy = artial priority of EC (8)
x=1 ECJ( b=1
SCy z
Pscx = =3 ,where SC,, = Z 1P,-z X SI, and Psc, = partial priority of SC 9)
x=1 X z=

Table 1 - Normalization scales of the weight values attributed to the alternatives, in relation to each indicator.

TEIO1 0-3.20 3.21-6.40
TEI02 100 - 350 351 - 700
TEI03, SI02 and SI03 Very Low Low
EIO1 to EI07 100.0 - 81.0 80.0 - 61.0
EI03 4.0-3.1 3.0-21
SI01 Very High High

Source: Tres (2021).

6.41 - 9.60 9.61 - 12.80 12.81 - 16.00
701 - 1,050 1,051 - 1,400 1,400 - 1,750
Moderate High Very High
60.0 - 41.0 40.0 - 21.0 20.0-0.0

20-1.1 1.0-0.0 =
Moderate Low Very Low

Table 2 - Random Index, according to the order of the pairwise comparison matrix.

Oter |1 | o | 3 | ¢ | s | e | 7 | 8 | 9 | 0
RI 0.00 1.12 1.24 1.41 1.45

0.00 0.58 0.90
Source: Saaty (1987).
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Application of the Analytic Hierarchy Process for selection of alternative solutions for domestic wastewater treatment

Finally, the global priority of each alternative (GP) is calculated by
adding the partial priority of each criterion multiplied by its respective
weight, according to Equation 10.

pr = (PTEC X TECX) + (PEC X ECx) + (PSI X SIX) (10)

Step 5: Sensitivity analysis of the method to the
objective established by preparing different scenarios

To ensure that the priority analysis is adequate, a sensitivity anal-
ysis of the results obtained was also carried out. In this step, scenarios
are created by alternating the weight values and data used to assess
how sensitive the priorities are to changes imposed in the calcula-
tions. The elaboration of two scenarios was defined, in addition to
the base scenario:
+  Base Scenario: hierarchical analysis with the mean values of each
indicator for each alternative;
Data Sensitivity Scenario: hierarchical analysis with the maximum
and minimum values of each indicator for each alternative, main-
taining the weight values calculated for the criteria and indicators

of the base scenario;

Sensitivity Scenario of Assessments and Weight Values: hierarchi-
cal analysis with the mean values of each indicator for each alter-
native, changing the weight values calculated for the criteria and

indicators of the base scenario.

Results and Discussion

In all of them, 37 references were selected, with a total of 63 sew-
age treatment arrangements (Figure 3), which were grouped into 11
types of domestic sewage treatment systems, according to the avail-
ability of information from the indicators selected for the hierarchi-
cal analysis (Chart 3).

As case studies and pilot projects were being researched, the infor-
mation from each report was used to complement the data necessary
for the hierarchical evaluation, mainly information from the environ-
mental indicators. Table 3 presents information for each indicator for

each setting.

Alternative effluent treatment solutions evaluated
In the ST and RAFA, in a simplified way, the effluent is treated via

solid sedimentation, anaerobic digestion, and oil and grease flotation.

Figure 3 - Municipalities with sewage treatment arrangements in published studies for the delimited region.

Source: based on Alvarez et al. (2013).
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Chart 3 - Domestic sewage treatment systems found in the data survey*.

Alternative

ALTO1
ALT02
ALTO03
ALT04
ALTO05
ALT06
ALT07
ALTO08
ALT09
ALT10
ALT11

Acronym

RAFA

RAFA + AF + BFSh

RAFA + BESv

ST + AF

ST + AF + SF

ST + AF + BFSh

ST + AF + BFSv

ST + AF + BFSv + BESh

ST + BFSh

ST + BESv

ST + BFSv + BFSh

Septic tank + anaerobic filter + built-in hybrid flooded system (vertical flow + horizontal flow)

Domestic sewage treatment system

Upflow anaerobic reactor

Upflow anaerobic reactor + anaerobic filter + built-in horizontal flow flooded system

Upflow anaerobic reactor + built-in vertical flow flooded system

Septic tank + anaerobic filter

Septic tank + anaerobic filter + sand filter

Septic tank + anaerobic filter + built-in horizontal flow flooded system

Septic tank + anaerobic filter + built-in vertical flow flooded system

Septic tank + built-in horizontal flow flooded system

Septic tank + built-in vertical flow flooded system

Septic tank + built-in hybrid flooded system (vertical flow + horizontal flow)

*For each treatment system, a reference acronym was adopted to facilitate and expedite the discussion.
Source: Tres (2021).

Table 3 - Information on technical-economic, environmental, and social indicators of domestic sewage treatment systems.

EI()I" EIOZ‘l EI03*
3
- :

Solutions

ALTO1

ALT02

ALTO03

ALT04

ALTO05

ALT06

ALTO07

ALTO08

ALT09

ALT10

ALT11

0.3-0.8'

5.6-11.6'2

3.3-438"

0.6 - 1.6

1.0 - 2.6

5.6-11.6'2

3.6 -5.6'"

8.6 - 15.6'2

5.3 -10.8'2

3.3-438"2

8.3 -14.8'2

TEI02?

(R$/
inhab)

300.00 -
500.00

700.00 —
1,300.00

600.00 —
1,000.00

200.00-
600.00

300.00 -
900.00

500.00 -
1,100.00

500.00 -
1,100.00

700.00 -
1,300.00

400.00 -
800.00

400.00 -
800.00

700.00 -
1,300.00

Low

High

Moderate

Low

High

Moderate

Moderate

Very High

Moderate

Moderate

High

60.00 -
75.00

83.05*
21.31

92.00 -
97.50

7117
9.17

9542 +
3.98

91.72
4.33

86.93 —
90.20

94.19 -
95.64

89.54 +
4.37

86.98
3.56

97.20 -
99.35

48.02 £
5.35

82.77
15.71

61.40

7137+
6.67

92.64 +
5.55

92.43 +
4.73

87.86 —
91.91

91.53 -
94.35

87.81%
5.92

87.98
3.35

94.83 -
95.52

(unit log)

1.00

2a4

124+
0.41

217 %
1.05

193+
1.06

1.44

1.88

192+
0.25

2to4

2to4

EI()4" EIOS“ EIOG“ EIO74 5

80.72
11.62

97.40 —
99.30

94.80 -
98.60

86.78
3.18

94.61
0.86

97.40 -
99.30

95.44 —
97.72

84.56 -
92.28

91.78
6.18

93.60
6.36

85.23 -
88.51

2323+
2.51

0.00 -
75.00

92.12

19.43 £
5.31

61.44 +
28.40

47.73
26.56

0.00 -
43.64

2878 =
58.08

50.70
14.58

4033+
10.79

81.11 -
86.78

3252+
3.56

0.00 -
84.00

98.39

36.23+
22.81

0.00 -
27.60

0.00 -
84.00

0.00 -
84.00

0.00 -
93.60

39.84+
17.69

40.67
0.46

0.00 -
88.80

11.20+
8.91

79.59 =
9.05

99.60

18.37
1.23

32.73 -
56.27

36.27
6.12

13.72 -
43.92

18.52 -
47.04

3527+
9.99

78.56
4.26

0.00 -
72.54

High

Low

Moderate

Very High

Low

Moderate

Moderate

Very Low

High

High

Moderate

Low

Moderate

Low

Moderate

Moderate

High

High

Very High

Moderate

Moderate

High

S103°

Very Low

High

Moderate

Low

Moderate

Moderate

Moderate

Very High

Low

Low

High

TEIO1: Required area; TEI02: Cost of implementation; TEIO3: Frequency of maintenance; EI01: Efficiency in removing BOD; EI02: Efficiency in removing COD; EI03:
Efficiency in removing TC; EI04: Efficiency in removing TSS; EI05: Efficiency in removing Nam; EI06: Efficiency in removing Ntotal; EI07: Efficiency in removing
Ptotal; SIO1: Simplicity; SI02: Unpleasant odor; SI03: Proliferation of insects and worms.
Source: "Tonetti et al. (2018). *Dotro et al. (2017); *Adapted from Tonetti et al. (2018); “Tres (2021); *Adapted from Von Sperling (2014).
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Regarding operation and maintenance, the removal and treatment of
sludge is necessary over time (Tonetti et al., 2018; Funasa, 2019).

The use of these techniques (as a single step) needs to be evaluat-
ed for moderate efficiency. In addition, due to the need to remove the
sludge, they are appropriate for places where they can be transported
and treated (Tilley et al., 2014).

BESs consist of impermeable ponds with aquatic plants, with a per-
meable layer (gravel or sand). In this system, the treatment takes place
(by physical, chemical, and biological processes) during the contact of
domestic sewage with microorganisms adhered to the support medi-
um, substrate, voids, and roots, as well as rhizomes of aquatic plants
in a soil-plant-water system. In the BFSh, the sewage flows horizon-
tally through the support medium (enters at one end of the system
and leaves at the opposite end), with a majority of anaerobic processes
(Dotro et al., 2017). BFSv, in turn, is operated intermittently, where
domestic sewage is directed to the surface and infiltrates through the
support medium (from surface to bottom), as a kind of filter, and is col-
lected at the bottom for final disposal (Dotro et al., 2017). By operating
intermittently, the air enters the voids of the support medium allowing
the occurrence of an aerobic process (Tilley et al., 2014; Von Sperling,
2014; Dotro et al., 2017). The most critical situation of maintenance
and operation of a BFS is the clogging of the existing voids in the sup-
port medium, due to bad sizing of the BFSs or high system loads. In re-
lation to macrophytic plants, pruning and weed control should also be
performed frequently (Von Sperling, 2014; Dotro et al., 2017).

Finally, the AF consists of chambers divided into two parts, the low-
er being a false bottom and the upper a chamber filled with a support
medium (gravel, gravel, plastic parts, for example) for the adhesion of
anaerobic microorganisms of organic matter degradation (Tilley et al.,
2014). The treatment flow is ascending (from bottom to surface), perco-
lates through the support medium and is collected in the false bottom
for final disposal. Regarding its operation and maintenance, the AF is
at risk of clogging due to the presence of solids and bacterial growth.
In these cases, its cleaning can be done by backwashing (reverse flow) or
removing the support medium for cleaning (Tilley et al., 2014).

The SE on the other hand, is composed of layers of filtering ma-
terial, the upper (and deeper) layer being sand, followed by materials
of greater granulometry (gravel or pebble). Thus, the treatment takes
place (via upward flow) during its filtration of solids and degradation
of organic matter by microorganisms. Unlike the AF, the SF is oper-
ated intermittently to allow oxygen to enter the voids of the filter lay-
ers (performing aerated processes). To avoid the clogging of the filter,
maintenance is carried out by scraping the surface sand of the layer
(the one that receives the greatest load of raw sewage) and replacing it
with clean sand (ABNT, 1997; Tonetti et al., 2018), requiring the proper
disposal of contaminated sand.

Considering the highlighted information, Chart 4 presents the
positive and negative points of domestic sewage treatment by the eval-

uated solutions.
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Chart 4 - Positive and negative aspects of sewage treatment, by type of solution.
+ Simple technology - Low pathogen removal
+ No electricity required - Low removal of organic matter
+ Low operating cost - Low nutrient removal
- Low solids removal

- Odors

+ Long service life
+ Low amount of area required

- Regular sludge removal, and need for
treatment

Positive and negative aspects of sewage treatment by BFSh

+ Moderate removal of organic
matter and solids

+ Can be built underground

- Requires pre-treatment (load reduction)

+ High nutrient removal - Requires large areas for implementation

+ No electricity required - Risk of clogging (filling voids)

- Requires knowledge for construction

+ Moderate pathogen removal .
and operation

+ Support mean can be from

3 . - More complex maintenance
building materials p

+ Low operating cost - Long startup time to full capacity

Positive and negative aspects of sewage treatment by BFSv

+ Moderate treatment

. - Requires pre-treatment (load reduction
efficiency 4 P ( )

+ Low operating cost - Risk of clogging (filling voids)

+ Occurrence of nitrification

(due to bed aeration) - Control of system dosage (flow)

+ Reduced implementation
area

- Requires knowledge for construction
and operation

- More complex and more frequent

+ No electricity required .
maintenance

+ Support mean can be from
building materials

Positive and negative aspects of sewage treatment by AF

- Requires knowledge for construction

+ No electricity required .
ty req and operation

+ Low operating cost - Low removal of pathogens and nutrients

+ Long service life, low sludge

production - Risk of clogging

+ High removal of organic
matter and solids

- Generated sludge must be disposed of
properly

+ Moderate amount of area

required

Positive and negative aspects of sewage treatment by SF

+ Moderate amount of area - Requires knowledge for construction
required and operation

- More complex maintenance

+ Can be built underground - Risk of clogging

+ Moderate removal of organic

. - More complex maintenance
matter and solids P

+ Can be built by reusing civil
construction materials

- The use of electricity is necessary if using
pumps for intermittent flow operation.

- Evaluate the destination of the area

+ Moderate pathogen removal . .
removed during maintenance

Source: based on Tilley et al. (2014).
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Multi-criteria analysis of the evaluated solutions

The hierarchy process started by calculating the weight values of
each criterion, indicating the TEC as a priority among the three crite-
ria, with cost being one of the most critical factors in choosing the solu-
tion. Also, considering the efficiency in removing contaminants from
domestic sewage, EC was the second priority criterion in the analysis.
In this way, Table 4 presents the judgments made, the calculated weight
values, and the data from the consistency analysis.

Regarding the indicators, for the TEIs, the cost prevailed over
the others, and the frequency of maintenance was also important.

Table 4 - Pairwise comparison matrix of the criteria and their respective
calculated weight values.

Technical- Environ- | Weight of each
Criteria
Economic mental criterion

Technical-Economic 0.64
Social 1/7 1 1/5 0.07
Environmental 1/3 5 1 0.28
Eigenvalue (A~ n) 3.07

CI (CI ~ 0.00) 0.03

CR (CR <0.10) 0.06

Source: Tres (2021).

For the SIs, the simplicity (ease of understanding the process) of the
system prevailed, and the unpleasant odor was also important. Re-
garding the Els, the removal of organic matter (BOD and COD) was
defined as essential in relation to the removal of nutrients (N, , N
and P,

The removal of TC was also considered an indicator as important as

), following the statements of Molinos-Senante et al. (2014).

the removal of organic matter, due to the transmission of diseases from
the contamination of water courses by domestic sewage. Regarding the
removal of nutrients, it was established that the removal of N is more
and P_ .

TSS was defined as less important than the other indicators, as it was

important than the removal of N Finally, the removal of

total
perceived from the TSS removal data for each alternative that the vari-
ation between them is small. Therefore, Table 5 presents the compar-
ison matrices for the indicators of each criterion, and their respective
eigenvalues, CIs and CRs.

To assign the value to each alternative in relation to the in-
dicators, the weight values referring to the ranges of values (W, )
were calculated. Based on the scale presented for each indicator in
Table 1, the matrices presented in Table 6 calculate the normalized
weight values for each scale value range (W, ), for the indicators

in question.

Table 5 - Pairwise comparison matrix of indicators and their calculated weight values.

_ Laplcicintionon izt it v

Required area
Implementation cost 7

Maintenance frequency 5

0.07

1 3 0.64
1/3 1 0.28
Eigenvalue (A, ~n)  3.07

CI(CI~0.00) 0.03
CR(CR<0.10) 0.06

_ Slmphc1ty Unpleasant odor Proliferation of insects and worms -

Simplicity
Unpleasant odor 1/3
Proliferation of insects and worms 1/5

Removal of | Removal of | Removal of | Removal of Removal of Removal of Removal of
:10))) COD TC TSS
2 2 7

0.65

1 2 0.23
1/2 1 0.12
Eigenvalue (A ~n)  3.00

CI(CI~0.00) 0.00
CR(CR<0.10) 0.00

Removal of BOD 3 3 0.31
Removal of COD 1/2 1 1 5 4 2 2 0.19
Removal of TC 1/2 1 1 5 2 2 2 0.17
Removal of TSS 1/7 1/5 1/5 1 1/5 1/3 1/3 0.03
Removal of Nam 1/5 1/4 1/2 5 1 3 3 0.13
Removal of Ntotal 1/3 1/2 1/2 3 1/3 1 1 0.08
Removal of Ptotal 1/3 1/2 1/2 3 1/3 1 1 0.08
Eigenvalue (A, ~n) 7.46
CI(CI~0.00) 0.08
CR(CR<0.10) 0.06

W: Weight of each indicator.

Source: Tres (2021).
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Table 6 - Pairwise comparison matrix of the scale of indicators, and calculation of normalized weight.

TEIO1 0-3.20 3.21-6.40 6.41 - 9.60 9.61 - 12.80 12.80 - 16

0-3.20 7 0.50 1.00
3.21-6.40 1/3 1 3 5 7 0.26 0.52
6.41 - 9.60 1/5 1/3 1 3 5 0.13 0.27
9.61 - 12.80 1/7 1/5 1/3 1 3 0.07 0.13
12.80 - 16.00 1/9 1/7 1/5 1/3 1 0.03 0.07

Maximum weight 0.50

Eigenvalue (A~ n) 5.24

CI (CI ~ 0.00) 0.06

CR (CR<0.10) 0.05
100 - 350 0.50 1.00
351 - 700 1/3 1 3 5 7 0.26 0.52
701 - 1,050 1/5 1/3 1 3 5 0.13 0.27
1,051 - 1,400 1/7 1/5 1/3 1 3 0.07 0.13
1,401 - 1,750 1/9 1/7 1/5 1/3 1 0.03 0.07

Maximum weight 0.50

Eigenvalue (A~ 1) 5.24

CI (CI ~ 0.00) 0.06

CR (CR<0.10) 0.05

e T S N T R

Very low 0.50 1.00
Low 1/3 1 3 5 7 0.26 0.52
Moderate 1/5 1/3 1 3 5 0.13 0.27
High 1/7 1/5 1/3 1 3 0.07 0.13
Very high 1/9 1/7 1/5 1/3 1 0.03 0.07

Maximum weight 0.50

Eigenvalue (A~ n) 5.24

CI (CI ~ 0.00) 0.06

CR (CR<0.10) 0.05
100.0 - 81.0 7 0.50 1.00
80.0 - 61.0 1/3 1 3 5 7 0.26 0.52
60.0 - 41.0 1/5 1/3 1 3 5 0.13 0.27
40.0 - 21.0 1/7 1/5 1/3 1 3 0.07 0.13
20.0 - 0.0 1/9 1/7 1/5 1/3 1 0.03 0.07

Maximum weight 0.50

Eigenvalue (A~ 1) 5.24

CI (CI ~ 0.00) 0.06

CR (CR<0.10) 0.05

Continue...
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Table 6 - Continuation.

e T S Y Y Y Y S R T

40-31

3.0-21 1/3 1
20-1.1 1/5 1/3
1.0-0.0 1/7 1/5

7 0.56 1.00
3 5 0.26 0.47
1 3 0.12 0.22
1/3 1 0.06 0.10
Maximum weight 0.56
Eigenvalue (A~ n) 4.12
CI (CI ~ 0.00) 0.04
CR (CR<0.10) 0.04

Very high

High 1/3 1
Moderate 1/5 1/3
Low 1/7 1/5
Very low 1/9 1/7

Source: Tres (2021).

The assessments for calculating the weight values were carried out
in order to prioritize solutions with a smaller area, cost, maintenance,
odor, and proliferation of insects and worms, and greater efficiency in
pollutant removal and simplicity.

Thus, normalized weight values were assigned according to each al-
ternative. For example: for TEIO1, the ST + BFSv + BFSh system needs 8.3
to 14.8 m?/inhab. When calculated for the Base Scenario, the mean value
was used (11.55 m?/inhab.) corresponding to the normalized weight of
0.13. When performing the variation in the minimum and maximum
data scenarios, the normalized weight varied to 0.27 and 0.07, respec-
tively. Table 7 presents the summary of the results of the elaborated sce-
narios, according to the calculations of partial and global priorities.

Results of hierarchical analysis and comparison of scenarios
performed

In general, the most present systems as priorities were:

in relation to the TEC, RAFA, ST + AF and ST + BFSv;

in relation to EC, they were RAFA + BESv, ST + BFSv + BFSh, and
ST + AF + SF;

in relation to SC, they were ST + AF, RAFA, ST + BFSvand ST + BFSh;
in terms of general priority, RAFA, ST + AF and ST + BFSv.

Hierarchy changed, mainly, as the data of the alternatives changed
(Data Sensitivity Scenario). As for the general priority, the change oc-
curred when the EC, TEC, and SC weight values were changed, and
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7 0.50 1.00
3 5 7 0.26 0.52
1 3 5 0.13 0.27
1/3 1 3 0.07 0.13
1/5 1/3 1 0.03 0.07

Maximum weight 0.50

Eigenvalue (A~ 1) 5.24

CI (CI ~ 0.00) 0.06

CR (CR<0.10) 0.05

the general priority ranking followed according to the hierarchy of the
criterion with the highest weight.

In relation to the Base Scenario, in the TEC, the RAFA system pre-
sented the best score in this criterion, due to the best configuration:
smaller area, lower cost, and lower maintenance frequency. The ST + AF
system was a configuration that presented low cost, low maintenance fre-
quency, and its area differentiates this system from the RAFA system, oc-
cupying the 2™ place. In addition, the ST + BFSv system presented mod-
erate values for cost, required area, and maintenance frequency (Tonetti
et al.,, 2018), occupying the 3 place. In EC, the RAFA+ BFSv system
was the system with the best score among all those evaluated (followed
by the ST + BFSv + BESh system, and the ST + AF + BES system). Both
RAFA + BFSvand ST + BFSv + BFSh have higher efficiencies of pollutant
removal, and RAFA + BESv prevails in most environmental indicators:
nutrient removal, BOD removal, and TSS removal being the reason for
its first position. In the SC, the ST + AF system is the first in the ranking
of this criterion, followed by RAFA (the 2™ place) and ST + BFSv and ST
+ BESh (both in the 3 place). Even not having the best concept in the
indicators of ISO02 and ISO03, ST + AF has the best concept for sim-
plicity (very high), and therefore prevailed over the other systems. The
ST + BFSv and ST + BFSh systems have the same concepts for the SIs,
and for this reason they kept the same Score. Finally, in general priority,
RAFA maintained its position in the 1* place, followed by ST + AF and
ST + BFSv. Since TEC is the most weighted criterion, the hierarchy in the
general priority of the Base Scenario followed the TEC hierarchy.

RBCIAMB | v.57 | n.4 | Dez 2022 | 630-643 -

ISSN 2176-9478



Application of the Analytic Hierarchy Process for selection of alternative solutions for domestic wastewater treatment

Table 7 - Summary of the results of the prepared scenarios, referring to the technical-economic criterion, environmental criterion, social criterion, and
global priority.

Results regarding TEC Results regarding EC Results regarding SC

e Weight e Weight
. . Data sensitivity 8 Data sensitivity 8
Solutions | sce- sensitivity

; . sensitivity . sensitivity
: scenario X scenario . scenario X
nario scenario scenario scenario

ALTO01 1.000 1.0000 1.0000 1.0000 1.0000 1.0000 0.3414 0.3073 0.3597 0.2721 0.3414 0.3414 0.7480 1.0000 0.7480 0.7517 0.7480 0.7480

Base Weight

Data sensitivity

ALT02 0.203  0.2454 0.2030 0.4544 0.2030 0.2030 0.7954 0.8380 0.8380 0.5422 0.7954 0.7954 0.2097 0.3275 0.2097 0.2096 0.2097 0.2097

ALT04 0.804 1.0000 0.8036 0.9182 0.8036 0.8036 0.4330 0.3901 0.4562 0.4616 0.4330 0.4330 1.0000 0.8897 1.0000 1.0000 1.0000 1.0000

ALT03 0.417 - - - 0.4173  0.4173 0.4233 - - - 0.4233  0.4233
ALTO05 0.644 0.4686 0.6440 0.8527 0.6440 0.6440 0.8648 0.9031 0.9110 0.8440 0.8648 0.8648 0.2318 0.3580 0.2318 0.2279 0.2318 0.2318
ALTO06 0.391 0.3477 0.3906 0.4741 0.3906 0.3906 0.7788 0.8186 0.8204 0.8157 0.7788 0.7788 0.3074 0.4625 0.3074 0.2907 0.3074 0.3074
ALTO07 0.417 0.3893 0.4173 0.4741 0.4173 0.4173 0.7559 0.7400 0.7963 0.8258 0.7559 0.7559 0.3074 0.4625 0.3074 0.2907 0.3074 0.3074
ALTO08 0.164 0.1258 0.1635 0.2470 0.1635 0.1635 0.7559 0.7400 0.7963 0.8370 0.7559 0.7559 0.0905 0.1300 0.0905 0.1751 0.0905 0.0905
ALT09 0.623  0.4780 0.6234 0.4741 0.6234 0.6234 0.7646 0.7554 0.8054 0.8510 0.7646 0.7646 0.5979 0.8897 0.5979 0.5948 0.5979 0.5979
ALT10 0.650 0.5196 0.6500 0.4741 0.6500 0.6500 0.8325 0.8766 0.8771 0.8964 0.8325 0.8325 0.5979 0.8897 0.5979 0.5948 0.5979 0.5979

0.2853

0.4331 0.2853 0.2853

0.1881 0.1881

0.188 0.9493

Results regarding global priority in the Base Scenario

ALTO1 ALT02 ALTO03 ALT04 ALTO05 ALTO06 ALTO07 ALTO08 ALT09 ALT10 ALT11

1.0000 0.3866 0.6388 0.8860 0.7739 0.5498 0.5665 0.3309 0.7724 0.8113 0.4199

Results referring to global priority, with EC as a priority criterion

ALTO1 ALT02 ALTO3 ALTO04 ALTO06 ALT07 ALTO8 ALTI0 ALTI1

0.7122 0.7339 1.0000 0.7623 0.9343 0.7963 0.7866 0.6708 0.9057 0.9685 0.8640

Results referring to global priority, with SC as priority criterion

at0s | attod aos | atmr | At | ame | amme | amn

0.7853 0.3635 0.6047 1.0000 0.4340 0.4578 0.4551 0.2516 0.7182 0.7351 0.4587

Source: Tres (2021).

For the Data Sensitivity Scenario, since the RAFA + BFSv system the hierarchical sequence, ST + BFSv was in the 2™ place, and ST +
does not have ranges of values or standard deviation for most of its BESh in the 3" place in the TEC. In the EC for the maximum values,
Els, this was removed in comparison with the other systems in this the hierarchy followed the same as the mean values, with ST + BFSv
Scenario. The removal of RAFA + BFSv presented a small variation in + BFSh in the 1* place, ST + AF + SF in the 2™ place, and ST + BFSv
the partial and final scores for TEC and SC, but did not result in any in the 3" place (with only a small change in the partial Scores for the
change in the hierarchy. In EC, the withdrawal of the RAFA + BFSv criterion). In the SC evaluated with the maximum values of each al-

system changed the hierarchical order, having as the three main sys- ternative, there was a change in priority where RAFA occupied the 1*
tems: ST + BFSv + BESh, ST + AF + SE, and ST + BESv (the systems place, and in the 2" place there are the systems ST + AF, ST + BFSh
increased one position in the rank — with ST + BFSv in the 4™ place and ST + BFSv, whereas in the 3™ place we have the systems ST + AF
in the Base Scenario; with the removal of RAFA + BFSv from the + BESv and ST + AF + BFSh. For the evaluation of the maximum and
analysis, it moved on to the 3" place). The hierarchical order in rela- minimum values in the SC, each information of each alternative was
tion to the general priority, with the mean values, remained the same changed in one degree in the qualitative scale, and the systems that
as in the Base Scenario, considering only some changes in the Scores. already had the maximum or minimum concept kept the same value.
Then, the hierarchical analysis was performed with the maximum In general priority, the hierarchy changed so that the RAFA system
and minimum values of each system. When evaluating the maximum was in the 1% place, ST + AF in the 2™ place, and ST + BFSv in the 3™
values, ST + AF and RAFA were both in the 1% place in the TEC. place — still following the order of the TEC (the criterion with great-
Despite the difference in data for the two systems, both fall within er weight for the attribution of the Score). When evaluating the mini-
the same range of values for assigning normalized weight values. In mum values, the results of partial and general priorities also changed.
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In the TEC, RAFA maintained the 1* place position, ST + AF was in
the 2™ place, and ST + AF + SF in the 3™ place. The BFS step in the
systems caused the values of used area and cost to result in values
greater than the minimum values of ST + AF + SE. This made ST + AF
+ SF have a better position compared to joint systems between ST and
BFS. In the EC for minimum values, ST + BFSv + BFSh kept the 1¢
place, but the 2" place changed to the ST + BESv system (which was
in the 3™ place in the round of medium and maximum values), and
the 3 place went to the ST+BFSh system. For the SC, in relation to
the minimum values, the hierarchy of the SC remained similar to the
Base Scenario, with the ST + AF system in the 1* place, the RAFA
system in the 2™ place, and the ST + BFSh and ST + BFSv systems
in the 3" place. For the general priority in relation to the minimum
values, the order changed to ST + AF in the 1* place, RAFA in the
2™ place, and ST + AF + SF in the 3™ place — since the TEC had
greater weight among the criteria, the hierarchy remained accord-
ing to this criterion.

One may observe the great interference of results obtained accord-
ing to the values used in the calculation. Mainly in relation to EC, since
each alternative has different pollutant removal data, this criterion was
the one that changed the most in the different rounds of calculations.
This Scenario allowed us to observe the importance of choosing the
data used in the hierarchical analysis process — one piece of data can
impact the entire calculated hierarchy.

For the evaluation of the sensitivity of assessments and weight val-
ues, the criteria weight values were changed to the SC as a priority, and
then to the EC. When calculating the pairwise comparison matrix for
weight calculation with SC as the priority criterion, the calculated weight
values were 0.64 for the SC, 0.28 for the EC, and 0.07 for the TEC. For
the EC, the calculated weight values were 0.72 for the EC, 0.19 for the

TEC, and 0.08 for the SC. Both comparison matrices presented 4__equal
to 3.07, CI equal to 0.03, and CR equal to 0.06, with consistent results.
As the weight values of the indicators were not changed, the partial
priority of each criterion remained the same as in the Base Scenario,
with only general priorities being discussed now. For both the SC and
the EC as a priority, it is notable that the influence of the weight as-
signed to the criterion changes the hierarchy of the evaluated systems,
following the partial priority Scores. The variation that occurred in this
Scenario shows the importance of assessing and calculating the weight

values when the method is applied.

Conclusions

Among the 11 configurations of alternative solutions evaluated, the
most present as partial and general priorities were RAFA, ST + AF, and
ST + BFSy, for the study area. These systems presented, in general, low
cost, low maintenance frequency, high/moderate simplicity, high effi-
ciency in the removal of organic matter, nutrients, coliforms and sol-
ids, and moderate proliferation of insects and worms and generation of
odors. It is noteworthy that the disposal of the treated effluent was not
considered in the analysis, as it increases the number of interactions in
the calculations. Considering the different hierarchies that occurred in
the alteration of data and assigned weight values (comparison of Sce-
narios), there is a need for coherent data in the analysis of multi-crite-
ria using the AHP method. In addition, the limitation of the study area
for the replication of the multicriteria analysis is necessary, mainly due
to the variance of efficiency of each solution according to location and
climatic zone. Finally, this study demonstrates the possibility of further
advances in rural planning, defining, in addition to demonstrating the
technologies available for use, to help define the most suitable solution
among them, according to the context in which it will be applied.
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