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A B S T R A C T
Brazil nut tree (Bertholletia excelsa Bonpl) management, is a 
traditional activity that plays a key role in the economy of forest-
based Amazon communities and in the conservation of forests. 
Nevertheless, some threats and critical points related to sustainability 
indicate to the need for establishment of monitoring procedures that 
can assist in the management of this natural resource. The overall 
aim of the research was to evaluate the MESMIS method as a tool 
to support the participatory definition of sustainability indicators 
to monitor Brazil nut management, and the viability of Brazil nut 
harvest over time. For that, we carried out a case study in the 
Porvir Community, RESEX Chico Mendes, Acre State (Brazil), aiming 
to integrate the perceptions of Brazil nut harvesters, researchers, 
managers, and technicians to define the indicators. The result was 
the generation of 18 strategic indicators to assess sustainability in 
the environmental, technical-economic and social dimensions. 
Assessment parameters, representing conditions that must be 
achieved for system sustainability, were collectively defined for 
each indicator. The main critical values ​​attributed in the evaluation 
of the indicators are related to Brazil nut commercialization to 
intermediaries and oscillation in the annual fruit production. The use 
of the MESMIS method was considered appropriate to the studied 
context and can be recommended to similar non-timber forest 
product management systems. 

Keywords: extractivism; sustainability indicators; community 
management; mesmis method.

R E S U M O 
O manejo da castanheira-da-amazônia (Bertholletia excelsa Bonpl.) é 
uma atividade tradicional, chave para a economia de milhares de famílias 
extrativistas da Amazônia e para a conservação das florestas. Algumas 
ameaças e pontos críticos relacionados à sustentabilidade da atividade 
apontam para a necessidade de se estabelecerem procedimentos de 
monitoramento que possam auxiliar na gestão desse recurso natural. 
O objetivo deste trabalho foi avaliar o método Marco para a Avaliação 
de sistemas de Manejo de Recursos Naturais Incorporando Indicadores 
de Sustentabilidade (MESMIS) como ferramenta de apoio à definição 
participativa de indicadores para a avaliação da sustentabilidade do 
manejo de castanhais nativos e da viabilidade do extrativismo da 
castanha ao longo do tempo. Para tanto, realizou-se um estudo de caso 
na Comunidade Porvir, Reserva Extrativista Chico Mendes, Acre, onde se 
buscou integrar as percepções de extrativistas, pesquisadores, gestores 
e técnicos sobre o assunto. O resultado foi a geração de 18 indicadores 
estratégicos para a avaliação da sustentabilidade nas dimensões 
ambiental, técnico-econômica e social, definindo-se coletivamente 
parâmetros de avaliação para cada indicador. Os principais valores críticos 
atribuídos na avaliação do estudo de caso foram relacionados à questão 
da comercialização da castanha para atravessadores e à oscilação na 
produção anual de frutos. O emprego do método MESMIS foi considerado 
adequado ao contexto estudado, de modo que pode ser recomendado e 
adaptado ao manejo de outros produtos florestais não madeireiros.

Palavras-chave: extrativismo; indicadores de sustentabilidade; método 
mesmis; manejo comunitário.
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Introduction
The Amazon rainforest is the world’s largest tropical forest, with 

about 52% of its territory protected as conservation units or indigenous 
lands. These areas act as a buffer for external pressures of deforestation 
and expansion of the agricultural frontier, contributing significantly to 
ensuring biodiversity, reducing carbon emissions, and mitigating cli-
mate change. The Brazilian Amazon alone fixes roughly 30% of all car-
bon stored in protected natural areas and indigenous lands throughout 
the biome (Walker et al., 2020).

The production of Brazil nuts is directly related to the conservation 
of the Amazon Forest. The species Bertholletia excelsa is an imposing 
tree in tropical forests and produces Brazil nuts, which is collected al-
most exclusively in native forests. Currently, Brazil nuts is considered 
one of the most important non-timber forest products in the world 
(Gardner and Costi, 2014).

Most Brazil nuts are produced in conservation units, primarily by 
traditional peoples and communities, including extractivists, indige-
nous people, and quilombolas, combining income generation and bio-
diversity conservation (Picanço and Costa, 2019; Silva et al., 2020).

Over the past three decades, Brazil nuts have emerged as a key 
product in the Amazonian extractive economy, promoting food se-
curity and ensuring the livelihoods of traditional populations (Kainer 
et al., 2018). 

In the state of Acre, Brazil, despite the well-structured produc-
tion chain and the valorization of Brazil nuts in the market, the sus-
tainable management of the activity faces threats and critical points, 
which require studies for a better understanding. Some of these 
challenges concern the socio-environmental crisis, climate change, 
constant threats of deforestation, and forest fires, as well as the con-
version of forest areas into pastures in the Amazon. Other concerns 
refer to oscillations in fruit production of Brazil nut trees in criti-
cal years, price fluctuations, and market speculations, deficiency of 
public policies for the sector, as well as the fragility of the social and 
governance dynamics that involve these management systems (Brose, 
2016; Cartaxo et al., 2016; Wadt et al., 2016; EMBRAPA, 2017; Mas-
carenhas et al., 2018).

These socioeconomic and productive challenges for Brazil nut 
harvests by traditional populations require community management 
strategies to assess and monitor the sustainability of these produc-
tion systems. These strategies allow understanding interrelation-
ships, predicting risks, and proposing improvements for the resil-
ience of the system.

This work evaluated the Marco para la Evaluación de Sistemas de 
Manejo de los Recursos Naturales Incorporando Indicadores de Suste-
ntabilidad method (MESMIS) as a support tool for the participatory 
definition of indicators to assess and monitor sustainability in Brazil 
nut stands management, based on a case study carried out at RESEX 
Chico Mendes in the state of Acre.

General aspects of sustainability 
indicators in natural resource management

Since the United Nations Conference on Environment and De-
velopment “Rio 92” and the elaboration of Agenda 21, the need to 
develop indicators capable of assessing sustainability has been dis-
cussed in the political and academic spheres. According to Caporal 
et al. (2010), based on the institutionalization and popularization of 
the sustainable development discourse, the search for methodolo-
gies that allow measuring sustainability and, consequently, indicat-
ing ways to minimize social problems intensifies on the scientific, 
ecological, and economic agenda promoted by anthropic action in 
agroecosystems and by unequal sociopolitical relations regarding the 
appropriation of nature.

In general, “sustainability indicators intend to inform concisely 
about a certain state or a certain condition of a system of interest (an 
agroecosystem, for example). Sustainability indicators are taken, there-
fore, as decision-making instruments to improve the use of the envi-
ronment” (Schlindwein, 2010, p. 88).

Gallopín (1996) states that the most important characteristic of an 
indicator is its relevance to policies and the decision-making process, 
and social actors involved in the process have considered the indica-
tor’s relevance to be representative.

Sustainability indicators are defined as the synthesis and inter-
pretation of a set of information that indicate trends in behavior and 
help in the development of strategies to improve the human-nature 
relationship. These indicators allow quantifying, analyzing, and trans-
mitting information in a simple way, as well as informing about the 
achievement of sustainability in different dimensions. Therefore, it is 
possible to monitor progress toward achieving the goals set, preventing 
economic, environmental, and social losses (Hammond et  al., 1995; 
Bellen, 2006; Melane-Lavado and Álvarez-Herranz, 2018).

In this context, sustainability indicators can and should be wide-
ly used as a management tool in projects and processes linked to the 
management of natural resources, as they allow diagnosing, monitor-
ing, evaluating, and planning methods, guiding new actions and in-
vestments for local development and for the creation of public policies 
(Vivan and Floriani, 2001; Steenbock et al., 2013).

However, Schlindwein (2010) states that the adoption of sustainability 
indicators in the management of natural resources only provides concrete 
changes if the indicators are developed through processes that involve so-
cial learning and joined actions between the different social actors.

According to Marques et al. (2003), indicators should: 
•	 be applicable to many systems; 
•	 be sensitive to system changes; 
•	 be measurable and easy to measure; 
•	 be easy to obtain and low cost; 
•	 allow cross-checking with other indicators; 
•	 be conceived with the participation of local population, at least at a 

property level of measurements.
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The use of the MESMIS method is highlighted in agroecology 
and small-scale natural resource management, mainly because this 
method has a flexible operational structure, allowing a “bottom-up” 
approach (involving different social actors, especially farmers) in the 
sustainability assessment process and proposing a cyclical assessment 
process (Cândido et  al., 2015; Loureiro et  al., 2020). These differen-
tials allow using the method in different social and productive realities. 
According to Loureiro et al. (2020), over a hundred scientific papers on 
MESMIS have already been published, which document case studies 
applied to different productive activities (mainly agriculture and live-
stock) in different parts of the world.

Material and Methods

The MESMIS method for evaluating 
natural resource management systems

The MESMIS method was developed in Mexico during the 1990s 
and has been extensively tested in different geographic areas, main-
ly in South America, North America, and Europe. MESMIS presents 
a path to determine, read, and interpret sustainability indicators with 
a systemic focus. It also provides practical and flexible orientation for 
adaptations in different contexts, based on a participatory and interdis-

ciplinary approach (Masera and López-Ridaura, 2000; López-Ridaura 
et al., 2002; Astier and Hollands, 2007; Astier et al., 2012).

The MESMIS framework (Figure 1) was developed by critical-
ly integrating concepts on sustainable development, sustainability, 
systemic approaches, natural resource management, sustainabil-
ity assessment, and sustainability indicators (Masera et  al., 1999; 
López-Ridaura et al., 2002).

Table 1 presents the definition of Masera et al. (1999) for the gen-
eral attributes, which were theoretically conceived from fundamental 
systemic properties linked to different aspects for a management sys-
tem to be considered sustainable.

Case study at RESEX Chico Mendes

Study site
The study was carried out in the municipality of Epitaciolândia, 

Chico Mendes Extractive Reserve (RESEX), Acre State, Brazil, in part-
nership with the community of Wilson Pinheiro Base Center (Com-
munity Porvir) (Figure 2). The nucleus aggregates 36 families and the 
total area of the community comprises 11,500 ha (Acre, 2012). The ex-
ploratory stage of the research began in January 2019 and data was 
collected between May and June 2019.

Figure 1 – The MESMIS method framework: linking sustainability attributes to indicators.
Source: translated from Masera et al. (1999).
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Data collection
The research had a descriptive and analytical methodological 

character, with a quali-quantitative approach, prioritizing the par-
ticipation of extractivists (López-Ridaura et al., 2002; Gomes, 2010). 
The  premise for constructing the indicators was based on a “bot-
tom-up” approach. After obtaining the necessary authorizations to 
conduct the research, the field trips were carried out. This research 
was approved by the Ethics Committee for Research with Human 
Beings of Universidade Federal de Santa Catarina (CEPSH-UFSC) 
through process No. 3.344.855/2019, as well as by ICMBio through 
the project submission on the platform of the System of Authorization 
and Information on Biodiversity (SISBIO – authorization No. 68144-
1, issuing date 03/29/2019).

The sustainability criteria and indicators were defined by the eval-
uation cycle proposed by MESMIS (Figure 3), with adaptations to the 
studied context inspired by other studies involving the generation and 
use of indicators with agro-extractivists (Vivan and Floriani, 2001; 
Steenbock et al., 2013).

The study was conducted according to the following steps:
•	 Step 1) Characterization of the management system studied, with 

its main socioeconomic aspects, based on a literature review and 
document analysis;

•	 Step 2) Participatory diagnostic workshop at the community aimed 
at: understanding the harvesters’ perception on sustainability and 

aspects that define a “good” Brazil nut management system, from 
production to marketing; critical points of the management sys-
tem, that is, aspects that limit or strengthen the production system 
capacity to sustain itself over time;

•	 Step 3) Systematization of an initial list of indicators from the follow-
ing sources: aspects that define a good Brazil nut management system, 
according to the knowledge of harvesters; matrix of critical points; 
MESMIS framework (Figure 1); and information collected in step 1;

•	 Stage 4) Semi-structured interviews with different social actors 
interested in the management of native Brazil nut trees (research-
ers, RESEX manager, technicians, and harvesters), aimed at select-
ing strategic indicators from the initial list of indicators defined 
in stage 3. During the interviews, parameters were also defined to 
evaluate each indicator, according to the knowledge of the inter-
viewees, assigning scores from 1 (one) to 10 (ten), where 10 rep-
resents the ideal condition for system sustainability; 5 represents 
an acceptable condition; and 1 represents an undesirable condi-
tion. The parameters constructed allowed evaluating indicators 
through the scores. In the end, 18 strategic indicators were selected 
to assess sustainability in the environmental, technical-economic, 
and social dimensions;

•	 Step 5) Assessment workshop in the community participating in 
the study. In this step, four Brazil nut stands were selected to apply 
the indicators, based on the scores defined in step 4;

•	 Step 6) Systematization and integration of data obtained in the 
field, using radial type graphics, examining the relationships be-
tween indicators (synergies and trade-offs).

The data collected and analyzed were used to describe conclusions 
and recommendations upon completion of the first evaluation cycle.

A volunteer group of 10 harvesters participated in the workshops, 
belonging to four different Brazil nut stands (productive units): Boa 
Água, Morada Nova, São José, and Encontro.

Results and Discussion

Characterization of the management system studied
Residents of the Community Porvir traditionally harvest Brazil 

nuts, rubber, açaí, bacaba, patoá, vegetable oils, as well as hunt, fish, 
and plant crops for subsistence. Some crops grown are rice, beans, corn, 
cassava (for flour production), banana, and other fruits. They also raise 
animals such as dairy and beef cattle, chicken, duck, pigs, fish, sheep, 
buffaloes, and horses. The main products commercialized are: 
•	 Brazil nuts and latex; 
•	 cassava, banana, rice, and corn; 
•	 chicken, beef cattle, and swine. Income to the community is gen-

erated from extractivist activities, followed by agriculture and live-
stock (Acre, 2012).

Table 1 – General attributes for sustainable management systems.

Productivity
Agroecosystem capacity to provide the required level 
of goods and services. Represents the attribute value 
(income, earnings, etc.) at a given time.

Stability and 
Resilience

Interconnected attributes relate to the system’s ability 
to ensure a state of dynamic equilibrium, maintaining 
its productive capacity in face of normal environmental 
changes (stability) or after suffering severe or extreme 
disturbances (resilience).

Adaptability 
or Flexibility

System’s ability to find new levels of balance and to continue 
offering its benefits in the face of long-term changes in 
the environment (such as new economic or biophysical 
conditions). This attribute also refers to the ability to 
actively search for new levels or production strategies. This 
concept ranges from aspects related to the diversification 
of activities or technological options to processes of social 
organization and training of human resources.

Equity
System’s ability to fairly distribute, both intra and 
intergenerationally, the benefits and costs related to the 
management of natural resources.

Self-
management

System’s ability to regulate and control its interactions 
with the outside world. It includes the organizational 
processes and mechanisms of the socio-environmental 
system to endogenously define its own objectives, 
priorities, identity, and values.

Source: translated from Masera et al. (1999).
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The field research showed that the income from the Brazil nut man-
agement constitutes the main financial source of families in the com-
munity, accounting for more than 40% of the annual income of the 
harvester’s families participating in this study.

This result corroborates the study of Duchelle et  al. (2014), who 
reported that the Brazil nut harvest accounts for 45% of the net income 
of families in the Western Amazon.

Figure 4 shows the traditional agro-extractivist management sys-
tem of community residents, similar to practices at RESEX Chico 
Mendes, where production units include various components and sub-
systems (forest, agricultural, and animal). The dynamic nature of agro-
ecosystems, which are constantly responding to internal and external 
changes, are highlighted (Masera et al., 1999).

Figure 5 shows the main timeframes that somehow affected the 
management of Brazil nut in the community, according to the har-

Figure 2 – Study site. (A) location of the Acre State and RESEX Chico Mendes; (B) area of RESEX Chico Mendes and municipalities included; (C) geopolitical 
division of rubber plantations of RESEX Chico Mendes; (D) highlight of Seringal Porvir area with a satellite image superimposed on the map with an aerial 
photo of the Boa Água site, location of the Wilson Pinheiro base nucleus. 
Source: own data. Graphic design at Embrapa Acre. Google Satellite Images, 2017.

Figure 3 – MESMIS method evaluation cycle.
Source: translated from Masera et al. (1999).

B

A

D

C



Fonseca, F.L. et al.

556
RBCIAMB | v.56 | n.4 | Dec 2021 | 551-563  - ISSN 2176-9478

vesters participating in the diagnostic workshop held during the field 
phase of this research.

Community residents emphasized the foundation in 1993 and 
bankruptcy in 2004 of the Agroextractive Cooperative of Epitaciolân-
dia and Brasileia Producers (Cooperativa Agropecuária de Epitaciolân-
dia e Brasileia – CAPEB).

CAPEB was founded with strong participation from the social 
movement of rubber tappers and even operated a nut processing plant 
in Brasiléia, provided by the state government of Acre in 2006. Due to 
internal management problems, the cooperative was unable to sustain 
the plant operation and cooperative producers, including those from 
the Community Porvir, had to pay the debt with the production of Bra-
zil nuts at the time, which has been a factor of resistance to an initiative 
of a new community in cooperativism (Simoni, 2009).

More recently, in 2017, harvesters highlighted the construction of 
two community warehouses for Brazil nuts, with resources from the 
State Government, through an agreement with the Inter-American De-
velopment Bank (IDB).

Another milestone for the community was the approval of the Proj-
ect “Castanhal – sustainable use of sociobiodiversity”, with resources 
from the Amazon Fund, managed by the Banco do Brasil Foundation 
(Fundação Banco do Brasil – FBB), approved in the Ecoforte Extractiv-
ismo public selection for associations of extractive activities in federal 

protected areas. This was the first project of this type managed by the 
local association, representing a new experience for the community, 
which also relies on the Bem Diverso Project as a partner for admin-
istrative and operational support. This project develops actions for 
the conservation of biodiversity and sustainable management of nat-
ural resources in forest landscapes and agroforestry systems in three 
Brazilian biomes (Amazon, Cerrado, and Caatinga) in partnership 
between the Brazilian Agricultural Research Corporation (Empresa 
Brasileira de Pesquisa Agropecuária — Embrapa) and the United Na-
tions Development Program (UNDP), with resources from the Global 
Environment Facility (GEF).

Unveiling sustainability with harvesters: 
descriptors of a “good” management system

Table 2 presents the descriptors of a “good” Brazil nut management 
system according to the perspectives of harvesters. The values in paren-
theses represent the number of answers given by the participants in the 
diagnostic workshop for the same descriptor, relativized as a percent-
age, and the total grouped by the sustainability attribute.

There is a prioritization of descriptors related to the attributes of 
adaptability and self-management, although the descriptor “good pro-
duction” was the most cited among the total responses. The existence 
of very objective descriptors characterizes a good management system, 

Figure 4 – Flowchart of the traditional agro-extractivist system in the Community Porvir, RESEX Chico Mendes, Acre State, Brazil.
Source: prepared by the author based on the Community Development Plan (Plano de Desenvolvimento Comunitário – PDC) (Acre, 2012) and Masera et al. (1999).
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even when observed from the logic of scientific knowledge. In addi-
tion, the ecological knowledge of harvesters is evidenced by the high 
relevance of descriptors for the stability of Brazil nut tree populations, 
such as the presence of dispersers and pollinators, for example bumble 
bees (Xylocopa spp.), as well as the existence of regeneration (young 
Brazil nut trees). This knowledge is also expressed in the social and 
economic dimensions, demonstrating a capacity for systemic vision.

Table 3 shows the matrix of limiting and strengthening points built 
from the diagnostic workshop.

The low productivity of Brazil nuts trees in recent years is one of 
the main limiting points pointed out by harvesters, due to ecological 
and climatic factors, such as the perception of the senescence of Brazil 
nut trees and the great droughts in Acre State in 2005 and 2017.

In recent decades, several studies have investigated the impacts of the 
intensity of Brazil nut harvest on the stability of managed populations. 
Peres et al. (2003) studied 23 populations of the Brazil nut species in the 
Brazilian, Peruvian, and Bolivian Amazon and concluded that the hunting 
of natural dispersers (such as agouti) and overexploitation of fruits in some 
regions directly reduced the natural regeneration of B. excelsa species.

Recent studies (Wadt et al., 2005, 2008) have challenged some of 
the hypotheses presented by Peres et al. (2003) in Acre. These investi-
gations demonstrated a condition of dynamic equilibrium in the pop-

Figure 5 – Brazil nut Management timeline, Community Porvir, RESEX Chico Mendes – Acre State, Brazil.
Source: prepared by the author based on data collected in the research.

Table 2 – Descriptors of a “good” Brazil nut management system cited by 
harvesters grouped by general sustainability attributes according to the 
MESMIS Method framework.

Attributes Descriptors

Adaptability (41)

Nut transport tracks (4); well-kept Brazil nut trees (5); 
access facilities (2); cleaning nut trees and removing 
vines (7); cleaning peaks (4); mapping Brazil nut 
trees (9); differentiated market (2); national and 
international markets (2); partnerships (2); harvest 
planning (2); use of good management practices (4)

Self-management 
(21)

Family warehouse for storage (2); good communication 
(2); good organization (4); know production of Brazil 
nuts (2); quality nuts for good sales (9); vehicle to 
transport the nut (2); direct sales (2).

Productivity (18)
Good production (11); good income to the producer 
(4); production monitoring (2); quantity and quality 
of nut trees (2)

Equity (11) Women participating in harvest and income (2); fair 
price and financial return (9)

Stability 
and resilience (9)

Absence of use of poisonous chemicals in Brazil nut 
stands and surrounding areas (2); presence of agouti 
- Dascyprocta spp. (2); presence of bumble bees (4); 
presence of young Brazil nut trees (2)

Source: elaborated by the authors from data collected in the research.
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Table 3 – Matrix of limiting and strengthening points in the Brazil nut management, Community Porvir, RESEX Chico Mendes – Acre State, Brazil.

Dimension Limiting points Strengthening points

Environmental

Many old Brazil nut trees (end of the production cycle) Conserved Forest

Use of pesticides around RESEX Biodiversity richness 

Deforestation
Presence of agouti and other rodents (nut dispersers) – fauna richness 

Weaknesses in RESEX management system

Technical-
economic

Low productivity of Brazil nuts in recent years Good price

Sale to intermediaries 
(no commitment to the community)

High market demand

Mastery of Best management practices for Brazil nut

Partnerships: Embrapa, Bem Diverso Project/UNDP, Ecoforte Extractivism

Social 
(cultural and 
political)

Lack of training – knowledge of the proper use of RESEX Extractive Culture

Weaknesses in the performance of the concessionaire 
association Women participation

Lack of local organization for joint selling

Source: elaborated by the authors from data collected in the research.

ulations studied, according to the reverse-J pattern, in the frequency 
distribution of Brazil nut trees by diameter class. According to the au-
thors, this structure suggests healthy demographic populations with 
capacity for self-regeneration. 

Ribeiro et al. (2014) also demonstrated a positive correlation be-
tween nut extraction by traditional populations and the stability of 
managed tree populations. The authors studied Brazil nut trees under 
different harvesting intensities in southern Pará. Scoles and Gribel 
(2011, 2015) studied population ecology and regeneration of Brazil nut 
trees in the Madeira and Trombetas River basins. These studies showed 
that the regeneration rates of Brazil nut trees are higher in managed 
forest environments.

Zuidema and Boot (2002) used matrix models and concluded that 
two populations of Brazil nut trees managed in Bolivia remain stable, 
even under a harvest intensity of 93% of fruits. Bertwell et al. (2018) 
conducted a population modeling study based on data from 14 years 
of research in two managed areas in Acre State (Brazil) and concluded 
that, instead of concentrating on the fate of most of the seeds produced, 
the most pressing risk to B. excelsa populations is the survival of exist-
ing trees, particularly those nearing reproductive size and those that 
are already producing.

Sustainability indicators of the environmental dimension
Table 4 shows the environmental indicators and the assessment re-

sults for four Brazil nut stands in Boa Água (I), Morada Nova (II), São 
José (III), and Encontro (IV).

For the four Brazil nut stands, the environmental indicator with 
the lowest score was “annual variation in the production of Brazil nuts”, 

due to a 30% drop in the production of the crop evaluated in relation 
to the average for the region. Therefore, this indicator represents an 
undesirable condition for the sustainability of the activity.

Although the annual fluctuations in fruit production are character-
istic of the species already well known by harvesters, production drops 
in recent years were discrepant and never experienced even by older 
harvesters, especially in the 2016/2017 harvest.

Brazil nut harvesters attribute these drops to changes in the fre-
quency of rains, hindering nut formation.

Extreme weather events have become more frequent in southwest-
ern Amazon and the years 2005, 2010, and 2016 registered the most se-
vere droughts, causing forest fires in thousands of hectares, increasing air 
pollution and causing significant economic losses (Oliveira et al., 2017).

Staudhammer et  al. (2021) state that the variation in Brazil nut 
fruit production in Acre State has also been affected by aspects related 
to soil characteristics, vegetative competition, higher temperatures in 
the dry season, and pressure deficit of water vapor in the air.

The population dynamics of Brazil nut trees and interactions with 
pollinators and dispersers showed favorable results, rated between “ac-
ceptable” and “ideal” conditions, demonstrating a positive correlation 
regarding the attributes of stability, resilience, and reliability for the 
management system studied.

In relation to the “deforestation” indicator, two sites evaluated are 
within the limit of 10% of areas open for agricultural use, according 
to the regulations for use of RESEX Chico Mendes (acceptable condi-
tion), while the others are configured as an “ideal” condition with less 
than 10% of deforested area. In this community, deforestation is not 
a critical problem as in other regions of this RESEX, with a tendency 
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toward “pecuarization” (Gomes et al., 2012; Fittipaldy, 2017; Mascar-
enhas et al., 2018). 

Comparison to other case studies carried out in tropical forest areas 
using the MESMIS method shows that the indicators defined for the 
environmental dimension are aligned with aspects generally monitored 
in studies on forest management systems and family agroecosystems 
(Silva et al., 2013; Proença and Massaroto, 2018; Roboredo et al., 2018).

Sustainability indicators of the technical-economic dimension
The indicators related to “Best management practices for Brazil nut” 

were considered strategic by all interviewees, as nut quality depends on 
the adoption of this set of actions. Having a product free from aflatoxins 
contamination is a matter of food safety, which is strongly related to 
the sustainability of the activity. Since the main challenge related to the 
quality of Brazil nuts is the high presence of contamination levels by 
aflatoxins, a mycotoxin produced by fungi of the genus Aspergillus.

Most indicators evaluated in the technical-economic dimension 
received scores from 5 to 10, representing reference values between 
“acceptable” and “ideal” conditions. Only the indicator “marketing 
channels” revealed an undesirable situation for the good management 
of Brazil nut trees. Table 5 presents the results for the four Brazil nut 
trees studied.

Most indicators evaluated are related to the theme of best manage-
ment practices (BMP) in Brazil nut harvests, representing the set of 
techniques adopted in the pre-harvest, harvest, and post-harvest stages 
to ensure production quality, species conservation, and maintenance of 
productive activity over time.

The scores from these indicators demonstrate that the stands 
evaluated almost entirely adopt the guidelines proposed in the man-
uals of best management practices, showing that the harvest stage 
still needs improvement.

Studies carried out at RESEX show that, despite the ease of appro-
priating BMP, the little adoption of these practices in the harvest and 
post-harvest stages is due to factors such as the non-differentiation of 
price for the managed product, the high competition from buyers in 
the triple border region (Brazil, Bolivia and Peru), the low management 
capacity of local associations to seek differentiated markets, and insuffi-
cient technical assistance to guide the BMP adoption and support prod-
uct quality monitoring (Wadt et al., 2016; Fonseca et al., 2019).

Therefore, the aspects that limit the full adoption of BMP are di-
rectly related to marketing issues, except for the factor related to tech-
nical assistance aimed at product quality.

Conversely, points that favor the BMP adoption in the Community 
Porvir refer to the existence of two community warehouses and a series 
of family warehouses (built with resources from the Ecoforte Extrativ-
ismo project). In addition, the support of Embrapa Acre is paramount 
in promoting the training of several families in the community in the 
participatory mapping of Brazil nut trees, as well as the use of GPS in 

the inventory of trees, and in best practices of collecting, storing, and 
transporting the nut.

The assessment of sales channels revealed a critical situation, con-
figured as non-favorable for the activity sustainability, as it reflects the 
dependence of the community on intermediaries. According to har-
vesters, access to differentiated markets through the adoption of new 
marketing strategies and the organization of production is positive for 
the community, as this access could provide opportunities for new so-

Table 4 – Scores attributed to sustainability indicators in the environmental 
dimension in four Brazil nut stands in the Community Porvir, RESEX 
Chico Mendes – Acre State, Brazil.

Nº Indicators – Environmental 
Dimension

Brazil nut stands evaluated

 I  II III V

1 Annual variation in Brazil nut tree 
fruit production 1 1 1 1

2 Distribution in size classes 10 5 5 5

3 Occurrence of native 
bees and pollinators 5 10 5 5

4 Occurrence of Brazil nuts dispersers 5 10 10 10

5 Deforestation 10 5 10 5

6 Regeneration of Brazil nut tree 10 10 10 10

  Final average 6.83 6.83 6.83 6.00

Source: elaborated by the authors from data collected in the research.

Table 5 – Scores attributed to the sustainability indicators of the technical-
economic dimension in four Brazil nut stands evaluated in Community 
Porvir, RESEX Chico Mendes, Acre State, Brazil.

Nº Indicators – Technical-Economic 
Dimension

Brazil nut stands evaluated

I II III V

7
Best pre-harvest practices: mapping 

Brazil nut trees and production 
estimation.

10 10 10 10

8
Best harvest practices: harvest 

planning, recording annual 
production of trees.

5 10 10 5

9 Best post-harvest practices: storage 
conditions 10 10 10 10

10 Brazil nut trees maintenance 10 10 10 10

11 Marketing channels 5 5 1 1

12 Income from nuts 10 10 10 10

Final average 8.33 9.17 8.50 7.67

Source: elaborated by the authors from data collected in the research. 
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cial gains, such as work and income generation for young people and 
women in the processing of nut-based products.

Over the past two years, association members and the community 
have received training in marketing and institutional markets, as well 
as participated in exchanges with other cooperatives. These actions 
stimulated reflection and discussion about new collective alternatives 
for marketing and adding value to the product.

The evaluation of the indicator “income from nuts” obtained the 
highest score, justified by the fact that the financial income obtained 
from the product sale accounts for more than 40% of the annual in-
come of harvesters’ families participating in the study. This reinforces 
the important role that Brazil nut management plays in supporting the 
livelihood of thousands of Amazonian residents.

Sustainability indicators of the social dimension
Table 6 shows that most indicators evaluated for the social dimension 

are situated between “acceptable” and “ideal” conditions, with the exception 
of the indicator “presence of support institutions”, which had the lowest ref-
erence score for one of the participating families. For this dimension, the 
group represented in the evaluation workshop reflects the sample of families 
most involved with the association and the collective activities as a whole.

All families considered an “acceptable” level for the “access to infor-
mation” indicator, since the community already has mobile telephones 
through a rural antenna and TV signal, although radio continues to be 
the main means of communication. The community has also benefited 
from several training courses in recent years.

The sharing of work and family income was considered “ideal” for 
three families and “acceptable” for one. Women participation is consid-
ered a strength for this community. The information is confirmed by 
the PDC (Acre, 2012), which indicated the engagement of women in 
decision-making, production tasks, and community activities.

Likewise, the indicator “social organization” was considered “ide-
al” for three families and “acceptable” for one, revealing the active 
engagement of the harvesters participating in the study, both in the 
association and in other community activities. The survey carried out 
during the PDC (Acre, 2012) showed that 28 of the 36 families in the 
community were members of the association, equivalent to 77.7%.

As for “knowledge about the proper use of the RESEX”, only one 
family claimed to know all the existing regulations and management 
instruments, while three families claimed to know only one of the 
regulations (Use Plan). Farias (2013) reported a similar situation in a 
study carried out with representatives of 23 base centers of the RESEX, 
which revealed that 96% of respondents knew about the Use Plan for 
this Conservation Unit while 87% said they did not know the Manage-
ment Plan nor the difference between this regulation and the Use Plan.

The indicator “fair price” was considered “acceptable” (price that 
remunerates only the labor and cost for extracting the nut) by three 
families and ideal for one family (price that pays environmental service 
and role of harvesters in addition to labor and production cost). This 
result demonstrates that most harvesters consider that the price paid 
for Brazil nuts still does not remunerate other socio-environmental 
services associated to forest conservation. According to Angelo et al. 
(2013), the price of Brazil nuts in the domestic market is determined 
by a series of variables, namely nut production, income, exchange 
rate, road network, and deforestation rate. However, Acre State has 
no governmental program for the payment of environmental services 
or state subsidies, as observed for latex production. Rubber tappers in 
Acre receive incentives via a government subsidy paid per kg of rubber 
produced (Law Chico Mendes No. 1.277 of January 13th, 1999) and 
also an additional amount via international payment for environmen-
tal service programs linked to the reduction of emissions by avoided 
deforestation (REDD).

The indicator “presence of support institutions” received scores be-
tween “undesirable” and “acceptable” conditions. There is no ongoing 
technical assistance for families at RESEX. Some services in Techni-
cal, Social, and Environmental Assistance (Assistência Técnica, Social 
e Ambiental – ATES) have already been provided with Brazilian Colo-
nization and Land Reform Agency (Instituto Nacional de Colonização 
e Reforma Agrária – INCRA) resources, but in a discontinued manner.

Radial graphics have been widely used to integrate results of re-
search involving participatory evaluation, as they allow an easy-to-un-
derstand presentation of results (Masera et  al., 1999; Comin et  al., 
2016). This type of graphical representation shows the problems and 
potentialities of the management system in an integrated manner, 
considering each axis where the indicators selected for evaluation are 
found. Values closer to the outside of the graph represent aspects closer 
to the ideal condition.

Figure 6 presents a radial chart with the results of all indicators and 
dimensions evaluated for native Brazil nut trees in the Community Porvir.

Table 6 – Scores attributed to sustainability indicators for Social Dimension 
in four Brazil nut stands evaluated in Community Porvir, RESEX Chico 
Mendes, Acre State, Brazil.

Nº Indicators - Social Dimension
Brazil nut stands evaluated

 I  II III V

13 Access to information 5 5 5 5

14 Sharing work and family income 10 10 5 10

15 Social Organization 5 10 10 10

16 Knowledge about the proper use of 
RESEX 5 5 10 5

17 Fair price 10 5 5 5

18 Presence of support institutions 5 5 1 5

  Final average 6.67 6.67 6.00 6.67

Source: elaborated by the authors from data collected in the research.
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Conclusions
The creation of a framework of indicators, built with the collabora-

tion of community, based on the MESMIS method associated with oth-
er participatory research tools, allowed the articulation of knowledge 
(traditional and scientific) and the construction of a set of 18 strategic 
sustainability indicators (including evaluation parameters) with easy 
access to harvesters.

The set of indicators built, contemplating the environmental, tech-
nical-economic, and social dimensions, as well as different sustainabil-
ity attributes, showed good applicability for participatory evaluations 
in the context of the management system studied.

The research sampling is reduced (only one community and only 
one evaluation cycle), which can be a limiting factor to infer about the 
viability of this set of indicators to monitor sustainability of the native 
Brazil nut management in different situations and scales. Nevertheless, 
the indicators evaluated serve as a basis for building similar processes 
in other communities, considering the local specificities of each man-
agement system and the dialog with harvesters.

General recommendations to improve sustainability of the systems 
studied are: 

•	 Long-term research to better understand factors that affect pro-
duction of Brazil nut trees and recommend silvicultural practices 
to improve production; 

•	 Search for partnerships, projects, and/or learning processes to in-
crease the management capacity of the local association and aggregate 
product value and differentiation, and seek differentiated markets; 

•	 Community organization to define commercialization strategies 
that are beneficial to the community and to guarantee the full 
adoption of best management practices, achieving quality stan-
dards for nuts that favor access to differentiated markets.
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A B S T R A C T 
Studies about socio-environmental determinants are recognized as 
important to better understand the factors that influence health 
and quality of life, and how they operate to generate inequalities. 
This article reports the mapping of socio-environmental determinants 
of health, carried out by community health agents from the 
community of Paraisópolis, the second-largest slum in the city of São 
Paulo (state of São Paulo), seeking to analyze potential contributions 
of this participatory process to urban management and planning. 
As part of an action research study and following the stages of Paulo 
Freire’s Research Itinerary  (Culture Circles), the mapping was carried 
out by integrating the Talking Map technique with Geographic 
Information Systems  (GIS), in what has been called Participatory GIS 
or Geographic Information Systems with Social Participation  (PGIS). 
Positive aspects were recognized and addressed by community agents, 
as well as several situations of socio-environmental vulnerability as 
a result of the agglomerated nature of the place, directly related to 
urban management and planning needs. This shows that, through a 
participatory mapping process, citizens cannot only better identify, but 
also more effectively communicate their needs and qualify intervention 
strategies in the territory. Therefore, it is possible to address the 
residents’ priorities more representatively, especially in places where 
traditionally marginalized social groups live. And also, community 
health agents, who play a central role in this research process because 
they live and work in the same place, are fundamental to boost, 
mobilize, and support the complex aspects involved, both in Primary 
Health Care, as well as in urban management and planning.

Keywords: primary health care; social determinants of health; 
Paraisópolis; action research; geographic information systems with 
social participation. 

R E S U M O
Estudos sobre determinantes socioambientais são reconhecidos como 
importantes para melhor compreender fatores que influenciam na saúde 
e qualidade de vida e como eles podem operar na geração de iniquidades. 
Este artigo relata o mapeamento de determinantes socioambientais 
de saúde realizado por agentes comunitárias de Paraisópolis, a 
segunda maior favela da cidade de São Paulo (SP), buscando analisar 
possíveis contribuições desse processo participativo para a gestão e o 
planejamento urbano. Como parte de uma pesquisa-ação e seguindo 
etapas do itinerário de pesquisa de Paulo Freire (Círculos de Cultura), 
o mapeamento foi realizado integrando a técnica do mapa-falante com 
sistemas de informação geográfica (SIG), no que vem sendo chamado 
de SIG participativo ou SIG com participação social. Foram reconhecidos 
pelas agentes comunitárias, tornando-se objetos de reflexão, 
aspectos positivos, bem como diversas situações de vulnerabilidade 
socioambiental do aglomerado diretamente relacionadas às demandas 
de gestão e planejamento urbano. Isso evidencia, portanto, que, por 
meio desse processo de mapeamento participativo, os cidadãos 
podem não apenas melhor identificar, como também comunicar mais 
eficazmente suas necessidades e qualificar estratégias de intervenção 
no território, atendendo de modo mais representativo às prioridades 
dos moradores, especialmente nas localidades em que os grupos sociais 
tradicionalmente marginalizados residem. Ainda, no caso de agentes 
comunitárias de saúde, as participantes centrais desta pesquisa, por 
morarem no local onde atuam elas são essenciais para impulsionar, 
mobilizar e apoiar as engrenagens complexas tanto da Atenção Básica 
em Saúde como da gestão e do planejamento urbano.

Palavras-chave: atenção básica em saúde; determinantes sociais da 
saúde; Paraisópolis; pesquisa-ação; sistemas de informação geográfica 
com participação social. 
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Introduction
The socio-environmental determinants of health, that is, the var-

ious individual, social, and macro-structural factors that condition 
and determine people’s health and quality of life (CSDH,  2008; So-
bral and Freitas, 2010), were recognized and mapped by community 
health agents (CHAs) in the territory covered by Paraisópolis II Basic 
Health Unit (BHU), in the community of Paraisópolis, city of São Pau-
lo  (state of São Paulo). The talking map construction technique was 
used in association with participatory mapping, applied in an action 
research process (Toledo and Giatti, 2015), and the stages of the Cul-
ture Circles, part of Paulo Freire’s Research Itinerary  (Freire,  2019), 
were followed. Participatory mapping is a set of approaches and tech-
niques that combines modern cartography tools with participatory 
methods to record and represent the spatial knowledge of local com-
munities and, therefore, bring about social change  (Cochrane  and 
Corbett,  2020; Mapping For Rights,  2020), by identifying priorities 
and necessary interventions (Freitas et al., 2020). This method is part 
of a Participatory Geographic Information System (PGIS).

Together with other health professionals, CHAs are part of Family 
Health Strategy (FHS) teams that carry out individual and collective 
actions, especially in education and health promotion and disease pre-
vention, at people’s homes or in a community context, in a certain area 
attached to a reference BHU, according to the guidelines for Preventive 
Health and Primary Health Care of the Brazilian Unified Health Sys-
tem (Sistema Único de Saúde, SUS). As they also live in the area where 
they professionally work, CHAs are immersed in the local context. 
Therefore, it is expected that they can more easily recognize the so-
cio-environmental determinants that influence the health of the com-
munity and interact with the population. They also give voice to their 
potential claims, since very asymmetric power relations tend to hinder 
intercommunication between health professionals and users. Several 
studies even show bonds and affection between CHAs and the com-
munity, with positive implications for the territory (Bezerra and Feito-
sa, 2018; Brasil, 2018; Faria and Paiva, 2020; Silva et al., 2020). 

In the specific setting of this research, Paraisópolis community, lo-
cated in Vila Andrade, Morumbi neighborhood, in the southern zone 
of the city of São Paulo (SP), several problems directly and indirectly 
impact the health of the local population: absent or poor basic sani-
tation, unhealthy housing, presence of disease vector animals, among 
others that are associated with incomplete urbanization projects, es-
pecially due to political issues involving administration changes that 
intensify degradation of the territory, situations of vulnerability, and 
social exclusion (Maziviero and Silva, 2018). 

Maps of the territory covered by Paraisópolis  II BHU were then 
produced by CHAs representing socio-environmental determinants 
with positive and negative influence on the health of local residents, by 
integrating the Talking Map technique with Geographic Information 
Systems (GIS), in what has been called Participatory GIS or Geograph-
ic Information Systems with Social Participation (PGIS) (Carvalho and 

Giatti, 2018). PGIS represents the spatial knowledge of local people by 
applying geospatial technologies that facilitate social engagement and 
participation in decision-making processes and support communica-
tion and advocacy of the community’s interests. Therefore, they have 
great power to produce social changes (McCall, 2004). 

Some studies have shown contributions of geoprocessing in the 
health area, especially in Primary Care, as evidenced in the systematic 
review conducted by Salinas Rebolledo et al. (2018), given the growing 
demand for interdisciplinary and intersectoral actions focused on the 
socio-environmental determinants of health. The authors identified 
benefits from the use of this technology, for example, in estimating the 
health professionals’ commute time in the territory, in spatially quan-
tifying access to health services and programs, and in identifying envi-
ronmental conditions and situations of inequality, among other aspects 
that make decision-making more efficient. On the other hand, the au-
thors also mention that the publications analyzed do not highlight the 
potential contributions of geoprocessing to motivate the work of health 
professionals or even engage the community.

Thus, geoprocessing offers clear benefits for the health area, es-
pecially in Primary Care, as well as for urban planning. Many papers 
have explored the correlations between health and environmental con-
ditions, resorting to geoprocessing tools. In this field, contributions 
that show this relationship stand out, mainly in vulnerable territories 
(Arcoverde et al., 2018; Almeida et al., 2020). In urban planning, the 
papers explore the new information technologies applied to the par-
ticipatory mapping of urban vulnerabilities (Kahila-Tani et al., 2019; 
Abranches, 2020). The possible contributions of this Health Care level 
(Maman et al., 2009; Goldstein et al., 2013; Fornace et al., 2018; Arouca 
et al., 2019; Magalhães, 2021; Moraes et al., 2021), especially by the per-
formance of CHAs, in the management and planning of urban spaces 
have been less explored by the literature.

Therefore, the question is how the mapping process of socio-envi-
ronmental determinants of health, when carried out in a participatory 
manner and by Paraisópolis CHAs, can contribute to urban manage-
ment and planning. 

Although this research provides results referring to the specific 
territory of Paraisópolis, São Paulo, we believe in the replicability po-
tential of the methodology reported herein, as well as in its relevance 
to improve studies and practices in this interdisciplinary field, in an 
interface between health, environment, and urbanism. 

Therefore, this article aims at analyzing potential contributions of 
the participatory process of mapping socio-environmental determi-
nants of health to urban management and planning, when carried out 
by community agents.

Socio-environmental determinants of health
Associations between the way people live and eat, the environment 

they occupy, etc., and health are not recent; they date back to ancient 
times and, for centuries, philosophers have made assumptions trying 
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to understand the factors that influenced human health and the process 
of illness. In the 19th  century, John Snow’s studies on cholera, which 
mapped cases of the disease in a London neighborhood, are notewor-
thy, as well as the social medicine movement, more intense during that 
time in Germany, France, and England, where socio-environmental 
aspects were timidly considered in the conception of health. Howev-
er, later in the same century, with the discovery of microscopic agents 
that spread diseases, the focus was shifted to controlling these patho-
gens, inaugurating a period of strong biological determinism (Sobral 
and Freitas, 2010).

During the 20th  century, the socio-environmental factors were 
present in the reflections of various events in the health area and the 
documents resulting thereof. Philippi  Junior  et  al.  (2014) consider 
the  creation of the World Health Organization  (WHO) in 1946 as a 
significant milestone in the constitution of environmental systems, as 
well as the first General Health Assembly in 1948, where health is de-
fined as more than the absence of disease, a state of complete physical, 
mental, and social well-being. Other documents gradually incorpo-
rated this view of comprehensive health throughout the century and 
expanded the understanding of its multi-causality, as identified in the 
Declaration of Alma-Ata, resulting from the International Conference 
on Primary Health Care, held in 1978, and in the 8th National Health 
Conference, held in Brazil in 1986, an important landmark of Brazilian 
sanitary practices. Additionally, it is possible to mention the Health 
Promotion Movement, which highlights, among other aspects, the 
importance of environments that are conducive to health and healthy 
public policies for people to live healthy lives; or even in the Organic 
Health Law itself, known as the SUS Law (Brazilian Federal Law 8,080, 
of September 19th, 1990). 

However, it can be asserted that it was only recently, since the 
creation of the World Commission on Social Determinants of Health 
(CSDH) by the WHO in 2005, that the focus has shifted to better un-
derstanding which factors can influence health and how they operate 
in generating health inequalities (CSDH, 2008), especially among the 
most vulnerable, that is, those with greater difficulty or limited capac-
ity to react to certain risks (Carmo and Guizardi,  2018). The health 
of individuals and social groups is now recognized as resulting from 
individual, social, and macro-structural determinants, that is, the dif-
ferent situations in which people are born, grow, work, live, and age 
throughout their lives (CSDH, 2008; Akerman et al., 2011). 

This layered organization of the social determinants of health was 
proposed by the Dahlgren and Whitehead Model, which considers the 
following as individual determinants: hereditary characteristics, gen-
der, age, and lifestyle; as social determinants: the various living and 
working conditions, such as access to and quality of housing, food, 
sanitation, education and health services, among others; and, as mac-
ro-structural determinants: the general economic, social, cultural, 
environmental, and health public policies. This model also highlights 
the interdependence between these layers and determinants, and that 

actions aimed at addressing situations of inequalities must be taken 
simultaneously at the individuals’ proximal level, at the intermediate 
level, and at the distal level, to favor adequate conditions and allow 
healthy choices (Sobral and Freitas, 2010).

Research studies relating the various socio-environmental factors 
with human health have been conducted with different approaches and 
in different contexts. When investigating the aged population, Cassol 
(2012) recognized three scenarios of how environmental determinants 
influence the health-disease process: the first one relating cardiovascu-
lar and neoplastic diseases both to genetic characteristics and to living 
and working conditions, highlighting the association with environ-
mental pollutants; the second relating infectious and parasitic diseases 
to precarious socio-environmental conditions, such as absent or inef-
fective sanitation; and the third connecting situations of violence and 
accidents to health-disease processes. 

Several studies on determinants of respiratory diseases in gener-
al, conducted by Antunes et al.  (2014), in different regions of Salva-
dor, BA, and on the incidence of tuberculosis, conducted by Acosta 
and Bassanesi (2014), in different regions of the city of Porto Alegre, 
RS, also identified an association between schooling, income, sanita-
tion services, health services, and characteristics and location of the 
houses and a higher number of cases. The relationship between atmo-
spheric contaminants and health problems is also the focus of research 
studies carried out by Silva et al. (2017), Abe and Miraglia (2018) and 
Corá et al. (2020), drawing attention to determinants related to indus-
trialization, urban mobility, and the importance of public policies for 
transportation and air pollution control.

Sociodemographic variables and environmental and structur-
al conditions are considered in the research study by Honorato et al. 
(2014), conducted in the state of Espírito Santo, as important deter-
minants to understand and fight dengue. The authors recognized de-
ficient or absent sanitation and precarious housing, especially in con-
texts of social inequality in large urban agglomerations, as factors that 
contribute to maintaining the number of disease cases and/or increas-
ing its incidence. Similarly, health risks and problems associated with 
precarious sanitation services are surveyed and discussed in the studies 
by Ogata et al. (2016) on the quality of drinking water; by Chayb and 
Kozusny-Andreani  (2015) on the presence of pathogens in different 
types of waste, with emphasis on the risks of contamination of house-
hold waste; and by Lobato and Jardim  (2014) on diseases related to 
inadequate environmental sanitation.

The approach of socio-environmental determinants is also con-
sidered in the Health Impact Assessment (HIA), recommended by the 
WHO and widely disseminated and used in other countries, associated 
with environmental licensing processes of large enterprises, which re-
quire planned and complex actions. This methodology, still not widely 
used in Brazil, analyzes, in association with the social players involved, 
both positive and negative aspects of health resulting from interven-
tions in a territory, whether originating from projects, programs, plans, 
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or public policies. It does not overlap with other assessments, so it is 
possible to consider the health variable that is generally not taken 
into account in these studies by the decision-maker (Silveira and Fen-
ner, 2017). 

Cassol (2012) and Camponogara et al. (2013) address the impor-
tance of this expanded and systemic perspective to health, considering 
its multi-causality and the various socio-environmental contexts that 
impact it, as well as the role and appreciation of the health professionals 
working in Primary Care, such as the CHAs. In the opinion of these 
authors, the research studies carried out evidenced knowledge of the 
territory by these professionals, as they work and live there, which is 
fundamental to enhance the actions focused on the complexity of the 
socio-environmental determinants of health.

Experiences developed by the Manguinhos Territorial Laborato-
ry (Laboratório Territorial de Manguinhos, LTM) also seek to enhance 
the actions of FHS teams and the integration of different knowledge 
by proposing “extended action research communities”, consisting of 
researchers from Fiocruz and other institutions, residents of Rio de 
Janeiro informal settlements  (Manguinhos, Alemão, and Rocinha), 
and health professionals working in these locations, to brainstorm and 
seek more efficient collaborative solutions to issues associated with 
socio-environmental determinants, in contexts of high vulnerabili-
ty (Porto et al., 2015).

It is also emphasized that important advances are acknowledged 
by Borde et al. (2014) in mapping research studies about the social 
determinants of health in Brazil since the creation of the National 
Commission on Social Determinants of Health, in terms of number 
and quality of research studies. In turn, as highlighted by the au-
thors, there are still enormous regional and intra-urban differences 
in the country in terms of urban sprawl and peripheralization, not 
often considered in research studies using data from information 
systems with indicators generally based on a mean value that does 
not reflect actual social inequalities. In addition to that, despite the 
search for bringing science, politics, and society closer together 
through innovative research processes on this theme, these are still 
very scarcely reflected in public policies aimed at reducing situa-
tions of vulnerability and, consequently, inequalities. This is due to 
the challenges associated, for example, with the communication, 
evaluation, and research processes themselves, which are still very 
restricted to the academic population, either in their production 
or dissemination, and interact very little with other relevant social 
players, such as technical professionals from governmental sectors 
in the various areas involved. 

Territory under analysis and urban planning
Paraisópolis, the territory under analysis in this article, is 

the second-largest informal settlement in São Paulo, with nearly 
80,000 inhabitants, most of them living in areas of high socio-envi-
ronmental vulnerability, overlapping risks, and health inequalities. 

The area is divided into seven different sectors, five of them located 
in the main cluster, and two in satellite clusters. These sectors are 
characterized by different degrees of access to infrastructure and 
public services, according to a survey commissioned by the Mu-
nicipal Housing Secretariat (Secretaria Municipal de Habitação, SE-
HAB) in 2004 and analyzed by several authors  (Rezende and Al-
vim, 2016; Maziviero and Silva, 2018).

The main cluster belongs to the Campo Limpo District Coun-
cil and, according to the 2004 survey, it had 17,184 households in 
1  Km2 approximately at that time. The Southeast quadrant, com-
posed of the Grotão and Grotinho sectors, was the most vulnerable 
and concentrated nearly 30% of the households with the worst in-
dicators of access to sewage, electricity, and waste collection com-
pared to the other sectors. 

The West Antonico sector concentrates the largest number of 
households and is cut by the stream that gives the sector its name. 
To the East of the stream there are the two BHUs located within the 
main cluster, 500 meters apart from each other in the North-South 
direction. The Figure 1 shows the location of the BHUs and the 
main territorial frameworks of the main cluster.

The survey commissioned by the SEHAB in 2004 was part of a 
strategy for the management of the areas occupied by the popula-
tion in situations of social vulnerability. These areas were included 
in urban consolidation and public service strategies after the insti-
tution of the Special Social Interest Zones by the São Paulo Strate-
gic Master Plan in 2002. Therefore, since the 2004 survey, several 
improvements have been made in the complex; however, there is 

Figure 1 – Map of the main cluster of Paraisópolis. It includes the 
indications corresponding to the two BHUs located within the cluster, 
the Antonico stream, the central sector, the vulnerable sectors, and the 
Palmeirinha field.
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still a major lack of infrastructure works and services, as shown in 
this article.

Maziviero and Silva  (2018) provide a history of interventions 
initiated and carried out in the Paraisópolis complex, during the 
municipal administrations of Marta Suplicy  (2001-2004), José 
Serra  (2005-2008), Gilberto Kassab (2009-2012), and Fernando 
Haddad (2013-2016). According to data presented by the authors, 
in the first three administrations analyzed, nearly 90% of the wa-
ter and sewage networks were implemented, in addition to paving 
works. Despite that, the drainage and stream canalization works 
were carried out in a much smaller proportion than necessary. 
The authors’ survey maps 19  works finished between José Serra 
and Fernando Haddad administrations, as well as two unfinished 
works. In their vast majority, these works met the two most vul-
nerable sectors of the complex. In these sectors, the urbanization 
of Palmeirinha  (2005-2008) was carried out, in addition to two 
schools and a Unified Educational Center (Centro Educacional 
Unificado,  CEU) (2005-2008), eight housing undertakings  (2009-
2012), a BHU (2009-2012), a State Technical School (Escola Técnica 
Estadual, ETEC) (2009-2012), and two social devices (2013-2016). 
Regarding the canalization and drainage works of the streams that 
cut through the area, only the Swamp was delivered during Hadd-
ad’s administration.

Rezende and Alvim (2016) provide an overview of the 19 proj-
ects developed and not implemented for the complex since  2001. 
Many of these include linear parks, urbanization works, and in-
novative housing solutions which would undoubtedly contribute 
to solving many of the complex’s environmental problems if they 
had been implemented. This is the case, for example, of the works 
planned for the Antonico stream in 2012, which were not executed, 
and which could have a major socio-environmental impact on the 
Paraisópolis complex, since it is located in an area with the highest 
number of houses. Execution of this work is in the guidelines in-
dicated in the Regional Plan Folder of the Campo Limpo District 
Council (Prefeitura de São Paulo, 2016a, 2016b).

Participatory master plans were defined by the City Stat-
ute (Federal Law 10, 257 of 2001) and, in the city of São Paulo, it 
was the Master Plan approved in 2002 that instituted a local plan-
ning system based on the creation of District Councils  (formerly 
regional administrations) and mandatory regional plans. Although 
operative, these local instances of city planning fail to achieve the 
desired representativeness. The  regional plans still represent the 
weakest link of the general city planning system. Nevertheless, re-
gional plans strengthen local governance, as they more directly deal 
with the city’s specific problems. In  addition, it is acknowledged 
that the mobilizing potential of mapping socio-environmental de-
terminants is still little explored by interdisciplinary urban stud-
ies, which could strengthen the institutional mechanisms of urban 
planning and social control at the local level.

Understanding participatory  
planning and its applications

In the current COVID-19 pandemic context, which more 
strongly affected the world throughout most of  2020, huge social 
inequalities, especially in developing countries and their peripheral 
metropolitan areas, have highlighted the importance and urgency 
of tools that expand social inclusion in the decision-making process 
for more sustainable and efficient urban planning. PGIS are tools 
that combine technical expertise in GIS with community knowl-
edge produced along with citizens, and can be used both by experts 
and community members in their planning and decision-making 
processes (McCall, 2004; Fagerholm et al., 2021).

Based on the need to bring science and society closer togeth-
er, creating a bridge between planners and citizens, PGIS emerged 
in the 1990s, integrating people’s perceptions and knowledge with 
spatial techniques  (Ferreira  et  al.,  2017). It is based on a method 
called SoftGIS, which is a multidisciplinary approach incremented 
in Finland by researchers in the PGIS field, whose main purpose 
is to support planning and decision-making, including a better 
understanding of local knowledge and how citizens perceive their 
environment, from their involvement in this participatory map-
ping process and its integration with urban planning activities and 
phases. The term SoftGIS refers to the subjective and also qualita-
tive nature of the data collected together with the citizens, as op-
posed to the HardGIS designation, which consists of, for example, 
the collection and use of data from official agencies or traditional 
maps, commonly used in GIS (Kahila-Tani et al., 2019). The main 
objective is to integrate this co-produced knowledge and improve 
local living conditions (Kahila-Tani et al., 2016).

PGIS can even provide social innovation and change, for ex-
ample, by favoring social sustainability and justice practices along 
with vulnerable communities. By means of its participatory process, 
PGIS promotes better collective decisions, through social learning 
and the consequent empowerment of those who participate in its 
development, by the collaborative construction of knowledge in the 
various stages of this process (Kahila-Tani et al., 2019). Thus, with 
the incorporation of narratives, perceptions, and values of the social 
players participating in georeferencing, a technological component 
with high social innovation potential is obtained (Cidell, 2008).

The PGIS method can be applied and developed in several ways, 
according to the target audience to be worked on, such as traditional 
mapping with the use of GPS and topographic maps, talking maps 
— an instrument applied in the research reported herein — scale 
maps, three-dimensional maps and models; interpretation of satel-
lite images and aerial photos, and tools that use the Internet, such 
as the OpenStreetMap  (OSM) free platform. As already mentioned, 
community data can be treated both quantitatively and qualitatively 
given the wide variety of instruments mentioned that can be used. 
Since every point marked on a map has a history, with the support 
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of geoprocessing techniques and spatial analysis, more accurate di-
agnoses are performed, as well as spatial analysis, such as calculating 
distances and formulating strategies for local improvements  (Ran-
tanen and Kahila, 2009). In addition, SoftGIS data can be confronted 
with HardGIS data for a comparison between citizens’ perception and 
the current structure of the place under study, enriching the analyses 
produced (Kahila-Tani et al., 2016). Thus, participatory mapping and 
the construction of PGIS with the data collected are a fundamental 
environmental and urban planning tool, aimed at different approach-
es, such as tourism and ecotourism, risk and disaster management, 
environmental/public health, mobility, evaluation of ecosystem ser-
vices, green and blue urban areas, sanitation, studies on marginalized 
social groups, among others. 

In addition to that, due to its participatory, reflective, and dialog-
ic nature, and because it contributes to the process of democratizing 
science, PGIS shares the principles of both action research (Toledo 
and Giatti, 2015) and Freire’s Research Itinerary, the Circles of Cul-
ture (Freire, 2019), methodological approaches guiding the research 
herein analyzed. In health, the main contributions are territory ap-
propriation by CHAs and other health professionals, and the estab-
lishment of bonds between the professionals and the population, 
through territory mapping, in addition to maximizing the potential 
of the analyses produced and improvements in the performance and 
communication between the stakeholders (Goldstein  et  al.,  2013). 
Currently, some participatory mapping initiatives support communi-
ties vulnerable to the COVID-19 pandemic, such as the participatory 
mapping promoted by UNHabitat, which maps out good practices for 
informal settlements in several countries to cope with the pandemic 
(UNHabitat, 2020).

Map production in the territory of  
Paraisópolis, in the context of action research

As part of an action research process  (Toledo and Giat-
ti,  2015), between February and May  2019, four meetings were 
held in the form of Culture Circles (Freire, 2019) at Paraisópolis II 
BHU, with the participation of 29 CHAs from the six local health 
teams. These meetings were mediated by the coordinating nurse 
of one of these teams, who is also one of the authors of this article, 
and who has been working in this territory since 2012. Therefore, 
the coordinating nurse has a pre-established relationship of trust 
and bond with the CHAs participating in this action research, as 
expected from methodological approaches of this nature, thus 
enabling the path of Freire’s Research Itinerary in four meetings, 
following the stages of thematic investigation, problematization or 
coding and decoding, and critical unveiling (Freire, 2019; Santos 
and Toledo, 2020).

The objectives of the first meeting, held in February  2019, were 
to present the research, answer questions, and acknowledge the ex-
pectations of the participating CHAs. In the following meeting, in 

March  2019, the generating themes were surveyed, based on the 
identification and mapping of socio-environmental determinants of 
health, according to the perception of the CHAs participating in the 
research  (thematic investigation stage). Health education processes 
around the issues surveyed and potential relationships between the 
determinants and health were also concurrently developed in this 
meeting and the third meeting, held in April 2019, integrating techni-
cal knowledge and local traditional knowledge (coding and decoding 
stage). In the last meeting, in May  2019, it was sought to recognize 
ways to qualify the CHAs’ health education and promotion practices, 
based on this mapping and collaborative learning process (critical un-
veiling stage) (Santos and Toledo, 2020).

Considering that the focus of this article is the analysis of a partic-
ipatory mapping of socio-environmental determinants, further details 
of the action research process and Paulo Freire’s Research Itinerary (the 
Culture Circles) stages, as well as of the instruments and socio-edu-
cational strategies used in this research, can be found in Santos and 
Toledo (2020).

The participatory mapping of the socio-environmental deter-
minants of health, the focus of this article, was then initiated in 
the second meeting, which took place on March 12th, 2019, lasting 
four hours, for which the Talking Map construction technique was 
used. It  is a diagnostic and/or planning instrument, which must 
be collectively prepared with the purpose of graphically repre-
senting  (using drawing and/or collages) a certain situation or re-
ality. When completed, it must be presented  (the maps are given 
a “voice”) to promote a debate. By favoring reflection, dialog, and 
search of consensus among the participants, a space for social and 
educational processes is also created (Toledo and Giatti, 2015; To-
ledo et al., 2020). 

On previously printed maps of the six FHS coverage areas 
of Paraisópolis II BHU, the CHAs, divided into six groups, were 
then encouraged to represent, through drawings, local socio-en-
vironmental determinants that, according to their perception, 
could positively or negatively influence the health of Paraisópo-
lis residents and, at the end of the drawings, a representative of 
each group presented their “map”. Among the negative aspects 
represented and/or mentioned, it is possible to name the fol-
lowing: inadequate disposal of waste on the streets and streams; 
open sewage; pet abandonment; vector animals (rats, cockroach-
es, etc.); humid, poorly ventilated wooden houses (“shacks”) that 
are very close together,; drug use and trafficking; accumulators 
(of objects, animals, garbage); sexual abuse; and people’s lack 
of care and respect towards the physical space and the commu-
nity  (people are not aware of collective well-being, cars on the 
sidewalks, and loud music). Among the positive aspects, the fol-
lowing stand out: the varied commercial establishments (bakery, 
markets, pizzerias, butcher shop, stores, and bars); the BHU, the 
Specialist Outpatient Clinics  (Ambulatório Médico de Especial-
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idades,  AME), dentists, CHAs, Outpatient Medical Care  (As-
sistência Médica Ambulatorial, AMA), and the Psychosocial Care 
Center (Centro de Atenção Psicossocial, CAPS); the social proj-
ects and non-governmental organizations (NGOs) such as Bom 
Prato, Casa da Mulher, etc.; the spaces for leisure and sports, 
such as courts, ballet school; trees on the streets and yards in 
the houses; the schools and “mães crecheiras” (“childcare moth-
ers”), who are willing to take care of children at their homes; 
good acceptance by patients; and the churches  (Santos and To-
ledo, 2020).

The following are images of one of the maps worked on by one of 
the CHA groups, in which the micro-areas attached to Paraisópolis II 
can be seen, distinguished by colors  (Figure  2); and of approximate 
clippings of some aspects represented by the CHAs in each micro-ar-
ea (Figure 3). 

The socio-environmental determinants of health, represent-
ed and mentioned in the CHAs’ presentations, were categorized, 
by similarity and as suggested by the CHAs, into generating 
themes  (thematic investigation stage of Freire’s Research Itiner-
ary — Culture Circles) during the process of building these talking-
maps. They were as follows: poor sanitation, animals, housing and 

other facilities, social issues/violence, and behavioral factors (cate-
gories of generating themes — negative socio-environmental deter-
minants); commerce; health services, NGOs/social projects, sports 
and leisure, green areas, education, behavioral factors, animals, and 
churches  (categories of generating themes — positive socio-envi-
ronmental determinants). These generating themes were then ad-
dressed in more detail in the following meetings, trying to codify 
them, that is, to contextualize them in the reality experienced by 
the CHAs and decode them by the notion of socio-environmental 
determinants of health, trying to understand how they operated to 
generate inequalities and situations of vulnerability in Paraisópolis 
community, through a shared process of education in health (San-
tos and Toledo, 2020).

The socio-environmental determinants recognized by the CHAs in 
this research are in agreement with those that have been reported in the 
literature, both from a conceptual point of view (CSDH, 2008; Sobral 
and Freitas,  2010; Akerman  et  al.,  2011) and in association studies 
(Cassol, 2012; Acosta and Bassanesi, 2014; Antunes et al., 2014; Honor-
ato et al., 2014; Lobato and Jardim, 2014; Chayb and Kozusny-Andre-
ani, 2015; Ogata et al., 2016; Silva et al., 2017; Abe and Miraglia, 2018; 
Corá et al., 2020).

Figure 2 – One of the talking-maps produced by the CHAs about socio-environmental determinants of health in the FHS territory of the Paraisópolis II BHU, 2019.
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Also, according to Porto  et  al. (2015), the various socio-envi-
ronmental problems found in vulnerable communities, such as the 
lack of basic sanitation, respiratory problems, and drug use and 
abuse, among others, make up a serious and complex scenario, 
with the FHS and the CHA performance being a very important 
reference of care for the population. This is because this complexi-
ty is evident in tangible social determinants, clearly recognized by 
economic, environmental, social, and epidemiological data. But 
it is also present in intangible determinants, in the way local res-
idents and professionals from these territories perceive and assess 
their living conditions.

To expand this perception and analyze its potential for terri-
tory management and planning, during the process, the talking 
maps were georeferenced. This means the negative and positive 
socio-environmental determinants recognized and mapped by the 
CHAs were referenced in known geographical coordinates, with 
the use of the QuantumGIS free software, configuring a database 
or PGIS. 

Each point mapped out by the CHAs was manually digitalized 
with the software, generating a final map of points overlaid on the 
OpenStreetMap street layer. This street layer is intended for local 

orientation, and was also used as the basis to generate the talking 
maps. For analysis purposes, other information plans can be add-
ed, such as other health data considered relevant. However, the 
research reported herein focused on the participatory mapping of 
the socio-environmental determinants of health.

Therefore, the following maps  (Figures 4 and 5) represent the 
perception and knowledge of the CHAs working in Paraisópolis II 
BHU, produced in a team effort during this action research. The 
first version of these maps was presented to the CHAs at one of the 
Culture Circles meetings (on May 14th, 2019) so that they could give 
their opinions on the colors, symbols, and shapes that were used. 
For ethical reasons, it was decided not to geo-reference socio-en-
vironmental determinants associated with violence issues (such as 
drug consumption and trafficking points). 

Also, in this meeting, and from the analysis of the georefer-
enced maps through a free conversation circle, the CHAs were in-
vited to reflect on whether these maps could assist in the work of 
the health teams. It was asked, for example, if the community had 
access to this material, whether this could contribute to qualifying 
the process of education and health promotion and how, as well as 
other actions of the health teams. This seems to be the case, as ob-

Source: Santos and Toledo (2020).

Figure 3 – Clippings from the Talking-maps produced by the CHAs about socio-environmental determinants of health in the FHS territory of 
Paraisópolis II BHU, 2019.
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Figure 4 – Map of socio-environmental determinants with a negative influence on health in the territory covered by Paraisópolis BHU, SP, according to the 
perception of CHAs, 2019.

Figure 5 – Map of socio-environmental determinants with a positive influence on health in the territory covered by Paraisópolis BHU, SP, according to the 
perception of CHAs, 2019.
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served from these statements: “it’s a good idea because, normally, 
the patients can only see their own problems, but having a broader 
view can help them to reflect”; “it’s important to show problems on 
a map because sometimes the patients think they are the only ones 
facing a particular problem. But seeing that other people go through 
the same situation, maybe the patients will understand that it’s not 
something easy to solve as they believe”. Some CHAs also suggested 
using the maps in the work teams to facilitate approaching the 
theme of socio-environmental determinants  (Santos and Tole-
do, 2020).

The trigger for greater territory appropriation by Primary Care 
health professionals, especially CHAs, as a result of more oppor-
tunities for dialog and participation, and their contributions to 
understanding and coping with local demands, is also evidenced 
in the literature (Camponogara et al., 2013; Goldstein et al., 2013; 
Bezerra and Feitosa, 2018; Salinas Rebolledo et al., 2018; Faria and 
Paiva, 2020; Silva et al., 2020).

Finally, the participatory production of these maps allowed 
the CHAs involved not only to recognize the combination of 
some socio-environmental determinants present in the location, 
but also to better understand that such a combination can in-
crease situations of vulnerability. This is because living in areas 
at risk that have not been effectively urbanized, with absent or 
poor sanitation, precarious houses and consequently unhealthy 
conditions, poverty, violence, social exclusion, among others, 
are factors that overlap in the territory and which, according to 
Smith and Ezatti (2005), can occur in the homes, in the commu-
nity, or they can be associated with public policies and global 
phenomena.

Conclusions
The analyses carried out from the results of this research 

showed that, through the PGIS and participatory mapping, citi-
zens can more effectively recognize and communicate their needs 
and, thus, intervention strategies in the territory and local main-
tenance actions can more representatively address the residents’ 
priorities for the improvement of their towns. Participatory map-
ping shows itself as a powerful instrument to stimulate participa-
tory urban management and planning, integrating different so-
cial players, especially in towns with traditionally marginalized 
social groups. 

In the case of CHAs, who play a central role in the research un-
der analysis, they are essential to drive, mobilize, and support the 
complex aspects involved, both in Primary Health Care and urban 
management and planning because they live and work in the same 
place. They are health-promoting professionals who are sensitive 
to the needs of the territory, interacting in real-time with the dif-
ficulties, and even network with other health professionals, that is, 

providing a collaborative learning process to the entire team. The 
research evidenced that living in a community favors a better un-
derstanding of the most urgent needs and situations that can harm 
the population more seriously. When mapping socio-environmental 
determinants of health, among the most relevant aspects, were ab-
sent or poor basic sanitation, unhealthiness in housing, commercial 
sites, and green areas, among others, which are also determinants 
directly related to the urban management and planning needs.

The results of this research and its dissemination also meet 
the objectives of the World and National Commissions on So-
cial Determinants of Health by contributing to generating and 
expanding information and knowledge networks, producing sci-
entific evidence on the subject matter, increasing mobilization 
around the theme, and stimulating the qualification of environ-
mental, social, health, and urban planning public policies that 
promote equality.

Although participatory mapping develops territorial ap-
proaches that allow for relevant intersectoral dialogs at the local 
level, the several knowledge and cultural competencies of these 
players, such as the CHAs, have to be more fully recognized. Also, 
clearer strategies must be formulated for including these pro-
fessionals in the local city planning and management system to 
achieve sustainable development and reduced local inequality in 
vulnerable areas. 

It is therefore considered that this mapping and its analysis, 
originated and developed as a demand perceived during this ac-
tion research process, has the potential to positively impact aspects 
related to health, environmental, social, educational, cultural, and 
urban planning, in the territory covered by the FHS, of Paraisópo-
lis  II BHU in Paraisópolis community, city of São Paulo  (state of 
São Paulo). 

The innovative character and replicability potential of socio-en-
vironmental determinant mapping by the PGIS in other locations is 
also highlighted. Talking map techniques can be integrated, config-
uring a Geographic Information System. From its collaborative pro-
duction and dissemination in different communication channels, 
such as the community and technical-scientific ones, this product 
is expected to contribute to qualifying health promotion, education, 
and environmental education actions, as well as expanding social 
mobilization and improving planning and governance processes, 
advancing towards sustainability.

In terms of future perspectives, it is also considered that the 
products generated in processes of this nature have enormous 
potential for solid developments in local governance, such as in 
neighborhood planning, which can later be integrated into District 
Council local planning for the area where they are produced, be-
coming a part of the city’s general planning system, contributing to 
solid improvements in different towns in the future.
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A B S T R A C T
This paper addresses a methodology for analyzing spatio-temporal 
rainfall variability as a tool to support action planning that could 
mitigate negative impacts and reduce conflicts over water use in 
the Pajeú river basin, located in the semi-arid region of the state of 
Pernambuco. We used daily rainfall data from 11 rainfall stations, 
between 1964 and 2016, provided by the Pernambuco Water and 
Climate Agency (Agência Pernambucana de Águas e Clima — APAC) 
and the National Water Agency (Agência Nacional de Águas — ANA). 
This analysis employed the RClimDex software to calculate rainfall-
related climate extremes indices, aiming at monitoring and detecting 
climate changes and alterations in the regional rainfall pattern. 
The results indicated a change in the rainfall pattern in the Pajeú river 
basin, and all climate indices obtained converge toward the increase 
in water scarcity in the area, contributing to the recurrent droughts 
that impact the region.

Keywords: RClimDex; climate change; semi-arid.

R E S U M O
Este artigo aborda uma metodologia de análise da variabilidade espaço-
temporal da precipitação como ferramenta para subsidiar o planejamento 
de ações que venham a mitigar os impactos negativos e reduzir os 
conflitos pelo uso da água na bacia hidrográfica do rio Pajeú, localizada 
na porção semiárida do estado de Pernambuco. Foram utilizados dados 
diários de precipitação de 11 postos pluviométricos, no período de 1964 
a 2016, fornecidos pela Agência Pernambucana de Águas e Clima (APAC) 
e pela Agência Nacional de Águas (ANA). Para esta análise, utilizou-se 
o software RClimDex para calcular os índices de extremos climáticos 
provenientes de precipitação pluviométrica, visando monitorar e 
detectar as mudanças do clima e a alteração do padrão pluviométrico 
da região. Os resultados indicaram modificação no padrão pluviométrico 
na bacia do Pajeú, e todos os índices climáticos calculados convergem 
para o aumento da escassez hídrica na região, contribuindo para as 
recorrentes secas que abalam a região.

Palavras-chave: RClimDex; mudanças climáticas; semiárido.
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Introduction
Climate change has increased water stress in several river basins in 

Brazil and in the world, leading to greater pressure for water resourc-
es management, especially in low rainfall areas, such as the Brazilian 
Northeast semi-arid region. According to studies by the Brazilian Pan-
el on Climate Change (PBMC, 2014), this region is one of the most vul-
nerable to the impacts of climate change in Latin America (Marengo 
et al., 2018; Silva et al., 2020). Bork et al. (2017) state that most studies 
on climate change assessing certain Brazilian locations show an in-
creasing trend in extreme events throughout this century compared to 
the climate of the last century. Such a finding allows predicting severe 
drought or heavy rainfall problems in the future.

For Grassi et al. (2013) and Zhang et al. (2014), extreme climate 
events are directly related to climate change, inducing hydrological and 
thermal anomalies, which affect the livelihood of the population and 
modify existing relationships.

In addition to climate factors, the semi-arid region of the North-
east negatively stands out for its high rates of socioeconomic vulnera-
bility and low human development index due to the great poverty in 
the area, increasing the migration potential (Nobre et al., 2019; Galvão 
et al., 2020). 

Moreover, agriculture is a very common economic practice in the 
region, especially dryland farming (Lemos and Santiago, 2020), which, 
given the low investments in agricultural techniques, completely relies 
on the availability of natural resources, thus suffering with potentially 
negative impacts on water resources and compromising the economy 
and quality of life of the local population (Huang et al., 2016).

Regarding future scenarios, projections by the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change (IPCC, 
2014) indicate an increase in the frequency of extreme events in 
semi-arid regions of the planet, causing longer droughts as a conse-
quence of the reduced rainfall, as well as the rise in temperatures in the 
upcoming decades. As a result, evapotranspiration will increase, while 
water availability will decrease (Sobral et al., 2018; Cardoso et al., 2019; 
Santos et al., 2019). IPCC’s Fifth Assessment Report also showed that 
extreme climate events are associated with increased frequency, severi-
ty, and duration of precipitation (Seley et al., 2014; Yilmaz et al., 2014).

According to the Report of the Brazilian Panel on Climate Change 
(PBMC, 2013), the Northeastern semi-arid region will likely have its 
rainfall reduced by up to 20% by 2040. This report also indicates that 
Brazil should become at least 3°C warmer by the end of the centu-
ry, and rainfall might increase, on average, by 30% in the South and 
Southeast regions and decrease by up to 40% in the North and North-
east regions (Souza et al., 2018). 

These PBMC percentages are climate prognoses estimated in mean 
values based on IPCC optimistic and pessimistic scenarios, which 
point to an increase of 1–3°C and 2–4°C, respectively (Montenegro 
et al., 2010; Cavalcante Junior et al., 2016).

This paper aims to present a method to analyze spatio-temporal rain-
fall variability in the Pajeú river basin as a tool to support action planning 
that could mitigate negative impacts and reduce conflicts over water use. 

Method

Study area
The selected study area was the Pajeú river basin, located in the 

Sertão of Pernambuco State, a semi-arid region of the Brazilian North-
east. It is located between the coordinates 07°16’20” and 08°56’01” S 
and 36°59’00” and 38°57’45” W, specifically in the Pernambuco Sertão 
and São Francisco mesoregions. 

The Pajeú river basin covers 27 municipalities, 16 of them com-
pletely within the basin area. It involves all Pajeú microregions and 
part of the Sertão of Moxotó, Salgueiro, and Itaparica. It has an area of 
16,685.63 km2, that is, 16.9% of the total area of Pernambuco, making 
it the largest river basin of the state in territorial extension (Figure 1).

From a climate perspective, the basin area is characterized by 
very irregular rainfall, with January to April as the main rainy season. 
Sertão  rains originate from cold fronts, upper tropospheric cyclon-
ic vortices (UTCV), and the intertropical convergence zone (ITCZ). 
The last one is the main rainfall production system in the Pernambuco 
semi-arid region (Pernambuco, 2006). 

In the Pernambuco Sertão, rainfall starts in December (extreme 
west) and is associated with cold front instabilities and UTCV. As of 
February or March, depending on the year, ITCZ begins to act through-
out the Sertão, which is already in its main rainy season. 

Total annual precipitation usually fluctuates between 400 and 
1,200 mm. The dry season can last from 7 to 10 months, and semi-arid-
ity is very pronounced in the lower region, near the São Francisco Riv-
er, where total annual values often range from 400 to 500 mm. Rainfall 
increases in the north, reaching averages between 700 and 800 mm. 

We selected the Pajeú river basin as a case study for this statistical 
method of precipitation analysis due to its economic and social rele-
vance in the semi-arid region of Pernambuco, besides it being the larg-
est basin of the state in territorial extension. Thus, we emphasize the 
importance of implementing this methodology, using river basins as a 
planning unit to design short- and medium-term actions. 

Data acquisition and analysis
This work assessed 52 years of daily rainfall data — 1964 to 2016. 

Data were collected from the Pernambuco Water and Climate Agency 
(Agência Pernambucana de Águas e Clima — APAC), through its on-
line database (APAC, 2021), and the National Water Agency (Agência 
Nacional de Águas — ANA), from its hydrologic information system 
(HIDROWEB) (ANA, 2021). 

Among the rainfall stations located in the Pajeú river basin, 11 were se-
lected for their good data quality and homogeneity, with few issues, and for 
representing a satisfactory spatial distribution of the whole basin (Figure 2). 
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Evaluation of climate extremes indices
We used the RClimDex software, version 3.2.1, to identify trends 

in climate extremes indices. Recommended by the World Meteorolog-
ical Organization (WMO), the software calculates climate extremes 
indices to monitor and detect climate changes. It was developed by 
Byron Gleason, a researcher at the National Climatic Data Center 
(NCDC) of the National Oceanic and Atmospheric Administration 
(NOAA). This software is available for free on the Expert Team on Cli-
mate Change Detection, Monitoring and Indices (ETCCDMI) website 
(http://cccma.seos.uvic.ca/ETCCDMI).

RClimDex 3.2.1 calculates all 27 basic indices (11 related to precipita-
tion and 16 to temperature) recommended by the ETCCDMI and provides 
statistical information for each index, including: linear trend calculated 
by the least-squares method, statistical significance of the trend (p-value), 
coefficient of determination (R²), and standard error of estimate, in ad-
dition to annual time-series graphs. The software was used to obtain all 
rainfall-related climate indices, whose values are listed in Table 1.

 
Figure 1 – Spatial location of the Pajeú river basin.
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Index Index name Definition Unit Equation

PRCPTOT Total annual precipitation in wet days Total annual precipitation in wet days (RR*≥1 mm) mm
1

I

j ij
i

PRCPTOT RR
=

=∑

CDD Consecutive dry days Maximum number of consecutive days with RR*<1 mm days RRij ≥ 1mm

CWD Consecutive wet days Maximum number of consecutive days RR≥1 mm days RRij ≥ 1mm

R10 mm Number of days with precipitation above 10 mm Number of days per year with precipitation ≥10 mm days RRij ≥ 10mm

R20 mm Number of days with precipitation above 20 mm Number of days per year with precipitation ≥20 mm days RRij ≥ 20mm

R50 mm Number of days with precipitation above 50 mm Number of days per year with precipitation ≥50 mm days RRij ≥ nnmm

SDII Simple daily intensity index Total annual precipitation divided by the number of wet 
days (defined as PRCPTOT≥1 mm) mm/day 1

W

w
wj

j

RR
SDII

W
=

=

∑

Rx1day Maximum 1-day precipitation amount Monthly maximum precipitation in 1 day mm Rхldayj = max(RRij)

Rx5day Maximum consecutive 5-day precipitation amount Monthly maximum precipitation in 5 consecutive days mm Rх5dayj = max(RRkj)

R95p Very wet days Total annual precipitation with RR>95 percentile mm
W

j wj
w 1

R95 p RR
=

=∑

R99p Extremely wet days Total annual precipitation with RR>95 percentile mm
W

j wj
w 1

R99 p RR
=

=∑

Table 1 – Climate indices related to daily rainfall with definitions and units.

*RR: daily rainfall rate.
Source: RClimDex (2004).

The climate indices described above generate annual time series 
graphs composed of trends and calculated by the least-squares linear 
regression method, with statistical significance, showing the adjust-
ments of these linear trends for the graphs. 

Data quality control is a prerequisite for calculating indices using 
the RClimDex 3.2.1 software and consists of the following procedures: 
•	 replace all missing values (which must already be coded as -99.9) 

for internal formats recognized by R (i.e., declares them as not 
available); 

•	 replace all unacceptable data matrix values by -99.9, including pre-
cipitation values less than zero (notably absurd). 
The p-value calculated by Student’s t-test represents the level of sta-

tistical significance. If the p-value of any index is equal to or less than 
0.1, the index trend is statistically significant at 90%; if it is equal to or 
less than 0.05, the statistical significance is at 95%, and p-values less 
than 0.01 show a trend with statistical significance at 99%.

This study adopted Student’s t-test because it is one of the most 
widely used distributions in statistics, with applications ranging from 
statistical modeling to hypothesis testing. Other methods could also be 
used, such as Mann-Kendall, linear regression, and Pettitt parametric 
tests; however, the RClimDex software employs Student’s t-test in its 
operational package.

The present investigation used this test to evaluate whether the 
trend values obtained were significant or not. Student’s t-test is one of 

the most widely used distributions for small samples and in meteoro-
logical studies (Kousky and Kayano, 1994; Kayano and Kousky, 1996; 
Castro, 2002; Silva and Sousa, 2013). It can be calculated by Equation 1:

tc = t/√((n-2) + t^2)� (1)
 
In which:
tc = percentile value; 
c = degree of freedom — we used=95 or 95%;
t = percentile value.

Maps were generated with the calculated climate index data us-
ing the Golden Software Surfer, which allows complete visualization 
of the spatial behavior of the studied variable. We adopted the kriging 
method, which is based on data interpolation, obtained using tabu-
lar data and geographic location. In kriging, intermediate data values 
are preserved, and the result is a continuous surface of smoother data, 
minimizing the contrasts between polygons. Kriging uses mathemati-
cal functions to add larger weights in positions closest to the sampling 
points and lower weights in the farthest positions, thus creating new 
interpolated points based on these linear data combinations (Viola 
et al., 2010). 

After the spatial trend analysis of climate extremes indices, we 
performed a time analysis of each index to have an overview of the 
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interannual climate variability throughout the Pajeú river basin. To this 
end, we calculated the weighted average of the basin with the Thiessen 
method. 

Results and Discussion
The analysis of spatio-temporal rainfall variability in the Pajeú riv-

er basin showed a significant change in precipitation pattern and be-
havior throughout the study site. Over the 52 years analyzed, we could 
identify both the decrease in total annual precipitation and the increase 
in consecutive days without rainfall, a situation that converges toward 
a state of water scarcity in the region. In addition to reduced precipita-
tion and increased dry days, we found a decreasing trend in daily rain-
fall intensity and number of days with moderate and strong rainfall.

Table 2 describes the trend values of climate extremes indices cal-
culated based on rainfall data from the Pajeú river basin, covering the 
period between January 1964 and December 2016. 

Values highlighted in gray are statistically significant; those in gray 
and italics have p<0.1; those in gray and bold have p<0.05. 

Values without a gray background in the table presented p>1 and 
no statistical significance, as their reliability was below 90%. As a result, 
they were not considered in the analyses, since it is not safe to state that 
they are actual trends. 

Table 2 shows that, among all indices calculated, those with the 
highest number of statistically significant results were the total annu-
al precipitation index (PRCPTOT) and the number of days with rain 
above 10 and 20 mm (R10 mm and R20 mm, respectively).

Total annual precipitation analysis
First, the PRCPTOT analysis revealed a marked decrease in pre-

cipitation, detected in all municipalities that presented statistical sig-
nificance. 

According to this result, the study area showed a rainfall reduction 
ranging from 107.6 mm to 380.5 mm in the 52 years analyzed. The mu-
nicipality of Floresta had the lowest rainfall reduction, with a rate of 
-2.07 mm/year, while Carnaíba presented the highest rainfall decrease, 
with a rate of -7.61 mm/year, as shown in Figure 3.

Figure 3 also demonstrates that the lowest rainfall reduction oc-
curred in the southern part of the basin, which is closer to the São 
Francisco River and has the highest semi-aridity index according to the 
climate classification of the basin. The rainfall reduction in the study 
area over 52 years corroborates the history of water scarcity that has 
been affecting the semi-arid region of the Brazilian Northeast, which 
currently faces the most severe drought in recent decades.

PRCPTOT 
(mm)

CDD 
(days)

CWD 
(days)

R10mm 
(days)

R20mm 
(days)

R50mm 
(days)

SDII  
(mm/day)

Rx1day 
(mm)

Rx5day 
(mm)

R95p 
(mm)

R99p 
(mm)

Afogados da Ingazeira 0.906 0.345 -0.03 0.072 0.029 0.012 0.085 0.225 0.458 1.392 0.504

Betânia -4.945 0.546 -0.015 -0.145 -0.06 -0.016 -0.029 -0.439 -1.081 -1.346 -0.701

Carnaíba -7.617 -0.987 0.009 -0.328 -0.175 0.006 -0.15 0.167 -0.895 0.085 0.782

Floresta -2.073 0.002 -0.027 -0.103 -0.039 -0.016 -0.183 -0.08 -0.446 -1.231 0.51

Iguaraci -5.021 0.572 -0.004 -0.12 -0.076 -0.006 0.035 -0.261 -0.272 -1.231 -1.204

Itapetim -3.661 0.191 -0.001 -0.175 -0.077 0.004 -0.039 -0.246 -0.301 0.008 -0.573

Mirandiba -4.885 -0.074 -0.056 -0.177 -0.09 -0.046 -0.181 -0.388 -0.473 -1.523 -0.231

São José do Egito -2.37 -0.299 -0.002 -0.109 -0.07 -0.002 0.019 0.112 -0.328 -0.055 -0.175

Serra Talhada -4.398 0.525 -0.009 -0.126 -0.031 -0.018 0.022 0.021 -0.298 -1.291 -0.201

Triunfo -5.321 0.703 -0.057 -0.164 -0.096 0.003 0.037 -0.302 -0.472 -0.295 -0.479

Tuparetama -4.348 0.42 -0.055 -0.337 -0.151 0.008 -0.211 0.377 -0.114 0.959 -1.158

Table 2 – Trends in rainfall-related climate extremes indices for 11 municipalities along the Pajeú river basin.

 
Figure 3 – Spatial distribution of total annual precipitation in the Pajeú 
river basin from 1964 to 2016. 
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Considering that the historical average rainfall of the Brazilian 
Northeast semi-arid region, particularly of the Pajeú river basin, rang-
es from 400 to 800 mm a year, we found a loss of approximately a whole 
year of precipitation during these 52 years (1964–2016), a situation that 
tends to worsen if this scenario becomes a reality. This rainfall vari-
ation in the region can be attributed to large-scale circulation, while 
rainfall intensity might influence climate variability. 

Similar results were found by Assis (2016) in an analysis of the São 
Francisco river basin, in the Submédio stretch, which covers part of the 
Pernambuco semi-arid region and part of mid-northern Bahia, where 
even higher decreasing trends in rainfall have been detected, reaching 
approximately 14 mm/year in the Araripina microregion. 

The study evidenced the need to deepen the analysis of climate ex-
tremes indices, given the economic, political, and social importance of 
the Pajeú river basin to the state, as it is the largest basin of Pernambu-
co. The Pajeú River is the largest tributary of the São Francisco River, 
and its basin extends across important municipalities whose economy 
relies on agriculture, both irrigated and dryland farming — the latter 
completely dependent on climatic factors.

Moncunill (2006) conducted a study in Ceará and also found neg-
ative trends in annual precipitation between 1974 and 2003. We under-
line that few studies in Northeastern Brazil use this methodology, which 
is more concentrated and widespread in the South, Southeast, and Mid-
west regions of Brazil, as well as other South American countries.

The Brazilian semi-arid region is not the only one experiencing 
an increase in water scarcity. Vargas-Amelin and Pindado (2014) in-
vestigated the Mediterranean region of Spain, also characterized by a 
semi-arid climate, and found a decrease in rainfall when analyzing a 
70-year period (1940 to 2010).

Figure 4 shows the linear trend calculated for total annual precip-
itation, also from 1964 to 2016. This analysis revealed that, in most 
years, the total annual precipitation was below the trend line, that is, 
over these 52 years, rainfall gradually remained below the historical 
average rainfall for the region. 

Total annual precipitation reached its highest values in 1967, 1974, 
and 1985. These results are a consequence of strong and moderate La 
Niña events, which contributed to the higher total rainfall in these 
years. On the other hand, years with total annual precipitation below 
the historical average were more prevalent, with a gradually decreasing 
trend in these rainfall values. As shown in the graph in Figure 4, 1993, 
1998, and 2012 stand out for having the lowest total annual precipita-
tion values, not reaching 200 mm/year. 1993 and 1998 are associated 
with strong El Niño events, inhibiting rainfall in Northeastern Brazil. 
Despite the lack of El Niño events, 2012 was an extremely dry year due 
to acting systems and sea surface temperature anomaly (SSTA).

Another important factor in the time trend analysis of the total an-
nual precipitation index is that rainy years, with annual rainfall above 
average, occurred mainly until the late 1980s, with a predominance 
of dry years thereafter. This rainfall pattern change in the Pajeú river 
basin demonstrates a possible climate variation. This detailed analysis 
is made separately for each year in the following sub-section, which 
addresses the rainfall anomaly index.

Analysis of consecutive dry and wet days
According to Table 2, the analysis of the indices number of consec-

utive dry days (CDD) and maximum number of days with precipita-
tion above 1 mm (consecutive wet days — CWD) shows an increasing 
trend in dry days and consequent decrease in rainy days among the 
municipalities that presented statistical significance. These indices are 
inversely proportional and complementary. 

CDD variation fluctuated between 0.34 days/year and 0.70 days/
year in Afogados da Ingazeira and Triunfo, respectively. Namely, Tri-
unfo, which stands out from other municipalities for its local micro-
climate and higher annual rainfall rates, also has the highest trend in 
consecutive days without rain. 

Triunfo did not show statistical significance in the total annual pre-
cipitation index, so we can state that, in addition to the higher num-
ber of dry days, the city might also be experiencing a gradual decrease 
in precipitation. CWD variation ranged from -0.02 (Floresta) to -0.05 
(Triunfo).

Although not high, the CDD and CWD trend variation is signifi-
cant since the Pajeú river basin already shows a reduction in its annual 
rainfall. Figure 5 depicts the CDD and CWD spatial distribution.

The time analysis of these indices reveals that some years reach 120 
CDDs. Once more, 1993, 1998, and 2012 stand out since these years 
had the longest dry period in addition to the highest annual rainfall 
reduction. In a similar study, but that calculated the rainfall anomaly 
index, Assis et  al. (2015) also identified 1993, 1998, and 2012 as the 
driest years of the whole series of data studied (1964–2014) for river 
basins in the Pernambuco semi-arid region.

The graph showing the number of CWDs indicates a decreas-
ing time trend, that is, increasingly fewer successive rainy days. 
Again, 1993, 1998, and 2012 stand out, this time for having less 

Figure 4 – Linear trend of total annual precipitation in the Pajeú river 
basin from 1964 to 2016.
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(a) (b)  

Figure 5 – (A) Spatial distribution of the number of consecutive dry days and (B) consecutive wet days (rain >1 mm) in the Pajeú river basin in days/year 
(1964–2016). 

than five CWDs per year. The CDD increase and CWS decrease 
mean not only less rain in the study area, as evidenced by the 
PRCPTOT index, but the progressive concentration of rains in a 
shorter interval. 

Nóbrega (2010) analyzed 35 rainfall stations in the Sertão of Per-
nambuco and found similar results, indicating a higher number of dry 
days in the rainy season. Nóbrega et al. (2015) investigated the entire 
state of Pernambuco from 1978 to 2010 using the same methodology 
for the assessment of climate extremes indices, concluding that rains 
are becoming increasingly concentrated in a few days over the year 
in the Sertão and Agreste of Pernambuco. Sertão also had the highest 
numbers and extremely dry spells. Figure 6 illustrates the CDD and 
CWD time trends.

Analysis of days with strong and moderate precipitation
The analysis of R10 mm, R20 mm, and R50 mm points to negative 

trends in all indices, that is, a reduction in days with rain above 10 mm, 
20 mm, and 50 mm per year. 

These indices are directly proportional to total annual precipitation 
and CDD since, when annual rainfall decreases and the number of dry 
days increases, rainfall becomes less intense; thus, days with moderate 
(10 mm and 20 mm) and strong (50 mm) rains are increasingly sporadic.

Comparing the results of Table 2, the R10 mm index rang-
es from -0.10 days/year to -0.33 days/year in Floresta and Tupare-
tama, respectively. The R20 mm index varies from -0.06 days/year 
(Betânia) to -0.175 (Carnaíba). In turn, the R50 mm index ranges 
from -0.002 days/year to -0.046 days/year in Floresta and Mirandi-

ba, respectively. Figure 7 shows the spatial distribution of R10 mm, 
R20 mm, and R50 mm.

The time trend of the R10 mm index reveals a decreasing line, 
with 1974 and 1985 standing out with the highest peaks. Therefore, 
these years had more days with precipitation equal to or above 10 mm. 
The region had approximately 40 days of moderate rainfall in 1974 and 
around 50 days in 1985.

 1974 and 1985, which presented the greatest number of days with 
moderate rainfall, also had the highest total rainfall in the calculation 
of the PRCPTOT index. On the other hand, 1993 and 1998 showed the 
lowest number of days with moderate rainfall, not exceeding the five-
day range. We highlight that these years also presented the lowest total 
annual precipitation in the PRCPTOT index. This finding shows the 
proportion between the index calculations, which are complementary.

As in the R10 mm index, the linear trend of the R20 mm index was 
negative, indicating a lower number of days with precipitation above 
20 mm. The highest peaks occurred in 1967, 1974, and 1985, with ap-
proximately 15 days of moderate rainfall. 

According to the PRCPTOT index, these same years showed high-
er total annual precipitation. After calculation of the weighted average 
for the time analysis, the R50 mm index showed no noticeable trend 
and thus was not considered for this analysis. Figure 8 presents the 
linear time trend graphs of the R10 mm and R20 mm indices. 

Daily rainfall intensity analysis
The simple daily intensity index (SDII), which represents the daily 

rainfall intensity and results from the proportion between total annual 
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precipitation and the number of rainy days, presented both positive 
and negative trends. However, municipalities with statistical signifi-
cance showed a prevalence of negative trends, with a decrease in dai-
ly rainfall intensity; only one city had a positive trend for this index 
— Afogados da Ingazeira, with a value of 0.085 mm/day. Regarding 
negative indices, Tuparetama stood out, with -0.211 mm/day, as seen 
in Table 2.

Municipalities with a decrease in daily rainfall intensity also had a 
reduction in total annual precipitation. The only municipality with an 

upward trend in daily rainfall intensity also experienced an increase in 
total annual precipitation, albeit without statistical significance. 

Similar results were found by Silva et al. (2012) in a study of the 
state of Bahia from 1970 to 2006, which assessed climate change detec-
tion indices. They identified a downward trend in daily rainfall inten-
sity and total annual precipitation in the Baixo São Francisco region. 
According to the authors, this rainfall variation can be attributed to 
large-scale circulation, while rainfall intensity might influence climate 
variability.

Figure 7 – Spatial distribution map of the climate indices (A) R10 mm, (B) R20 mm, and (C) R50 mm in the Pajeú river basin in days/year (1964–2016).

Figure 6 – (A) Linear trend of the number of consecutive dry days and (B) number of consecutive wet days (rain >1 mm) in the Pajeú river basin in days/year 
(1964–2016).
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Figure 8 – (A) Linear trend of the number of days/year with precipitation ≥10 mm — R10 mm and (B) ≥20 mm — R20 mm in the Pajeú river basin (1964–
2016).

Figure 9 depicts the SDII spatial distribution, which clearly 
evidences a decrease in daily rainfall intensity throughout the 
basin, except for Afogados da Ingazeira, in the northernmost 
part of the basin, which presents an increase in the daily rainfall 
intensity index.

The time analysis of the daily rainfall intensity index showed no 
trend, as, after the calculation of the weighted average, heavy rains are 
distributed to other rainfall stations; thus, the average value does not 
represent the reality of each municipality.

Monthly maximum precipitation analysis
The Rx1day and Rx5day indices, which correspond to the max-

imum 1-day and consecutive 5-day precipitation amount, present-
ed a statistically significant trend in few municipalities, three for 
the Rx1day index and two for the Rx5day index. Nonetheless, both 
showed negative trends, converging toward a decrease in Rx1day 

and Rx5day. This result is complementary to the total annual pre-
cipitation index since as total annual precipitation decreases, so 
does the precipitation amount in one and five consecutive days. 
The Rx1day index ranges from -0.302 in Triunfo to -0.439 mm/day 
in Betânia. 

Figure 10 demonstrates the Rx1day spatial distribution, indi-
cating a gradual daily rainfall intensity, decreasing as it approaches 
the southern part of the basin, which is closer to the São Francisco 
River and classified as the most semi-arid area of the Pajeú river ba-
sin. Since the Rx5day index presented statistical significance in only 
two municipalities, we could not interpolate the values in the map.

Concerning time trends, the Rx1day and Rx5day indices present 
the monthly maximum 1-day and consecutive 5-day precipitation 
amounts. The results displayed in the graph correspond to the month 
(in one year) with the highest precipitation value in mm for the period 
(one day/five days).

Figure 9 – Spatial distribution map of the simple daily intensity index in 
the Pajeú river basin in mm/day (1964–2016). 

Figure 10 – Spatial distribution map of the Rx1day index in the Pajeú river 
basin in mm/day (1964–2016). 
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Conclusions
The climate index results indicate a precipitation pattern change in 

the Pajeú river basin, given the homogeneity of the trends presented.
 The decrease in total annual precipitation, in addition to the rise in 

consecutive dry days, corroborates other indices, showing signs of in-
creased water scarcity in the region. These answers contribute to stud-
ies of recurrent droughts that progressively affect the semi-arid region 
of the Brazilian Northeast.

This projection of increased water scarcity points to a trend in 
greater demand for water use and conflicts in the basin, as the basin 
water is widely used for irrigation. 

In this context, implementing public policies that promote strat-
egies for reducing these conflicts and ensure regional sustainability is 
crucial. This analysis and the methodology applied can be extended 
and used in other river basins with similar characteristics.

As shown in Figure 11, the Rx1day index did not exceed 60 mm 
in any of the 52 years analyzed. 1993 and 1998 stood out once again 
because they presented the lowest accumulated rainfall in one day. 
The  analysis of the Rx5day index revealed that the maximum value 
of concentrated precipitation in 5 consecutive days almost reached 
150  mm in many years, especially in the first half of the data series 
analyzed. The highest rainfall peaks were in 1974, which, as indicated 
in the PRCPTOT calculations, was one of the years with the greatest 
annual precipitation.

The climate extremes indices R95p and R99p, which correspond 
to wet and extremely wet days, presented statistical significance in 
only two and one municipalities, respectively. Therefore, they were not 
considered in this analysis, since the study area presented, in previous 
indices, a trend in rainfall scarcity and gradual precipitation reduction, 
making the analysis of wet days ineffective for the present investigation. 

Contribution of authors:
Assis, J.M.O.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Data curation, Writing — original draft. Menezes, 
A.F.: Cartography, Validation, Formal analysis, Writing — original draft. Souza, W.M.: Methodology, Formal analysis, Supervision. Sobral, M.C.: Methodology, 
Validation, Formal analysis, Investigation, Supervision, Visualization. 

References
Agência Nacional de Águas (ANA). 2021. HidroWeb: sistemas de informações 
hidrológicas. ANA (Accessed August 2021) at: http://hidroweb.ana.gov.br/
HidroWeb.

Agência Pernambucana de Águas e Clima (APAC). Sistema de meteorologia e 
monitoramento. APAC (Accessed August 2021) at: http://old.apac.pe.gov.br/
meteorologia/monitoramento-pluvio.php. 

Assis, J.M.O., 2016. Variabilidade do clima e cenários futuros de mudanças 
climáticas no trecho submédio da bacia hidrográfica do rio São Francisco. Tese 
de Doutorado, Programa de Pós-Graduação Engenharia Civil, Universidade 
Federal de Pernambuco, Recife.

Assis, J.M.O.; Souza, W.M.; Sobral, M.C., 2015. Análise Climática da 
Precipitação no Submédio da Bacia do Rio São Francisco com Base no Índice 

Figure 11 – Linear trend of monthly maximum 1-day precipitation — Rx1day and monthly maximum consecutive 5-day precipitation — Rx5day in the Pajeú 
river basin in mm/year (1964–2016).

(a) (b) 

http://hidroweb.ana.gov.br/HidroWeb
http://hidroweb.ana.gov.br/HidroWeb
http://old.apac.pe.gov.br/meteorologia/monitoramento-pluvio.php
http://old.apac.pe.gov.br/meteorologia/monitoramento-pluvio.php


Methods to analyze spatio-temporal rainfall variability: application to the Pajeú river basin, Pernambuco

587
RBCIAMB | v.56 | n.4 | Dec 2021 | 577-588  - ISSN 2176-9478

de Anomalia de Chuva. Revista Brasileira de Ciências Ambientais (Online), 
(36), 115-117. https://doi.org/10.5327/Z2176-947820151012.

Bork, C.K.; Castro, A.S.; Leandro, D.; Corrêa, L.B.; Siqueira, T.M., 2017. 
Índices de precipitação extrema para os períodos atual (1961-1990) e 
futuro (2011-2100) na bacia do rio Taquari-Antas, RS. Revista Brasileira de 
Ciências Ambientais (Online), (46), 29-45. https://doi.org/10.5327/Z2176-
947820170233.

Cardoso, A.S.; Alves, E.A.; Marques, E.A.T.; Castro, C.M.V.A.; Casé, M.; 
Sobral, M.C.M., 2019. Avaliação da toxicidade de piscicultura do semiárido 
de Pernambuco (Brasil). Brazilian Journal of Development, v. 5, (11), 24934-
24961. https://doi.org/10.34117/bjdv5n11-171.

Castro, C.A.C., 2002. Interações trópicos-extratrópicos na escala de tempo 
intrasazonal durante o verão austral e seus efeitos na América do Sul. 
Dissertação de Mestrado, Instituto Nacional de Pesquisas Espaciais, São Paulo.

Cavalcante Junior, E.G.; Medeiros, J.F.; Espínola Sobrinho, J.; Figueirêdo, 
V.B.; Costa, P.N.; Santos, W.O., 2016. Development and Water Requirements 
of Cowpea Under Climate Change Conditions in the Brazilian Semi-Arid 
Region. Revista Brasileira de Engenharia Agrícola e Ambiental, v. 20, (9), 783-
788. http://dx.doi.org/10.1590/1807-1929/agriambi.v20n9p783-788.

Galvão, M.L.M.; Santos, M.A.; Silva, F.N.; Silva, V.P., 2020. Connections 
Between Wind Energy, Poverty and Social Sustainability in Brazil’s Semiarid. 
Sustainability, v. 12, (3), 864. http://dx.doi.org/10.3390/su12030864.

Grassi, B.; Redaelli, G.; Visconti, G., 2013. Arctic Sea Ice Reduction and 
Extreme Climate Events over the Mediterranean Region. Journal of Climate, v. 
26, 10101-10110. https://doi.org/10.1175/JCLI-D-12-00697.1.

Huang, J.; Ji, M.; Xie, Y.; Wang, S.; He, Y.; Ran, J., 2016. Global semi-arid 
climate change over last 60 years. Climate Dynamics, (46), 1131-1150. https://
doi.org/10.1007/s00382-015-2636-8.

Intergovernmental Panel on Climate Change (IPCC), 2014. Climate Change 
2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
IPCC, Geneva, Switzerland, 151 pp.

Kayano, M.T.; Kousky, V.E., 1996. Tropical circulation variability with 
emphasis on interannual and intraseasonal time scales. Revista Brasileira de 
Meteorologia, v. 11, (1-2), 6-17.

Kousky, V.; Kayano, M.T., 1994. Principal modes of outgoing longwave 
radiation and 250-mb circulation for the South American sector. 
Journal of Climate, v. 7, (7), 1131-1143. https://doi.org/10.1175/1520-
0442(1994)007%3C1131:PMOOLR%3E2.0.CO;2.

Lemos, J.J.S.; Santiago, F.D., 2020. Instabilidade temporal na produção 
agrícola familiar de sequeiro no semiárido do nordeste brasileiro. 
Desenvolvimento em Questão, v. 18, (50), 186-200. https://doi.
org/10.21527/2237-6453.2020.50.186-200.

Marengo, J.A.; Alves, L.M.; Alvala, R.C.S.; Cunha, A.P.; Brito, S.; Moraes, 
O.L.L., 2018. Climate Characteristics of the 2010-2016 Drought in The 
Semiarid Northeast Brazil Region. Anais da Academia Brasileira de Ciências, 
v. 90, (2 Supl. 1), 1678-2690. https://doi.org/10.1590/0001-3765201720170206. 

Moncunill, D.F., 2006. The rainfalltrend over Ceará and its implications. In: 8ª 
Conferência Internacional de Meteorologia e Oceanografia do Hemisfério Sul, 
Foz do Iguaçu. Anais... pp. 315-323.

Montenegro, S.G.; Montenegro, A.; Ragab, R., 2010. Improving agricultural 
water management in the semiarid region of Brazil: experimental and 
modelling study. Irrigation Science, v. 28, 301-316. https://doi.org/10.1007/
s00271-009-0191-y.

Nobre, P.; Pereira, E.B.; Lacerda, F.F.; Bursztyn, M.; Haddad, E.A.; Ley, D., 
2019. Solar smart grid as a path to economic inclusion and adaptations to 
climate change in the Brazilian semiarid Northeast. International Journal of 
Climate Change Strategies and Management, v. 11, (4), 499-517. https://doi.
org/10.1108/ijccsm-09-2018-0067.

Nóbrega, R.S.; Farias, R.F.L.; Santos, C.A.C., 2015. Variabilidade temporal e 
espacial da precipitação pluviométrica em Pernambuco através de índices de 
extremos climáticos. Revista Brasileira de Meteorologia, v. 30, (2), 171-180. 
https://doi.org/10.1590/0102-778620130624.

Nóbrega, S.N., 2010. Modelagem climática no Nordeste do Brasil: cenários 
e incertezas. In: Galvíncio, J.D.; Silva, D.F.; Nóbrega, S.N. (Eds.), Mudanças 
climáticas e recursos hídricos: aplicações no estado de Pernambuco. Ed. 
Universitária da UFPE, Recife, pp. 1-25. 

Painel Brasileiro de Mudanças Climáticas – PBMC. 2013. Sumário Executivo 
do GT2. In: Ambrizzi, T.; Araujo, M. (Eds.), Primeiro Relatório de Avaliação 
Nacional do Painel Brasileiro de Mudanças Climáticas. Rio de Janeiro, PBMC.

Painel Brasileiro de Mudanças Climáticas – PBMC. 2014. Base científica das 
mudanças climáticas. In: Ambrizzi, T.; Araujo, M. (Eds.), Primeiro Relatório 
da Avaliação Nacional sobre Mudanças Climáticas. COPPE, Universidade 
Federal do Rio de Janeiro, Rio de Janeiro, 464 pp, pp. 25-63.

Pernambuco. 2006. Atlas de bacias hidrográficas de Pernambuco. Secretaria de 
Ciência, Tecnologia e Meio Ambiente, Recife.

RClimDex, 2004. Manual del usuario (Accessed June 2021) at: http://etccdi.
pacificclimate.org/software.shtml. 

Santos, C.A.S.; Rocha, F.A.; Ramos, T.B.; Alves, L.M.; Mateus, M.; Oliveira, 
R.P.; Neves, R., 2019. Using a hidrologic model to asses the performance of 
regional climate models in a semi-arid watershed in Brazil. Water, v. 11, (1), 
170. https://doi.org/10.3390/w11010170.

Selvey, L.A.; Rutherford, S.; Dodds, J.; Dwyer, S.; Robinson, S.M., 2014. The 
impact of climate-related extreme events on public health workforce and 
infrastructure - how can we be better prepared? Australian and New Zealand 
Journal of Public Health, v. 38, (3), 208-210. https://doi.org/10.1111/1753-
6405.12219.

Silva, D.F.S.; Sousa, A.B., 2013. Detecção de tendências climáticas no estado de 
Alagoas. Revista Brasileira de Geografia Física, v. 6, (3), 442-455. https://doi.
org/10.26848/rbgf.v6.3.p442-455.

Silva, G.B.; Souza, W.M.; Azevedo, P.V., 2012. Cenários de mudanças climáticas 
no estado da Bahia através de estudos numéricos e estatísticos. Revista 
Brasileira de Geografia Física, v. 5, (5), 1019-1034. https://doi.org/10.26848/
rbgf.v5i5.232891

Silva, G.K.; Silveira, C.; Silva, M.; Marcos Júnior, A.; Souza Filho, F.; 
Guimarães, S., 2020. Análise de projeções das mudanças climáticas sobre 
precipitação e temperatura nas regiões hidrográficas brasileiras para o século 
XXI. Revista Brasileira de Ciências Ambientais (Online), 1-17. http://dx.doi.
org/10.5327/Z2176-947820200624.

Sobral, M.C.; Assis, J.M.O.; Oliveira, C.R.; Silva, G.M.N.; Morais, M.; 
Carvalho, R.M.C., 2018. Impacto das mudanças climáticas nos recursos 
hídricos no submédio da bacia hidrográfica do Rio São Francisco - Brasil. 
Revista Eletrônica do PRODEMA, v. 12, (3), 95-106. https://doi.org/10.22411/
rede2018.1203.10.

Souza, A.G.S.S.; Ribeiro Neto, A.; Rossato, L.; Alvalá, R.C.S.; Souza, L.L., 2018. 
Use of SMOS L3 Soil Moisture Data: Validation and Drought Assessment for 
Pernambuco State, Northeast Brazil. Remote Sensing, v. 10, (8), 1314. https://
doi.org/10.3390/rs10081314.

https://doi.org/10.5327/Z2176-947820151012
https://doi.org/10.5327/Z2176-947820170233
https://doi.org/10.5327/Z2176-947820170233
https://doi.org/10.34117/bjdv5n11-171
http://dx.doi.org/10.1590/1807-1929/agriambi.v20n9p783-788
http://dx.doi.org/10.3390/su12030864
https://doi.org/10.1175/JCLI-D-12-00697.1
https://doi.org/10.1007/s00382-015-2636-8
https://doi.org/10.1007/s00382-015-2636-8
https://doi.org/10.1175/1520-0442(1994)007%3C1131:PMOOLR%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1994)007%3C1131:PMOOLR%3E2.0.CO;2
https://doi.org/10.21527/2237-6453.2020.50.186-200
https://doi.org/10.21527/2237-6453.2020.50.186-200
https://doi.org/10.1590/0001-3765201720170206
https://doi.org/10.1007/s00271-009-0191-y
https://doi.org/10.1007/s00271-009-0191-y
https://doi.org/10.1108/ijccsm-09-2018-0067
https://doi.org/10.1108/ijccsm-09-2018-0067
https://doi.org/10.1590/0102-778620130624
http://etccdi.pacificclimate.org/software.shtml
http://etccdi.pacificclimate.org/software.shtml
https://doi.org/10.3390/w11010170
https://doi.org/10.1111/1753-6405.12219
https://doi.org/10.1111/1753-6405.12219
https://doi.org/10.26848/rbgf.v6.3.p442-455
https://doi.org/10.26848/rbgf.v6.3.p442-455
https://doi.org/10.26848/rbgf.v5i5.232891
https://doi.org/10.26848/rbgf.v5i5.232891
http://dx.doi.org/10.5327/Z2176-947820200624
http://dx.doi.org/10.5327/Z2176-947820200624
https://doi.org/10.22411/rede2018.1203.10
https://doi.org/10.22411/rede2018.1203.10
https://doi.org/10.3390/rs10081314
https://doi.org/10.3390/rs10081314


Assis, J.O.M. et al.

588
RBCIAMB | v.56 | n.4 | Dec 2021 | 577-588  - ISSN 2176-9478

Vargas-Amelin, E.; Pindado, P., 2014. The challenge of climate change in Spain: 
Water resources, agriculture and land. Journal of Hydrology, v. 518, (parte B), 
243-249. https://doi.org/10.1016/j.jhydrol.2013.11.035.

Viola, M.R.; Mello, C.R.; Pinto, D.B.F.; Mello, J.M.; Ávila, L.F., 2010. Métodos 
de interpolação espacial para o mapeamento da precipitação pluvial. Revista 
Brasileira de Engenharia Agrícola e Ambiental, v. 14, (9), 970-978. https://doi.
org/10.1590/S1415-43662010000900009.

Yilmaz, A.G.; Hossain, I.; Perera, B.J.C., 2014. Effect of climate change and 
variability on extreme rainfall intensity-frequency-duration relationships: a 
case study of Melbourne. Hydrology and Earth System Sciences, v. 18, (10), 
4065-4076. https://doi.org/10.5194/hess-18-4065-2014.

Zhang, Y.; Wang, J.C.; Jing, J.H.; Sun, J.C., 2014. Response of groundwater to 
climate change under extreme climate conditions in North China Plain. Journal 
of Earth Science, v. 25, 612-618. https://doi.org/10.1007/s12583-014-0443-5.

https://doi.org/10.1016/j.jhydrol.2013.11.035
https://doi.org/10.1590/S1415-43662010000900009
https://doi.org/10.1590/S1415-43662010000900009
https://doi.org/10.5194/hess-18-4065-2014
https://doi.org/10.1007/s12583-014-0443-5


589
RBCIAMB | v.56 | n.4 | Dec 2021 | 589-598  - ISSN 2176-9478

A B S T R A C T 
The textile industry, very important for the world economy, 
generates an effluent containing dyes, and which, when discarded 
in water bodies without proper treatment, can cause impacts to 
human health and the environment. One of these widely used 
dyes is methylene blue, whose characteristics are high solubility 
in water and its toxic potential, and which effects range from 
eye irritations, nausea, vomiting and even mental confusion. 
Among the potential adsorbents of this dye is chitin, which is a 
biopolymer extracted from the shrimp exoskeleton. Aiming at the 
development of a low-cost adsorbent material with potential use 
in the textile effluent treatment industry, the ability to remove 
methylene blue dye by shrimp residue chitin, obtained by eleven 
different methodologies, was verified. The three most efficient 
treatments reached approximately 75% of dye removal, proving the 
high adsorption power of shrimp residue. In addition to providing 
technological development of materials, the research brings socio-
economic benefits to the fishermen’s colony with the use of shrimp 
residue for the adsorption of other waste from the textile industry, 
contributing to the sustainability of both activities and reducing the 
environmental impact.

Keywords: biopolymer; dye removal; fishing waste; textile waste.

R E S U M O
A indústria têxtil, muito importante para a economia mundial, gera um 
efluente que contém corantes e, quando descartado em corpos hídricos 
sem o tratamento adequado, pode causar impactos na saúde humana 
e no meio ambiente. Um desses corantes amplamente utilizado é o azul 
de metileno, cujas características são a alta solubilidade em água e seu 
potencial tó xico, causando desde irritações nos olhos, náuseas e vômitos 
até confusão mental. Entre os potenciais adsorventes desse corante está 
a quitina, que é um biopolímero extraído do exoesqueleto do camarão. 
Objetivando o desenvolvimento de um material adsorvente de baixo 
custo com potencial uso na indústria de tratamento de efluentes têxteis, 
verificou-se a capacidade de remoção de corante azul de metileno por 
quitina de resíduo de camarão, obtida por onze diferentes metodologias. 
Os três tratamentos mais eficientes alcançaram aproximadamente 75% de 
remoção do corante, comprovando o alto poder de adsorção do resíduo de 
camarão. Além de proporcionar desenvolvimento tecnológico de materiais, 
a pesquisa traz benefícios socioeconômicos para a colônia de pescadores 
com a utilização de resíduo de camarão para a adsorção de outro resíduo 
proveniente da indústria têxtil, contribuindo para a sustentabilidade de 
ambas as atividades e reduzindo o impacto ambiental.

Palavras-chave: biopolímero; remoção de corante; resíduo pesqueiro; 
resíduo têxtil.
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Introduction
The pollution of water bodies is a worrying environmental impact, 

considering that it brings more comprehensive damage to the environ-
ment, due to difficulties in controlling and monitoring, and provides 
indirect impacts to the soil, atmosphere, economy, public health and 
ecosystems in general (Barbosa, 2014). The sources of water pollution 
come from inadequate land occupation, deforestation and untreated 
dumping of sanitary and industrial effluents in water bodies (Sánchez, 
2013). Among the effluents released in the springs is the effluent of the 
textile industry.

Brazil, the second largest textile chain in the West and the fourth 
largest knitwear producer in the world, produced approximately 
2.04 million tons of pieces only in 2019 (ABIT, 2021). In the produc-
tion process of the textile industry, dyes are generally used, which are 
recalcitrant, highly toxic molecules, even in low quantities (Ferreira 
et  al., 2007). During the washing of textile parts, approximately one 
third of reactive dyes are left in wastewater, which, when released into 
water bodies, without proper treatment, can impact human health and 
the environment (Oliveira et al., 2018).

One of these dyes widely used in the textile, cellulose and cosmetic 
industries is methylene blue (MB), whose characteristics are the high 
solubility in water and its toxic potential, causing eye irritations, nau-
sea, vomiting and even mental confusion (Wang et  al., 2011; Bedin 
et al., 2018). Therefore, it is of paramount importance to remove this 
dye from industrial effluents (Sabar et al., 2020).

For the removal of MB from effluents, physical-chemical processes 
of effluent treatment are used, such as coagulation, or removal with 
activated charcoal, whose cost is high (Oliveira et al., 2018). The treat-
ment of textile effluents requires efficient practices, through the use of 
alternative adsorbent materials, seeking efficiency and cost-effective-
ness (Queiroz et al., 2019).

According to Bailey et al. (1999, p. 2469), the adsorbent must have 
“little processing, be of an abundant nature, or a by-product or materi-
al of waste from another industry.” Potential adsorbents are numerous 
organic residues, such as sugarcane residues (Jorge et al., 2015), rye-
grass straw (Silva et al., 2018), fly ash (Cunico et al., 2015), green co-
conut (Oliveira et al., 2018), pine and bamboo sawdust (Müller et al., 
2019). Many research on adsorption of dyes from crustacean residues 
(Dotto et al., 2011; 2015; Labidi et al., 2019; Mabel et al., 2019) refer 
to the use of chitin.

Chitin is a biopolymer extracted from the shrimp exoskeleton and, 
after the deacetylation process, turns into chitosan, which is also wide-
ly studied as an adsorbent of dyes (Bajaj et al., 2015). Chitin, the second 
most available natural biopolymer after cellulose (Ahmed et al., 2020), 
received due attention only after the beginning of the 21st century, 
when studies revealed the biological importance of its characteristics 
and by-products (Wan et al., 2021). Chitin and Chitosan are structur-
ally related, renewable and low-cost biopolymers, which are gaining 

importance as sustainable alternatives for various applications (Kostag 
and Seoud, 2021; Kumaran et al., 2021; Ribeiro et al., 2018).

There are also studies aimed at using chitin or chitosan to remove 
elements such as copper (Frantz et al., 2017; Adeeyo et al., 2019), alu-
minum (Lobo-Recio et al., 2013), gold (Zhao et al., 2019; Chang, 2021) 
and arsenic (Shan et al., 2020). Studies that make changes in the chemi-
cal and physical characteristics of chitin or chitosan indicate optimized 
results with variations in pH, use of clay, combination of chitin with 
chitosan, preparation of chitosan films, for example (Wang et al., 2011; 
Auta and Hameed, 2014; Honório et al., 2014; Frantz et al., 2017).

The process of obtaining chitin and chitosan require energy con-
sumption and reagents, which imply actions to be performed with 
criteria. Due to these characteristics, the extraction of these products 
has complexity and added value (Assis and Brito, 2008). On the oth-
er hand, chitin and chitosan come from large amounts of waste from 
the fishing industry. Considering that fish processing can generate 40 
to 70% of waste (Dragnes et al., 2009), its use for the development of 
products with added value can be an alternative for the sustainability of 
artisanal fishing, generating the interest of fishermen and fish farmers 
in the residue. Thus, the aim of this study was to verify the ability of 
blue methylene dye removal by shrimp residue chitin, obtained by dif-
ferent methodologies, for use in the textile effluent treatment industry.

Methodology
Eleven adsorption treatments were performed, based on the adsorp-

tion methodologies used by several authors (Longhinotti et  al., 1996; 
Assis and Brito, 2008; Auta and Hameed, 2014; Wang et al., 2011). The 
adsorbate used was methylene blue in solution with an initial concen-
tration of 20  mg L-1 and molar mass of 319.85  g mol-1. As adsorbent, 
samples of 1g of chitin were used. Shrimp residues were collected in the 
Fishermen’s Colony, located in the city of Pelotas, RS, in the south of Bra-
zil, and then frozen. The samples underwent defrosting, washing with 
water under room temperature and manual separation. The following 
reagents were used: hydrochloric acid (HCl), for the elimination of min-
erals present, sodium hydroxide (NaOH), to reduce the protein nitrogen 
content, and sodium hypochlorite (NaClO), for the removal of pigments 
and minimization of the odor of shrimp residues in processing. 

The steps for obtaining chitin are pre-treatment (PT), demineralization 
(DM), deproteinization (DP), deodorization (DD) and drying (DR). Chitin 
was obtained using 11 different methodologies, as shown in Chart 1.

In order to evaluate the quality of the chitin obtained, the scan-
ning electron microscopy (SEM) analysis was performed in the SEM 
JSM - 6610LV equipment, of the T6 treatment, where the sample was 
metallized with gold and 15 kV voltage acceleration and magnification 
ranges of 30, 5,000 and 10,000 times.

The 11 treatments were submitted to adsorption capacity anal-
ysis at: 0, 5, 10, 20, 40, 60, 120, 180 and 240  minutes of incubation 
at 160 RPM and neutral pH. The aliquots, as soon as removed, were 
centrifuged for removal of the adsorbent from the solution in order to 



Adsorption of methylene blue dye by different methods of obtaining shrimp residue chitin

591
RBCIAMB | v.56 | n.4 | Dec 2021 | 589-598  - ISSN 2176-9478

avoid interference during reading in the spectrophotometer. The read-
ing was performed at a wavelength of 660 nm.

The adsorption results were analyzed by regression and Equation 
1 to determine adsorption capacity (q) in mg g-1, using the initial con-
centrations (Ic), the final concentration (Fc), both in mg L-1, the ad-
sorbent mass (m) in g and the volume of the solution in L. Regression 
analysis and graphs were made through the Sigmaplot 10.0 and Ex-
cel programs. The percentage of removal (%R) was determined using 
Equation 2.

� (1)

� (2)

With the results of adsorption capacity obtained, statistical anal-
ysis was performed by ANOVA variance, through the f-test, having 
as variables the 11 treatments of chitin and incubation time of 0 and 
240  min. Thus, one can compare the distribution of sample groups 
independently and summarize a linear regression model by decom-
position of the sum of squares for each source of variation using the 
Fisher-Snedecor F-test. Multiple comparison analysis was performed 
by the Tukey test with 5% probability of error. The procedures from 
Vieira (2006) were followed. 

Results

Regression of adsorption treatments
The regression results of the adsorption treatments are presented in 

Figures 1 to 4, and all curves were significant. Although the T1 meth-

Chart 1 – Stages of the 11 treatments of chitin.

STEPS SHARE T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11

PT

Autoclave 127 a 130°C/3h NA 127 a 130°C / 3h NA

Drying 50°C/24h NA 50°C/24h NA

Crunch Blender NA Blender

DM

Conc. HCl 2.5%

Equipment Bath Mary NA Jar Test

Temperature 50°C Room temperature

Agitation/time Manual (10 em  
10 min/2h) 120 RPM/1h 160 RPM/3h 160 

RPM/1h
160 

RPM/2h
160 

RPM/3h

Washing Until neutrality

Drying 50°C/24h NA 50°C/24h

Crunch NA Bld. NA

DP

Conc. NaOH 5% 15% 5% 15%

Equipment Bath Mary Jar Test

Temperature 50°C Room temperature

Agitation/time Manual (10 em  
10 min/2h) 120 RPM/1h 160 RPM/3h 160 

RPM/1h
160 

RPM/2h
160 

RPM/3h

Washing Until neutrality

Drying 50°C/24h NA 50°C/24h NA 50°C/24h

Crunch NA Bld. NA

DD

Conc. NaClO 0.36% NA 0.4% 1.2% 2.0% 0.5% 1%

Equipment NA NA Jar Test

Temperature Room temperature NA Room temperature

Agitation/time Manual (10 em  
10 min/3h) NA 120 RPM/1h 160 RPM/3h 160 

RPM/1h
160 

RPM/2h
160 

RPM/3h

Washing Until neutrality NA Until neutrality

DR
Drying 50°C/24h

Crunch NA Bld. NA

PT: pre-treatment; DM: demineralization; DP: deproteinization; DD: deodorization; DR: drying; RPM: revolutions per minute; Conc.: Concentration of; NA: Not 
applicable; Bld.: blender.
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odology is more conservative regarding its execution and the T2 is sim-
pler, both demonstrated evident variations to be obtained, according 
to Figure 1.

It is observed that in the regression analysis of T1 and T2 there is 
a projection of reduction in concentration between 150 and 240 min-
utes, but there are no measurements in this interval to confirm this 

Figure 1 – Regression analysis for adsorption treatments with chitins obtained by the T1 (A) and T2 (B) methodologies.

Figure 2 – Regression analysis for adsorption treatments with chitins obtained by methodologies T3 (A), T4 (B), T5 (C) and T6 (D).
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Figure 3 – Regression analysis for adsorption treatments with chitins obtained by methodologies (A) T7 and (B) T8.

Figure 4 – Regression analysis for adsorption treatments with chitins obtained by the methodologies (A) T9, (B) T10 and (C) T11.
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trend. Both in T1 and T2, regression confirmed that at 40 minutes of 
incubation there was maximum adsorption, that is, when chitin ad-
sorbates the highest amount of MB. This action was confirmed by the 
following measurements that indicate the decrease in the amount of 
MB adsorbed. This moment is called the beginning of the desorption.

Figure 2 presents the regression results for T3, T4, T5 and T6, 
which are characterized by small alterations among them. However, 
T6 has more significant differences from the deproteinization stage.

The trend curve presents a slight desorption for T3, T4 and T5 
between 60 and 100  minutes, however, these 3 treatments had as a 
marked characteristic the absence of desorption over the 240 minutes 
of incubation. T6 showed more pronounced curves between the actual 
adsorption results and the trend line, but showed the beginning of the 
desorption at 40 min both in the projection and in the analysis in the 
spectrophotometer.

Figure 3 shows the regression results for T7 and T8, which have as 
difference the milling in the DM and DP stages. The T7 presents great-
er accentuation in the curve between 150 and 240 min as compared to 

the T8. And, in both treatments, the trend line shows the beginning of 
desorption at 40 min.

The adsorption results of T9, T10 and T11 are presented in Figure 4 
and were characterized by the alteration of an action in the stages of 
DM, DP and DD. It was observed that the curve between the times of 
150 and 240 minutes is more accentuated in T9. And, like all previous 
treatments, except T3, T4 and T5, the trend line shows the beginning 
of the desorption that occurred at 40 minutes. However, for these three 
treatments (T9, T10 and T11), the line presents a more tenuous slope.

Scanning electron microscope
A SEM analysis was performed, presented in Figure 5 of chitin T6, 

with one of the lowest production cost methodologies, in the magni-
fication range of 30 times (A), 5,000 times (B) and 10,000 times (C).

From the SEM analysis, it was observed that chitin presented par-
ticles with sizes ranging from 250 μm to 750 μm, approximately, and 
the average was around 400 μm. In general, the observed particles pre-
sented flattened and floccular shape, and there were also particles of 

Figure 5 – Scanning electron microscopy of the chitin sample obtained in magnification range (A) 30 x, (B) 5,000 x, and (C) 10,000 x.
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more rounded and polygonal shape, in a smaller amount. There was 
also a large presence of regular and linear faces in the particles, with a 
low degree of superficial imperfections. And, specifically with the ap-
proximation of 5000 times (B), it can be noted that the surface is mostly 
smooth, but presents a high concentration of pores with very small 
dimensions, less than 1 nm. This demonstrates that there is still a need 
for greater treatments to promote chitosan, and that the structures are 
closer to the chitin format.

Methylene blue adsorption
For the analysis of the results of MB adsorption with different chi-

tins, the percentage of removal was verified at 40 min and at the end of 
each treatment, i.e., at 240 min of incubation. Finally, the adsorption 
capacity (q) was verified at 0 and 240  min. The results showed that 
T3, T4 and T5 obtained the best removal percentages, with 74%, 75% 
and 74% efficiency in the removal of the dye at the end of incubation, 
respectively (Figure 6). In addition, treatments T1, T6 and T8 achieved 
adsorption percentages higher than 50%.

After 240 minutes of incubation, there was a reduction of 58% of 
the dye with treatment T1 (Figure 6). Treatment T2 demonstrated a 
removal capacity of 31%. The treatments T3, T4 and T5 did not present 
desorption until the end of the incubation period. Thus, at the end, the 
adsorption capacity was verified, which was 2.95 mg g-1 for T3, 2.98 mg 
g-1 for T4 and 2.96 mg g-1 for T5 (Table 1). Thus, it was observed that 
there was no significant difference between T3, T4 and T5 regarding 
the removal percentage.

The maximum adsorption capacity of T7 was 1.33  mg g-1, rep-
resenting a removal percentage of 34%, and reaching 28% in the to-

tal incubation time (Table 1 and Figure 6). For T8, the adsorption 
capacity in 40  minutes of incubation was 2.33  mg g-1, presenting a 
removal percentage of 58% at this time and a percentage of 54% at 
240 min. The treatments T9, T10 and T11 present, in 40 minutes, the 
maximum adsorption capacity of 1.21 mg g-1, 1.25 mg g-1 and 1.35 mg 
g-1, respectively. Thus, T9 and T11 presented the same removal per-
centages of 29%, and T10 had 30% at the beginning of the desorption, 
but, at 240 minutes, the results were 23% for T9, 21% for T10 and 
20% for T11.

Looking exclusively at the statistical analysis presented in Table 1, 
it is observed that the adsorption capacity data, in 0 and 240 minutes, 
vary between the different treatments, since the distinct letters in each 
treatment indicate a differentiation between them, through the analysis 
by the Tukey test with a probability of error of 5%.

At 0 minutes, the adsorption capacity showed fewer definitions be-
tween the variations of the treatments performed, because they present 
more than one variation, except for T3, T4, T5, T8 and T9. At 240 min, 
the variations were more defined. Analyzing the results according to 
the criterion adopted for the regression analysis, similarity, or differ-
ence between the methodologies to obtain chitin, it is observed that T1 
and T2 differed significantly from each other, as well as T3, T4 and T5 
in relation to T6. The statistical similarity occurred between T9, T10 
and T11, between T3, T4 and T5, and also when comparing T7 with 
T2. The coefficient of variation (CV) related to the 11 results represent-
ed the variation of the results in relation to the mean, being higher at 
0 minutes (22.85%), and lower at 240 minutes (2.92%).

It is observed, therefore, that the results of the regression analysis 
(Table 1) are close to those of adsorption capacity (q) and adsorption 

Figure 6 – Percentage of removal of the MB dye from the adsorption tests 
with chitins obtained from the treatments after 240 minutes of incubation 
at 160 RPM*.
*Distinct letters represent statistically different treatments by Tukey test with 
the probability of error of 5%.

Table 1 – Adsorption capacity (mg g-1) of each treatment at 0 minutes 
and at the end of incubation, at 240 minutes, with the respective 
statistical analysis*.

Treatment q in 0 minutes q in 240 minutes

T1 1.3336 ABC 2.41233 B

T2 1.2330 ABCD 1.23530 E

T3 0.0111 E 2.95840 A

T4 0.0250 E 2.98593 A

T5 0.161 E 2.96763 A

T6 1.4121 AB 1.76647 D

T7 1.0599 BCD 1.11167 E

T8 1.6780 A 2.16447 C

T9 0.6934 D 0.91163 F

T10 0.8238 CD 0.85810 F

T11 0.9698 BCD 0.79700 F

CV 22.85 2.92

*The averages followed by the same letter differ from each other by the Tukey 
test with a probability of error of 5%; CV: coefficient of variation; CV %: 2.92 
at 240 minutes.



Otto, I.M. et al.

596
RBCIAMB | v.56 | n.4 | Dec 2021 | 589-598  - ISSN 2176-9478

percentage (%R), because, for these analyses (q and %R), the best treat-
ments were T3, T4, T5, followed by T1, T8 and T6, and the worst were 
T9, T10 and T11. The differences between the adsorption capacity in 
each treatment and the expressiveness of the CV are justified by the 
methodological variations of chitin. Among the best results of dye ad-
sorption, the methodologies differed only in the concentration of NaC-
lO, which was 0.4%, 1.2% and 2.0% for T3, T4 and T5, respectively. The 
most efficient methodology was T4, using 1.2% NaClO and adsorption 
of 75% of dye.

Discussion
The treatments that presented the best results for adsorption were, 

respectively, those that used chitins of T4, T3 and T5, with results close 
to 75% and with results higher than 55% in T1, T6 and T8 (Figure 6). 
These results prove the statement of Ahmed et al. (2020) that chitin, as 
well as chitosan, has a good adsorption capacity.

The values found in this research were higher than those obtained 
by: Labidi et al. (2019), with an MB removal between 50% and 60%, 
through the use of chitosan and chitin; by Dotto et al. (2011) with a 
50% removal of textile dyes with chitosan; and Cunico et  al. (2015) 
with a 50% removal from modified fly ash.

However, some studies have achieved higher efficiencies in MB 
removal, such as: Dotto et al. (2015), with a 85% removal of the dye 
with shrimp residue; Ahmad and Ansari (2021), who achieved results 
above 88% in neutral pH, with the use of hybrid clay with modified 
nanocompost of chitosan; Ma et al. (2016), which reached up to 90% of 
MB removal by using foam composed of graphene oxide/chitin; Mabel 
et al. (2019), with an efficiency of 90% of adsorption with crustacean 
chitin; Lima et al. (2006), with a 97% MB removal with the use of acti-
vated carbon; Jorge et al. (2015), which also removed 97% of the initial 
concentration of MB, but with the use of sugarcane bagasse; Silva et al. 
(2018), with a removal efficiency of 99% of MB with the use of activat-
ed charcoal of ryegrass straw.

Jawad et al. (2020) obtained 90% MB removal efficiency, differ-
ing in the methodology applied to the research in time and rotation 
parameters, from 180  minutes at 110 RPM. The authors verified 
the highest adsorption capacity of the dye with 31.3 mg g-1 in pH 
9 solution. Future studies seeking the best efficiency of the adsor-
bent obtained could be performed, therefore, analyzing pH values 
distinct from the neutron used, different rotations per minute and 
different temperatures.

The treatment of textile effluents usually goes through a combi-
nation of physical, chemical and/or biological processes. Depending 
on the process applied, its efficiency and the pollutants present in the 
effluent, there may be the formation of unwanted by-products, such as 
halides, metals, acids, aldehydes and sludge generation (Holkar et al., 
2016; Khan et al., 2019).

The use of biopolymers produced from shrimp exoskeleton could 
be evaluated for adsorption of other pollutants, such as heavy metals. 
Yazidi et al. (2020) and Ma et al. (2016) verified that in addition to 
MB dye, chitin and chitosan can simultaneously adsorb heavy metals 
such as molybdenum, lead, cobalt and nickel, elements commonly 
present in industrial effluents, which demonstrates other potentials 
for residue application.

For Kostag and Seoud (2021), there should be a search for appli-
cation of green chemistry, with the use of environmentally benign 
chemicals, which allow the recycling of solvents. The present study 
contributes to a relationship of industrial symbiosis, in which there 
is the return of residues from the fish process as raw material for the 
process of treatment of another residue, in this case the waste from the 
textile industry.

Conclusion
Pure chitin obtained from shrimp residues has a high power of ad-

sorption of methylene blue dye, and the research points to an important 
potential for the use of waste on a commercial scale, in a relationship 
of industrial symbiosis. In this context, the fishing waste ceases to be 
an environmental problem and becomes a solution for the treatment of 
textile effluents, with prospects of economic, social and environmental 
benefits, enabling employment generation, valorization of the fishing 
activity and waste management optimization.

This research opens space for studies on the expansion of the 
adsorption capacity through physical and chemical changes in the 
adsorbent and combinations of adsorbents. With the methodolog-
ical differences observed in chitin treatments and their adsorption 
capacities, an opportunity is observed to improve the processes of 
obtaining the material.

In addition to providing technological development of materials, 
the research brings perspectives of socioeconomic benefits to the fish-
ing community, with the use of shrimp residue for the adsorption of 
other waste from the textile industry, contributing to the sustainability 
of both activities and reducing the environmental impact.
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A B S T R A C T
Input, output, impact, and processes are central indicators of the science, 
technology, and innovation production. The input is usually associated to 
investments made in science and technology, and it varies among different 
countries and scientific fields. Thus, the input can influence other impact 
indicators. Here, we evaluated the effect of the input data (i.e., number 
of funding) on process (i.e., collaboration) and output (i.e., number of 
citation) indicators of ecological research. Moreover, we detailed the 
effect of the number of funding on the collaboration and number of 
citations by each country (based on the nationality of authors). We found 
that most of published papers had some degrees of financial support, 
and that the production of papers with funding increased over the years. 
Funding had a positive effect on the collaboration and citation of papers; 
however, we observed that: in countries with higher investments in 
Science and Technology, the number of funding impacts positively and 
directly on the number of authors (collaboration) and in countries with low 
levels of investments in Science and Technology, the number of funding 
impacts positively and directly on the number of citations. Our models 
presented a low predictive power, but similar to other informetric studies. 
Our results indicated that impact indicators evaluated have an integrated 
structure, and the effects at one level can affect other levels. Nonetheless, 
the impact of the number of funding on informetric data can vary among 
countries; therefore, these results are important to the development of 
national policies and future informetric studies.

Keywords: number of authors; collaboration; citation; environmental 
science; structural equation modeling.

R E S U M O
Dados de entrada (input), saída (output), impacto e processos são 
indicadores centrais da produção em Ciência, Tecnologia e Inovação. 
O input está associado aos investimentos realizados em ciência e tecnologia, 
podendo variar entre diferentes países e áreas científicas. Assim, o input 
pode influenciar outros indicadores de impacto. Aqui, avaliamos seu o 
efeito (número de financiamentos) sobre o processo de colaboração 
e o número de citações (output) da pesquisa ecológica. Além disso, 
detalhamos o efeito do número de financiamentos sobre a colaboração 
e o número de citações por país (baseado na nacionalidade dos autores). 
Verificamos que a maioria dos artigos publicados tinha algum grau de 
suporte financeiro, e que a produção de artigos com financiamento 
aumentou ao longo dos anos. O número de financiamentos teve efeito 
positivo na colaboração e nas citações, porém observamos que: nos 
países com maior investimento em ciência e tecnologia, o número de 
financiamentos impacta positivamente e diretamente a colaboração 
(número de autores); e nos países com menor investimento em ciência 
e tecnologia, o número de financiamentos impacta positivamente 
e diretamente as citações. Nossos resultados demonstram que os 
indicadores de impacto avaliados têm estrutura integrada e os efeitos 
em um nível podem afetar outros níveis. Entretanto, o impacto do 
número de fomentos nos indicadores informétricos pode variar entre os 
países, portanto esse resultado é importante para o desenvolvimento de 
políticas nacionais e para futuros estudos informétricos.

Palavras-chave: número de autores; colaboração; citação; ciências 
ambientais; modelagem de equações estruturais.
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Introduction
Indicators of the scientific, technological, and innovative produc-

tion can be divided into one of the following four groups: input, output, 
impact, and processes (Moed, 2017). The input refers to investments 
done in science and technology (Geisler, 2000), and this component 
has an important contribution to the development of research stages 
(Lewison and Dawson, 1998). However, input is highly variable among 
different countries and scientific fields (May, 1998), a phenomenon 
that creates asymmetries during the stages of the scientific production 
and, consequently, on impact indicators, such as the number of: articles 
produced, citations, and acknowledgments referring to project funding 
(Fortin and Currie, 2013; Rigby, 2013). Other worldwide studies have 
also explored citation and co-citation, collaboration among authors, 
impact factor, and h-index among informetric indicators to evaluate 
the stages of the scientific process (Bar-Ilan, 2008; Mena-Chalco et al., 
2014; Nabout et al., 2015; Parreira et al., 2017). Therefore, an important 
and crucial step to science relies on understanding how investments 
made in the scientific process are affecting these parameters in differ-
ent scales, countries, and fields of knowledge.

Funding resources to scientific research are granted by private or 
public agencies and sectors; however, investments in basic scientific 
research for most countries come from public resources (Wang et al., 
2012). These funding grants contribute to the formation of human re-
sources via scholarships, improvement of laboratorial infrastructure 
via acquisition of new equipment, creation of research networks with 
exchange between researchers, and the development of new technolo-
gies and patents. Thus, investments in science, technology, and innova-
tion can directly affect other impact indicators, such as citations (out-
put), and number of co-authors and collaboration (processes; Zhao 
et al., 2018). This situation reinforces the importance of investigating 
the impacts of funding on scientific processes. 

Studies reporting the influence of funding on output data goes 
back to 1990s (Lewison and Dawson, 1998; Rigby, 2013), but its main 
use in the informetric literature increased only in the past few years 
(Paul-Hus et  al., 2016; Tang et  al., 2017; Mejia and Kajikawa, 2018). 
This scenario occurred because information about funding resources 
related to scientific papers was recently included in different databases 
(e.g., Scopus and Clarivate Analytics databases). Moreover, the validity 
and the importance of funding data available in the Web of Science 
(2009) were reported by several other papers (for more details, see 
Paul-Hus et al., 2016). 

The effect of funding on different impact indicators of the scientific 
production can be represented following one simple association struc-
ture, i.e., the number of funding stimulates the collaboration among 
scientists (more authors involved in the scientific process), and both 
funding and collaboration produce more papers with a higher level 
of citations (see Padial et al., 2010; Tahamtan et al., 2016). Nonethe-
less, considering that the number of funding granted is dependent of 
the investment level made in science and technology, this association 

structure describing the effect of funding on impact indicators of the 
scientific production may vary among different countries (Wang et al., 
2012). In fact, many studies have shown that funding has a positive 
impact on different impact factors of the scientific production, but this 
effect is not as strong as expected (Jacob and Lefgren, 2011; Fortin and 
Currie, 2013; Rigby, 2013; Yan et al., 2018). Therefore, understanding 
the effects of funding on the collaboration and citations of the scien-
tific production from different countries and research fields is a chal-
lenge for current scientometric research field and for science in general. 
Given that the number of ecological studies has increased in the last de-
cades and its global production is affected by geographical and socio-
economic factors (Parreira et al., 2017), it is fundamental to understand 
how financial support affects impact factors in this research field and 
if this relationship follows the same patterns observed for other areas.

The aim of this study was to reveal the effect of the input data 
(number of funding) on process (collaboration) and output (number 
of citation) of the ecological research field. Moreover, considering 
the differences of science and technology investments among distinct 
countries, we detailed the effect of funding on collaboration and num-
ber of citations by each country (based on the nationality of authors). 
We hypothesized that “if ecological research follows the same patterns 
observed for other scientific fields, papers with a higher number of 
funding will present a higher number of authors and citations, but 
with a weak effect size.” Moreover, we also investigated whether the 
number of authors together with the number of funding can affect di-
rectly the number of article citations. For this purpose, we evaluated 
scientific papers of the ecological research field selected from the WoS 
database using the structural equation modeling (SEM) approach. 
Therefore,  despite several studies in the scientific literature have in-
vestigated the influence of funding on collaboration and number of 
citations (e.g., Jacob and Lefgren, 2011; Fortin and Currie, 2013; Rigby, 
2013; Yan et al., 2018), the new aspects of our study rely on: investigat-
ing a new and productive research field; evaluating this relationship 
considering the nationality of the authors; and applying a new meth-
odological approach to reveal direct and indirect effects of funding. 

Material and Methods

Funding data in WoS
Funding data presented in WoS from Clarivate Analytics have three 

different fields: “Funding Text” (FT), “Funding Agency” (FO), and 
“Grant Number” (FG). FT returns the full text written by authors in the 
Acknowledgments section of their article(s). FO gives the name of agen-
cies and organizations cited in the FT field. FG indicates grant numbers, 
which are associated with both FO and FT fields. Thus, FG represents 
all kinds of funding received by authors, and sometimes many of these 
grants are from the same agency. In this study, we used funding data in-
formation from the FG field. We choose to use only WoS from Clarivate 
Analytics because it has a long temporal range for funding information 
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(since 2009), and to standardize this type of data since distinct databases 
may present a different number of citations for the same paper. 

Data collection
We selected all papers published in the category “Ecology” between 

2010 and 2016, considering all scientific journals indexed in WoS. 
We started our search in 2010 because from that year our database was 
complete (i.e., funding data was available to all papers). We selected 
Ecology because it is a broad scientific area that is composed of pro-
fessionals from various subareas with distinct histories and scientific 
behaviors (e.g., Neff and Corley, 2009; Nabout et  al., 2015; Parreira 
et al., 2017). Moreover, with the growing concern to maintain global 
biodiversity and sustainable environmental policies, resources from 
public and private agencies have been allocated to ecological research. 
Therefore, there is a demand of the civil society for evaluating the ef-
fect of scientific investments on the informetric impact indicators (e.g., 
production of articles, citation, and collaboration, among others) of the 
ecological research field.

We searched the papers in the WoS from Clarivate Analytics ISI 
database (searched in December of 2017), using index SCI-Expand 
and SSCI. For this study, we selected only original articles, and the fol-
lowing data were obtained from each paper: 
•	 number of funding grants, indicated by FG; 
•	 time of publication (number of years after the publication); 
•	 number of authors; 
•	 number of citations; 
•	 nationality of all authors. 

For nationality, if all authors were from same country, the paper 
was classified as national collaboration, and if at least two authors 
were from different countries the paper was classified as international 
collaboration. This is especially important to analyze the influence of 
funding in national collaboration papers (see below). All papers used 
in this study and their classification (number of funding, number of 
authors, nationality, etc.) are available in Supplementary file (ESM 1).

Investments in science, technology, and innovation (STI) were ob-
tained for 55 countries of our database (corresponding to 69,430 pa-
pers, or 97% of total national collaboration papers). Investments in STI 
correspond to the investment in dollars by habitants and it was ob-
tained in the database of the Organisation for Economic Co-operation 
and Development (OECD, www.data.oecd.org). The STI has been used 
by informetric papers (e.g., Cimini et al., 2016; Dranev et al., 2018), 
and it usually indicates the national policy of investment in science, 
including resource to infrastructure and scholarships, among others 
(OECD, 2017).

Data analysis
We used the SEM to investigate the effects of input indicators on 

output and processes of indicators, determining their direct and indi-

rect effects. The SEM has been widely used in different research fields 
of science (e.g., Bag, 2015; Lefcheck, 2016; Shaheen et al., 2017), and, 
for particular questions of the present paper, the advantage of using 
SEM, instead the traditional linear regression model or other statis-
tical tests, is because it considers the structural association among 
predictor variables. This association is based on a conceptual model 
of the research. We elaborated the conceptual model based on the 
idea that direct effects are observed from input data on the process 
and output of literature, and from process on the output (Figure 1). 
According to this conceptual model, we are capable of identifying 
relationships among latent variables which can be represented by 
many observation variables. In the present study, we used three types 
of observation variables to indicate the input, output, and process 
latent variables: number of funding, number of citation, and num-
ber of authors (indicating scientific collaboration), respectively. For 
citation, we divided the number of citations of a given paper by the 
time of publication to control the effect of the time on the number 
of citations. According to our hypothesis, all coefficients (a, b, and 
c) in SEM will be positive, indicating a positive effect of the number 
of funding on the number of authors and citations. Moreover, we ex-
pected to find a positive effect of the number of authors on citations. 
All variables used in SEM were log-transformed (logX+1), and all co-
efficients were standardized, thus the variables (number of funding, 
number of authors, and citations) were transformed to variables with 
mean of zero and standard deviation of one.

The evaluation of SEM was based on Tucker–Lewis Index 
(TLI), ranged between 0 and 1.0, with best fit found at 1.0. A val-
ue of TLI higher than 0.9 indicates an excellent model (Hu and 
Bentler, 1999). We selected this index because it is independent 
of the sample size (Bentler, 1990; Fan et al., 2016). Assumptions 
of the SEM are similar to those made in linear regression mod-
els; therefore, it is necessary to deal with normality of variables, 
independence of sampling unities, and homoscedasticity. Con-
sidering that informetric data often have a skewed distribution, 
we used the bootstrap approach to solve this problem (see Ory 
and Mokhtarian 2010; Knief and Forstmeier, 2021). In the present 
study, we used to each SEM 1000 bootstrap and the estimator was 
the maximum likelihood. 

Figure 1 – Structural modeling. Boxes represent latent variables and circles 
represent observation variables. The relationship is indicated by solid 
arrows. (A) The input can affect directly the process and (B) the output. 
(C) The process can affect the output.
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In SEM, the main unity of analysis was the paper, and we proposed 
four SEMs for the following scenarios: 
•	 all papers in the same analysis; 
•	 national papers, performing the analysis with papers where all au-

thors are from same country; 
•	 international papers, performing the analysis with papers where all 

authors are from different countries; 
•	 papers by country (authors from same country presented in pro-

tocol 2). 

Posteriorly, we related the coefficients (a, b, and c of the SEM) with 
the investment in STI of each country.

We performed a linear regression to investigate if the three coeffi-
cients described in SEM analyses were associated with the investments 
in science of evaluated countries. The significance of each regression 
slope was tested according to a null model using 999 iterations during 
a Monte Carlo procedure (Manly, 2006).

The SEM was performed using the function “sem” in package “la-
vaan” (Rosseel, 2012), and for linear regression models was the func-
tion “lm” of package “stat,” both in software R (R Core Team, 2021).

Results
We found a total of 116,589 papers of Ecology indexed in the WoS, 

of which 71,028 (61%) of the papers with national collaboration and 
45,561 (39%) of the papers with international collaboration. We also 
found that the number of ecological papers published increased over 
the years and the growth rate of papers with international collaboration 
is higher than the observed rate for papers with national collaboration, 
even though the number of papers with national collaboration was 
higher (Figure 2).

Our findings demonstrated that approximately 82.8% of all papers 
published had at least one source of funding, and an increase in the 
number of papers with funding along the temporal series was con-
sidered. For example, in 2010, a total of 78.9% of papers had at least 
one funding, whereas in 2016, the number of papers with funding in-
creased to 85.1% (Figure 3). Additionally, the temporal trend of papers 
with more than one funding has increased over the years, whereas the 
number of papers without funding has decreased (Figure 3).

The SEM using all papers showed that the number of funding has 
a positive effect on the number of authors and citations (Figure 4A). 
In details, the number of funding presented a positive direct effect on 
the number of authors and a positive indirect effect on the number of 
citations. The direct effect of funding on citations was lower (consider-
ing the coefficient), but in general all models presented a low predictive 
power (R2, Figure 4A). We divided the dataset into papers with au-
thors from same country (namely, national collaboration) and papers 
with authors from different countries (namely, international collabo-
ration). Overall, the SEMs for national (Figure 4B) and international 
collaboration presented the same pattern of global data (Figure 4C). 

However, international collaboration presented a higher R2, highlight-
ing the importance of international collaboration in these informetric 
indicators. All SEMs (global, national, and international) presented ex-
cellent models (TLI = 1). 

We also used SEM to evaluate the effect of the number of fund-
ing on number of authors and citations of papers by each country 
separately (using only papers with authors from the same country). 
We  obtained SEM coefficients (a, b, and c) for the 55 most pro-
ductive countries evaluated (see the results for each country in the 
ESM2). For all countries, there was a predominance of positive co-

Figure 2 – Number of papers along the years considering the nationality of 
authors, where “international” indicates authors from different countries, 
and “national” indicates all authors from the same country.
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efficients; in addition, there was variation in the coefficients among 
countries grouped based on the categories of investment investi-
gated. For the coefficient a, which measures the influence of the 
input (number of funding) on the process (number of authors), it 
was observed that countries with the highest investments present-
ed the highest coefficients a (R2adj = 0.27; p < 0.001; Figure 5A). 
It means that papers with more authors were those with a greater 
number of funding, and this fact was more recurrent in countries 
with higher levels of investment in STI. In contrast, the coefficient 
b that measures the influence of the input (number of funding) on 
the output (number of citations) was higher in countries with low-
er investments in STI, indicated by the negative slope of linear re-
gression (R2adj = 0.06; p < 0.03; Figure 5B). The coefficient c that 
measures the influence of the process on citations was positive in-
dicating that it is more frequent in countries with high investments 
on STI that papers with more authors present a greater number of 
citations (R2adj = 0.17; p = 0.001; Figure 5C). These results showed 
that funding can have different impacts on informetric indicators, 

depending on the amount of investments in STI. In countries with 
high investments in STI, the number of funding affects directly the 
number of authors and indirectly the number of citations; whereas 
in countries with low investments in STI, the number of funding 
affects directly the number of citations of papers.

Discussion
The present study evaluated the influence of the number of funding 

on the collaboration among scientists and citation of scientific articles 
in ecological research; in addition, this effect was disentangled based 
on different countries and their level of investments in STI. Our main 
results indicate that the number of funding in ecological papers in-
creased along the years, and we also detected a positive effect of the 
number of funding on number of authors and citations of papers. 
Nonetheless, deconstructing these effects per country revealed that 
countries with a higher degree of financial investments in STI main-
tained a similar relationship with the global data production of papers. 
In contrast, countries with a lower degree of investments in STI showed 

*p < 0.001.

Figure 4 – SEM with standardized coefficient (solid arrows) using all papers. Boxes represent latent variables and circles represent observed variables used 
in present study. Papers used in SEM were analyzed considering: (A) papers with national (authors from the same country) and international (authors from 
different countries) collaboration, representing all our dataset; (B) papers with national collaboration; and (C) papers with international collaboration. 
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that the number of funding impacts citations positively and directly. 
Therefore, future papers aiming to investigate the number of funding 
and its influences on informetric parameters of impact must consider 
the nationality of co-authors, once funding policies and absolute values 
invested in STI vary among countries. 

Despite the positive impact of research funding on several impact 
indicators of the scientific production, recent studies also showed that 
this effect is not high (Jacob and Lefgren, 2011; Fortin and Currie, 2013; 
Rigby, 2013; Yan et al., 2018). Our findings indicate that this trend is also 
observed for ecological research, and, additionally, there is a positive 
relationship between the number of authors and citations, as also found 
by other authors (Leimu and Koricheva, 2005b; Padial et  al., 2010). 
Several factors, such as presence of positive results (Leimu and Koriche-
va, 2005b; Fanelli, 2013), larger network of collaboration (Leimu and 
Koricheva, 2005a; Yu et al., 2014; Parreira et al., 2017), high number of 
pages (Bornmann et al., 2014), visibility of papers (open-access papers 
are more cited; Xia et al., 2011), visibility at online social media (Nabout 
et  al., 2018), publication in prestige journals (Vanclay, 2013), among 
others (see Tahamtan et al., 2016; Bai et al., 2019), may affect the num-
ber of citations and authors of a paper. Given that we did not include 
all these variables in our models, this may explain their low predictive 
power. Therefore, in absolute values, the R2 was low; however, consider-
ing the few number of variables used, we concluded that the number of 
funding can be an important variable affecting informetric data.

The number of funding is an important indicator of the input, and 
it is recognized that the diversity of funding agencies and types of fund-
ing (research investments, scholarships, and exchange) can strengthen 
the scientific research and promotes an increase on the collaboration 
among authors and citation of articles (Bowen and Casadevall, 2015; 
Tahamtan et al., 2016). In the same way, the absolute value invested by 
research or papers can affect other informetric indicators (e.g., Ley-
desdorff et al., 2019). In fact, in the present study, it is not possible to 
determine the total value invested on each paper, and thus the metric 
number of funding is an indicator of the diversity of investments for 
a given article. Therefore, an article with more funding sources has a 
greater capacity for authors to raise funds for research. In this sense, 
we demonstrated that articles with the highest number of funding were 
those with the highest number of authors and citations.

Investments in science have historically raised knowledge and 
promoted innovation and social and economic growth (Lane and Ber-
tuzzi, 2011). However, each country has its own idiosyncrasies related 
to how much it invests in scientific development, reflecting in a dif-
ferent number of researchers per country, and/or in consolidated and 
stable sources of funds. These differences exist even in time of crisis 
when each country decides how to invest in science and technology. 
For example, the European Union countries increase their investment 
in science during the period of economic crisis (e.g., Makkonen, 2013), 
while Brazil has experienced an economic recession and political crisis 
which has impacted in the investments in STI (Angelo, 2019; Thomé 

Figure 5 – Scatterplot of each coefficient obtained in SEM and the country 
investment in science, technology, and innovation. (A) Coefficient a of the SEM, 
indicating the effect of funding on the number of authors; (B) coefficient b of 
the SEM, indicating the effect of funding on the number of citations; and (C) 
coefficient c of the SEM, indicating the direct effect of the number of authors and 
the indirect effect of the number of funding on the number of citations.
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and Haddad, 2019). Considering these historical differences among 
countries, the number of funding (and also the raw amount of resourc-
es invested) generates different impacts on science and processes of 
collaboration and citations of scientific papers. Here, we demonstrated 
that the number of funding affected positively the number of collabo-
rations in countries with greater investments in STI (usually developed 
countries), whereas the number of funding was positively related to the 
number of citations in countries with lower number of investments. 
These differences influence on the dynamics of science in countries.

In developed countries with greater investments in STI, the com-
petitiveness per resource to promote research is higher. Therefore, larg-
er groups of authors increase the chance of raising funds (Lewison 
and Dawson, 1998). In contrast, in countries with fewer investments, 
funding increases the quality of the scientific paper produced, impact-
ing on the number of citations. Evidently, related mechanisms cannot 
be explained by few variables. The relationship between investments 
and number of citations can be influenced by several aspects, such as 
funding sources (national or international), their variety (number of 
funders), and intensity (Gök et al., 2016). Besides funding, numerous 
other factors can be determinants for citations (Padial et  al., 2010). 
Therefore, this study took a step forward in detecting the influence of 
the number of funding on informetric indicators according to coun-
tries and their level of investment in STI.

The effect of the number of funding on informetric indicators also 
highlights the importance of investments in STI to improve indicators of 
collaboration and citations of papers. Collaboration has been an important 
element in increasing the quantity and quality of science. In fact, studies 
have shown that the number of papers with international collaboration 
has increased over the years (Parreira et al., 2017), and that the mobility 

of researchers promotes an increase in the quality of the papers produced 
(Sugimoto et al., 2017). This mobility involves investment; therefore, the 
lack of investment can limit collaboration between researchers. Some 
countries have been promoting specific calls for mobility (national and in-
ternational), for example, the program Erasmus Mundus (Europe Union), 
British Council with State of Brazilian Government, among others.

Conclusion
The present paper demonstrates that effects at one level of the 

informetric indicator can affect other indicators and levels. More-
over, we highlight that the impact of the number of funding can 
vary among countries, therefore, these results are important to the 
development of national policies and future informetric studies. To 
national policy, the number of funding can affect directly or indirect-
ly the number of citations and this structure depends of the level of 
investments in STI made by each country. In countries with higher 
investments in STI, we found that funding affects directly the num-
ber of collaboration and indirectly the number of citation; whereas in 
countries with fewer investments in STI, funding affects directly the 
number of citations. To future informetric studies, we recommend 
the inclusion of author’s nationality when investigating the funding 
effect. Although our conclusions were based on ecological data, we 
believe that other biological, medical, physic and chemistry areas can 
presented similar patterns given they present a similar structure of 
scientific production, collaboration and citations.

Acknowledgments
We thank editor and two anonymous reviewers that helped to im-

prove and clarify this manuscript. 

Contribution of authors:
Nabout, J.C.: Conceptualization, Formal Analysis, Writing — first draft, Writing — edition & review. Faquim, R.C.P.: Data curation, Formal analysis, 
Writing — first draft, Writing — edition & review. Carvalho, R.A.: Conceptualization, Formal Analysis, Writing — first draft, Writing — edition & review. 
Machado, K.B.: Conceptualization, Formal Analysis, Writing — first draft, Writing — edition & review.

References
Angelo, C., 2019. Brazil’s government freezes nearly half of its science 
spending. Nature, v. 568, 155-156.

Bag, S., 2015. A short review on structural equation modeling: applications 
and future research directions. Journal of Supply Chain Management Systems, 
v. 4, (3) 64-69.

Bai, X.; Zhang, F.; Lee, I., 2019. Predicting the citations of scholarly paper. 
Journal of Informetrics, v. 13, (1), 407-418. https://doi.org/10.1016/j.
joi.2019.01.010.

Bar-Ilan, J., 2008. Review Informetrics at the beginning of the 21st century 
– A review. Journal of Informetrics, v. 2, (1), 1-52. https://doi.org/10.1016/j.
joi.2007.11.001.

Bentler, P.M., 1990. Comparative fit indexes in structural models. 
Psychological Bulletin, v. 107, (2), 238-246. https://doi.org/10.1037/0033-
2909.107.2.238.

Bornmann, L.; Leydesdorff, L.; Wang, J., 2014. How to improve the prediction 
based on citation impact percentiles for years shortly after the publication 
date? Journal of Informetrics, v. 8, (1), 175-180. https://doi.org/10.1016/j.
joi.2013.11.005.

Bowen, A.; Casadevall, A., 2015. Increasing disparities between resource 
inputs and outcomes, as measured by certain health deliverables, in biomedical 
research. Proceedings of the National Academy of Sciences, v. 112, (36), 
11335-11340. https://doi.org/10.1073/pnas.1504955112.

https://doi.org/10.1016/j.joi.2019.01.010
https://doi.org/10.1016/j.joi.2019.01.010
https://doi.org/10.1016/j.joi.2007.11.001
https://doi.org/10.1016/j.joi.2007.11.001
https://doi.org/10.1037/0033-2909.107.2.238
https://doi.org/10.1037/0033-2909.107.2.238
https://doi.org/10.1016/j.joi.2013.11.005
https://doi.org/10.1016/j.joi.2013.11.005
https://doi.org/10.1073/pnas.1504955112


Nabout, J.C. et al.

606
RBCIAMB | v.56 | n.4 | Dec 2021 | 599-607  - ISSN 2176-9478

Cimini, G.; Zaccaria, A.; Gabrielli, A., 2016. Investigating the interplay 
between fundamentals of national research systems: Performance, investments 
and international collaborations. Journal of Informetrics, v. 10, (1), 200-211. 
https://doi.org/10.1016/j.joi.2016.01.002.

Dranev, Y.; Kotsemir, M.; Syomin, B., 2018. Diversity of research publications: 
relation to agricultural productivity and possible implications for STI policy. 
Scientometrics, v. 116, (3), 1565-1587. https://doi.org/10.1007/s11192-018-
2799-2.

Fan, Y.; Chen, J.; Shirkey, G.; John, R.; Wu, S. R.; Park, H.; Shao, C., 2016. Applications 
of structural equation modeling (SEM) in ecological studies: an updated review. 
Ecological Processes, v. 5, (1), 1-12. https://doi.org/10.1186/s13717-016-0063-3.

Fanelli, D., 2013. Positive results receive more citations, but only in some 
disciplines. Scientometrics, v. 94, (2), 701-709. https://doi.org/10.1007/s11192-
012-0757-y.

Fortin, J.-M.; Currie, D.J., 2013. Big science vs. little science: how scientific 
impact scales with funding. Plos One, v. 8, (6), e65263. https://doi.org/10.1371/
journal.pone.0065263.

Geisler, E. 2000. The metrics of science and Technology. Quorum Books, New 
York.

Gök, A.; Rigby, J.; Shapira, P., 2016. The impact of research funding on 
scientific outputs: Evidence from six smaller European countries. Journal of 
the Association for Information Science and Technology, v. 67, (3), 715-730. 
https://doi.org/10.1002/asi.23406.

Hu, L.T.; Bentler, P.M. 1999. Cutoff criteria for fit indexes in 
covariance structure analysis: conventional criteria versus new 
alternatives. Structural Equation Modeling, v. 6, (1), 1-55. https://doi.
org/10.1080/10705519909540118.

Jacob, B.A.; Lefgren, L., 2011. The impact of research grant funding on 
scientific productivity. Journal of Public Economics, v. 95, (9-10), 1168-1177. 
https://doi.org/10.1016/j.jpubeco.2011.05.005.

Knief, U.; Forstmeier, W., 2021. Violating the normality assumption may be the 
lesser of two evils. Behavior Research Methods, 1-15. https://doi.org/10.3758/
s13428-021-01587-5.

Lane, J.; Bertuzzi, S., 2011. Measuring the results of science investments. 
Science, v. 331, (6018), 678-680. https://doi.org/10.1126/science.1201865.

Lefcheck, J.S., 2016. Piecewise SEM: Piecewise structural equation modelling 
inr for ecology, evolution, and systematics. Methods in Ecology and Evolution, 
v. 7, (5), 573-579. https://doi.org/10.1111/2041-210x.12512.

Leimu, R.; Koricheva, J. 2005a. Does scientific collaboration increase the 
impact of ecological articles? BioScience, v. 55, (5), 438-443. https://doi.
org/10.1641/0006-3568(2005)055[0438:DSCITI]2.0.CO;2.

Leimu, R.; Koricheva, J., 2005b. What determines the citation frequency of 
ecological papers? Trends in Ecology & Evolution, v. 20, (1), 28-32. https://doi.
org/10.1016/j.tree.2004.10.010.

Lewison, G.; Dawson, G., 1998. The effect of funding on the outputs 
of biomedical research. Scientometrics, v. 41, (1-2), 17-27. https://doi.
org/10.1007/BF02457963.

Leydesdorff, L.; Bornmann, L.; Wagner, C.S., 2019. The relative influences 
of government funding and international collaboration on citation 
impact. Journal of the Association for Information Science and Technology, v. 
70, (2), 198-201. https://dx.doi.org/10.1002%2Fasi.24109.

Makkonen, T., 2013. Government science and technology budgets in times 
of crisis. Research Policy, v. 42, (3), 817-822. https://doi.org/10.1016/j.
respol.2012.10.002.

Manly, B.F., 2006. Randomization, bootstrap and Monte Carlo methods in 
biology (Vol. 70). CRC Press, Boca Raton.

May, R.M., 1998. The scientific investments of nations. Science, v. 281, (5373), 
49-51. https://doi.org/10.1126/science.281.5373.49.

Mejia, C.; Kajikawa, Y., 2018. Using acknowledgement data to characterize funding 
organizations by the types of research sponsored: The case of robotics research. 
Scientometrics, v. 114, (3), 883-904. https://doi.org/10.1007/s11192-017-2617-2.

Mena-Chalco, J.P.; Digiampietri, L.A.; Lopes, F.M.; Cesar Junior, R.M., 2014. 
Brazilian Bibliometric Coauthorship Networks. Journal of the Association 
for Information Science and Technology, v. 65, (7): 1424-1445. https://doi.
org/10.1002/asi.23010.

Moed, H.F., 2017. Applied evaluative informetrics. Springer, Amsterdam.

Nabout, J.C.; Parreira, M.R.; Teresa, F.B.; Carneiro, F.M.; Cunha, H.F.; Souza 
Ondei, L.; Caramori, S.S.; Soares, T.N., 2015. Publish (in a group) or perish (alone): 
the trend from single-to multi-authorship in biological papers. Scientometrics, v. 
102, 357-364. https://doi.org/10.1007/s11192-014-1385-5.

Nabout, J.C.; Teresa, F.B.; Machado, K.B.; Prado, V.H.M.; Bini, L.M.; 
Diniz-Filho, J.A.F., 2018. Do traditional scientometric indicators 
predict social media activity on scientific knowledge? An analysis of the 
ecological literature. Scientometrics, v. 115, (2), 1007-1015. https://doi.
org/10.1007/s11192-018-2678-x.

Neff, M.W.; Corley, E.A., 2009. 35 years and 160,000 articles: A bibliometric 
exploration of the evolution of ecology. Scientometrics, v. 80, (3), 657-682. 
https://doi.org/10.1007/s11192-008-2099-3.

Organization for Economic Co-operation and Development – OECD. 2017. 
OECD Science, Technology and Industry Scoreboard 2017: The digital 
transformation. OECD, Paris (Accessed December 1, 2019) at: http://dx.doi.
org/10.1787/9789264268821-en.

Ory, D.T.; Mokhtarian, P.L., 2010. The impact of non-normality, sample size 
and estimation technique on goodness-of-fit measures in structural equation 
modeling: evidence from ten empirical models of travel behavior. Quality & 
Quantity, v. 44, (3), 427-445. https://doi.org/10.1007/s11135-008-9215-6.

Padial, A.A.; Nabout, J.C.; Siqueira, T.; Bini, L.M.; Diniz-Filho, J.A.F., 2010. 
Weak evidence for determinants of citation frequency in ecological articles. 
Scientometrics, v. 85, 1-12. https://doi.org/10.1007/s11192-010-0231-7.

Parreira, M.R.; Machado, K.B.; Logares, R.; Diniz-Filho, J.A.F.; Nabout, 
J.C., 2017. The roles of geographic distance and socioeconomic factors on 
international collaboration among ecologists. Scientometrics, v. 113, (3), 1539-
1550. https://doi.org/10.1007/s11192-017-2502-z.

Paul-Hus, A.; Desrochers, N.; Costas, R., 2016. Characterization, description, and 
considerations for the use of funding acknowledgement data in Web of Science. 
Scientometrics, v. 108, (1), 167-182. https://doi.org/10.1007/s11192-016-1953-y.

R Core Team. 2021. R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria (Accessed September 
19, 2017) at: https://www.R-project.org/. 

Rigby, J., 2013. Looking for the impact of peer review: does count of funding 
acknowledgements really predict research impact? Scientometrics, v. 94, (1), 
57-73. https://doi.org/10.1007/s11192-012-0779-5.

Rosseel, Y., 2012. lavaan: An R Package for Structural Equation Modeling. 
Journal of Statistical Software, v. 48, (2), 1-36. https://doi.org/10.18637/jss.
v048.i02.

Shaheen, F.; Ahmad, N.; Waqas, M.; Waheed, A.; Farooq, O., 2017. Structural 
equation modeling (SEM) in social sciences & medical research: a guide for 
improved analysis. International Journal of Academic Research in Business 

https://doi.org/10.1016/j.joi.2016.01.002
https://doi.org/10.1007/s11192-018-2799-2
https://doi.org/10.1007/s11192-018-2799-2
https://doi.org/10.1186/s13717-016-0063-3
https://doi.org/10.1007/s11192-012-0757-y
https://doi.org/10.1007/s11192-012-0757-y
https://doi.org/10.1371/journal.pone.0065263
https://doi.org/10.1371/journal.pone.0065263
https://doi.org/10.1002/asi.23406
https://doi.org/10.1080/10705519909540118
https://doi.org/10.1080/10705519909540118
https://doi.org/10.1016/j.jpubeco.2011.05.005
https://doi.org/10.3758/s13428-021-01587-5
https://doi.org/10.3758/s13428-021-01587-5
https://doi.org/10.1126/science.1201865
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1641/0006-3568(2005)055
https://doi.org/10.1641/0006-3568(2005)055
https://doi.org/10.1016/j.tree.2004.10.010
https://doi.org/10.1016/j.tree.2004.10.010
https://doi.org/10.1007/BF02457963
https://doi.org/10.1007/BF02457963
https://dx.doi.org/10.1002%2Fasi.24109
https://doi.org/10.1016/j.respol.2012.10.002
https://doi.org/10.1016/j.respol.2012.10.002
https://doi.org/10.1126/science.281.5373.49
https://doi.org/10.1007/s11192-017-2617-2
https://doi.org/10.1002/asi.23010
https://doi.org/10.1002/asi.23010
https://doi.org/10.1007/s11192-014-1385-5
https://doi.org/10.1007/s11192-018-2678-x
https://doi.org/10.1007/s11192-018-2678-x
https://doi.org/10.1007/s11192-008-2099-3
http://dx.doi.org/10.1787/9789264268821-en
http://dx.doi.org/10.1787/9789264268821-en
https://doi.org/10.1007/s11135-008-9215-6
https://doi.org/10.1007/s11192-010-0231-7
https://doi.org/10.1007/s11192-017-2502-z
https://doi.org/10.1007/s11192-016-1953-y
https://www.R-project.org/
https://doi.org/10.1007/s11192-012-0779-5
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.18637/jss.v048.i02


Effects of funding on the collaboration and citation in environmental papers and the relationship with nation’s science and technology budgets

607
RBCIAMB | v.56 | n.4 | Dec 2021 | 599-607  - ISSN 2176-9478

and Social Sciences, v. 7, (5), 132-143. http://dx.doi.org/10.6007/IJARBSS/v7-
i5/2882.

Sugimoto, C.R.; Robinson-García, N.; Murray, D.S.; Yegros-Yegros, 
A.; Costas, R.; Larivière, V., 2017. Scientists have most impact when 
they’re free to move. Nature News, v. 550, (7674), 29-31. https://doi.
org/10.1038/550029a.

Tahamtan, I.; Afshar, A. S.; Ahamdzadeh, K., 2016. Factors affecting number of 
citations: a comprehensive review of the literature. Scientometrics, v. 107, (3), 
1195-1225. https://doi.org/10.1007/s11192-016-1889-2.

Tang, L.; Hu, G.; Liu, W., 2017. Funding acknowledgment analysis: Queries 
and caveats. Journal of the Association for Information Science and 
Technology, v. 68, (3), 790-794. https://doi.org/10.1002/asi.23713.

Thomé, M.T.C.; Haddad, C.F.B., 2019. Brazil’s biodiversity researchers need 
help. Science, v. 364, (6446), 1144-1145. https://doi.org/10.1126/science.
aax9478.

Vanclay, J.K., 2013. Factors affecting citation rates in environmental 
science. Journal of Informetrics, v. 7, (2), 265-271. https://doi.org/10.1016/j.
joi.2012.11.009.

Wang, X.; Liu, D.; Ding, K.; Wang, X., 2012. Science funding and research 
output: a study on 10 countries. Scientometrics, v. 91, (2), 591-599. https://doi.
org/10.1007/s11192-011-0576-6.

Web of Science. 2009. Funding Acknowledgements (Accessed December 5, 
2017) at: http://wokinfo.com/products_tools/multidisciplinary/webofscience/
fundingsearch/.

Xia, J.; Myers, R.L.; Wilhoite, S.K., 2011. Multiple open access availability and 
citation impact. Journal of Information Science, v. 37, (1), 19-28. https://doi.
org/10.1177%2F0165551510389358.

Yan, E.J.; Wu, C.J.; Song, M., 2018. The funding factor: a cross-disciplinary 
examination of the association between research funding and citation 
impact. Scientometrics, v. 115, (1), 369-384. https://doi.org/10.1007/s11192-
017-2583-8.

Yu, T.; Yu, G.; Li, P.Y.; Wang, L., 2014. Citation impact prediction for scientific 
papers using stepwise regression analysis. Scientometrics, v. 101, 1233-1252. 
https://doi.org/10.1007/s11192-014-1279-6.

Zhao, S.X.; Lou, W.; Tan, A.M.; Yu, S., 2018. Do funded papers attract more 
usage? Scientometrics, v. 115, (1), 153-168. https://doi.org/10.1007/s11192-
018-2662-5.

http://dx.doi.org/10.6007/IJARBSS/v7-i5/2882
http://dx.doi.org/10.6007/IJARBSS/v7-i5/2882
https://doi.org/10.1038/550029a
https://doi.org/10.1038/550029a
https://doi.org/10.1007/s11192-016-1889-2
https://doi.org/10.1002/asi.23713
https://doi.org/10.1126/science.aax9478
https://doi.org/10.1126/science.aax9478
https://doi.org/10.1016/j.joi.2012.11.009
https://doi.org/10.1016/j.joi.2012.11.009
https://doi.org/10.1007/s11192-011-0576-6
https://doi.org/10.1007/s11192-011-0576-6
http://wokinfo.com/products_tools/multidisciplinary/webofscience/fundingsearch/
http://wokinfo.com/products_tools/multidisciplinary/webofscience/fundingsearch/
https://doi.org/10.1177%2F0165551510389358
https://doi.org/10.1177%2F0165551510389358
https://doi.org/10.1007/s11192-017-2583-8
https://doi.org/10.1007/s11192-017-2583-8
https://doi.org/10.1007/s11192-014-1279-6
https://doi.org/10.1007/s11192-018-2662-5
https://doi.org/10.1007/s11192-018-2662-5


608
RBCIAMB | v.56 | n.4 | Dec 2021 | 608-620  - ISSN 2176-9478

A B S T R A C T
The water exported indirectly by sending products to other countries, 
or vice versa, is called a virtual water flow and this can be measured 
through water footprint (WF) calculations, which represent the 
embedded water needed to manufacture a product. This present 
study aims to analyze the virtual water flow and the WF of the main 
products exported by municipalities in the state of Ceará in the year 
2019, in order to enhance the management of the state’s water 
resources. Analytical hierarchy process (AHP), the most commonly 
used multicriteria decision-making method in the world, was used 
to determine which product is more sustainably produced by the 
municipalities of Ceará, with the criteria: WF, price, and volume 
exported. The alternatives are at least two of the seven categories of 
products exported by the state where the “fruit or vegetable juices” 
class was preferred as the most sustainable. It was found that most 
cities in the state that export agricultural products use only one 
basin, which can lead to very low reservoir levels, while the other 
hydrographic basins in the state are underused. It is worth noting that 
the Metropolitan Basin concentrates on 11 out of 32 municipalities 
that export abroad and that it is responsible for supplying more than 
4,074,730 inhabitants, according to Brazilian Institute of Geography 
and Statistics (IBGE, 2019). 

Keywords: water management; water resources; analytical hierarchy 
process; hydrographic basins.

R E S U M O
A água exportada indiretamente pelo envio de produtos a outros países, 
ou vice versa, chama-se fluxo de água virtual e pode ser mensurado por 
cálculos de pegada hídrica, que representam a água embutida necessária 
para a fabricação de um produto. O presente estudo teve o objetivo de 
analisar o fluxo de água virtual e a pegada hídrica dos principais produtos 
exportados por municípios do estado do Ceará no ano de 2019, a fim de 
potencializar o gerenciamento dos recursos hídricos do estado. Utilizou-
se o analytical hierarchy process (AHP), método de tomada de decisão 
multicritério mais usado no mundo, aqui escolhido para determinar qual 
o produto mais sustentável produzido pelos municípios do Ceará, com 
os critérios: pegada hídrica, preço e volume exportado. As alternativas 
são pelo menos duas das sete categorias de produtos exportados pelo 
estado, e a classe de “sucos de frutas ou vegetais” foi preferida como 
a mais sustentável. Constatou-se que a maioria das cidades do estado 
que exportam produtos de origem agropecuária faz uso de apenas 
uma bacia, o que pode acarretar níveis muito baixos de reservatório, 
enquanto as outras bacias hidrográficas do estado são subusadas. Vale a 
pena salientar que a Bacia Metropolitana concentra 11 de 32 municípios 
que exportam para o exterior e é responsável pelo abastecimento 
de mais de 4.074.730  habitantes, segundo o Instituto Brasileiro de 
Geografia e Estatística (2019). 

Palavras-chave: gerenciamento da água; recursos hídricos; analytical 
hierarchy process; bacias hidrográficas.
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Introduction
Water is the most important natural resource for human, playing a 

fundamental role in activities of daily living. The indiscriminate uses of 
water for different purposes began to generate conflicts due to its false 
abundance. Currently, the approach to limiting water resources has 
been highlighted (Hoekstra and Chapagain, 2007). Furthermore,  the 
total volume of fresh water that is used to produce the goods and ser-
vices consumed by the individual or the community is defined as a 
water footprint (WF) (Hoekstra et al., 2011).

In this way, a country’s WF can be directly determined by other fac-
tors, such as the volume of consumption (related to gross national in-
come), the consumption pattern (e.g., high versus low meat consump-
tion), the climate (crop growth conditions), and agricultural practice 
(efficient water use) (Hoekstra and Chapagain, 2007). Therefore, vir-
tual water is described as an instrument for the management of water 
resources, serving as an indirect measure of the water consumed by a 
good, product, or service (Guimarães and Xavier, 2008).

It is important to emphasize the concept of virtual water, which 
refers to the amount of water incorporated in a certain product. We use 
the term virtual water in the international (or interregional) context 
of virtual water flow; therefore, when a country or region exports or 
imports a product, it is exporting or importing water in a virtual way 
(Hoekstra et al., 2011). 

In this case, we can speak in a general way about flows or the trade 
in virtual water. The northeast region of the country is characterized 
by high temperatures, high evaporations, and scarcity of rain. There is 
a significant discernment when the WF is compared with the current 
capacity of these reservoirs, that is, with the amount of water in the 
hydrographic basins quite reduced in relation to their total capacities. 
The state of Ceará has the fourth territorial extension of the northeast 
region and is the 17th among Brazilian states in terms of territorial 
surface. Ceará borders the states of Pernambuco, Rio Grande do Norte, 
Paraíba, and Piauí. In addition, it has 184 municipalities and 20 ad-
ministrative microregions, especially the Metropolitan Regions of For-
taleza, with 19 cities, and Cariri, with 9 cities (IPECE, 2010). The 2019 
Brazilian Institute of Geography and Statistics (IBGE) data indicate 
a territorial area of 148,894,441 km² and an estimated population of 
9,132,078 people.

The National Water Resources Council is responsible for promoting 
the planning and management of water resources and their respective 
hydrographic basins. Hydrographic Basin is an area where all the rain 
that falls drains, by streams and secondary rivers, to the same main riv-
er, located in a lower point of the landscape being separated from the 
other Basins by a dividing line called water divider (COGERH, 2018).

In this case, according to the State Water Resources Plan (ANA, 
2018), the state of Ceará consists of 155 dams and 12  hydrographic 
basins, which are classified as Coast, High Jaguaribe, Coreaú, Metro-
politans, Ibiapaba Hill, Medium Jaguaribe, Salgado, Acaraú, Banabuiú, 
Crateús Hinterland, Curu, and Low Jaguaribe, comprising a volume of 

18,617 hm³ (FUNCEME, 2019). Furthermore, the volume of the ba-
sins has great relevance to calculate the volume of water taken from 
the state basins for agricultural production using the WF calculation. 
It is important to note that the volume used in the hydrographic basins 
varies according to the period under analysis for the calculation of the 
WF, since the WF depends on the volume of water incorporated, the 
climatic conditions, and the geographical position in question.

Barreto et al. (2010) and Fiel et al. (2017) highlighted that water 
is used as a strategy in conflict management and environmental pro-
tection, which would justify the establishment of hydrographic basin 
management through the Hydrographic Basin Committees (CBHs), as 
it seeks a balance between human demand and consumption, animal 
intake, and irrigation.

The presence of CBHs in Brazil arises from the far reaching of in-
habitants, who need a high amount of water for human and animal 
consumption, food production, industrial products, recreation, and so 
on. It creates a very high demand for it, causing water scarcity, in addi-
tion to degradation through solid and liquid organic waste, chemicals, 
and soil erosion, among others. Due to this scarcity of water and lack 
of water quality, there might be stagnation and even a drop in the eco-
nomic situation (Fiel et al., 2017).

A survey conducted using water resources as a tool aims to en-
sure that the quality of the water is compatible with its demand, the 
framing of the waters, in the hydrographic basins of rivers that are part 
of the domain of the Union. It also aims to identify the importance 
of the framework for planning water quality, as well as the difficulties 
and possibilities of its implementation. An analysis of the most recent 
plans of the nine basins with constituted committees was made to seek 
aspects related to the framework and to compose the study method; 
electronic questionnaires were applied to the committees of the ana-
lyzed basins and also to the National Water Agency to diagnose the 
understanding of the research focus. Based on the results, it was pos-
sible to identify and observe the absence of framing according to the 
current regulation, namely, CONAMA Resolution nº 357/05, in all the 
situations (Souza and Pizella, 2021).

Kaplowitz and Witter (2008), Mahmoud et al. (2011), and Fiel et 
al. (2017) pointed out that, with the extent of water scarcity putting 
pressure on existing water management and distribution systems, it is 
essential to identify and analyze the factors that can change consump-
tion management for efficient management, including river basins.

The analytical hierarchy process (AHP) is the most commonly used 
multicriteria decision-making method in the world. In this perspec-
tive, for Barker and Zabinsky (2010), this method satisfies the selection 
of the criteria suggested by it, including adequacy, ease of use, and val-
idation of its results. The AHP method is based on three stages: build-
ing hierarchies through structuring the problem, establishing weights 
for criteria and preference for alternatives, and analyzing the results 
(Tramarico et al., 2012). In contrast, the AHP turns comparisons, of-
ten empirical, into numerical values that are processed and compared. 
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The weight of each of the factors allows the assessment of each of the 
elements within the defined hierarchy. This ability to convert empirical 
data into mathematical models is the main differential of AHP in rela-
tion to other comparative techniques (Vargas, 2010). This method rep-
resents an improvement in making decisions by managers, who often 
depend on their experiences or feelings (Silva et al., 2015).

In this way, it can be said that a multicriteria decision problem con-
sists of a situation that there are at least two alternatives of action to 
choose and that choice is driven by the desire to meet multiple objec-
tives, often conflicting with each other. These objectives are associated 
with the consequences of choosing the alternative to be followed and 
variables that represent them and allow the evaluation of each alter-
native, based on each objective. These variables can be called criteria, 
attributes, or dimensions (Almeida, 2013).

This study was developed with the objective of analyzing the virtu-
al water flow and the WF of the main products exported by municipal-
ities in the state of Ceará, in order to enhance the management of the 
state’s water resources.

The use of water by culture in the municipalities of Ceará was 
quantified, calculating the WF and the virtual water flow of the main 
products exported by the state of Ceará. It was also verified the in-
tegrated planning of the hydrographic basins of the state in order to 
assess the impacts of the WF in the hydrographic basins of Ceará, de-
veloping a methodology as a solution through decision-making meth-
ods to define the best product to be exported by each municipality in 
the state of Ceará.

Materials and methods
For this study, we used the exploratory research method, com-

posing a qualitative and quantitative approach, with the development 
of a bibliographic character, since it succeeded in reviewing articles. 
In order to emphasize the study, AHP with the multicriteria decision 
maker was used as attributing continuity to the development of the re-
search. In addition, histogram, which is a column chart used in statis-
tics, is used. It consists of several adjacent rectangles, representing the 
frequency table with loss of information (values grouped by classes) 
of a set of values. On the horizontal scale, class intervals are marked, 
and each interval is the basis of each rectangle or bar; on the vertical 
scale, the heights of the rectangles or bars are marked, representing the 
respective absolute frequencies of the classes (Lopes, 1999; Kurokawa 
and Bornia, 2002).

Study area
The state of Ceará, the target of the research, is highlighted in the 

agribusiness issue, mainly in the agricultural sector. Given this, the use 
of water, directly and indirectly, is part of the entire agricultural pro-
duction process in the state where significant advances have been made 
in relation to the use of water resources.

Calculation of the export water footprint
The calculated exported WF corresponds to the volume of water 

exported indirectly from the state of Ceará to other countries, where 
the exported WF of Ceará is from a geographically delimited region. 
In addition, the exported WF is related to basic, manufactured, and 
semi-manufactured products exported by the northeast region. 
The products exported by Ceará were separated from the entire agri-
cultural sector, separating the quantity (in ton) by the municipalities 
of the state of Ceará, of each corresponding product. Subsequently, the 
collection of all products exported by state, obtained the WF exported 
from the analyzed region, as shown in Equation 1:

� (1)

Where:
PHEXPORTADA = exported WF, in m³/year; 
PHBÁSICOS = exported WF, in m³/year; 
PHSEMIMANUFATURADOS =  WF exported from semi-manufactured prod-
ucts, in m³/year; 
PHMANUFATURADOS = WF exported from manufactured products, in m³/
year;
QPB = quantity of the respective basic product, in kg; 
QPS = quantity of the respective semi-manufactured product, in kg; 
QPM = quantity of the respective manufactured product, in kg; 
PHPROD = WF of a product, in l/kg.

All WF data exposed in this article were taken from Hoesktra et al. 
(2011) with the analysis made for Brazil, as there are no studies of the 
specific region.

Analytical hierarchy process
AHP methodology allows us to determine which alternative is the 

most consistent with our criteria following the level of importance we 
determine. The priority is a score that classifies the importance of the 
alternative or criterion in the decision, comparisons are made pair 
by pair, using the fundamental scale with values ranging from 1 to 9, 
which is called Satty Fundamental Scale, as shown in Table 1.

Furthermore, when using the method, we divide and define the 
levels according to the AHP methodology in order to determine the 
most sustainable product produced by the municipalities of Ceará; in 
the second level, we defined the three criteria: WF, price, and volume, 
as shown in Table 2.

Finally, the alternatives, which we define as the main products ex-
ported from Ceará. Based on the definition of the main objective, crite-
ria, and alternatives, hierarchical modeling was developed to guide the 
application of the AHP (Figure 1). 



Virtual water flow and water footprint as optimizer of water resource management in the state of Ceará, Brazil

611
RBCIAMB | v.56 | n.4 | Dec 2021 | 608-620  - ISSN 2176-9478

Results
Through the online platform Comex Stat, aggregated to Comex Vis 

official Brazilian system for consulting foreign trade data, a survey was 
carried out of the products of agricultural origin that the state of Ceará 
exports and are organized into categories, as shown in Table 2.

Information on volume exported by product category all over 
Brazil and the percentage of participation by state was also available. 
Based on this information, the calculations of the participation in tons 
of the state of Ceará were carried out, and the equivalent price for the 
exports of each section was also extracted from the platform, in dollar 
and Free On Board (FOB), all for 2019 (Table 3).

The WF was also determined for the main exported products; for 
each category, the footprint that corresponds to the main product pro-
duced, in volume, of each section was used. The categories “shoes” and 
“leather” were used for calculating WF of the leather; “fillets and other 
frozen, fresh or chilled fish meats” for the lobster; “non-oil fruits and 
nuts, fresh or dried” used an average of cashew, melon, banana, guava, 
mango, and papaya footprints. For “other animal or vegetable fats and 
oils, processed, waxes, mixtures, or non-food preparations,” the foot-
print of natural honey was used. The juice and cotton section made use 
of their corresponding footprints (Table 4).

In the subsequent stage, a study was carried out of the municipal-
ities in the state of Ceará that export to other countries and their re-
spective hydrographic basins. As in this work we are only attending 
to products of agricultural origin, a filter was made where we remove 
cities that export at least one product that is included in the seven types 
of categories mentioned above (Table 5).

The correlation of the seven categories of agricultural products 
exported by Ceará with the municipalities that export them is shown 
in Table 6.

There are 12 basins found in the state of Ceará, as mentioned in 
the methodology. In order to analyze where the water consumption re-
quired for each product category comes from, seven maps were elabo-
rated that show which hydrographic basins the water resource is being 
used to produce the goods for export.

The sector that produces footwear makes greater use of the Met-
ropolitan Basin, with four of 15 cities being supplied. It is the category 
that most exports its products. It is then noted when analyzing the map 
that the northern region of the state has a higher water consumption 
by the basins (Figure 2).

The “leather” category, the most used basin in this sector is the Met-
ropolitan, with a total of four of seven municipalities. In other words, 
57.14% of the water resource comes from just one basin. The concen-
tration of the use of this resource is still found in the northern region 
of the map (Figure 3).

In the category of “fillets or other frozen, fresh or chilled fish meat,” 
the withdrawal of water is concentrated on the coast of the state, not 
least because the products of this category are meat of fish, caught in 
the sea (Figure 4).

The second category that exports the most is “fruit and nuts, non-
oil, fresh or dried,” with a total of 13 cities. This sector has a more de-
centralized distribution, with exporting municipalities present in both 
the north, east, and south of the state of Ceará. This sector makes use of 
the waters of a greater range of hydrographic basins, although 38.46% 
of water use in this category comes from only one basin, the Metropol-
itan Basin (Figure 5).

There are eight municipalities that export the category of “other an-
imal or vegetable fats and oils, processed, waxes, mixtures or non-food 
preparations,” with five corresponding to 62.5% of water withdrawal 

Table 1 – Analytical hierarchy process comparison scale.

Score (weight) Definition

1 Equally important

3 Weak importance

5 Strong importance

7 Very strong importance

9 Absolute importance

2, 4, 6, 8 Intermediate values

Source: adapted from Saaty (1997).

Table 2 – Criteria used in analytical hierarchy process.

Criteria Function 

Water 
Footprint

Quantitative criterion, with unit of measurement L/kg, which 
demonstrates the direct and indirect quantity for the production 
of a certain food, and with the objective of minimizing.

Price Quantitative criterion, with unit in US$, and with the 
objective of maximizing.

Volume Quantitative criterion, of unit in m³, the objective is to maximize.

Figure 1 – Hierarchical model used in the problem.
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from the Metropolitan Basin. And the concentration of cities by area is 
in the north of the state (Figure 6).

In the category of “fruit or vegetable juices,” as shown in Figure 7, 
the northern and eastern regions of the state concentrate exporting 
cities, although the water use required by cities comes from a greater 
variety of river basins.

The category “cotton fabric, canvas (not including as ribbons or 
specials)” has fewer cities exporting and all make use of the Metropoli-
tan Basin, so 100% of the cotton fabric sector requires water from only 
one hydrographic basin (Figure 8).

Discussion
According to Falkenmark and Molden (2008), the economic 

growth of the population implies an increase in the demand for water 
and food. The Southeast region of Brazil faces the main problems of 
water resources related to the scarcity due to pollution and excessive 
use of water in urban and industrialized areas, its conflicts of use, and 
the constant flooding (Porto et al., 1999). Barreto et al. (2010) added 
that the association between water scarcity and disordered economic 

exploitation causes soil degradation and desertification, in addition to 
a significant reduction of plant and animal species (Fiel et al., 2017).

With the application of AHP methodology to Excel, the most 
sustainable product of each municipality for export was analyzed, de-
pending on WF, price, and volume exported, corresponding to the year 
2019. The most important criterion is the WF, followed by price and 
volume (Table 7).

A total of 32 municipalities in Ceará are exporters of agricultural 
products; of these, an AHP analysis was carried out for decision-mak-
ing in 21 cities, as the others exported only one type of product cate-
gory, not making the method feasible. After an initial structuring of 
the problem, priorities are calculated based on pairwise comparisons, 
arranged in matrices of order of magnitude from 2×2 to 6×6. The alter-
natives were the seven categories of products exported by the state, the 
largest exporting city being the capital, Fortaleza, which exports six of 
the seven categories.

From the results obtained in the decision-making, a table with the 
AHP values ​​organized by product category and by the cities that ex-
port more than one category is created, with total decimal number of 

Table 3 – Main products exported by the state of Ceará in 2019.

Product category Tons (total Brazil) Participation Ceará (%) Tons Ceará Price in millions (US$)

Footwear 58,440.34 21.70 12,681.55 236

Leather 471,839.00 4.52 21,327.13 52.3

Fillets or other frozen, fresh or chilled meat 193,269.70 0.94 1,816.73 4.53

Dried fruit and nuts, fresh or dried 947,709.10 17.40 164,901.38 161

 Other processed animal or vegetable fats and oils, waxes, 
mixtures or non-food preparations 33,500.85 48.90 16,381.92 68.8

Fruit juices or vegetables 2,363,728 2.73 64,529.77 57.6

Cotton fabric, screens (not including tapes or specials) 19,846 26.60 5,279.04 32

Source: Brasil (2020).

Table 4 – Volume of products exported in 2019 and their water footprints.

Product category Tons annual total Water footprint(m³/tons) Annual water footprint (m³/year)

Footwear 12,681.55 18,770 238,032,693.5

Leather 21,327.13 18,770 400,310,230.1

Fillets or other frozen, fresh or chilled meat 1,816.73 4,325 7,857,357.25

Dried fruit and nuts, fresh or dried 164,901.38 3,500.6 577,253,770.8

Other processed animal or vegetable fats and oils, waxes, mixtures 
or non-food preparations 16,381.92 1,782 29,192,581.44

Fruit juices or vegetables 64,529.77 1,018 65,691,305.86

Cotton fabric, screens (not including tapes or specials) 5,279.04 9,982 52,695,377.28

Source: Hoekstra et al. (2011) and Brasil (2020).
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Table 5 – Products exported by each municipality and its hydrographic basins.

Municipalities Hydrographic basins Exported products

Acaraú Acaraú Basin Frozen fish; Crustaceans

Aquiraz Metropolitan Basin Coconuts, Brazil nuts and cashew nuts; natural honey; vegetable juices and extracts

Aracati Low Jaguaribe Basin Footwear with rubber sole, plastic, natural or reconstructed leather outsole, and natural leather uppers; 
Crustaceans; other vegetable fats and oils (including jojoba oil)

Barbalha Salgado Basin Dates, figs, pineapples (avocados), avocados, guavas, mangoes, and mangosteens; coconuts, Brazil nuts and 
cashew nuts; fruit juices (including grape must) or vegetable juices

Beberibe Metropolitan Basin Suitcases and briefcases; dates, figs, pineapples (avocados), avocados, guavas, mangoes, and mangosteens, 
fresh or dried

Brejo Santo Salgado Basin Footwear with rubber sole, plastic, natural or reconstructed leather outsole, and natural leather uppers; footwear 
with rubber, plastic, natural or reconstituted leather outer soles, and textile uppers

Camocim Coreaú Basin
Footwear with rubber sole, plastic, natural or reconstructed leather outsole, and natural leather uppers; footwear 
with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; clothing and 
clothing accessories of leather or composition leather

Cascavel Metropolitan Basin Leathers prepared after tanning or after drying and parchmented hides and skins bovine (including buffalo) or 
equine; fresh or chilled fish; natural honey

Eusébio Metropolitan Basin

Dates, figs, pineapples (avocados), avocados, guavas, mangoes, and mangosteens; coconuts, Brazil nuts and 
cashew nuts; fruit juices (including grape must) or vegetable juices; vegetable waxes (except triglycerides), 
beeswax or even other insects and spermaceti; cotton yarn (except sewing thread) containing at least 85% 
cotton by weight

Fortaleza Metropolitan Basin

Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; footwear 
with rubber, plastic, natural or reconstituted leather outer soles and natural leather uppers; Crustaceans; flour, 
powder and pallets of crustaceans; live fish; Mollusks; prepared and preserved fish, caviar and substitutes prepared 
from fish eggs; coconuts, Brazil nuts and cashew nuts, fresh or dried; other oil seeds and oleaginous fruits; apples, 
pears, and quinces; dates, figs, pineapples (avocados), avocados, guavas, mangoes, and mangosteens; grape; 
melons, watermelons, and papais (papayas); citrus fruit, fresh or dried; tomatoes; other fresh fruits; bananas; 
coffee; fruits and other edible parts of plants; vegetable waxes (except triglycerides), beeswax or other insect waxes 
and spermaceti; margarine, mixtures or food preparations of animal or vegetable fats or oils; other vegetable oil 
fats (including jojoba oil); peanut oil; soy oil; sunflower, safflower, or cotton oil; olive oil; crude glycerol, water 
and glycerol, glycerol; coconut, palm kernel, or babassu oils; animal or vegetable fats and oils; vegetable juices and 
extracts; fruit juices (including grape must) or vegetable juices; cotton fabrics containing at least 85% cotton by 
weight, weighing more than 200g/m2; woven fabrics of synthetic staple fibers, containing less than 85% by weight 
of these fibers, combined, mainly or solely with cotton, of a weight not exceeding 170 g/m2

Horizonte Metropolitan Basin

Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; 
cotton fabrics, containing at least 85% cotton by weight, weighing more than 200 g/m2; cotton fabrics, 
containing less than 85% cotton by weight, mainly or solely combined with synthetic or artificial fibers, 
weighing more than 200 g/m2

Icapuí Low Jaguaribe Basin Frozen fish; Crustaceans; flour, powder and pallets of crustaceans; melons, watermelons, and papayas 
(papayas); bananas

Itapagé Curu Basin Footwear with rubber sole, plastic, natural or reconstructed leather outsole and natural leather uppers; footwear 
with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials

Itapipoca Coast Basin Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; fruit 
juices (including grape must) or vegetable juices

Itarema Coast Basin
Frozen fish; fish fillets and other fish meats; fresh or chilled fish; fruit and other edible parts of plants, prepared 
or otherwise preserved, with or without added sugar or other sweeteners or alcohol; vegetable waxes (except 
triglycerides), beeswax or even other insects and spermaceti

Jaguaribe Middle Jaguaribe 
Basin

Fruits and other edible parts of plants; fruit, uncooked or uncooked; fruit juices (including grape must) or 
vegetable juices

Juazeiro do 
Norte Salgado Basin Footwear with outer soles of rubber, plastic, natural or reconstituted leather

Continua...
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Table 5 – Products exported by each municipality and its hydrographic basins.

Municipalities Hydrographic basins Exported products

Limoeiro do 
Norte Low Jaguaribe Basin Fresh or dried bananas

Maracanaú Metropolitan Basin

Leathers prepared after tanning or after drying and parchmented hides and skins, of bovine (including buffalo) 
or equine; tanned or crusted hides and skins of bovine (including buffalo) or equine animals; vegetable waxes 
(except triglycerides), beeswax or even other insects and spermaceti; cotton fabrics, containing at least 85% cotton 
by weight, weighing more than 200 g/m2; cotton fabrics, containing less than 85% cotton by weight, combined, 
principally or solely, with synthetic or artificial fibers, weighing more than 200 g/m2; cotton yarn (except sewing 
thread), containing at least 85% cotton by weight

Maranguape Metropolitan Basin Footwear with rubber, plastic, natural or reconstructed leather outsole and natural leather uppers; footwear with 
rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; suitcases and briefcases

Pacajus Metropolitan Basin
Coconuts, Brazil nuts and cashew nuts, fresh or dried, even shelled or peeled; other nuts; cotton fabrics, 
containing at least 85% cotton by weight, weighing more than 200 g/m2; cotton fabrics, containing less than 85% 
cotton by weight, mainly or solely combined with synthetic or artificial fibers, weighing more than 200 g/m2

Pacatuba Metropolitan Basin Footwear with rubber, plastic, natural or reconstructed leather outsole and natural leather uppers; footwear with 
rubber, plastic, natural or reconstituted leather outer soles and textile uppers

Paraipaba Curu Basin Fruit juices (including grape must) or vegetable juices

Pereiro Middle Jaguaribe 
Basin Fruits and other edible parts of plants; fruit juices (including grape must) or vegetable juices

Quixeramobim Banabuiú Basin Footwear with rubber, plastic, natural or reconstructed leather outsole and natural leather uppers; footwear with 
rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; suitcases and briefcases

Quixeré Low Jaguaribe Basin Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; other 
footwear with outer sole and rubber or plastic upper; melons, watermelons, and papayas (papayas), fresh

Russas Low Jaguaribe Basin Vegetable waxes (except triglycerides), beeswax or even other insects and spermaceti

São Gonçalo do 
Amarante Curu Basin Prepared and preserved fish, caviar and substitutes prepared from fish eggs; frozen, fresh or chilled fish

Senador 
Pompeu Banabuiú Basin Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; footwear 

with rubber, plastic, natural or reconstructed leather outer sole and natural leather uppers

Sobral Acaraú Basin Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; suitcases 
and briefcases

Ubajara Coreaú Basin Fruit juices (including grape must) or vegetable juices; fruits, uncooked or cooked in water or steam, frozen, 
whether or not containing added sugar or other sweetening matter

Uruburetama Coast Basin Footwear with rubber, plastic, natural or reconstituted leather outer soles and uppers of textile materials; footwear 
with rubber, plastic, natural or reconstructed leather outer sole and natural leather uppers

Source: Brasil (2020).

1, corresponding to 100%. To use the AHP method, at least two alter-
natives are necessary, in order to select the most sustainable category 
for export (Table 8).

The percentage table supported the creation of a histogram to 
which it is possible to analyze the consistency of the results. This type 
of graphic allows the preview of the distribution of events (Figure 9).

We can observe from this histogram that the decision percentag-
es are well distributed in relation to the cutoff frequencies calculat-
ed. However, more decisions were obtained with the smallest cutoff 
and less with the largest cutoff values. The lower cutoff value having 

a higher frequency is also due to the fact that most categories for de-
cision had more than two alternatives, so the categories that were not 
elected as the most sustainable are distributed in the lowest cutoff val-
ues (Figure 10).

By changing the cutoff frequencies calculated by the categories of 
exported products, we obtained the frequency of decisions by catego-
ry, which is worth mentioning that each city exports more than one 
product, with 21 municipalities taking part in AHP decision-making.

Replacing the AHP percentage table with the respective WFs of the 
evaluated products, a histogram was also made to verify the decision 
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Table 6 – Categories exported by each municipality.

Product category Municipalities

Footwear

Aracati, Brejo Santo, Camocim, Fortaleza, 
Horizonte, Itapajé, Itapipoca, Juazeiro 

do Norte, Maranguape, Pacatuba, 
Quixeramobim, Quixeré, Senador Pompeu, 

Sobral, Uburetama

Leather Beberibe, Camocim, Cascavel, Maracanaú, 
Maranguape, Quixeramobim, Sobral

Fillets or other frozen, 
fresh or chilled meat

Acaraú, Aracati, Cascavel, Fortaleza, Icapuí, 
Itarema, São Gonçalo do Amarante

Fresh or dried fruit and 
nuts, fresh or dried

Aquiraz, Barbalha, Beberibe, Eusébio, 
Fortaleza, Icapuí, Itarema, Jaguaribe, 
Limoeiro do Norte, Pacajus, Pereiro, 

Quixeré, Ubajara

Other processed animal 
or vegetable fats and oils, 
waxes, mixtures or non-
food preparations

Aquiraz, Aracati, Cascavel, Eusébio, 
Fortaleza, Itarema, Maracanaú, Russas

Fruit juices and vegetables
Aquiraz, Aracati, Barbalha, Eusébio, 

Fortaleza, Itapipoca, Jaguaribe, Paraipaba, 
Pereiro, Ubajara

Cotton fabric, screens (not 
including tapes or specials)

Eusébio, Fortaleza, Horizonte, Maracanaú, 
Pacajus

Source: Brasil (2020).

Figure 2 – Map cities and watersheds of the footwear category.

Figure 3 – Map cities and watersheds of the leather category.

Figure 4 – Map cities and watersheds in the category of fillets and other fish meats.
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Figure 5 – Map cities and watersheds of the fruit and nut category.

Figure 6 – Map cities and watersheds of the category of other fats and oils.

Figure 7 – Map of cities and watersheds in the category of fruit or vegetable juices.

Figure 8 – Map cities and watersheds of the cotton fabric category.
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Table 7 – Criteria admitted for the analytical hierarchy process. 

Product Water footprint (m³/t) Price in MI (US$) Tons Ceará

Footwear 18,770 236 12,681.55
Leather 18,770 52.3 21,327.13
Fillets or other frozen, fresh or chilled meat 4,325 4.53 1,816.73
Fresh or dried fruit and nuts, fresh or dried 3,500.6 161 164,901.38
Other processed animal or vegetable fats and oils, waxes, mixtures or non-
food preparations 1,782 68.8 16,381.92

Fruit or vegetable juices 1,018 57.6 64,529.77
Cotton fabric, screens (not including tapes or specials) 9,982 32 5,279.04

More importance Medium importance Low importance

Source: Hoekstra et al. (2011) and Brasil (2020).

Table 8 – Percentage table for analytical hierarchy process (AHP).

Figure 9 – Histogram of analytical hierarchy process percentages by cutoff 
frequency.

Figure 10 – Histogram of analytical hierarchy process decision percentages 
by product category.

FINAL PERCENTAGE TABLE AHP
Cities Footwear Leather Fillets and others Meats Fruits and Nuts Other fats Fruit na Vegetable Juices Cotton Fabric
Aquiraz x x x 0.3165 0.2325 0.4499 x
Aracati 0.21238 x 0.1147 x 0.2227 0.4491 x
Barbalha x x x 0.3862 x 0.6128 x
Beberibe x 0.3061 x 0.6928 x x x
Camocim 0.5682 0.4308 x x x x x
Cascavel x 0.1397 0.2080 x 0.6512 x x
Eusébio x x x 0.3963 0.1392 0.0879 0.3756
Fortaleza 0.0783 x 0.0253 0.5009 0.1187 0.2300 0.0468
Horizonte 0.3927 x x x x x 0.6063
Icapuí x x 0.1421 0.8569 x x x
Itapipoca 0.3079 x x x x 0.6911 x
Itarema x x 0.0585 0.4292 0.5113 x x
Jaguaribe x x x 0.4020 x 0.5969 x
Maracanaú x 0.1867 x x 0.6707 x 0.1410
Maranguape 0.6323 0.3667 x x x x x
Pacajus x x x 0.8540 x x 0.1449
Pereiro x x x 0.4259 x x x
Quixeramobim x x x x x 0.5730 x
Quixeré 0.1331 x x 0.8658 x x x
Sobral 0.6323 0.3667 x x x x x
Ubajara x x x 0.3882 x 0.6108 x
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percentage of the AHP and the WFs of the classes by cutting section of 
the chosen products (Figure 11).

As previously done, the cutoff frequencies calculated were 
changed by the WFs of the seven product categories, with the in-
tention of visualizing the distribution of the results of decisions by 
WF (Figure 12).

The WF of the footwear was admitted to be the same as that of 
the leather category. Here we are analyzing the cities that entered 
the AHP decision process, and not the method decision; therefore, 
the WF that obtained a higher frequency was the leather and foot-
wear sector.

Table 9 summarizes the product category for export selected by 
the AHP decision-making method for each exporting municipality, 
including those that did not participate in the decision-making, being 
the only product that exports the most sustainable.

Figure 11 – Histogram of analytical hierarchy process and water footprint 
decision percentages.

 
: Footwear and leather

 
: Cotton fabric

 
: Fillets and other fish meats

 
: Fruits and nuts

 
: Other fat and oils

 
: Fruit or vegetable juice

Figure 12 – Analytical hierarchy process decision percentages by water 
footprint.

Table 9 – Analysis of the most sustainable product for each city to export.

City More sustainable product

Acaraú Fillets or other frozen, fresh or chilled meat

Aquiraz Fruit or vegetable juices

Aracati Fruit or vegetable juices

Barbalha Fruit or vegetable juices

Beberibe Fresh or dried fruit and nuts

Brejo Santo Footwear

Camocim Footwear

Cascavel
Other processed animal or vegetable fats 

and oils, waxes, mixtures or non-food 
preparations

Eusébio Fruit or vegetable juices

Fortaleza Fruit or vegetable juices

Horizonte Cotton fabric, screens (not including tapes 
or specials)

Icapuí Fresh or dried fruit and nuts

Itapagé Footwear

Itapipoca Fruit or vegetable juices

Itarema
Other processed animal or vegetable fats 

and oils, waxes, mixtures or non-food 
preparations

Jaguaribe Fruit or vegetable juices

Juazeiro do Norte Footwear

Maracanaú Other processed animal or vegetable fats and 
oils, waxes, mixtures or non-food preparations

Maranguape Footwear

Pacajus Fresh or dried fruit and nuts

Pacatuba Footwear

Paraipaba Fruit or vegetable juices

Pereiro Fruit or vegetable juices

Quixeramobim Footwear

Quixeré Fresh or dried fruit and nuts

Russas
Other processed animal or vegetable fats 

and oils, waxes, mixtures or non-food 
preparations

São Gonçalo do Amarante Fillets or other frozen, fresh or chilled meat

Senador Pompeu Footwear

Sobral Footwear

Ubajara Fruit or vegetable juices

Uruburetama Footwear



Virtual water flow and water footprint as optimizer of water resource management in the state of Ceará, Brazil

619
RBCIAMB | v.56 | n.4 | Dec 2021 | 608-620  - ISSN 2176-9478

The result chose, through the objective “more sustainable product,” 
the alternative that is more consistent with the criteria and the impor-
tance attributed.

Of the 32 cities in the state of Ceará that export products of agri-
cultural origin, 11 use the reservoirs of the Metropolitan Hydrographic 
Basin, followed by the Low Jaguaribe Basin with 5, Coast Basin with 
4, and Curu and Salgado Basins with 3; Acaraú Basins, Banabuiú, and 
Middle Jaguaribe with 2 municipalities and Ibiapaba Hill and Coreaú 
Basin with 1. From this fact, we observe that the water potential of 
Ceará is not used as it should, as we only use 10 of the 12 hydrograph-
ic basins existing in the state and the Metropolitan Basin is the most 
required and it has the need to supply according to IBGE (2019) more 
than 4,074,730 inhabitants of the metropolitan region of Fortaleza 
(Figure 13).

This study focusing on the current debate on the local dimension 
in water resource governance aims to analyze empirical cases of water 
management in the Brazilian semi-arid, based on the performance of 
the intermunicipal consortia and the São Francisco River Basin com-
mittee. Abers and Keck (2013) argued that the institutionalization of 
river basin committees has yielded very heterogeneous results, particu-
larly in relation to the participation of municipalities. Thus, throughout 
the research, it was seen that, in several surveys, the cases of intermu-

nicipal consortia and river-based committee proved to be opportuni-
ties for greater visibility is the action of the local participants. It was 
found that there is a need for strategies that enable a well-defined orga-
nization of cooperation and perception at local levels among the new 
governance arrangements (Kasahara et al., 2020).

Conclusions
The category “fruit or vegetable juices” was deferred by the deci-

sion-making method as the most sustainable by the municipalities in 
the state of Ceará that export to other countries. With the aid of the 
histograms, it was possible to analyze that the distribution of cutoff 
values in relation to decision-making proved to be well distributed, al-
though there were few decisions by product classes that obtained about 
80% assertiveness in the results. The second highest percentage is of 
medium cutoff value, showing that the second majority of decisions 
were elected with 50% assertiveness. 

The histogram of the AHP decision percentage and WF has the 
cutoff frequency calculated by maximum and minimum between the 
WFs of each product that entered the decision-making process. Thus, 
Figure 11 shows that the majority of the products chosen or not have 
the lowest footprints of the study is the most important issue, taking 
into account the discrepancy between the values of the smallest and 
largest WF. 

The study found that the footwear sector has the greatest economic 
importance in the state, being the category that exports the most, with 
15 cities, and with the highest export price than the other classes. How-
ever, due to its high WF, it cannot be elected as the most sustainable 
product category. Therefore, the most sustainable exported product 
category chosen is “fruit or vegetable juices,” as it is the one that best 
suits the requirements of WF, price, and volume.

The basin committees in the state of Ceará reflect the same real-
ity observed in the studies that point to an inadequacy of the water 
framing instrument, making it difficult to control water quality in the 
gray WF. This scenario of framing is not viable in the Ceará basins 
because the rivers are intermittent and part of the year is dry. Another 
important fact is that the need to assume the WF as an instrument for 
the management of water resources is suggested in order to better con-
trol this quality in the face of the difficulties encountered in the basin 
committees.

When analyzing the water potential of Ceará, we see that there is 
still a lot to explore as the state’s water requirement for the produc-
tion of goods to be exported is concentrated around 32% only in the 
Metropolitan Basin. The requirement for water by only one basin can 
lead to very low levels of reservoirs that may not support the current 
demand in the future. The other river basins are underused and study 
with fair logistics is recommended for better management and use of 
water resources in the state of Ceará, or even create forms of govern-
ment incentives so that companies further away from the capital can 
also produce and sell their products at international level.

Figure 13 – Map exporting cities of the state of Ceará in 2019 and their 
hydrographic basins.
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A B S T R A C T
This study aims to present the time behavior of wastewater flow 
parameters, organic matter, biogas flow, biogas composition, and its 
relations, measured through online sensors, in a municipal wastewater 
treatment plant (WWTP) operating full-scale upflow anaerobic sludge 
blanket (UASB) reactors, installed in the south of Brazil. WWTP has 
online measurement devices to evaluate some physicochemical 
variables of the sewage and the biogas. The COD analyzer (UV–
Vis probe), ultrasonic flow meter, biogas flow meter, and biogas 
composition analyzer were the equipment used. The monitoring 
occurred for two time periods each of 72 h and one time period for 
48 h in the year 2018. Data were checked with descriptive statistics, 
data independence was checked through the autocorrelation Box–
Ljung test, normality behavior was checked with several tests (Shapiro–
Wilk, Kolmogorov–Smirnov, Lilliefors, Anderson–Darling, D’Agostino K2, 
and Chen–Shapiro), and Spearman’s correlation coefficient was used 
to evaluate the correlations among the parameters. The mean sewage 
flow was 345 ± 120 L.s-1; removed organic load was, in average, 48%; 
biogas quality values were 82.32% ± 3.62% v/v (CH4), 2.66% ± 1.19% 
v/v (CO2), and 3453 ± 1268 ppm (H2S); and the production per capita 

R E S U M O
O trabalho teve como objetivo a caracterização qualiquantitativa 
do biogás e suas relações com o comportamento temporal da carga 
orgânica em reatores anaeróbios de fluxo ascendente (UASB), em escala 
plena, no tratamento do esgoto sanitário, empregando equipamentos 
de medição online. O trabalho foi conduzido em uma estação de 
tratamento de esgotos (ETE) instalada no Sul do Brasil. A ETE possui 
dispositivos de medição online para avaliar algumas variáveis físico-
químicas do esgoto e do biogás. Os equipamentos utilizados foram o 
analisador Demanda Química de Oxigênio (DQO) [sonda ultravioleta 
visível (UV–Vis)], medidor ultrassônico, medidor de biogás e analisador 
de composição de biogás. O monitoramento ocorreu por dois períodos 
de 72 horas cada e um período de 48 horas, no ano de 2018. Os dados 
foram analisados com estatística descritiva, a independência dos 
dados foi averiguada por meio do teste de correlação Box-Ljung, a 
normalidade foi verificada pelos testes Shapiro-Wilk, Kolmogorov-
Smirnov, Lilliefors, Anderson-Darling, D’Agostino K2 e Chen-Shapiro, 
e foi usado o método de Spearman para avaliar as correlações entre 
os parâmetros. A vazão média de esgoto foi 345 ±  120 Ls-1. A carga 
orgânica removida foi, em média, 48%. Os valores de qualidade do 
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Introduction
The treatment of sewage in warm regions, such as South Amer-

ica and Caribe, generally occurs via anaerobic technologies, such as 
upflow anaerobic sludge blanket (UASB) reactors. Von Sperling and 
Oliveira (2009), Noyola et  al. (2012), Chernicharo et  al. (2015), and 
Mainardis et al. (2020) recognized the great advantages of UASB, since 
it allows the reduction of the costs of implementation, operation, and 
maintenance of wastewater treatment plants (WWTP); besides, it re-
quires a low initial investment.

UASB reactors are well known for their efficiency on removal of 
organic matter and solids, low energy demand, and without adding 
chemicals. The structure of these reactors basically consists of a tank 
with a bottom layer of biological sludge and a settler and gas deflector 
on the top container. With the proper operation, a tendency of sep-
aration of solid, liquid, and gas phases occurs (Lettinga et  al., 1983; 
Chernicharo et al., 1999). For these authors, among the main param-
eters related to the design of UASB reactors, hydraulic volumetric rate 
(HVR), hydraulic retention time (HRT), volumetric organic loading 
rate (Lv), and upflow velocity should be accounted.

Many studies have been conducted expressing or comparing the 
mean volumetric organic loading to the efficiencies of UASB reactors 
in the treatment of sewage. In this regard, volumetric organic loading is 
recommended to be between 2.5 and 3.5 kg COD.m3.d-1 (Chernicharo 
et al., 1999; von Sperling and Chernicharo, 2005; Chernicharo et al., 
2015). Previous studies from Lettinga et al. (1983) reported lower loads, 
similar to Aisse et al. (2002), presenting values of 1.80 kg COD.m-3.d-1 
for the hydraulic retention time of 8 h. Aisse et al. (2002) mentioned 
the COD of (151 ± 64) mg.L-1 in the effluent of a UASB reactor treating 
urban wastewater. Considering the influent COD of (453 ± 147) mg.L-1, 
the authors obtained the COD efficiency removal of 67%.

The gas phase, inherent to sewage treatment in UASB reactors, 
represents a great advantage, especially regarding biogas production 
with elevated methane content. Biogas in UASB reactors, treating mu-
nicipal and domestic wastewater, presents its composition as follows: 

methane (70–80%), nitrogen (10–25%), carbon dioxide (5–10%), 
and H2S (1,000–2,000 ppm) (Noyola et al., 2006; Possetti et al., 2019). 
The proportion among these components depends on the type of bio-
logical treatment applied and on the substrate, which could be urban 
solid residues, domestic and municipal wastewater, sludge from mu-
nicipal wastewater treatment, animal waste, among others (Venkatesch 
and Elmi, 2013; Mainardis et al., 2020).

Methane is associated with greenhouse gases, with CH4 global 
warming potential (GWP) being 28 times superior to CO2; thus, bio-
gas combustion for energy production could avoid methane emissions 
and substitute fossil fuels, also reducing the CO2eq tons released to 
the atmosphere (IPCC, 2014). Methane has a lower calorific value of 
9.9 kWh.Nm-3, and its concentration defines the potential of recover-
ing energy from the biogas; electric power production from biogas is 
an alternative with great expansion potential in Brazil. Biogas produc-
tion rates, verified by Lobato et al. (2012), from 9.8 to 17.1 NL.hab-1.d-1, 

and Cabral et al. (2017b), from 3 to 138 NL(CH4)/kg(CODremov), have 
been used by researchers and wastewater treatment plant managers.

Possetti et al. (2013), Waiss and Possetti (2015), and Cabral et al. 
(2017b) observed a direct correlation between the influent sewage flow 
and rainfall, with the consequent lowering of HRT and the production 
of biogas. For Possetti et al. (2018), the rainwater results in sewage dilu-
tion (increase of flow and lowering of COD concentration), significant-
ly reducing the biogas production. Mota et al. (2019) studied the vari-
ations in the concentration of methane (CH4), carbon dioxide (CO2), 
and oxygen (O2), during 24-h periods, in a sanitary landfill, located in 
the Northeast Region of Brazil, with a predominantly hot tropical and 
mild semi-arid climate. The research area showed no significant sea-
sonal variation, only periods with more or less rainfall. There were few 
changes in the climate of the semi-arid region of Northeastern Brazil 
during the year.

Pagliuso and Regattieri (2008) observed that the increasing mu-
nicipal demand for electric power requires alternative sources, thus 
making it necessary a deep knowledge of the time behavior of biogas 

obtained was 4.51 ± 1.65 NL.hab-1.d-1. It was estimated an electric 
power generation of 3118.6 kWh.d-1, which is equivalent to an installed 
power of 130 KW. The behavior of removed organic load and biogas 
flow (Nm3.h-1), produced in the treatment plant, showed variable, 
periodic, and nonstationary time behavior.

Keywords: biogas composition; biogas flow; chemical oxygen demand 
probe; sewage; ultrasonic flowmeter.

biogás foram, para o metano (CH4), 82,32% ± 3,62% v/v (percentagem 
volume-volume), para o dióxido de carbono (CO2) 2,66% ± 1,19% v/v e 
para o sulfeto de hidrogênio (H2S) 3453 ± 1268 ppm. A produção de 
biogás per capita obtida foi 4,51 ± 1,65 NL.hab-1.d-1. Foi estimada uma 
produção de energia eléctrica de 3.118,6 kWh/d, o que é equivalente 
a uma potência instalada de 130 KW. O comportamento da carga 
orgânica removida e da vazão de biogás (Nm3.h−1) produzida na estação 
de tratamento, apresentaram um comportamento temporal variável, 
periódico e não estacionário.

Palavras-chave: composição biogás; esgoto; medidor ultrassônico; sonda 
demanda química de oxigênio; medidor ultrassônico; vazão biogás.

http://kWh.Nm
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generated in anaerobic WWTP, which is still little used in Brazil. Elec-
tricity generation and consumption in the WWTP itself are options 
used worldwide. Some guidelines on distributed electricity from biogas 
are available in Rosenfeldt et al. (2015), Cabral et al. (2017a), Gomes 
et al. (2017), and Possetti et al. (2019).

New technologies rising in the market, especially those related to 
online and remote sensing, allow measurements in loco and in real 
time of biogas production in UASB reactors. Mota et  al. (2019) rec-
ommended the development of further research, and estimating the 
potential biogas is particularly important to assess the feasibility of its 
exploitation for energy purposes.

In this context, this study aims to present the time behavior of 
wastewater flow parameters, organic matter, biogas flow, and biogas 
composition, measured with online sensors, in a municipal wastewater 
treatment plant operating with UASB reactors, in full scale.

Materials and Methods
This study took place in a medium-size WWTP, installed in the 

south of Brazil, with a design flow of 420 L.s-1 of domestic sewage 
and serving approximately 180,000 inhabitants. The wastewater pre-
treatment occurs with two mechanized screens and one grit cham-
ber. The biological treatment is done in six UASB reactors (secondary 
treatment), and post-treatment of anaerobic effluent occurs in aerated 
followed by sedimentation ponds. The biogas generated by the UASB 
reactors at the plant is destroyed in an enclosed flare.

The treatment plant has online measurement devices to evaluate 
the behavior of some physicochemical variables of the sewage and the 
biogas (Figure 1). The COD meter (probe) in the sewage, the sewage 
flowmeter, the biogas flowmeter, and the biogas quality analyzer were 
the equipment used in this research.

Instrumentation
The COD measurement system is composed of a spectrometer and 

a control unit; spectrometer probes work according to the principle of 
UV–Vis spectrometry. The system can determine concentrations be-
tween 100 and 3,250 mg(COD).L-1. A detailed description of the probe 
can be found, e.g., in Langergraber et al. (2003) and Hernandez et al. 
(2018). The probe possesses an uncertainty of 1.8%, for a probability 
coverage of 95.45% (Hernandez, 2019).

The treatment plant possesses an ultrasound flowmeter, with a 
resolution of ±0.2%, located over a Parshall flume in the inlet of the 
treatment plant. The equipment has an output with analog standard 
4–20 mA, with an uncertainty of ±0.001%, for a probability coverage of 
95.45% (Hernandez, 2019).

The biogas flow was measured with a thermal dispersion transmit-
ter, which is basically formed by two temperature probes (insert in the 
gas flow) and a heater. The energy required to maintain the sensor warm 
to a constant temperature is directly proportional to the gas velocity. 
Hence, correlations between energy and velocity are used to calculate 
the gas production. In this regard, the uncertainty of the equipment is 
10.57% for a probability coverage of 95.45% (Hernandez, 2019).

The gas analyzer is a measurement system composed of a static 
unity and a portable measurement device, which receives biogas sam-
ples collected in the burning line. The biogas analyzer uses selective 
infrared probes to measure CH4 (0–100%) v/v and CO2 (0–100%) v/v, 
and electrochemical probes to measure O2 (0–25%) v/v and H2S (0–
5,000) ppm. Regarding the uncertainties, for the infrared probes, it is 
± 1.5%, whereas for the electrochemical probes, it was assumed to be 
± 0.03% for a probability coverage of 95.45%.

Energy recovery from biogas
The potential of energy generation via the use of the biogas pro-

duced in the WWTP was estimated through the following Equation 1 
(Cabral et al., 2017a):

EP = QCH4 ⋅ EC ⋅ ηelectric�  (1)

Where:
EP = energy potential (kWh.d-1);
QCH4 = methane flow rate (Nm3.d-1);
EC = energetic content of methane (9.9 kWh.Nm-3);
ηelectric = electrical efficiency of a combined heat and power engine 
(36%).

The power of the electric engine is calculated by dividing by 24 h, 
in case of continuous use.

Statistical evaluation criteria
Temperature and operational data collected in the treatment plant 

were used, and precipitation data were registered with a pluviometer 

Figure 1 – Flowsheet of WWTP liquid phase and measurement equipment 
location. (1) Sewage flowmeter; (2) COD concentration meter; (3) biogas 
flowmeter; (4) biogas quality analyzer; and (5) biogas enclosed flare.

http://kWh.Nm
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also located in the plant. In addition, the obtained values were trans-
mitted to a database and subsequently treated in electronic datasheets 
for the elaboration of the descriptive statistics. The monitoring period 
occurred hourly for three consecutive days (72 h), in August and in 
September (samplings 1 and 2); in October, the data were collected for 
48 consecutive hours (sampling 3), all in the year 2018. The Spearman’s 
rank correlation coefficient (rs) was used to evaluate the monotonic 
correlations among the parameters for the significance level of 0.05.

Rough data were checked with descriptive statistics and analyzed for 
outliers identification with the interquartile amplitude method. Data in-
dependence was checked through the autocorrelation Box–Ljung test 
(Ljung and Box, 1978), and the normality behavior was verified with the 
following normality tests: the Shapiro–Wilk test of normality (Shapiro 
and Wilk, 1965) and the Kolmogorov–Smirnov, Lilliefors, Anderson–
Darling, D’Agostino K2, and Chen–Shapiro tests (Adefisoye et al., 2016; 
Razali and Wah, 2011). If normal distribution and lack of autocorrela-
tion are not to be rejected, for a 0.05 significance level, the p-values of 
the Shapiro–Wilk and Box–Ljung tests are higher than 0.05.

Results and Discussion
The climate of the South Region in Brazil, which is located below 

the Tropic of Capricorn in a temperate zone, is influenced by the sys-
tem of disturbed circulation of the south, which produces the rains, 
mainly in the summer. In the evaluation period, the wastewater col-
lection system was subjected to atmospheric precipitations of up to 
38 mm/day. Regarding temperatures, the winter is cool and the sum-
mer is hot. The annual medium temperatures range from 14 to 22°C, 
and in places with altitudes above 1,100 m, it drops to approximately 
10°C. Some parts of the southern region also have an oceanic climate. 
Table 1 shows the meteorological data obtained at the treatment plant.

Organic load
In Figure 2, it is possible to observe the hourly behavior of the organ-

ic load, calculated from the relation of the hourly measurements of the 
ultrasound meter (flow) and spectrometer probe (COD concentration). 
The probe was used to measure COD in the influent and effluent of the 

reactor. The reported mean values for the three evaluated periods [sam-
pling 1 (72 measurements), sampling 2 (72 measurements), and sampling 3 
(48  measurements)] were 688 ± 243 mg.L-1 for the influent and 358 ± 
116 mg.L-1 for the effluent. The mean sewage flow was 345 ± 120 L.s-1, inferi-
or to the design flow. Therefore, the organic influent load in the reactors was 
19,782 ± 9,949 kg.d-1 and the organic effluent load was 10,133 ± 4,566 kg.d-1.

The UASB reactors presented the mean COD removal efficiency 
of (47.25% ± 12.03%), and the mean removed organic matter was 9,989 
± 5,980 kg(COD).d-1. Thus, the removal efficiencies were below the values 
reported by Aisse et al. (2002) and Oliveira and Von Sperling (2011). The re-
moved organic matter was similar to the mean obtained by Bilotta and Ross 
(2016) for an equivalent treatment plant. The applied volumetric organic 
loading rate (Lv) was 1.70 ± 0.81 kg(COD).m3.d-1, which is in accordance 
with the values reported by Lettinga et al. (1983) and Aisse et al. (2002).

The obtained HRT value of 9.58 ± 2.29 h is coherent with the val-
ues reported by Oliveira and Von Sperling (2011), Chernicharo et al. 
(2015), and Metcalf and Eddy (2016), between 6 and 10 h, in terms of 
the mean flow, respecting the recommendations of the Brazilian Regu-
lation NBR 12209 (ABNT, 2011).

Characterization and biogas production
Figure 3 presents the behavior of removed organic load (kg.d-1) 

and biogas flow (Nm3.h-1) produced in the treatment plant. The curves 
present variable, periodic, and nonstationary time behavior, corrob-
orating the biogas production values found by Possetti et  al. (2013), 
Cabral et al. (2017b), and Possetti et al. (2019).

Figure 4A presents the behavior of the hourly biogas concentration 
(quality) and the histograms of these measurements. The collected values 
were 82.32% ± 3.62% v/v of methane (CH4), 2.66% ± 1.19% v/v of carbon 
dioxide (CO2), and 3,453 ± 1,268 ppm of hydrogen sulfide (H2S). In or-
der to complete the 100% v/v in the biogas composition, the difference 
was attributed to nitrogen (N2) (~15%) v/v, dissolved in the raw sewage, 
and removed in the gas phase of the UASB reactor (Noyola et al., 2006).

The presented results indicate that the control and the monitoring 
of the generated biogas characteristics should be performed continu-
ously, since variation might occur. These variations could occur due to 

Table 1 – Meteorological data at the treatment plant.

Day Temperature* (°C) Weather
Pluviometry (mm)

Day (-1)** Day (1) Day (2) Day (3) Average (mm)

Sample Collection 1
(August) 17 Dry/cloudy 0 0 0 8 2

Sample Collection 2
(September) 20.1 Dry/rainy 0 2 2 4 2

Sample Collection 3
(October) 16 Rain 16 38 12 12 19.5

*The temperature means of the period evaluated; **the precipitation 1 day before starting the evaluation.
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climate, characteristics of the basin, and population that contributes 
to the treatment plant or occurrence of disturbances in the process of 
anaerobic digestion (WEF, 1994, 1998; Brasil, 2017).

Figure 4B shows the histograms of biogas hourly concentration. Re-
garding H2S, it was possible to observe greater clusters between 1,700 
and 3,700 ppm, highlighting the bimodal feature of the data. For sam-
plings 1 and 2, values ranged mainly between 3,400 and 5,500 ppm, 
while for sampling 3, the values were located primarily in the interval 
between 500 and 3,000 ppm (see Figure 4A). The multimodality gener-
ally occurs when the data are collected from more than one process or 
condition. It is believed that rainfall could be the explanation for such 
behavior. In the period of sampling 3, the mean rainfall was 19.5 mm.d-1, 
in comparison with samplings 1 and 2, with a mean rainfall of 2 mm.d-1. 
The gas emission did not show a significant difference between the end 
of the rainy period and the end of the dry period (Pinheiro et al. 2019).

It is noteworthy that the minimum concentration of H2S was 130 ppm, 
and the maximum was 5,457 ppm (Figure 4B). The obtained data could be 
interesting to adequate, for example, the chemical dosage in the systems 
for controlling odor, in anaerobic treatment reactors, or to increase the 
dosage in periods where a greater concentration of H2S is expected. How-
ever, for the use of biogas to generate energy, gas treatment is required. 
For example, motor-generator groups typically demand concentrations of 
H2S below 130 ppm for proper functioning (Soreanu et al., 2011).

Carbon dioxide presented, as seen by Noyola et al. (2006), an asym-
metry of the collected data distribution to the left, with the minimum 
concentrations of 0.7% and maximum concentrations of 6.2%  v/v. 
The histogram also indicates bimodal behavior.

Methane was within the maximum of 94.5% and the minimum of 
76.6%. It could be mentioned that in the greater data series, grouping 
is in the interval between 75 and 87.5%. Moreover, it is evident that 
the lowest values occurred during sampling 3, rainy period, which is 
coherent with meteorological conditions (see Table 1) and the data by 
Possetti et al. (2013) and Cabral et al. (2017b).

The biogas flow showed a relative symmetric distribution, pre-
senting higher frequency in the measurements when the equipment 
measured between 25 and 45 Nm3.d-1. Figure 4B shows a normal dis-
tribution line for the biogas flow; visual inspection indicates possible 
normality for this parameter but not for the gas concentrations. Bio-
gas flow and removed organic load were tested with the OriginPro© 
software-based normality tests: Shapiro–Wilk, Chen–Shapiro, An-
derson–Darling, Kolmogorov–Smirnov, Lilliefors, and D’Agostino K2 
(omnibus). Each collected sample and the ensemble of all samples were 
tested, and the results are shown in Table 2.

Razali and Wah (2011) compared the power of the first four tests 
(Shapiro–Wilk, Anderson–Darling, Lilliefors, and Kolmogorov–
Smirnov), verifying that they are in descending order (S–W being 
the most powerful and K–S the less one). Razali and Wah (2011) also 
showed that the maximum normality test power occurs for N > 200 
for symmetric distributions and N > 50 for asymmetric distributions.

Figure 2 – Organic load at UASB reactors [kg(COD).d-1].

Figure 3 – Removed organic load curve (kg.d-1) and biogas flow curve 
(Nm³.h-1) as function of time (h).
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Figure 4 – Behavior of biogas hourly concentration (quality) and the histograms of these measurements. (A) Data distribution of the H2S, CO2, CH4, and 
biogas flow data for all periods evaluated and (B) behavior of H2S, CO2, CH4, and biogas flow of each period evaluated.

Table 2 – Normality test results for removed organic load and biogas flow.

Normality tests
Removed organic load Biogas flow

Sample #1 Sample #2 Sample #3 All samples Sample #1 Sample #2 Sample #3 All samples

Shapiro–Wilk Reject Reject Cannot reject Reject Cannot reject Reject Cannot reject Cannot reject

Anderson–Darling Reject Reject Cannot reject Reject Cannot reject Reject Cannot reject Cannot reject

Lilliefors Reject Reject Cannot reject Reject Cannot reject Reject Reject Cannot reject

Kolmogorov–Smirnov Cannot reject Reject Cannot reject Cannot reject Cannot reject Cannot reject Cannot reject Cannot reject

D’Agostino Omnibus Reject Reject Cannot reject Reject Cannot reject Reject Cannot reject Cannot reject

Chen–Shapiro Reject Reject Cannot reject Reject Cannot reject Reject Cannot reject Cannot reject

Table 2 demonstrates that the individual samples and the ensem-
ble of all samples have different behavior. All the tests for the removed 
organic load sample #3 indicate possible normal distribution, while 
samples #1 and #2 clearly are not normal. Removed organic load 
all-samples ensemble reproduces the average behavior of major data. 
Only biogas flow sample #2 shows non-normal behavior.

Most normality tests show coherent results, the exceptions being 
Kolmogorov–Smirnov and Lilliefors, which is a modification of the 

K–S test. Normality test results indicate a non-normality trend for re-
moved organic load and normality trend for biogas flow.

The biogas flow, along with the biogas quality, could be of great 
help, for example, in the operation of a sludge thermal drying system 
or the possible implementation of a gasometer, for the storage of biogas 
generated in the treatment plant.

When comparing the removed organic matter with the flow pa-
rameters, CH4 percentage, CO2 percentage, and concentration of H2S, 
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it was observed that the organic load is positively correlated with 
the four parameters. The larger correlation coefficients were for re-
moved organic matter versus biogas flow (rs = 0.44) and CH4 percent-
age (rs = 0.34), respectively. Additionally, there is no direct influence 
between the percentage of CH4 and H2S concentration, and a posi-
tive correlation of 0.52 was evidenced between biogas flow and H2S. 
The correlation coefficients obtained through the Spearman method 
are presented in Table 3. The correlation varies from negligible (|rs|~ 0) 
to moderate (|rs|~ 0.6).

Specific biogas production  
and potential of energy generation

Currently, the treatment plant attends a population of approxi-
mately 180,000 inhabitants. Since the average biogas production, in the 
evaluation period, was 36.46 ± 12.35 Nm3.h-1, the biogas production 
rate per capita was calculated as 4.51 ± 1.65 NL.hab-1.d-1. The biogas 
production rate with the removal rate was 80.4 ± 29.68 NL.kg-1 (COD). 

The unitary relations obtained in the studied treatment plant were 
close to the inferior limit reported by Lobato et al. (2012). When sam-
pling 3 is studied separately, its biogas production rate per capita 
presents a considerable reduction, with the mean of 2.72 ± 1.03 NL.
hab-1.d-1. The periods of intense rain resulted in the lowering of biogas 
production.

Power generation potential estimative based on the average biogas 
flow and methane content values found during the monitoring peri-

od of WWTP was 3,118.6 kWh.d-1, which is equivalent to an installed 
power of 130 KW. According to Rosenfeldt et al. (2015), Cabral et al. 
(2017a), Gomes et al. (2017), and Possetti et al. (2019), the decision on 
the best way to use biogas energy depends on the size and operational 
conditions of each WWTP and on on-site specific requirements, in-
cluding social and environmental aspects.

Conclusions
The presented results revealed the behavior of different sewage 

parameters, such as organic load in the influent/effluent and removed 
organic matter in a wastewater treatment plant implemented, with 
UASB reactors operating in full scale, including biogas production, 
and adopting the time behavior in a full-scale approach. Mean hourly 
values were reported in the evaluation period for COD in the influent 
sewage, COD in the effluent sewage, sewage flow, biogas flow, and bio-
gas composition (82.32% of methane).

Visual inspection indicates normality for biogas flow, but not for the 
gas concentrations. Most of the applied normality tests showed coherent re-
sults, the exceptions being Kolmogorov–Smirnov and Lilliefors, which is a 
modification of the K–S test. Normality test results indicate a non-normal-
ity trend for removed organic load and a normality trend for biogas flow.

The organic load [kg(COD).d-1] was inferior to design parameters, 
and the removed organic matter efficiency was, in average, 48%. Both re-
moved organic load and biogas flow (Nm3.h-1), produced in the treat-
ment plant, showed variable, periodic, and nonstationary time behavior. 
The hourly removed organic matter has shown a positive moderate Spear-
man’s rank correlation coefficient with biogas flow, CH4 percentage, CO2 
percentage, and concentration of H2S. Also, it was verified that there are 
no direct correlations between biogas flow and the concentration of H2S.

The mean biogas production per capita obtained was 4.51 
± 1.65 NL.hab-1.d-1, a value inferior to that reported in the literature. 
The  values of biogas composition (82.32% ± 3.62%) v/v (CH4) were 
in accordance with the values mentioned by Noyola et al. (2006), with 
H2S resulting in the superior limit reported in the literature (between 
1,700 and 3,700 ppm). In the period of sampling 3, the mean rain-
fall was 19.5 mm.d-1, resulting in the reduction of organic load and 
biogas production. It was estimated an electric power generation of 
3,118.6 kWh.d-1, which is equivalent to an installed power of 130 KW.

Removed 
organic load

Biogas 
flow CH4 CO2 H2S

Removed 
organic 
load

1 0.43 0.36 0.29 0.32

Biogas flow 1 0.15 0.30 0.52

CH4 1 0.57 -0.01

CO2 1 0.25

H2S 1

Table 3 – Matrix of Spearman’s correlation coefficient (rs) between analyzed 
parameters*.

*0.05 significance level.
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A B S T R A C T
The use of biogas as an alternative to using liquefied petroleum gas 
(LPG) for cooking food in the context of family farming is something 
recent and has ample room for growth. The aim of this study was to 
evaluate the use of the Sertanejo biodigester by farming families as a 
social technology for cooking gas production, as well as an alternative 
energy source. It also aimed to identify elements which contribute to 
disseminating this technology as an alternative to the use of firewood, 
charcoal and LPG. Quali-quantitative approaches were used following 
the exploratory method, with interviews and non-probabilistic 
sampling. A population with 132 units of biodigesters in the Agreste 
mesoregion of the State of Pernambuco was considered, with 
83 interviews being collected. The results indicated that the Sertanejo 
biodigester social technology provides an increase in the income of 
farming families, avoids the use of firewood and charcoal for cooking 
food and produces biofertilizer for crops. They also showed that its 
non-continuous use or deactivation is related to a lack of raw material 
and the need for maintenance. Given this scenario, its implementation 
must consider the availability of a raw material source in the production 
unit and the potential for biogas production from the existing herd and 
consumption demand. It is recommended to strengthen arguments 
of economic and environmental impact for low-income families to 
disseminate this technology; to encourage the use of biogas associated 
with other activities in the production system; and to incorporate 
biodigestor social technology in rural credit financing lines.

Keywords: Family farming; social technology; biogas; National Rural 
Housing Program; climate changes; semi-arid region.

R E S U M O
A utilização do biogás como alternativa ao uso do gás liquefeito de 
petróleo (GLP) para cocção de alimentos no âmbito da agricultura 
familiar é algo recente e com amplo espaço de crescimento. O objetivo 
deste estudo foi avaliar o uso do biodigestor sertanejo por agricultores 
familiares como tecnologia social para produção de gás de cozinha, como 
fonte alternativa de energia. Visou, também, identificar elementos que 
contribuam para a divulgação e a disseminação dessa tecnologia como 
alternativa ao uso de lenha, carvão vegetal e GLP. Utilizou-se abordagens 
quali-quantitativas, seguindo o método exploratório, com entrevistas e 
amostragem não-probabilística. Foi considerada uma população com 
132 unidades de biodigestores na mesorregião do Agreste Pernambucano, 
sendo coletadas 83 entrevistas. Os resultados indicaram que a tecnologia 
social do biodigestor sertanejo proporciona incremento na renda das 
famílias agricultoras, evita o uso de lenha e carvão vegetal para cocção de 
alimentos e produz biofertilizante para os cultivos. Também mostraram 
que o seu uso não contínuo ou desativação está relacionado à falta de 
matéria-prima e à necessidade de manutenção. Diante desse cenário, sua 
implantação deve considerar a disponibilidade de fonte de matéria prima 
na unidade de produção e o potencial de produção de biogás a partir do 
rebanho existente e da demanda de consumo. Recomenda-se fortalecer os 
argumentos de impacto econômico e ambiental para as famílias de baixa 
renda para a disseminação dessa tecnologia; estimular o uso do biogás 
associado às demais atividades do sistema de produção e incorporar a 
tecnologia social biodigestor nas linhas de financiamento de crédito rural.

Palavras-chave: agricultura familiar, tecnologia social; biogás; Programa 
Nacional de Habitação Rural; mudanças climáticas; semiárido.
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Introduction
The causes and consequences of climate change demand efforts in 

different sectors and different players. One of these efforts concerns 
the search for alternatives to the current hegemonic energy matrix. 
Another refers to the adaptation to ongoing climate processes. In this 
universe of technological options, the biodigester is considered a social 
technology for the production of biogas (methane) to supply part of 
the energy needs of family farming as an alternative to the use of Liq-
uefied Petroleum Gas (LPG), firewood and charcoal.

According to Martins et al. (2010), the ability of family farmers to 
adapt to climate change cannot be reduced to the possibility of adopt-
ing some practices apparently adjusted to a certain abnormal climate 
phenomenon, but it has to be understood as a result of the learning 
capacity to deal with the new situation.

Discussions around biogas production are not limited to a technical 
debate about the fermentation process and the efficiency of biodigester 
models. It is also associated with the broader debate on environmental 
sustainability, the growing need for clean energy production, reduced 
use of natural resources and especially related to a reduction in green-
house gas (GHG) emissions. In the opinion of specialists regarding this 
theme, it is important to consider that global warming caused by the 
increase in the emission of greenhouse gases in the Earth’s atmosphere 
can cause changes to terrestrial ecosystems, modifying global vegeta-
tion patterns (Nobre et al., 2007, p. 7). Such threats were recently reaf-
firmed in the sixth Assessment Report of the Intergovernmental Panel 
on Climate Change, which reveals that the global surface temperature 
will continue to increase until at least the middle of the century in all 
considered emission scenarios (IPCC, 2021, p. 18).

Under this perspective, there is a growing need to move towards 
expanding the use of renewable, non-polluting or low-emission green-
house gas sources of energy to the detriment of non-renewable ener-
gy, the main GHG emitters. Data presented by the Energy Research 
Company (EPE) (Table 1) indicate that the participation of renewable 
sources in the national energy matrix in the period from 2008 to 2018 
did not change significantly, varying negatively when evaluating the 
share of renewable sources, which contributed 45.6% to the national 
energy matrix in 2008, and represent 45.3% in 2018 (EPE, 2019, p. 56).

However, it can be seen that there are changes to the shares in the 
scope of renewable sources, with a reduction of 1.5 percentage points 
(pp) in the use of hydraulic energy, 3.2 pp in the use of firewood and 
charcoal, and an increase in the share of other renewables of 2.5 pp; 
furthermore, the contribution of solar energy begins in 2018 with 0.1% 
of the national energy matrix. Despite the diversification of the nation-
al energy matrix, biogas is still not highlighted as a renewable source 
of large-scale energy potential, being considered by EPE as incipient 
(EPE, 2019, p. 55-56). 

Interest in this research was aroused by the potential that the bio-
digester has for producing cooking gas associated with a considerable 
number of farming families that can incorporate this technology into 

their production processes, and takes the project “Biodigesters, A So-
cial Technology in the National Rural Housing Program (PNHR)”, 
implemented by the NGO Diaconia in 2013, as a reference, with the 
purpose of disseminating the use of biodigesters through training, to 
produce and manage cooking gas (methane biogas).

One of the main references in the social technologies (ST) registry 
with a focus on rural development and sustainability is the Bank of 
Social Technologies (BTS) of Fundação Banco do Brasil (FBB), where 
the backcountry biodigester is described as a social technology that 
produces biogas from animal manure, and is used in stoves to prepare 
family food (FBB, 2018). 

Several authors point out that the emergence of ST is due to an ear-
lier process associated with appropriate technologies. Rodrigues and 
Barbieri (2008, p. 1071) describe the emergence of this movement in 
the 1960s and 1970s, according to which – and citing Kaplinski (1990 
apud Rodrigues and Barbieri, 2008, p. 1071) –, “it would be associated 
with a reaction to post-war economic growth patterns.” In addition to 
the term ST, the authors retrieved other terms related to the example 
of the term intermediate technology created by Schumacher (1979 
apud Rodrigues and Barbieri, 2008, p. 1071), according to the authors, 
indicating “a technology that combines elements of traditional tech-
nologies with those of advanced technologies.” The authors also refer 
to the terms alternative technology, defended by Dickson (1974 apud 
Rodrigues and Barbieri, 2008, p. 1071), and soft technology, proposed 
by Clarke (1976 apud Rodrigues and Barbieri, 2008, p. 1071). 

Table 1 – Share of different energy sources in the national energy matrix, 
from 2008 to 2018.

 Energy sources
Share (%)

2008 2018

Non-renewable 54.5 54.7

Oil and Derivatives 36.7 34.4

Natural gas 10.3 12.5

Mineral Coal and Coke 5.5 5.8

Uranium (U3O8) 1.5 1.4

Other non-renewables 0.5 0.6

Renewables 45.5 45.2

Biomass (derived from sugarcane) 17.0 17.4

Hydraulics 14.1 12.6

Firewood and charcoal 11.6 8.4

Other renewables 2.8 5.3

Wind - 1.4

Solar - 0.1

Source: adapted from EPE (2019).
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In this historical review of the emergence of ST, Dagnino et  al. 
(2004, p. 19) refer to the struggle of the Indian people against the Brit-
ish rule, where the reformers of that society had “the rehabilitation and 
development of traditional technologies practiced in their villages” as 
a fighting strategy, having as a great reference the spinning wheel ma-
chine popularized by Gandhi, recognized as the first technologically 
appropriate equipment. However, according to the authors, the concept 
of appropriate technology (AT) was introduced in the Western world as 
a result of the creation by Schumacher of the Appropriate Technology 
Development Group and the publication of the book Small in 1973 is 
beautiful: economics as if people mattered, translated into over 15 lan-
guages. For the authors, this movement towards appropriate technology 
lost momentum in the early 1980s as the neoliberal thought expanded.

Ventura et  al. (2012, p. 606) suggest the need to discuss incor-
porating social technologies to the new institutional framework of 
the Post-Kyoto climate regime as one of the instruments to combat 
climate change, in fact contributing to negotiate GHG emission re-
duction projects in the carbon market, as they not only promote the 
transfer of technologies, but also the development of technologies 
suited to each social and environmental reality of the host communi-
ties. According to the authors, applying technologies for coexistence 
with the semi-arid region, especially the biodigester, cisterns and de-
salination plant, has been characterized as a cultural perspective that 
guides development with the purpose of improving living conditions 
and promoting citizenship through socioeconomic and technological 
initiatives.

In addition, Jiménez and Zambrano (2018) conclude that social 
technologies present themselves as modern options and adapt to small 
and medium rural enterprises with a satisfactory cost-benefit ratio that 
enables the relief of structural problems, thereby allowing the direct 
participation of rural communities in the implementation process and 
effectively contributing to develop individual and collective awareness 
of sustainability in the semi-arid region of the country.

According to Gualdani and Burgos (2020), the concept of ST is 
quite broad and flexible thanks to its experimentation character and 
the scope of possibilities for framing different types of solutions to local 
problems, with ST being defined by several authors as techniques, pro-
cedures, processes and methodologies collectively developed in order 
to solve a problem so as to socially include those involved, ensuring 
quality of life and environmental gains. They also highlight the low 
cost usually related to the availability of local materials included in the 
assembly in this conceptual universe, as labor and time invested must 
also be considered as social capital employed in its development; repli-
cation and reapplication concepts when it comes to reproduction from 
a step-by-step basis and the reproduction of ST in broader parameters 
which enable its improvement, including methodological adaptation 
and incorporating other materials; and that the practices identified as 
ST consequently have a “step-by-step” process, a development method-
ology and not necessarily a protocol.

The proposed study was directed to a specific biodigestor model 
called “sertanejo biodigestor,” resulting from an adaptation proposed 
by the NGO Diaconia to the Indian model with technology used in 
plate cisterns widely spread across the semi-arid region (Mattos and 
Júnior, 2011, p. 7). 

The innovative aspects proposed by the NGO Diaconia to adapt 
the technology included the materials for constructing the equip-
ment. However, they must be analyzed from the point of view of con-
struction practicality, results in biogas production and total costs of 
the equipment. According to the NGO Diaconia (2016), there is a 
significant number of Sertanejo biodigesters deployed in the Agreste 
region of Pernambuco, and part of this equipment is totally or par-
tially deactivated. This fact leads to the need for identification of the 
weaknesses regarding the adaptation to the dynamics of farming 
families with the technological innovation that gave rise to one of the 
focuses for research.

In a complementary way, the high cost of LPG can compromise 
the family income, essentially of the farming families, in view of their 
non-fixed income associated with the productive processes when 
it is not linked to social security and complementary programs for 
income distribution. According to the data presented by the NGO 
Diaconia, a farming family spends 9.32% of the minimum wage on 
the purchase of LPG monthly, or collects 21.06 kg of wood to pre-
pare food. It is then a problem related to family income and that the 
biodigester can effectively contribute with biogas (methane) to the 
detriment of the use of LPG. However, the question is what is the 
actual contribution of the biodigester when it comes to increasing 
family income? In economic terms, it is necessary to check whether 
the biodigester is really capable of promoting economic gains, con-
sidering the references presented by the NGO Diaconia (s.d., p. 8), 
suggesting that the use of the biodigestor can provide families with 
savings in monthly expenses equivalent to one and a half canisters of 
LPG, equivalent to 10% of the minimum wage.

Therefore, the aim of this study was to evaluate the use of the Ser-
tanejo biodigester by farming families in the Agreste region of Pernam-
buco as a social technology for producing cooking gas, as an alternative 
source of energy and to mitigate climate change. It also aimed to iden-
tify economic and social elements that contribute to disseminating this 
technology as an alternative for cooking gas production to replace the 
use of firewood, charcoal and LPG for domestic activities in the context 
of family farming in the semi-arid region. 

The study starts from two basic hypotheses: the use of the biodi-
gester social technology provides an increase in the income of farm-
ing families due to a reduction in the use of LPG, avoids the use of 
firewood and charcoal and contributes to producing biofertilizer for 
the family’s crops; the continuous non-use or deactivation of the bio-
digester is related to a lack of raw material, requirements in equipment 
maintenance (which takes a lot of work) and/or the lack of labor to 
maintain the equipment.
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Material and methods

Study area
The study considered the municipalities of Bom Conselho, Caetés, 

Jupi and São Bento do Una, located in the Agreste mesoregion of Per-
nambuco as its geographic focus (Figure 1), taking the quantity of 
biodigesters deployed in that territory belonging to the participating 
families of the Biodigestor Project as a reference, as executed by the 
NGO Diaconia.

The Sertanejo Biodigestor (Figure 2) is described by Mattos and 
Júnior (2011) from the Sertanejo Biodigestor Manual, a component of 
the Sustainable Land Management Project in Sertão, a publication of 
the Dom Helder Câmara Project (PDHC). Another reference found for 
this type of biodigester is the NGO Diaconia’s booklet, 12 steps to build 
a biodigestor as a product of the “Biodigestors: A Social Technology in 
the National Rural Housing Program” project, with support from the 
Caixa Socioenvironmental Fund (FSC). As shown in the two manuals 
mentioned above, the Sertanejo biodigester adopts the same principles 
as the Indian model, meaning it is a structure formed by an inlet box 
(herein referred to as the cargo box), a storage tank (also called the bio-
digestor tank or main tank), a gas storage hood coupled with a structure 
to capture the gas produced and a waste outlet box (herein referred to 
as discharge box). It is observed that the main difference between this 
model and the others is the type of material used for its construction as a 
way of adapting to small rural properties. While the Indian and Chinese 
models use masonry to build the fermentation tanks, in this model the 
construction is made with cement plates using the same construction 
principle as the Precast Plate Cisterns in cylindrical shape, according to 
Figure 3. The cistern is cylindrical in shape, covered and semi-buried. 
Its operation provides for the capture of rainwater using the roof of the 
house, which drains the water through gutters (ASA, 2021).

The waste input and output boxes do not differ in the type of ma-
terial used, only in the format. On the other hand, for the hood or gas-
ometer, which is made of metal in the Indian model and with masonry 
in the Chinese model, the decision was to adopt a PVC box normally 

used for water storage in an inverted way in the Sertanejo model, which 
receives a zinc and earth structure on top to act as a counterweight. The 
way the gas is captured is another great differential, as a 20-liter bottle 
adapted to receive and distribute the gas is used. 

Figure 1 – Geopolitical division map of Pernambuco.

Figure 2 – Sertanejo biodigester with maximum biogas load. Angico Site, 
Bom Conselho-PE, by Wanderley Nunes and Cláudio Almeida, 2020.

Figure 3 – Parts of the Sertanejo Biodigestor.
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By presenting the results of the work developed by the Network 
of Biodigesters for Latin America and the Caribbean (RedeBioLAC) 
to identify barriers and mechanisms to overcome them, aiming at the 
massification and democratization of medium and small scale bio-
digesters in Latin America and the Caribbean (LAC), Herrero et  al. 
(2016) emphasize the need to adapt the technology to the user (and not 
the other way around), and that the visibility and dissemination of bio-
digesters must fully consider their environmental aspects of changing 
the production and energy matrix and self-sufficiency for the producer.

According to the Diaconia NGO (s.d.), the “Sertanejo Biodigestor” 
has the following benefits, as shown in Chart 1. 

It is important to consider that biofertilizers are a by-product of 
the effluents from the biodigester, the digestate, which, according to 
Nicoloso et al. (2019, p. 122), should follow the fundamental principles 
of fertilizer management and soil fertility already established and con-
stantly refined by research.

The nature of this study
According to the definitions adopted by Gerhardt and Silveira 

(2009, p. 31), this study is classified as exploratory regarding its ob-
jectives, as it is the method which aims to provide greater familiarity 
with the problem with a view to making it more explicit or build hy-
potheses. It is configured as qualitative and quantitative in its approach, 
and documentary and field data were used based on interviews and 
questionnaires as the data source. Non-probabilistic sampling was also 
used, defended by Guimarães (2008) as a convenience sample formed 
by elements that the researchers gathered because they had them, or 
the researchers makes use of data which are more within their reach, 
which in this case is access to families with biodigesters. 

Sample
The population targeted by this study is part of the universe of farm-

ing families residing in houses financed by the PNHR of Caixa Econômi-
ca Federal (CAIXA), benefiting from the implementation of 395 biodi-
gester units in 39 municipalities of 06 states of the Federation: Bahia, 
Goiás, Minas Gerais, Pernambuco, Rio Grande do Sul and Santa Cata-
rina. A total of 24 families in Bahia were benefited; 61 in Minas Gerais; 
50 in Goiás; 52 in Santa Catarina; 67 in Rio Grande do Sul; and 141 in 
Pernambuco. The project concentrated its actions in the municipalities 
of Bom Conselho, Caetés, Jupi and São Bento do Una, in the state of Per-
nambuco, all belonging to the Agreste mesoregion of Pernambuco, with 
the goal of implementing 132 units (Diaconia, 2016, p. 8). 

From a sampling point of view, a sample based on these data was es-
timated, which met the expectation of verifying the abandonment rate of 
using the biodigesters and measuring their impact on family dynamics. 
Therefore, the finite population of 132 family units of biodigesters imple-
mented in the Agreste mesoregion of Pernambuco was considered, and 
the probability of continuous non-use or deactivation of the biodigesters 
was estimated in 15%, with a 95% confidence level, adopting the associ-
ated variable of 1.96 and a standard sampling error of 5%. Thus, applying 
the Equation 1 for sample definition suggested by Meunier et al. (2001), 
we would need to apply 75 interviews (57% of the total population), and 
83 samples were collected during the field visit process, reaching a repre-
sentation of 63% of the families using the biodigester. 

� (1)

Where:
n = calculated sample (size);
N = population (families with biodigesters) (132);
Z = standardized normal variable associated with confidence level - 
95% (1.96);
p = probability of biodigester deactivation (%) (0.15%);
e = sampling error (5% standard) (0.05%)

Data used in the study
Semi-structured interviews, systematic observations and photo-

graphic records were used as the primary data collection techniques 
carried out from the field survey. The semi-structured interview was 
the main instrument to respond to the general objective, as well as to 
seek subsidies which would allow confirming or denying the present-
ed hypotheses. Thus, data collection took place in the municipalities 
of Caetés, Jupi and São Bento do Una, maintaining distinct audienc-
es, defined by: families participating in the biodigestor project in the 
Agreste region of Pernambuco; community leaders; families with con-
solidated use of the Sertanejo biodigester in the Sertão do Pajeú region, 

Chart 1 – Benefits pointed out by the NGO Diaconia with the use of the 
Sertanejo Biodigestor.

Where Benefits

In the 
environment

-	 Firewood is not taken from the forest for cooking
-	 Contributes to reducing deforestation and the effects 

of climate change
-	 Prevents methane gas released by the natural 

combustion of animal manure from being released 
into the atmosphere

On health

-	 The biogas produced when used in the stove does 
not release smoke, preventing respiratory problems

-	 It contributes to the health of animals by collecting 
waste and cleaning corrals and pigsties, reducing 
infestation by worms and flies

On the Family 
income

-	 Saves a bottle and a half of LPG gas per month
-	 Produces organic fertilizer and biofertilizers

In Agriculture
-	 Produces natural fertilizers: biofertilizer and tanned 

manure, which can increase soil fertility and improve 
production

Source: Diaconia (s.d.).



Sertanejo biodigestor: a social technology, an alternative source of energy

635
RBCIAMB | v.56 | n.4 | Dec 2021 | 630-642  - ISSN 2176-9478

and the NGO Diaconia’s technical team members. Descriptive statistics 
according to Guimarães (2008) were used to treat the collected data.

Results and Discussion
This topic is dedicated to systematizing and interpreting the data 

generated in the study. The analysis addresses aspects related to the use 
of technology, economic and environmental impacts, and the role of 
social organizations in the process of mobilizing families.

Quadros (2009) defends the use of the biodigester in family farm-
ing in the Semi-arid region as a means of overcoming energy shortages 
resulting from economic and environmental impacts as a consequence 
of the use of firewood and cooking gas. In this perspective, he sug-
gests the biodigester as an alternative to use goat and sheep manure for 
energy generation (biogas) and fertilizer (biofertilizer), and concludes 
(among other issues) that it has a high potential for replication in fam-
ily farming as it has a high cost/benefit ratio with the generation of 
biogas and organic fertilizer. The data that we will see below corrobo-
rates this statement, as they present important subsidies for the debate 
on using the biodigester in family farming, especially in the semi-arid 
region, related to the acceptance of the technology, dimensioning bio-
gas production at the expense of the available raw material, in addition 
to bringing elements related to environmental, economic and social 
aspects with the use of biodigesters in the family agroecosystem.

It is important to understand that the following data refer to a study 
dimensioned by three associated variables: family farming, semi-arid 
and Sertanejo biodigester as a proposal for a technology to produce 
cooking gas in the context of family farming, therefore constituting a 
very peculiar context. In any case, based on the work developed by 
Herrero et al. (2016) with the purpose of giving visibility to the positive 
impacts of the use of the biodigester in sustainable family, community 
and productive development, it was possible to identify several expe-
riences in Latin America which corroborate the results presented in 
this work. In addition, those conducted in the state of Ceará, by Barros 
et al. (2020) make reference to the work of the NGO Cetra, which built 
around 300 biodigesters in 20 municipalities in Ceará between 2015 
and the first quarter of 2020.

It should be noted that Non-Governmental Organizations (NGOs) 
play a leading role in the work of multiplying the use of biodigesters 
for producing biogas in the context of family farming, such as the work 
developed by Diaconia and Cetra, who, together, are responsible for 
implementing more than 600 Sertanejo biodigesters, mainly in the 
semi-arid region of the Northeast.

Implementation and use of the biodigester
The data collected indicate that a considerable part of the families 

(around 25%) was unable to specify the date that the biodigester was 
installed on the property. However, it was possible to register that the 
first units implemented in the surveyed municipalities (about 2%) date 
from the end of 2014. The vast majority (around 71%) was implement-

ed between the period from January 2015 to October 2016; this means 
a majority of families had three to four years of experience with the 
use of this technology, considering the end of 2019 as a reference. One 
third of the families (32.5%) had their biodigesters deactivated (at the 
end of 2019) and another group (about 22% of the sample) was not us-
ing the produced biogas. Therefore, these numbers can be considered 
quite expressive, especially when the economic and environmental ap-
peal associated with the biodigester technology is highlighted.

According to Herrero et al. (2016), the work developed by the NGO 
PROSUCO in Bolivia, with the implementation of 40 biodigesters in 
10 municipalities, enabled approximately 50% to be consolidated as a 
reference in the supply of bio-inputs and in research and innovation. 
According to Jiménez and Zambrano (2018), the Technological Insti-
tute of Costa Rica installed 38 biodigester units in 4 rural communities 
in the city of Limón in Costa Rica, intended for the treatment of organic 
waste, mainly from swine, and used only as an energy source for food 
preparation, where 28 remain active, while 10 units (26%) are disabled 
due to lack of interest from families or due to system breakdowns. 

Aspects related to the advantages and disadvantages of using the 
biodigester from the perspective of families who deal directly with the 
technology are diverse, but point to a certain consensus. The data sys-
tematized in Table 2 clearly shows how the economic issue stands out 
as an advantage for the use of the biodigester, being pointed out by 94% 
of the families as something important, followed by practicality (43%) 
and abundant production of biogas (12%). This is also the opinion of 
the reference families of Sertão do Pajeú, where the majority (80% of 
the sample) claim to have decided to implement the biodigester due 
to aspects related to reducing expenses with the purchase of LPG gas 
associated with its high cost. 

About 90% of the sample referred to savings or improvement in 
family income when asked about the advantages of using the equip-
ment. The interviews carried out with community leaders in the mu-
nicipalities also follow the same opinion. The economic factor stands 
out as the main advantage for most respondents, in addition to report-
ing the fact that it is easy to handle and performs well in cooking food.

The opinion of the families in the Pajeú Region does not differ from 
the narrative presented above, as 90% of them refer to issues related to 
the economy when justifying that they are no longer able to purchase 
gas. It was also the reason why 80% of them decided to implement it 
considering the difficulties of finding firewood, aiming to replace the 
use of firewood and charcoal, and also considering the fact that it is a 
clean, non-polluting gas as an advantage.

A work developed by Silva and Correia (2020) in Oeste Potiguar 
considering a universe of 21 families refers to the degree of accept-
ability of the Sertanejo biodigester technology used for more than two 
years, with 42% of them in use for more than five years, and indicating 
that 100% of the families rated the technology as great or good.

Families point out issues related to work regarding equipment 
maintenance (28%) and the lack of waste for supply (37%) in the field 
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of negative aspects. In this sense, the vast majority refers to the labor 
required for management as the main disadvantage of use, since the 
search for waste outside the property requires time and competes with 
other activities in the production system.

In terms of disadvantages, 65% of the families interviewed in Sertão 
do Pajeú assert that they have no problems or difficulties handling the 
biodigester. They mention three elements regarding the negative aspects: 
dryness or cracking in the piping leading the gas to the stove (15% of the 
sample); water accumulation in the pipe (10%); and a lack of sufficient ani-
mals to produce raw material (10% of the sample). On a smaller scale, they 
cite issues related to insufficient water to feed the equipment, difficulties 
in transporting the manure and damage to the container for filtering the 
gas (drying). This last difficulty was the subject of changes proposed by 
the NGO Diaconia in the filtration system, circumvented by replacing the 
water canister with more resistant PVC material (Diaconia, 2016).

Knopki (2015) describes that biogas can be used to produce elec-
tric, thermal, fuel gas and vehicle fuel, as well as the main character-
istic of its flexibility as an advantage, while the disadvantage is due to 
its complexity related to factors such as controlled production, a value 
chain which is considered complex, and because it is an explosive com-
bustible gas that requires rigorous control, monitoring and investment 
in safety issues.

The group of families with deactivated or unused biodigesters basi-
cally point to three elements as the cause: 
1.	 that the biodigestor does not work (41%), without specifying the 

reason; 
2.	 they do not need the biodigester (37%); 
3.	 the supply is low. 

Of these aspects, items (a) and (c) are related to surmountable caus-
es; however, item (b) points to something directly related to aspects not 
identified before the implementation of the biodigester, which is the 
family’s need for the technology.

Community leaders point out possible causes for disabling the bio-
digester as the lack of interest from the families, the lack of manure to 
feed the biodigester, the lack of maintenance and the lack of technical 
assistance. Families interviewed in Sertão do Pajeú (with longer use of 
biodigesters) highlight two aspects related to not using the biodigester: 
the lack of interest or commitment, as cited by 65% ​​of respondents; and 
the fact of not having animals to produce raw material, cited by 40%. 

Still regarding item (c), it is observed that the raw material used to 
supply the biodigester basically has two sources: cattle and swine. Con-
sidering that 34% of the families raise goats and sheep, and that 71% 
declare raising birds, the results clearly indicate that the manure from 
these animals is not used as raw material for feeding the biodigester. 
However, it is observed that there is a strong relationship of depen-
dence with raising cattle, as 82% of the families use the manure of these 
animals as an energy source, with part of them (20%) being associated 
with swine manure. The latter is responsible for supplying raw material 
to 7% of the families, and it increases its contribution to 28% in the 
families when associated with cattle (Table 3).

The amount of raw material (manure and water) used is directly 
related to the dynamics of household use. Thus, it was possible to iden-
tify families using 10 kg to 400 kg of raw material per week, with the 
majority (84%) using up to 62 kg per week, with an average of 55 kg 
per family (Graph 1).

Table 2 – Advantages and disadvantages in the use of the biodigester 
presented by families in the municipalities of Bom Conselho, Caetés, Jupi 
and São Caetano, 2019.

Evaluated aspects Absolute Frequency Percentage

Advantages

Economical 78 94.0

Pratical 36 43.4

Abundant gas 10 12.0

Disadvantages

Very hard work 23 27.7

Difficulty collecting waste 31 37.3

Production decreases in winter 2 2

Source: Field research (2020).

Table 3 – Sources of raw material for the biodigester in families in the 
municipalities of Bom Conselho, Caetés, Jupi and São Caetano, 2019.

Source Absolute 
Frequency Percentage Accumulated 

Percentage

Cattle and Swine 17 20.5

Cattle 50 60.2

Cattle and Whey 1 1.2 82

Swine 6 7.2

Uninformed 13 10.8 100

Source: Field research (2020).

Graph 1 – Amount of raw material used to supply the biodigester by 
families in the municipalities of Bom Conselho, Caetés, Jupi and São 
Caetano, 2019.
Source: Field research (2020).
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An important element in the context of families in the Semi-arid 
region is the use of water, as the biodigester requires a lot of water for 
to fully operate, due to the characteristic of biogas production from 
anaerobic fermentation. Data collected on water use indicate an aver-
age of 40 liters per week; however, some families use up to 300 liters of 
water per week. This indicates a proximity to the ratio of 1 kg of raw 
material to 1 liter of water, as recommended in the construction man-
uals for the Sertanejo biodigester.

There is an important competition with the main source for do-
mestic consumption when identifying the water source used, which 
is the cistern, and occurs in 54% of the families. The other sources are 
traditionally employed for different uses, especially for animal water-
ing. However, the contradictory fact is that, despite the fact that most 
families have the cistern as a source of water for feeding the biodigester, 
only 28% claim that the water used is potable (i.e. suitable for human 
consumption), while 77% claim to use water for general purposes, al-
though some may fall into both types.

Plate cisterns have recently gained prominence in family agroeco-
systems, with the implementation of the One Million Cisterns Program 
(P1MC), aiming at capturing and storing rainwater for human con-
sumption. Data indicate that there were 626,791 units implemented 
in all semiarid states until May/2019 (ASA, 2019) under the P1MC. A 
study evaluating the program in 2010 presents some findings which are 
in line with the data presented regarding the cistern water use: 
•	 the physicochemical characteristics of the waters stored in the cis-

terns indicate that these do not come from rainwater collection, 
but from other alternative sources of supply; 

•	 79.54% of the samples were considered unrestricted for use by ben-
eficiary families; 

•	 the management is adequate in 82.8% of the interviewed families, 
while it is inadequate in 15.1%, with the main problem being the 
poor state of conservation of the cisterns; 

•	 few households (approximately 19.1%) only use the cistern as the 
main source for domestic water; 

•	 stored water lasts 12 months in just over a third of households (36.4%), 
while stored water lasts for a maximum of six months for 26.2%. 

This last data has an important meaning considering that the more 
uses that depend on the accumulated water of the cistern, the shorter 
the available water time (Brasil, 2010, p. 151). 

Given the specificities of the Semi-arid region in relation to water 
availability, any technology that presents a demand for consumption 
which will effectively compete with water for domestic use must be 
carefully analyzed. In the specific case of the biodigestor, it deserves 
technical deepening regarding the possibility of its interconnection to 
a system for the reuse of greywater, as a water source for the fermen-
tation process, as well as toilet waste as a way to use organic matter for 
the biodigester.

Part of the water used to facilitate the fermentation process is 
drained in the form of biofertilizer, which can be used as liquid fertil-
izer on crops. The data indicate that this guidance was well captured by 
the set of families, as 84% of the families with a functioning biodigester 
claim to use the biofertilizer for some type of crop. 

Economic and social aspects
It was possible to identify that the biodigesters resulted from the 

relationship that the families maintain with the local Community As-
sociation in 75% of the families, and with the Union of Family Farmers 
Workers in 64% of the cases, indicating that the relationship with these 
organizations takes place simultaneously for some. Some families (9%) 
refer to Cooperativa de Habitação Rural da Agricultura Familiar, Assen-
tamentos da Reforma Agrária e Comunidades Tradicionais LTDA (Ru-
ral Housing Cooperative of Family Farming, Agrarian Reform Settle-
ments and Traditional Communities LTD) (ABEMORAR) the partner 
organization of the NGO Diaconia NGO that carried out the project in 
some municipalities.

The biodigester implementation resulted from the action of a proj-
ect co-financed with public resources through the Caixa Econômica 
Federal Social and Environmental Fund in all the families surveyed, 
and they did not imply practically any financial cost. Only a small part 
claims to have made any investment in paying for the labor of a brick-
layer’s assistant, with values between R$ 150 and R$ 250. This is also 
the narrative of the families in the Pajeú Region, where virtually all 
the biodigesters resulted from the action of the NGO Diaconia. In this 
case, the families claim to have only contributed with labor help such 
as digging the hole and building the biodigester. 

When asked what the cost of a biodigester would be, 71% of the 
sample said they did not know and 29% referred to a cost ranging from 
R$ 2,500 (two thousand five hundred reais) to R$ 8,000 (eight thou-
sand reais), with an average cost of around R$ 3,900 (three thousand 
nine hundred reais). According to the NGO Diaconia (2020), as indi-
cated in the qualified interview with members of its technical team, the 
costs of mason labor, digging the hole, installation, materials and tech-
nical monitoring for a biodigestor unit are around R$ 4,000 (four thou-
sand reais), meaning they are comparable with the average obtained 
according to information from the families. Here it is worth noting 
that a family would take between 48 and 67 months (4 to 5 years) to 
have the investments reversed at a cost of R$ 65 per LPG gas canister by 
taking as a reference this cost per biodigester and the equivalent biogas 
production capacity between 0.92 and 1.28 canisters/month.

The income sources and expenses of families were then analyzed 
in order to understand the composition of the family income, consid-
ering that this is not a deepening of the various elements that make up 
their income, from the perspective brought by Mattos (2017) when dis-
cussing the pluriactivity and multifunctionality of family farming as an 
important element in aggregating income. Thus, the information col-



Souza R.A. et al.

638
RBCIAMB | v.56 | n.4 | Dec 2021 | 630-642  - ISSN 2176-9478

lected from the questionnaires enables comparisons and dimensioning 
of the impact of biogas use on the family economy within the proposed 
purpose of the work and drawing parallels with the main sources of 
income, as identified in Table 4. 

A first piece of evidence is that the contributions resulting from 
the Bolsa Família Program and the Rural Retirement Program con-
stitute the two main sources of income, since the two do not add up 
per family. Then there are revenue contributions from agricultural and 
livestock activities, present in 48.2% of families, especially milk (18% 
of families). Furthermore, the participation of non-agricultural activ-
ities (39.8% of families) is not less important, and is mostly related to 
renting labor. 

The survey on the effective use of income had the purpose of iden-
tifying the main expenses of the families, focusing on the main con-
sumption elements and giving total freedom to the families to mention 
the main expenses with the residence. The results enable us to identify 
that spending on food is the most cited (95.2% of families), followed by 
electricity (90.4%) and gas, charcoal and firewood (76%), thus forming 
the tripod of the main expenditure elements cited by families, followed 
by transport (19%), health (16%) and other expenses (12%), as shown 
in Table 5.

The three main energy sources traditionally used for cooking food 
in addition to biogas were analyzed, introduced as an alternative to the 
use of LPG gas. It is noteworthy that the use of LPG gas is still dom-
inant even in the context of families who have adopted the Sertanejo 
biodigester technology for biogas production, as 54% of families still 
use it as the only source of energy for kitchen activities, while another 
25% alternate its use with biogas, which indicates that 79% of families 
maintain their LPG gas consumption after installing the biodigesters. 
Thus, the use of biogas as the only energy source for kitchen activities 
is present in only 17%, but it can be said that 42% of families use this 
energy source, even if one does that less frequently than another, which 
will be detailed further on.

The data presented in Table 5 clearly show that the main expens-
es of families occur with food and health, reaching more than 50% of 
the monthly average. Expenditures on gas, firewood and charcoal rep-
resent only 5% of the average monthly expenditures; however, when 
related to income transfer, retirement and pension programs (Table 4), 
these expenditures represent 8.9% of these revenue sources, increasing 
its impact considerably when compared to the income from the Bolsa 
Família Program, which represented 28.4% of the average obtained. 
These same data can represent 14% and 25.5% when related to the av-

Table 4 – Main sources of income for families in the municipalities of Bom Conselho, Caetés, Jupi and São Caetano, 2019.

Income source Absolute Frequency Relative Frequency
Mean income (by type)

Monthly Annual

Transfer Income/Benefits/Pension 73 95.2% 682.87 8,194.49

Agricultural 40 48.2% 438.23 5,253.80

Non-Agricultural 33 39.8% 239.74 2,876.85

Bolsa Família Program 54 65.1% 215.00 2,795.00

Rural retirement 24 28.9% 998.00 12,974.00

Hired labor 22 26.5% 48.63 583.55

Selling milk 15 18.1% 471.33 5,656.00

Selling cheese 5 6.0% 620.00 7,440.00

Formal employment 3 3.6% 1,154.11 13,849.33

Selling eggs 2 2.4% 57.33 688.00

Cleaning services 1 1.2% 300.00 3,600.00

Selling candy 1 1.2% 100.00 1,200.00

Craftsmanship/handicrafts 1 1.2% 50.00 600.00

Help from relatives 1 1.2% 29.17 350.00

Pension 1 1.2% 998.00 11,976.00

Source: Field research (2020).
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Table 5 – Main expenses of families benefiting from biodigesters in the municipalities of Bom Conselho, Caetés, Jupi and São Caetano, 2019.

Type of expense Absolute Frequency Relative Frequency Mean monthly expense Participation % 

Food 79 95.2% 464.94 37%

Electricity 75 90.4% 49.51 4%

Gas/Coal/Firewood 63 75.9% 61.05 5%

Transport 16 19.3% 118.75 9%

Health 13 15.7% 194.62 15%

Clothes 2 2.4% 10.75 1%

Leisure 1 1.2% 30.00 2%

Other expenses 10 12.0% 333.00 26%

Source: Field research (2020).

erage revenue from agricultural activities and non-agricultural activi-
ties, and expenses on gas, firewood and charcoal, respectively.

According to Diaconia (2020), each family traditionally spends 
about 10% of the minimum monthly wage on the purchase of butane 
gas, which means something around R$ 104.50 in current values. It is 
therefore assumed that the replacement of these sources with the con-
tinuous use of biogas would generate savings for families, and would 
impact them in different ways according to their revenue composition; 
however, by following mathematical logic, there would be greater sig-
nificance for families with a lower monthly revenue average.

The financial impact of using biogas is diluted as alternatives and 
the mean monthly household income increase. Consequently, the use 
of biogas in these cases to replace the use of LPG gas, firewood and 
charcoal generates savings that range from 4 to 5% of the monthly av-
erage, which may not be very attractive for introducing a technology 
such as the biodigester due to its daily management dynamics, as dis-
cussed above.

Table 6 also indicates that there is important room for growth in 
the use of the biodigester from the perspective of reducing expenses 
on gas, firewood and charcoal for families with little income diversifi-
cation, but especially for those who depend on the Bolsa Família Pro-
gram. A considerable percentage still uses butane gas as the only source 
for cooking food, followed by a group of families who associate biogas 
with LPG gas, and finally a smaller group (16.9%), who only use biogas. 
It is noteworthy that when excluding families with the biodigester dis-
abled, the percentage of those who only use biogas to cook food rises 
to 25%. In any case, it is important to highlight that 42% of the total 
sample uses biogas, and again, the percentage of families with active 
biodigesters who use biogas in domestic activities increases to 62.5% 
when extracting the deactivated biodigesters.

The firewood used is removed from the property in 87% of the cas-
es; however, the type of firewood was not studied in depth, although 
some families insisted on informing that it was forest fragments or dry 
firewood, without the need for felling trees. Another important ele-
ment is that 82% of the families say they use firewood weekly, charac-
terizing a very present dynamic in these families. In this sense, a study 
by Specht (2012) indicates that more than 65% of the respondents use 
firewood in their homes in different degrees of intensity, at least once a 
month or every day, and also reveals that 40% of the respondents point 
to saving gas and money among the reasons chosen for regarding the 
use of firewood, and another 40% refer to faster cooking due to its high 
calorific value.

Thus, it is possible to suggest that the best strategy for introducing 
the technology to families with a higher income range may not be by 
convincing them of the economic impact, especially if the use of biogas 
is only associated for cooking food. Therefore, it is necessary to show 
more forcefully the environmental gains that the technology can offer, 
and especially to associate other uses of biogas in the production sys-
tem or in residential activities, which can enable them to expand their 
participation in the reduction of expenses and consequently contribute 
to the family income. 

By making a comparison with the group of families interviewed 
in Sertão do Pajeú, it is observed that the association of biogas with 
other energy sources for cooking food can remain over time, even on 
a smaller scale. This is because 55% of families say they use firewood 
or gas occasionally when it comes to the need to use large utensils for 
cooking food (related to receiving visits), or when there are problems 
with equipment maintenance, which is treated as an emergency. When 
it comes to the use of butane gas associated with biogas, there are re-
ports mentioning the use of 1 canister every two or three months, 1 
to 2 canisters per year or 1 canister every 4 years. In any case, 20% of 
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the families claim to use only biogas, which is a number close to that 
obtained from families in the Agreste region of Pernambuco.

Impact studies of the implementation of 265 biodigesters in the 
Yucatán Mayan communities in Mexico showed a 97% reduction in 
the use of firewood in households, placing biogas as the main energy 
source and identifying an increase in agricultural production by more 
than 60% of the families, resulting from the use of the biofertilizer. A 
small milk producer in Costa Rica implemented its biodigester and re-
placed 40% of the diesel used in its boiler, achieving a return on its 
investment in less than 2 years. ASPROINCA (Asociación de Producto-
res Indígenas y Campesinos de Riosucio Caldas) in Colombia has more 
than 250 biodigesters installed in its operating territory from its own 
revolving fund and with the training of Community Promoters (Her-
rero, 2016).

Work developed by Silva and Correia (2020, p. 8) in Oeste Po-
tiguar found that firewood was the main energy source for 66.7% of 
the families before the biodigester purchase; 33.3% used cooking gas 
and another 14.3% used charcoal. This data reveals how much impact 
introducing the biodigester can have as a gas supplier for cooking food, 
considerably reducing the use of wood from the caatinga for both di-
rect consumption and for charcoal production, as both were present in 
81.9% as power supply.

As shown in Table 7, the average usage time of a gas canister was 
around 30 days, with this period corresponding to 50% of the families; 
others (28%) consume the same amount of gas for a period between 45 
and 60 days. The unit cost of a gas canister ranged between R$ 60/75 in 
the studied period (Nov./18 to Jan./20). However, there is an additional 
cost for 63% of the families, as they buy gas in the city, while 37% buy 
it in the community and may not have the additional transportation 
allowance. When asked about the advantages and disadvantages of us-
ing LPG gas, practicality and agility are the main advantages for 70% 
of families; while the high cost is the main disadvantage for 75% of 
families.

Returning to the study developed by Jiménez and Zambrano 
(2018), which analyzed biogas consumption, it was observed that 
the average daily biogas consumption in a universe of 28 biodigest-

ers (active) in rural communities in the evaluated period (110 days of 
measurement) was 0.37 m³, with 50% of the consumption data found 
between 0.2 and 0.5 m³/day. Regarding the economic impact, the study 
found that the use of firewood was present in 82% of the families at 
a cost of USD 19.50, thus obtaining a total annual value for the use 
of firewood of USD 438.30. Moreover, an investment of USD 306.27 
per year occurred in the case of replacement of the LPG gas. Thus, the 
authors conclude that: obtaining and using biogas as an energy source 
does not represent a monetary cost for families, but rather some help 
which enables them to replace previously used fuels and chemical fer-
tilizers, applying biofertilizer to improve income of their crops. 

Conclusions and Recommendations
The use of social technologies in rural communities in the semi-ar-

id region can meet immediate needs and promote important econom-
ic, social and organizational dynamic impacts on the community, 
enabling these families to understand and commit to environmental 
and social issues in their surroundings, making them local referenc-

Table 6 – Energy sources used by families in the municipalities of Bom Conselho, Caetés, Jupi and São Caetano, 2019.

Energy source Unit Absolute Frequency Percentage Mean monthly consumption Mean monthly expense (R$)

Canister (without Biogas) Canister 45 54.2% 0.86 52.93

Canister (+ Biogas) Canister 21 25.3% 0.76 33.13

Only Biogas Canister 14 16.9% 1.0 -

Coal Kg 38 45.8% 25.0 22.00

Firewood m3 28 33.7% 1.9 -

Source: Field research (2020).

Table 7 – Usage time of the LPG gas canister by families in the 
municipalities of Bom Conselho, Caetés, Jupi and São Caetano, 2019.

Usage time (days) Absolute Frequency Percentage

20 1 1.5

25 1 1.5

30 34 50.0

45 4 5.9

60 15 22.1

90 8 11.8

120 3 4.4

180 1 1.5

365 1 1.5

Source: Field research (2020).
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es. Training actions in the process of implementing these technolo-
gies, with a major role played by NGOs, open spaces for dialogue on 
practices and use of environmentally sustainable technologies, human 
rights, gender relations, and social participation, among others. Thus, 
the decision to use a simple source of clean energy to the detriment 
of the conventional energy matrix is ​​a political and liberating posture, 
making its agro-ecosystem increasingly self-sustainable and indepen-
dent of external resources. In this perspective, the results presented 
allow us to affirm the hypothesis that the use of the Sertanejo biodi-
gestor social technology provides an increase in the income of farming 
families, influencing a reduction or even replacement of using LPG, 
and representing effective gains proportional to the income level of the 
families, in addition to biofertilizer production used in temporary and 
permanent crops, notably in forage cactus cultivation. 

The hypothesis that the non-use or deactivation of the biodigest-
er is related to the lack of raw material, requirements in equipment 
maintenance and/or shortage of labor to maintain the equipment is 
also confirmed, notably in relation to the raw material, as this is the 
reason most pointed out as the cause of the continuous non-use of the 
technology.

The existence of technology protection mechanisms is considered 
important, given the possibility of a loss of confidence in the proposed 
biodigester model due to its implementation without due care.

Thus, the following is recommended: not to deploy a biodigester 

in family units without livestock activities, under penalty of creating 

dependence on external sources; carry out preliminary studies on the 

family’s demand for biogas, relating it to the potential of biogas pro-

duction from the existing herd in order to establish a dynamic in ac-

cordance with the expected consumption; strengthen the arguments of 

economic impact for low-income families and highlight the arguments 

of environmental impact for families with more permanent sources 

of income, especially when not associated with agricultural activities; 

encourage the use of biogas associated with other activities in the pro-

duction system, especially those dependent on conventional electricity, 

considering the construction of a biodigester with greater production 

capacity and using generators adapted to biogas use; establish dia-

logues with public agencies for technical assistance and rural extension 

and credit agents in order to incorporate the biodigester technology in 

financing lines from the environmental sustainability perspective; and 

always seek technical guidance for implementing the biodigester. It is 

a greatly useful device with environmental importance, but it needs to 

be well dimensioned and the installation of the gas pipes must be done 

by a professional with technical knowledge in the area. 
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A B S T R A C T 
The final disposal of solid waste in landfills may result 
in  the production of a clean and renewable energy through 
the exploitation of biogas generated in these locations. This study 
aims to estimate the methane production in a landfill, with a total 
population of 237,298 inhabitants, and a total generation of waste 
of 83,561.78 ton/year, in the last year of operation, located in 
the state of Minas Gerais and evaluate the economic feasibility 
of a biogas exploitation project in this place, for electrical energy 
generation. The methane production was estimated by the 
Intergovernmental Panel on Climate Change (IPCC) methodology, 
obtaining the maximum methane production value of 6,692,590 
m³ in the last year of operation of the landfill. For economic 
feasibility analysis, the tools, such as net present value, discounted 
payback, and internal rate of return, were used with values of 
R$ 1,323,684.90 for 8 years, 4 months, and 12 days, and 9% per 
annum, respectively, demonstrating that the implementation of 
the project for the use of biogas at the landfill was viable, with 
positive economic return.

Keywords: economic analysis; electrical energy; final disposal; methane 
gas; solid waste.

R E S U M O
A disposição final de resíduos sólidos em aterros sanitários pode resultar 
na produção de energia limpa e renovável por meio do aproveitamento 
do biogás gerado nesses locais. O objetivo deste estudo foi estimar 
a produção de metano em um aterro sanitário, com população total 
atendida de 237.298 habitantes, e uma geração total de resíduos de 
83.561,78 t ano-1, no último ano de operação, localizado no estado 
de Minas Gerais e estudar a viabilidade econômica de um projeto de 
aproveitamento de biogás no local do aterro, para geração de energia 
elétrica. Para estimar a produção de metano utilizou-se a metodologia 
proposta pelo Painel Intergovernamental sobre Mudanças do Clima 
(IPCC, 1996), obtendo-se o valor máximo de produção de metano igual 
a 6.692.590 m3, no último ano de operação do aterro. Para análise de 
viabilidade econômica, utilizaram-se as ferramentas Valor Presente 
Líquido (VPL), payback descontado e Taxa Interna de Retorno (TIR), 
com valores encontrados de R$ 1.323.684,90, 8 anos, 4 meses e 12 
dias, e 9% a.a., respectivamente, demonstrando que a implantação do 
projeto de aproveitamento de biogás no aterro foi viável, apresentando 
retorno econômico positivo. 

Palavras-chave: análise econômica; energia elétrica; disposição final; 
gás metano; resíduos sólidos.
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Introduction
The increase in the urban population combined with changes in 

consumption habits caused an increase in the production of urban 
solid waste (ICLEI, 2009). These residues, when disposed inappropri-
ately, result in public health and environmental problems, such as the 
proliferation of vectors and diseases and pollution of soil, water, and 
air (Figueiredo, 2011). Most of the solid waste collected in Brazil is 
destined for landfills. Between 2018 and 2019, about 59.5% of the to-
tal solid waste collected went to landfills (ABRELPE, 2019), which are 
a form of environmentally appropriate final disposal provided by the 
National Solid Waste Policy (Brasil, 2010). However, there are some 
environmental problems related to this form of final disposal, among 
them is the emission of gases.

According to the Ministry of the Environment (Brasil, 2019), the 
landfill can be considered a biological reactor in which one of 
the  main products generated are the gases that have mainly meth-
ane and carbon dioxide in their composition, which are greenhouse 
gases, with methane having a potential of causing global warming 
21 times greater than carbon dioxide (IPCC, 2013). Therefore, it 
is clear that biogas generated in landfills can be characterized as a 
global problem, thus highlighting the importance of using it as an 
alternative to avoid the emission of this gas and, in return, generate a 
source of clean energy, because it has a high energy potential and is a 
renewable, economically viable, and environmentally correct source 
of energy (Bianek et al., 2018).

The Brazilian energy matrix places the country at an advantage in 
the generation of renewable energy, as it has one of the cleanest matri-
ces in the world (Freitas and Makiya, 2012). Of the electricity produced 
in the country, 81.4% comes from renewable sources, while 22.8% of 
the energy comes from renewable sources and the rest from nonrenew-
able sources globally. However, most of the renewable energy produced 
in Brazil comes from hydroelectric power stations (EPE, 2018b). As the 
Brazilian energy matrix is based on hydropower, the generation of new 
forms of electrical energy, such as that coming from biogas, is not en-
couraged with the same intensity (Arcadis, 2010).

According to Durão (2017), Brazil has the potential for generating 
electrical energy through the use of biogas in landfills, but this ener-
gy potential is still very less explored, and the generation corresponds 
only to 1,22% of the total energy matrix in Brazil (ANEEL, 2020).

Some examples of thermal power stations using biogas in land-
fills in Brazil are: the Biogas Thermal Power Station at the Solid Waste 
Treatment Center on BR-040, in Belo Horizonte (MG); the Thermal 
Power Station at the landfill in Uberlândia, Uberlândia (MG); the 
ValorGás Thermal Power Station, Juiz de Fora (MG); the Bandeirantes 
Thermal Power Station, São Paulo (SP); the Biogas Thermal Power Sta-
tion at the Sítio São João Landfill, São Paulo (SP); the Thermal Power 
Station of Guatapará, Guatapará (SP); the Termoverde Salvador Pow-
er  Station, Salvador (BA); the Itajaí Biogás e Energia S.A. Thermal 
Power Station, Canhanduba (SC); and the Recreio Biothermal Power 

Station, Minas do Leão (RS). These power stations were implemented 
between 2004 and 2015 in Brazil and have a total installed potential of 
86.3 MW for generating electrical energy, most of which are present 
in landfills in the Southeast region of the country (Nascimento et al., 
2019). In addition, it is worth mentioning Termoverde Caieiras, the 
largest thermal power plant powered by landfill biogas in Brazil, with 
an installed power of 29.5 MW (ANEEL, 2020).

Thus, it is clear that there are few biogas projects in operation in the 
country, although there is potential for its use, and this is explained by 
the existence of some difficulties mainly related to the economic feasi-
bility and operational problems of the system (Arcadis, 2010).

Therefore, the technical and economic feasibility studies for the 
implementation of this energy source are important to promote its ex-
pansion and the exploitation of this potential available in Brazil, con-
sidering the importance of the energy use of biogas in landfills as an 
alternative for the reduction of greenhouse gas emissions and for the 
diversification of the Brazilian energy matrix.

Thus, this study aimed to estimate the energy potential of biogas 
and the economic feasibility of its use for the production of electrical 
energy in a landfill that serves three municipalities located in the Met-
ropolitan Mesoregion of Belo Horizonte, in the state of Minas Gerais.

Literature review 

Quantification of landfill biogas
The quantification of biogas generated in landfills can be done 

through mathematical models that use data about the landfill, such as 
precipitation, mass of waste deposited, characteristics of the site and 
waste, to conduct the theoretical estimate of methane produced (Bar-
ros, 2012). Currently, the most commonly used methods are based on 
first-order decay equations. These models consider that the age of the 
waste has an influence on the production of biogas and that there is a 
decrease in production over the years, from a certain amount of waste 
disposed in the landfill (ABRELPE, 2013).

Among the models that use first-order kinetics, we can mention 
the methodology proposed by the Intergovernmental Panel on Climate 
Change (IPCC, 1996), a methodology that is simple to apply to cal-
culate methane emissions. In this method, the amount of degradable 
organic carbon (DOC) present in solid waste is estimated for specific 
regions, requiring statistical data on the population and urban solid 
waste (Vieira et al., 2015).

Energy exploitation of biogas in landfills
According to the Ministry of the Environment (Brasil, 2019), the 

energy exploitation of biogas aims to transform it into other forms of 
energy such as electric, steam, fuel for boilers or stoves, vehicle fuel, or 
for supplying gas pipelines. The energy potential of biogas is due to its 
high methane content, which makes it suitable for several applications 
in the field of energy generation (ICLEI, 2009). 
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In a landfill, this process occurs through the conversion of chemi-
cal energy present in organic matter molecules into mechanical energy 
that activates a generator, thus producing electrical energy. Methane 
is the constituent of biogas used to fuel engines and generators for the 
production of electrical energy in landfills, reducing the negative im-
pacts generated by its emission through complete combustion for en-
ergy purposes (Landim and Azevedo, 2008).

According to ICLEI (2009), the biogas extraction system has 
vertical and horizontal drains, blowers, filters responsible for re-
moving particulate material, and condensate separating tanks; and 
for the generation of electrical energy, generator sets are used, such 
as microturbines and internal combustion engines, the latter being 
the most used in projects aimed at generating electrical energy from 
landfill biogas, due to the compatibility of power with the economic 
feasibility of the project (Barros, 2012), presenting higher electrical 
efficiency and lower cost when compared with other technologies 
(ICLEI, 2009).

According to USEPA (2021), biogas is extracted from landfills 
using vertical wells, drilled into the residual mass, and connected to 
horizontal wells and a blower/flare system. The gas is then direct-
ed, through this system, to a central point where it can be treated 
according to its final use, and can be burned or used in energy gen-
eration projects.

Economic feasibility of using biogas as electrical energy
The implementation of electrical energy generation systems in 

landfills requires the execution of technical and economic feasi-
bility studies, in order to verify the potential of biogas generation 
in the landfill, due to the amount of organic matter present in the 
waste, and to evaluate the electrical energy generation costs (Van 
Elk, 2007).

There are some factors that indicate the possibility of a landfill 
being economically viable or not for the installation of biogas ener-
gy exploitation projects. Among them, we can mention the popula-
tion served of at least 200,000 inhabitants (Arcadis, 2010; Barros et al., 
2014), receiving a minimum daily amount of waste of 200 tons and 
500,000 total tons in its life span (Johannessen, 1999).

According to Costa (2016), the implementation of inter-munici-
pal consortia makes the implementation of biogas energy exploitation 
projects viable, since municipalities that meet small demands of in-
habitants generate a small amount of energy from biogas, which can 
make the project hardly viable. The consortia enable the installation 
of projects of capture, burn, and energy exploitation of biogas for the 
production of electrical energy, because the greater the volume of or-
ganic waste deposited in a single landfill, the greater the generation of 
methane gas (Arcadis, 2010). Therefore, the formation of consortia is 
an initiative that should be encouraged and has proven to be efficient, 
especially for municipalities with populations of less than 100,000 in-
habitants (Arcadis, 2010).

Methodology 

Description of the study site
The landfill where the study of biogas production and the analysis 

of the economic feasibility of its use for the production of electrical en-
ergy was conducted, is located in the state of Minas Gerais and serves 
three small- and medium-sized municipalities that dispose their waste 
to the site through the formation of a consortium. For reasons of confi-
dentiality, the name of the landfill, as well as the municipalities served 
by it, were omitted. We chose to name them as municipalities A, B, and 
C. However, the data used are true. Table 1 presents socioeconomic 
data for municipalities A, B, and C.

The landfill started its operation in August 2014, with a population 
served, till this year, equals 200,045 inhabitants. The site has a disposal 
area equal to 14.8 ha and has an expected life span of 15 years.

Figure 1 summarizes the methodological steps used to conduct the 
calculations in this study.

Step 1: Estimation of the population and generation of solid 
waste in the municipalities served by the landfill

We used the arithmetic growth methodology to estimate the popu-
lation projection for all municipalities served by the landfill. This mod-
el assumes population growth at a constant rate equal to the growth 
rate of the last 2 years for which we have data, and is represented by 
Equations 1 and 2 (Qasim, 1985).
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Where:
P(t) = the estimated population in year t (inhab.); 
Ka = the coefficient; 
t0 and t1 = years of the last demographic censuses; 
P1 and P0 = populations in years t1 and t0 (inhab.).

We used the population data from the last two censuses conducted 
by the Brazilian Institute of Geography and Statistics, corresponding to 
the years 2000 (IBGE, 2000) and 2010 (IBGE, 2010), referring to the 
urban population.

Table 1 – Socioeconomic data for municipalities A, B, and C.

Population 
(year 2000)

Population 
(year 2010)

GDP per 
capita HDI

A 39,458 47,236 R$ 31,529.18 0.753

B 99,515 111,266 R$ 16,555.58 0.761

C 26,303 31,609 R$ 104,169.26 0.764

Source: IBGE (2000, 2010, 2018) and PNUD (2010).
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Once the populations for the municipalities were calculated up to 
the year the landfill was closed, it was possible to calculate the genera-
tion of solid waste disposed each year. For this, we used data on the per 
capita generation of urban solid waste collected in the state of Minas 
Gerais, a value equal to 0.831 kg/inhabitant.d (ABRELPE, 2014).

We considered, as proposed by Barros (2012), an increase of 1% 
over the per capita rate per year, a percentage that considers the trend 
of increased consumption, and consequently, the generation of solid 
waste by the population over the years.

Thus, multiplying the total population, referring to the sum of the 
three municipalities, by the per capita production for that year and by 
the number of days in the year, we obtained the annual production of 
solid waste disposed in the landfill.

Step 2: Estimation of the methane gas production in the landfill
We used the method suggested by the IPCC (1996) to estimate the 

potential for methane gas generation, which is a model that theoreti-
cally projects the volume of methane to be generated in a given time. 
We calculated the methane emission in the landfill from Equation 3.
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Where:
Qx = the methane emission (m3/year); 
K = the decay constant; 
Rx = R(t) = the waste stream of the year (t); 
L0 = the waste methane generation potential (m3/ton); 
X = the current year; 
T = the year of disposal of waste in the landfill (start of operation).

The IPCC equation, mentioned above, is applied by the Environ-
mental Company of the State of São Paulo (CETESB, 2006) in the 
Biogás, generation and energy use—landfills® software and was used 
to obtain the methane generation curve.

It is necessary to know the methane gas generation potential (L0) to 
estimate the methane emission. This parameter depends on the com-
position of the waste, especially its organic portion, and its value is 
estimated from the carbon content of the waste and its biodegradable 
fraction and a factor for the stoichiometric conversion of CO2 into CH4 

(IPCC, 2006). We made the calculation using the equation proposed by 
IPCC (2006), represented by Equation 4.
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Where:
L0 = the waste methane generation potential (m3/ton); 
MCF = the methane correction factor; 
DOC = the degradable organic carbon; 
DOCf = the dissociated DOC fraction; 
F = the fraction of methane present in biogas in volume; 
(16/12) = the carbon to methane conversion factor. 

The variable amount of DOC becomes important to know in 
order make the calculations regarding the methane generation po-
tential. It represents the organic carbon from waste that is available 
for biochemical decomposition. Its calculation can be made from 
Equation 5.
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Where:
A = the fraction of paper, cardboard and textile of waste; 
B = the fraction of parks’ and gardens’ debris of waste; 
C = the fraction of food waste; 
D = the fraction of wood waste.

The IPCC (1996) suggests, in the case where there is no data re-
ferring to the gravimetric composition of the waste from the studied 
landfill, the DOC value equal to 0.12 to be used for Brazil.

According to Bingemer and Crutzen (1987), the dissociated DOC 
fraction can be obtained by Equation 6. DOCf corresponds to the frac-
tion of DOC that can decompose in an anaerobic way.
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Where:
DOCf = the dissociated DOC fraction; 
T = the temperature in the anaerobic zone (°C).

Source: Own elaboration (2021).
Figure 1 – Flowchart of the calculation methodology used. 
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The value for the MCF, necessary for the calculation of L0, is related to 
the conditions of solid waste disposal, the operation control, and the site 
management. The value of this parameter was adopted according to the 
default values proposed by IPCC (2006), which are presented in Table 2.

In addition to parameter L0, the decay constant k is also important. 
This constant is related to the time required for a portion of DOC pres-
ent in the waste to decay to half of its initial mass. The constant k was 
adopted as proposed by IPCC (2006).

Thus, from L0, the decay constant k and the waste stream in the 
year, we used Equation 3 to estimate the amount of methane emitted 
per year in the landfill.

Step 3: Calculation of the power and energy available in the landfill
The calculation of available power was made from Equation 7, 

modified from CETESB (2006) by Barros (2012).
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Where:
Px = the available power each year (kW); 
Qx = the methane flow each year (m3/year); 
PcCH4 = the methane calorific value (J/m3); 
Ec = the biogas collection efficiency (%); 
E = the engine efficiency (%); 
31,536,000 = the number of seconds in a year; 
1/1,000 = for unit transformation from J/s to kW. 

Equation 8 was used to calculate the available energy (CETESB, 
2006).
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Where:
E = the available energy (kWh/year); 
Px = the available power (kW); 
t = the engine operating time (h/year). 

Step 4: Evaluating the economic feasibility of the project
We conducted an analysis based on the composition of the cash flow, 

which includes the project costs, considering the initial investment and 

expenses with operation and maintenance and the revenue obtained from 
the sale of electrical energy, in order to evaluate the economic feasibility of 
the project. We considered the investment costs with the collection system, 
treatment and purification system, compression, biogas burning, and elec-
trical energy generation, being necessary to know the number of drains and 
the length of the collection pipe, calculated according to CETESB (2006).

From the composition of the cash flow, we used the net present 
value (NPV), internal rate of return (IRR), and discounted payback 
tools to conduct the economic evaluation of the project. These meth-
ods, especially IRR and NPV, are the best known and mostly used in 
investment analysis (Samanez, 2002).

NPV is a technique that explicitly considers the time value of mon-
ey and was calculated according to Equation 9, modified from Gitman 
(2010). This method is used with the objective of verifying whether the 
project will present a greater value to the investor than the cost spent 
by him (Samanez, 2002).

P(t) = P0 + Ka(t − t0), 

 

Ka = P1 − P0
t1 − t0

, 

 

Qx = K. Rx. L0.e−k(X−T),  
 

L0 = MCF. DOC. DOCf. F. 16
12,  

 

DOC = (0.40. A) + (0.17. B) + (0.15. C) + (0.30. D),  
 

DOCf = 0.014. T + 0.28,  
 

Px = Qx. E. Ec. PcCH4. 1
31,536,000 . 1

1,000, 

 

E = Px. t,   
 

NPV =  ∑ CFt
(1 + MARR)t

n

t=1
−  CF 

 

 

� (9)

Where:
NPV = the net present value; 
n = the discount time of the last cash flow; 
t = the discount time for each cash entry; 
MARR = the minimum attractive rate of return; 
CFt = the present value of cash flow; 
CF0 = the initial investment. 

The results obtained from the calculation of the NPV were ana-
lyzed as follows: if NPV > 0, the project must be accepted; and if NPV 
< 0, the project must be rejected (Gitman, 2010).

In addition, the IRR was calculated, which is a rate that represents 
the annual return that the company will obtain if it decides to invest in 
the project (Gitman, 2010). The IRR is calculated by equating the NPV 
(Equation 9) to 0.

We used the multi-index methodology, which consists of a com-
parison between the IRR and the MARR (Motta and Calôba, 2002). 
The MARR is an interest rate that represents the minimum that an in-
vestor intends to earn when making an investment and, therefore, is 
unique for each investor and there is no formula to calculate it, as it can 
vary over time (Casarotto Filho and Kopittke, 1994). The comparison 
between the two rates can be made according to Table 3.

Table 2 – Classification of solid waste disposal sites and MCF.

Type MCF

Managed—anaerobic 1

Managed—semi-aerobic 0.5

Unmanaged—deep (> 5 m of waste) and/or high water table 0.8

Unmanaged—shallow (< 5 m of waste) 0.4

Uncategorized 0.6

Source: translated from IPCC (2006).

Table 3 – Comparison between IRR and MARR.

IRR > MARR Investment is viable

IRR < MARR Investment is not viable

IRR = MARR It is indifferent to invest

Source: Motta and Calôba (2002).
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We also calculated the discounted payback, with the objective of veri-
fying the time of return on the investment, being one more way to measure 
the economic feasibility of the project. This method is based on the time 
required for the present value of the company’s forecast cash flows to equal 
the value of the initial investment made (Samanez, 2002). We calculated 
the discounted payback from the present value of the discounted cash flow 
each year, calculating the balance until it became positive.

Results and Discussion

Step 1: Population estimate and solid waste generation in the 
municipalities served by the landfill

Using population data from the 2000 and 2010 censuses and the arith-
metic growth methodology, Equations 1 and 2, presented in step 1 of the 
methodology, was possible to calculate the projection for all municipalities 
served by the landfill for the years 2014–2029. Figure 2 shows the projec-
tion for the total population served by the site, equal to the annual sum of 
the three municipalities, for each year of the landfill’s useful life.

Some authors claim in their studies that the minimum population 
for a biogas project to be economically viable must be equal to 200,000 
inhabitants (Arcadis, 2010; Barros et al., 2014), which is met by the pres-
ent study, demonstrating the tendency to obtain positive results regard-
ing the feasibility of implementing this technology in the studied landfill.

We estimated the annual projection for solid waste disposal, and 
the total mass for each year, the daily disposal in each year, and the 
annual accumulation of solid waste are presented in Table 4.

The amount of waste deposited in the landfill increases over the 
years, with the increase in population, demonstrating the proportion-
ality relationship between these variables. Thus, the consortia are solu-
tions both for the treatment and final disposal of waste and for the 
gain of scale, as they allow the service to be provided to a greater num-
ber of municipalities. Therefore, the consortia collaborate with a better 
optimization of resources and minimization of environmental impacts.

As for the population, there is a minimum amount of waste that the 
landfill must receive so that it is interesting to implement biogas ener-
gy exploitation projects with a positive economic return. According to 
data provided in studies by Johannessen (1999), this amount equals 
200 ton/day. Analyzing the amount of waste received each year, sep-
arately, only from the year 2023, the landfill starts receiving the mini-
mum amount of solid waste per day. On the other hand, the landfill will 
receive the amount of waste over 500,000 tons throughout its useful 
life, a value also established by the same author.

The daily average of solid waste disposal in the landfill, considering 
the total value of waste received during its entire useful life, is equal to 
196.47 ton/day, and the total accumulation of waste over the 15 years 
of the landfill’s operation is equal to 1,102,014.6 tons.

We considered that all waste collected in the three municipalities is 
disposed in the landfill, not considering previous stages of treatment. 
This is due to the fact that the formation of the consortium took place, 
precisely, to allow the municipalities to have an environmentally ade-
quate final destination, and, consequently, they did not have initiatives 
such as recycling either. However, it is noteworthy that over the years, 
other treatments can be adopted by the municipalities, which may lead 
to changes in the total amount of solid waste disposed at the site and, 
consequently, in the generation of methane gas.

Step 2: Estimation of the production of methane gas in the landfill
We made theoretical estimate of methane gas generation in the 

landfill. Therefore, it was necessary to know the potential for L0 meth-

Table 4 – Total amount of waste disposed in the landfill per year, per day, 
and annual accumulated.

Year Daily waste 
amount (ton/day)

Annual waste 
amount (ton/year)

Accumulated 
(ton/year)

2014 166.24 15,293.84 15,293.84

2015 169.98 62,044.23 77,338.07

2016 173.79 63,433.10 140,771.17

2017 177.65 64,843.54 205,614.71

2018 181.58 66,275.84 271,890.55

2019 185.56 67,730.31 339,620.85

2020 189.61 69,207.24 408,828.09

2021 193.72 70,706.93 479,535.02

2022 197.89 72,229.70 551,764.71

2023 202.13 73,775.85 625,540.56

2024 206.43 75,345.70 700,886.26

2025 210.79 76,939.57 777,825.82

2026 215.23 78,557.78 856,383.61

2027 219.73 80,200.67 936,584.27

2028 224.3 81,868.55 1,018,452.82

2029 228.94 83,561.78 1,102,014.60

Source: Own elaboration (2021).Source: Own elaboration (2021).
Figure 2 – Population projection for all municipalities served by the landfill. 
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ane generation and, consequently, the percentage of DOC and the frac-
tion of dissociated DOC.

As the data referring to the gravimetric composition of the 
landfill were not known, we adopted the DOC value equal to 0.12 
(IPCC, 1996).

Considering Equation 6, and assuming an anaerobic zone tem-
perature of 35°C (Bingemer and Crutzen, 1987), we obtained the DOCf 
value equals 0.77.

Finally, we calculated the value of L0 from Equation 4, considering 
the value of the MCF equal to 1, for anaerobic managed sites, proposed 
by the IPCC (2006), which is the commonly assigned value to landfills. 
The fraction of methane present in the biogas (F) was considered equal 
to 50%, also proposed by the IPCC (2006).

To obtain L0 in the unit in which it is requested, it was necessary 
to divide the value found by the specific mass of methane, equal to 
0.0007168 ton/m3 (ICLEI, 2009).

Then, we established the value of the decay constant (k). Consid-
ering that the average annual precipitation for the municipality where 
the landfill is located, with historical data of 30 years, is 1,436 mm/
year (Climatempo, 2019) and adopting the values proposed by IPCC 
(2006), for wet waste, for places with precipitation greater than 1,000 
mm/year, tropical climate, with average temperatures greater than 
20°C and the type of municipal solid waste as a whole, the value of k 
used for calculations was equal to 0.170 per year.

Table 5 presents the input data of the Biogás, generation and ener-
gy use—landfills® software (CETESB, 2006).

Applying all the data obtained prior to Equation 3 through the Bio-
gas, generation, and energy use—landfills® software (CETESB, 2006), 
we obtained the methane flow values presented in Figure 3.

In Figure 3, we observed that the production of methane increas-
es over time, as solid waste is disposed in landfill and decays after its 
closure, reaching its maximum value in the year of closure of receiving 
waste with value of 6,692,590 m3 of methane generated. Since then, 
there is a decrease in methane generation, which is mainly due to the 
cessation of waste accumulation at the site. 

Considering the minimum amount of daily waste that must be 
disposed in the landfill in order to obtain a viable project for the ex-

ploitation of biogas equal to 200 tons (Johannessen, 1999), adopting 
the same characteristics of the studied landfill, with values of L0 equal 
to 85.94 m3/ton and k = 0.170 per year and applying Equation 3, we can 
say that the minimum methane flow for the project to exploit biogas for 
commercialization to be economically viable is equal to 1,066.515 m3/
year. As shown in Figure 3, it is noteworthy that this value is met from 
2015 to 2039 and, therefore, we believe that the implementation of a 
project within this time interval can bring positive economic return 
for the landfill.

It is noteworthy that not all biogas produced in the landfill will 
be captured and used. When landfills have well-designed, constructed, 
and operated collection systems, the collection of biogas can be ≥ 75% 
(World Bank, 2004; CETESB, 2006). However, considering that there 
may, for example, be possible operational problems and losses with fu-
gitive emissions and oxidation by the cover layer (Silva et al., 2013), 
and to bring greater financial reliability to the project, we adopted in 
this study a value of 65% of efficiency in capturing biogas.

Step 3: Calculation of the power and energy available in the landfill
We used Equation 7 to estimate the available power, adopting the 

values of 65% of biogas collection efficiency, methane calorific value 
equal to 35.53 × 106 J/m3 (CETESB, 2006), efficiency of internal com-
bustion engine equal to 33% (World Bank, 2004), and methane flow 
each year according to Figure 3.

Then, we calculated the available energy from Equation 8, using 
the data obtained for the powers each year and considering that the op-
eration will take place 24 h/day for 365 days. Figure 4 demonstrates the 
behavior of the power and energy curve over the years of the estimate.

We observed that both power and available energy increased over 
the years of landfill’s operation, reaching maximum values of 1,617.37 
kW and 14,168,185.14 kWh, respectively, in the same year in which the 
peak of biogas generation occurs. The average power and energy found, 
according to the estimate, were equal to 796.89 kW and 6,980,713.18 
kWh, respectively.

Table 5 – Input parameters of biogas, generation, and energy use—
landfills software.

Parameter Input

Opening year of the landfill 2014

Closure year of the landfill 2029

k (per year) 0.170

L0 (m3/ton) 85.94

Concentration of CH4 in biogas (%) 50

Mass of waste disposed per year (ton/year) Table 3

Source: Own elaboration (2021). Source: Own elaboration (2021).
Figure 3 – Methane generation curve in the landfill. 
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Considering that all the power produced annually in the landfill 
is used to generate electrical energy and knowing that the mean con-
sumption per residence in Brazil is approximately 123.6 kWh/month 
(EPE, 2018a), we can say that the energy generated by the studied land-
fill, in the year with the highest peak, would be able to supply approxi-
mately 9,550 residences. With this, we perceived the existing potential 
in the place for the generation of electrical energy through the methane 
produced from the solid waste disposed in the landfill.

As observed in Figure 4, the power produced varies over the years 
in the landfill, but not all the power produced will be used, as an ini-
tial investment must be made in which the power station is sized for 
a constant biogas flow, or with a known range. So, it becomes neces-
sary to choose a power for the implementation of the station, as well as 
the number of generator sets. The choice of the power to be installed, 
which generates a maximum benefit, is still not much discussed in the 
current literature when referring to energy exploitation of biogas and, 
in most cases, it is done arbitrarily, without a defined methodology 
(Santos, 2015).

In the present work, we proposed the use of a single generator set 
with fixed power of 1,200 kW, capable of operating for 9 years, meet-
ing the power demand from the year 2022 to 2030. The choice of the 
proposed power can be justified by the existence of motor-generator 
groups in the market powered by biogas with power compatible with 
this generation, and the higher percentage of use of the methane gen-
erated when compared with other powers for the same period, equal to 
71.94%, with the best cost–benefit ratio.

The acquisition of a new generator set for the years after 2030, 
to meet the power of the period, was not considered, as, in line with 
what is described by ABRELPE (2013), as the methane flow tends to 
decrease after 2029, and, consequently, present a decreasing potential 
for using the biogas generated, acquiring a new generator set would 
greatly increase the costs for an exploitation that would be declining 
and no longer profitable.

The exploitation of biogas generated using 1.2 MW power for the 
period from 2022 to 2030 comprises 71.94% of the total methane pro-
duced. The energy equivalent to this power, calculated through Equa-
tion 8, is equal to 10,512 MWh per project year and the corresponding 
flow, calculated from Equation 7, is equal to 368.45 m3/h.

Step 4: Evaluating the economic feasibility of the project
Applying the methodology proposed by the manual presented by 

CETESB (2006), we obtained the values for the sizing and exploitation 
of biogas system components, as shown in Table 6.

The project’s investment cost presented a final value equal to 
R$ 7,432,692.97. We adopted the values referring to the operation and 
maintenance costs of each of the systems in accordance with what is 
proposed by ICLEI (2009), which uses the value of 3% and 2% of the 
total investment value for expenses with the maintenance of the wells 
and expenses with the maintenance of the flare and extraction system, 
respectively. In addition, we adopted a value of 5% of the initial invest-
ment for maintenance expenses for the electrical energy generator en-
gine (Santos, 2015). Therefore, operating and maintenance costs, con-
sidered fixed for all years, were R$ 743,269.30. Operator, management, 
and administration salary costs were not considered.

Revenues accounted from the sale of biogas, for the calculated val-
ue of 10,512 MWh per year, considering the energy sale tariff equal 
to R$ 187.9 per MWh, value obtained in the A-6 energy auction of 
the Brazilian Electricity Regulatory Agency for new projects of energy 
source from thermal to biomass (ANEEL, 2016), presented an annual 
value equal to R$ 1,975,204.80, which was considered fixed for all years 
of the project. It is important to highlight that the tariff with the sale 
of electrical energy was considered constant for all years of the project, 
but it varies according to the auctions conducted, and in this work, the 
value of the most recent auction developed by ANEEL in the year of 
2019 is considered.

Table 7 presents the results obtained in the economic feasibility 
analysis, which will be described.

In order to conduct the investment analysis of the project, we 
compared the IRR to the Selic rate (Special Clearance and Escrow 
System), which is the most conservative opportunity cost in the Bra-
zilian economy, defined by Bank of Brazil, representing the interest 
rate of the expected return of a low-risk investment fund in Brazil 
and, according to ABRELPE (2013), it is applicable for investments 
in biogas energy exploitation.

The value of the most recent Selic rate, on the date of this study, 
referring to November 2019, is equal to 5% p.a. (BACEN, 2019b). 
This rate was also used to calculate the present value of the cash flow, 
to obtain the discounted payback and to apply Equation 9, which re-
fers  to the NPV. For the calculating purposes of this study, the Selic 
rate was considered fixed, but it varies frequently and this fluctuation 
can directly influence the economic feasibility of the project, since very 
high values for this rate can make investment projects unfeasible.Source: Own elaboration (2021).

Figure 4 – Power and energy available in the landfill. 
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Table 6 – Cost of the main components of the sizing system for the exploitation of biogas in landfills.

Collection system

Component Amount Cost* Total

Drains 76 units R$ 2,199.04/unit R$ 167,127.04

Pipe 3,750 m R$ 549.76/m R$ 2,061,600.00

Treatment and purification system

Component Amount Cost Total

H2O coalescent filter 29,048.3 103 m3 R$ 0.02/m3 R$ 580,966.66

H2S/Siloxin 29,048.3 103 m3 R$ 0.02/m3 R$ 580,966.66

CO2 29,048.3 103 m3 R$ 0.02/m3 R$ 580,966.66

Compression

Component Amount Cost Total

Low compression 368.45 m3/h R$ 1,092.35 per m3/h R$ 402,472.69

Burner

Component Amount Cost Total

Flare 1 unit R$ 436,941.26/unit R$ 436,941.26

Electrical energy generation

Component Amount Cost Total

Motor-generator set 1,200 kW R$ 2,184.71/kW R$ 2,621,652.00

Grand total     R$ 7,432,692.97

*The values were corrected using the Central Bank of Brazil citizen calculator (BACEN, 2019a), from June 2016 (CETESB, 2006) to September 2019. 
Source: Own elaboration (2021).

Source: Own elaboration (2021).
Figure 5 – Project return on investment. 

We calculated the cash flow, for the 9 years of the project, con-
sidering the revenues subtracted from the costs listed above, obtain-
ing a value for the NPV, from the application of Equation 9, equal to 
R$ 1,323,684.90. Therefore, as NPV > 0, the project must be accepted, 
that is, it is viable to invest in it.

The IRR presented a value equal to 9% p.a., therefore, considering 
the MARR equal to the Selic rate, 5% p.a., and applying the multi-index 
methodology, we can consider that the investment is viable, since the 
following relationship is true: IRR > MARR.

We also calculated the discounted payback with the objective of 
knowing the time of return on the investment made. For this, it was 
necessary to calculate the discounted cash flow, bringing it to the 
present value, thus obtaining the balance each year until the value 
becomes positive. The time required for the investment in the project 
to be paid is equal to 8 years, 4 months, and 12 days, which cor-
responds to the year of 2029. Figure 5 shows the year in which the 
balance becomes positive.

It is important to emphasize that a simplified analysis of invest-
ment, operation, and maintenance costs was conducted, considering 
only the main components of the biogas energy exploitation system 
for the purpose of producing electrical energy. In more in-depth 
studies, it should be considered other factors such as those cited by 
USEPA (2008), which include in the initial investment costs with en-

gineering, legal, commercial, accounting, and other professional ser-
vices, transport, and delivery of equipment and interconnection with 
the electrical network; and annual costs, which include, in addition 

Table 7 – Results obtained for IRR, NPV, and discounted payback.

Parameter Result obtained

IRR 9% p.a. > MARR (= 5% p.a.)

NPV R$ 1,323,684.90

Discounted payback 8 years, 4 months and 12 days

Source: Own elaboration (2021).
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to those accounted for in this study, operational labor and security, 
management and administration, insurance, licenses, fees and pro-
fessional services, for example. We suggest that in future studies all 
these and other factors that generate costs and revenues for the proj-
ect should be analyzed. 

Therefore, for the purposes proposed for this study, considering 
the costs and revenues evaluated and related to the implementation 
of the project in the studied landfill, the economic return will be pos-
itive and we suggest, then, that energy exploitation should be adopt-
ed on site. However, it is noteworthy that more in-depth and detailed 
studies, with regard to the project’s costs and revenues, must be pre-
pared in order to establish whether such additional values would make 
the project unfeasible.

Conclusions
The solid waste disposed each year in the landfill, according to the 

projection made, was able to provide enough biogas exploitation to 
generate electrical energy, in which, in the year with the highest peak of 
methane production, it can contribute to the consumption of approxi-

mately 9,550 residences. The biogas utilization project, with a duration 
of 9 years and available power equal to 1,200 kW/year, proved to be 
viable according to the criteria used, even if not all the power available 
in the period has been used.

The importance of using biogas in landfills is highlighted as an 
environmentally adequate alternative, which conciliates both the fi-
nal destination provided by Brazilian legislation for solid waste, and 
the use of gas generated by the mass of waste to generate a source 
of clean energy, bringing the possibility of diversifying the Brazilian 
energy matrix, and avoiding the emission of gases that aggravate the 
greenhouse effect.

The formation of consortia between small- and medium-sized mu-
nicipalities is essential, as they collaborate with a better optimization 
of resources and minimization of environmental impacts. Studies like 
this one, which economically evaluates the implementation of biogas 
energy utilization projects in Brazilian landfills, are essential to demon-
strate the economic and environmental benefits of adopting this prac-
tice, contributing, for example, to meeting the sustainable development 
goals and for the Brazilian nationally determined contribution.
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A B S T R A C T
Extreme rain events can cause social and economic impacts in 
various sectors. Knowing the risk of occurrences of extreme events 
is fundamental for the establishment of mitigation measures and 
for risk management. The analysis of frequencies of historical series 
of observed rain through theoretical probability distributions is 
the most commonly used method. The generalized extreme value 
(GEV) and Gumbel probability distributions stand out among those 
applied to estimate the maximum daily rainfall. The indication of 
the best distribution depends on characteristics of the data series 
used to adjust parameters and criteria used for selection. This study 
compares GEV and Gumbel distributions and analyzes different 
criteria used to select the best distribution. We used 224 series of 
annual maximums of rainfall stations in Santa Catarina (Brazil), with 
sizes between 12 and 90 years and asymmetry coefficient ranging 
from -0.277 to 3.917. We used the Anderson–Darling, Kolmogorov-
Smirnov (KS), and Filliben adhesion tests. For an indication of the 
best distribution, we used the standard error of estimate, Akaike’s 
criterion, and the ranking with adhesion tests. KS test proved to be 
less rigorous and only rejected 0.25% of distributions tested, while 
Anderson–Darling and Filliben tests rejected 9.06% and 8.8% of 
distributions, respectively. GEV distribution proved to be the most 
indicated for most stations. High agreement (73.7%) was only found 
in the indication of the best distribution between Filliben tests and 
the standard error of estimate.

Keywords: heavy rain; drainage; probability; territorial management.

R E S U M O
Eventos extremos de chuvas podem causar impactos sociais e econômicos 
em vários setores. Conhecer o risco de ocorrência de eventos extemos é 
fundamental para o estabelecimento de medidas mitigadoras e para a 
gestão de riscos. A análise de frequências de séries históricas de chuva 
observadas por meio de distribuições teóricas de probabilidades é o 
método mais usado. As distribuições de probabilidade generalizada de 
valores extremos (GEV) e Gumbel destacam-se entre aquelas aplicadas à 
estimativa das chuvas máximas diárias. A indicação da melhor distribuição 
depende das características da série de dados usada no ajuste dos 
parâmetros e do critério utilizado para a seleção. Este trabalho teve como 
objetivo comparar as distribuições GEV e Gumbel e analisar os critérios 
usados para a seleção da melhor distribuição. Foram empregadas 224 
séries de máximas anuais de estações pluviométricas de Santa Catarina, 
com tamanho entre 12 e 90 anos e coeficiente de assimetria variando de 
-0,277 a 3,917. Adotaram-se os testes de aderência de Anderson–Darling, 
Kolmogorov-Smirnov e Filliben. Para a indicação da melhor distribuição 
foram usados o erro padrão de estimativa, o critério de Akaike e o ranking 
com os testes de aderência. O teste Kolmogorov-Smirnov mostrou-se 
pouco rigoroso e somente rejeitou 0,25% das distribuições testadas, 
enquanto os testes de Anderson–Darling e de Filliben rejeitaram 9,06 e 
8,8% das distribuições, respectivamente. A distribuição GEV mostrou-se 
a mais indicada na maioria das estações. Somente foi constatada alta 
concordância (73,7%) na indicação da melhor distribuição entre os testes 
de Filliben e o erro padrão de estimativa.

Palavras-chave: chuvas intensas; drenagem; probabilidade; gestão territorial.
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Introduction
The study of intense rainfall events is important for understanding 

the climatic reality of a place and for understanding and evaluating the 
consequences of the impacts they generate on different sectors of soci-
ety. Selge et al. (2015) showed a high vulnerability of agricultural pro-
duction and regional income due to the low adaptation to local climate 
conditions.

Most of the extreme rain events when they reach occupied areas, 
especially urban areas, negatively impact the socioeconomic sys-
tem of these locations (Souza et al., 2014). Fernandes and Valverde 
(2017) highlighted that located and extreme climatic events impact, 
especially, the most socioeconomically susceptible populations, 
with higher levels of exposure and less resilience. From a social 
point of view, extreme events are considered as those episodes of 
rain in which material, human, and economic damage of great im-
portance occurs and in which vulnerability and resilience play an 
important role in the analysis of the extreme event (Monteiro and 
Zanella, 2017).

Impacts related to extreme rainfall events cause a huge number of 
disorders and loses (Bork et al., 2017). Investigation of spatial and tem-
poral distributions of heavy rains provides information for planning 
actions to prevent and minimize their impact.

Risk assessment is an important tool in natural disaster manage-
ment. According to Mouri et al. (2013), risk assessment of natural di-
sasters is defined as the assessment of both the probability of natural 
disaster occurrence and the degree of damage caused by natural di-
sasters. Recently, many studies have focused on natural disaster risk 
analysis with probability distributions based on historical data, which 
are usually converted to frequencies. Regarding frequency analysis, 
particularly for extreme events, the objective is to define the events as-
sociated with a return period that provide information to carry out the 
design of hydraulic works, decreasing the uncertainty of the forecast 
(Molina-Aguilar et al., 2019). 

Costa et al. (2018) commented that studies about the risks of ex-
treme events enable the development of actions that minimize the ef-
fects of these events, thus strengthening the resilience of the affected 
communities, which generally have low technological development to 
overcome the damage triggered during disasters.

Water resource analysis using a statistical approach can increase 
our understanding of environmental contexts. These approaches have 
played important roles in disaster prevention, the environment, and 
climate change prediction. In some communities, extreme flood events 
no longer result in disasters because prevention strategies such as the 
construction of structured rivers and levees have been implemented 
(Mouri et al., 2013). 

For insurance and indemnity matters, it is necessary to define the 
expected indemnity or the insured amount, which depends, of course, 
on the probability of an extreme event occurring. For this, it is neces-

sary to adequately estimate the risks of extreme events, which requires 
the use of an appropriate probability distribution. Skees (2010) point-
ed out that ignoring this limitation can lead professionals to believe 
that they accurately accounted for exposure to catastrophic risk when 
this may not be true. A limited probability distribution adjustment in 
the sample data may underestimate or overestimate exposure to cata-
strophic risk.

Knowledge of extreme rainfall events is a requirement in drainage, 
waterproofing, and other engineering works, whether in urban or ru-
ral areas, because it allows the designer to consider the existing risks 
with the execution of the work and associate it with the best alternative, 
from an economic point of view, without disregarding technical issues 
of performance and safety (Souza et  al., 2014). It is also important 
for proper soil management and prevention of water erosion (Santos 
et al., 2010). Maximum rainfall estimation with a given return period 
is essential for dimensioning hydraulic works such as drainage chan-
nels, manholes, storm drain, bridges, and dams (Almeida et al., 2015). 
The procedure adopted normally consists of using a theoretical distri-
bution of probabilities, which must have its parameters previously ad-
justed based on the historical series of the annual maximums observed 
(De Paola et al., 2018).

There are several probability distributions, such as type I and type 
II extreme distributions, generalized extreme value (GEV), Pearson 
Type III, and Log-Pearson type III distributions, that can be used 
(Vivekanandan, 2015a). The type I extreme or Gumbel distribution 
and extensions have been applied to different areas of scientific knowl-
edge such as hydrology, meteorology, climatology, insurance, finance, 
and geology, among many others (Nanvapisheh, 2021). The Gumbel 
distribution has been widely used to study maximum rainfall (Marques 
et al., 2014; Affonso et al., 2020).

The GEV distribution is widely employed for modeling the extreme 
precipitation in the environmental sciences and many other fields (Bel-
la et  al., 2020). GEV distribution has recently been indicated and is 
being widely used for precipitation frequency analysis for its capacity 
to include all three types of asymptotic distributions of extreme values 
(Gumbel, Fréchet, and Weibull).

In recent decades, many studies have been performed on the 
best fit of probability distributions for hydrological series. In addi-
tion, many countries use specific probability distributions to analyze 
maximum hydrologic events. Pearson type III distribution is recom-
mended in China (Rizwan et al., 2018), while the United States ad-
opted the Log-Pearson type III distribution (USWRC, 1981). Gumbel 
distribution is recommended in Canada (Das and Simonovic, 2011). 
Marra et al. (2017) highlighted that GEV is a three-parameter distri-
bution of extreme values used worldwide to model rainfall extremes. 
Several European countries, such as Austria, Germany, Italy, and 
Spain, recommend the use of GEV distribution in studies of extreme 
events, such as rain and flood (Salinas et al., 2014). 
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Several studies in the literature have investigated probability dis-
tribution models for extreme values of climatic variables, mainly 
Gumbel and GEV models, which are currently the best-fits models, 
with best performance (Das and Simonovic, 2011; Marques et  al., 
2014; Pérez-Sánchez and Senent-Aparicio, 2017; Alam et  al., 2018; 
Yuan et  al., 2018; González-Álvarez et  al., 2019). Many studies indi-
cate Gumbel distribution as the most suitable method (Almeida et al., 
2015; Vivekanandan, 2015b; Cremoneze et al., 2017; Mistry and Sury-
anarayana, 2019), while others cite GEV distribution as the superior 
method (Das and Simonovic, 2011; Beskow et al., 2015; Namitha and 
Vinothkumar, 2019).

Besides the distribution to be used, the method to adjust param-
eters can interfere in the evaluation of distribution (Marques et  al., 
2014). Among methods for adjusting probability distribution parame-
ters, we highlight the method of moments (MM), the method of maxi-
mum likelihood (ML), and the method of L-moments (LM) (Hosking, 
1990). The method by Chow (1964) is still often used in Gumbel dis-
tribution, with this distribution being known as Gumbel–Chow (Back 
and Cadorin, 2020). The method of moments is considered simpler, 
but also less precise when compared with other procedures, such as 
the method of maximum likelihood (Vivekanandan and Shukla, 2015). 
The ML method is considered to maximize the plausibility of a given 
distribution to be represented by the parameters estimated. However, 
in some cases, small samples can produce estimators comparable or 
even inferior to other methods. The ML method also has the drawback 
of increased complexity in calculation routines to estimate parameters, 
as is the case of GEV distribution. Naghettini and Pinto (2007) high-
lighted that the method of moments can produce low-quality estimates 
compared with the ML method, especially when the distribution has 
three or more parameters. The authors highlighted that the LM meth-
od results in estimates comparable in quality with those of ML, being 
often more precise for samples with small number of observations. 
Hosking (1990) highlighted that the LM method is less affected by ex-
tremes in the data series.

Maximum precipitation series can be represented by more than 
one probability distribution, and it is important to select the best dis-
tribution to be used (Zhang et al., 2002; Mandal and Choudhury, 2015; 
Vivekanandan, 2015a; Feyissa and Tukura, 2019). We can select the 
best model based on tests comparing observed frequencies with theo-
retical frequencies. The adhesion tests most used in hydrology are the 
Kolmogorov–Smirnov (KS), Anderson–Darling (AD), chi-square, and 
Filliben correlation (Rf) tests.

The distribution to be adopted depends on the characteristics of 
the hydrological series, the method for parameter adjustment, and the 
criterion to be adopted in the selection of probability distribution. 
Numerous studies performed by different researchers show that the 
best distribution can be defined based on the analysis of adhesion 
distribution adjusted to the observed data. Therefore, no distribution 

should be indicated according to region or country (Vivekanandan and 
Shukla, 2015). Thus, identifying the most adequate probability distri-
bution to the extreme events observed, as well as adjusting its parame-
ters and evaluating the quality of this adjustment, is challenging in the 
study of extreme events.

Leite and Virgens Filho (2011) highlighted that an error can occur 
in data analysis because of disregarding the characteristics of the most 
appropriate probability distribution for the data under study. The au-
thors stated that mistakes may result in the unnecessary use of a more 
complex and laborious model, as well as in the use of a simplified mod-
el, which would result in wrong conclusions, if the data do not adhere 
to this distribution. However, we observe that most studies show only 
the best fit obtained, while in many cases, two or more models fit prop-
erly, with very small differences, and often less laborious and some-
times equally efficient model options are not shown.

Feyissa and Tukura (2019) highlighted that the proper evaluation 
of flood frequency distribution is one of the main problems faced by 
hydrologists. This issue is very important as different distributions can 
produce significantly different estimates for the same return period 
(Coulson, 1991). Thus, this study evaluates Gumbel and GEV distribu-
tions with parameters estimated by different methods for the series of 
annual maximum daily rainfall in Santa Catarina.

Materials and Methods

Data
We analyzed daily rainfall data from rainfall stations located in 

the state of Santa Catarina, Brazil. We used rainfall stations belong-
ing to the Hydrometeorological network of the National Water Agency 
(ANA, 2020) and the network of rainfall stations from the Santa Cata-
rina Agricultural Research Company (EPAGRI, 2020). For each rain-
fall station, we determined the series of annual maximums between 
1912 and 2019. We selected stations with series over 10 years, exclud-
ing years with failures in observations. We selected 224 rainfall stations 
with these criteria, with 201 stations from ANA and 23 stations from 
Epagri, whose spatial distribution can be observed in Figure 1.

Probability distributions tested
The GEV distribution incorporates three asymptotic forms of max-

imum extreme values in a single expression. The probability density 
function is given by Equation 1:

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
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Where:
α = scale parameter.
β = position parameter.
k = form parameter.
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The value of signal k determines the asymptotic form of maximum 
extreme values, that is, if k < 0, GEV represents type II distribution, 
defined only for X > (β + α)/k. If k > 0, GEV represents type III dis-
tribution, defined only for X < (β + α)/k. If k = 0, GEV corresponds 
to Gumbel distribution with scale (α) and position (β) parameters. 
Fréchet and Weibull extreme value distributions correspond to the 
particular cases in which k > 0 and k < 0, respectively.

Type I extreme distribution, also known as Gumbel distribution, 
has its probability density function given by Equation 2:
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Where:
α = the scale parameter (standard deviation of Gumbel distribution);
β = the location parameter (Model) of Gumbel distribution.

Parameter estimation
We obtained parameter estimation of Gumbel and GEV distri-

butions by the method of moments and maximum likelihood, as de-
scribed by Kite (1977). For the method of L-moments, we used the 
procedures described by Hosking (1994, 2005).

Adhesion tests
We applied adhesion tests to test the following null hypothesis 

(H0): maximum daily rainfall data follow the distribution specified, 
against the alternative hypothesis H1: maximum daily rainfall data 
do not follow the distribution specified. We used the adhesion tests 
of Kolmogorov–Smirnov, Anderson–Darling, and Filliben correlation 
(Rf), all at 5% significance level (α = 0.05).

For the KS test (Abreu et al., 2018), we calculated D+ and D− differ-
ences given by Equations 3 and 4:
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The test statistic is given by the highest D+ and D− value, 
which was compared with the critical value (Dcrit) at 5% signifi-
cance level. Whenever Dmax value exceeds the Dcrit value, the dis-
tribution is rejected.

For the Anderson–Darling test (Abreu et al., 2018), we calculated 
the statistic by Equation 5:

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

.� (5)

For Gumbel distribution and GEV distribution, as recommended 
by Naghettini and Pinto (2007), we corrected the AD test statistic by 
Equation 6:

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

.� (6)

We compared the calculated values of ADc statistics with the crit-
ical value at 5% significance level (ADcrit = 0.757), recommended for 
Gumbel and GEV distributions (Naghettini and Pinto, 2007).

The Filliben adhesion test (1975) is based on the linear correlation 
coefficient Rf between observations ordered in increasing order and 
theoretical quantiles calculated by Equation 7:

Figure 1 – Location of rainfall stations.
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𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

,� (7)

Where:
qi = the empirical probability corresponding to the order of classifica-
tion given by Equation 8:

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

� (8)

Where:
N = the series size;
a = 0.4, according to the formula suggested by Cunnane (1973).

The Filliben test statistic is expressed by Equations 9, 10 and 11 
(Abreu et al., 2018):

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

� (9)

where 

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

� (10)

and 

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

.� (11)

The Rf value calculated is compared with the critical value (Rcrit). 
The Filliben test has the disadvantage that critical values depend on 
sample size, distribution to be tested, and the expression used to cal-
culate empirical probability. In this study, we calculated critical values 
according to the equations shown by Heo et al. (2008).

Distribution selection criteria
In order to select the best distribution, we calculated values of stan-

dard error of estimate (Se) and used the Akaike’s criterion. In addition, 
we considered a global ranking based on the total score obtained in 
three adhesion tests along with the other selection criteria. Each test 
was assigned a value from 1 to 7, with the best distribution receiving 
the lowest value. Thus, the final score for each series tested ranges from 
5 to 35, and the best distribution was given by the lowest overall score 
of each series.

For the standard error of an estimate, we used the expression sug-
gested by Equation 12 (Kite, 1977):

𝑓𝑓(𝑥𝑥) = 1
𝛼𝛼 [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽

𝛼𝛼 )]
( 1
𝑘𝑘−1)

exp {− [1 − 𝑘𝑘 (𝑥𝑥 − 𝛽𝛽
𝛼𝛼 )]

1/𝑘𝑘
} 

 

𝑓𝑓(𝑥𝑥) = 𝛼𝛼exp{−𝛼𝛼(𝑋𝑋 − 𝛽𝛽) − exp(−𝛼𝛼(𝑋𝑋 − 𝛽𝛽))}, 

 

𝐷𝐷+ = Max|Fn(𝑥𝑥) − 𝐹𝐹(𝑥𝑥)|, 
 

𝐷𝐷− = Max|𝐹𝐹(𝑥𝑥) − Fn(𝑥𝑥)| 
 

𝐴𝐴2 = −𝑁𝑁 −∑
(2𝑖𝑖 − 1){ln𝐹𝐹𝑋𝑋(𝑥𝑥(𝑖𝑖)) + ln[1 − 𝐹𝐹𝑋𝑋(𝑥𝑥(𝑁𝑁−𝑖𝑖+1))]}

𝑁𝑁

𝑁𝑁

𝑖𝑖=1
 

 

ADc = A2(1+0.20/√N) 

 

𝑊𝑊𝑖𝑖 = 𝐹𝐹𝑥𝑥−1(1 − 𝑞𝑞𝑖𝑖) 
 

qi=
i-a

N+1-2a, 

 

Rf =
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)(𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)𝑁𝑁
𝑖𝑖=1

√∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)²𝑁𝑁
𝑖𝑖=1 ∑ (𝑤𝑤𝑖𝑖 − 𝑤̅𝑤)²𝑁𝑁

𝑖𝑖=1

, 

 

𝑥̅𝑥 =
∑ 𝑥𝑥(𝑖𝑖)𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

𝑤̅𝑤 =
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁  

 

Se = √∑ (𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑋𝑋𝑖𝑖)2𝑛𝑛
𝑖𝑖1

𝑛𝑛 − 𝑘𝑘 , 

 

� (12)

Where:
Se = the standard error for a given probability distribution; 
Xi = the precipitation recorded of order i; 
Xei = the precipitation estimated by the theoretical probability distribution;

n = the number of elements in the series of annual maximums;
k = the number of parameters estimated for probability distribution (k 
= 2 for Gumbel distribution and k = 3 for GEV distribution).

Akaike’s information criterion was developed to test whether a giv-
en model is suitable, defining its criterion as Equation 13:

AICc = −2LogLike + 2𝑘𝑘 + 2𝑘𝑘(𝐾𝐾 + 1)
𝑁𝑁 − 𝑘𝑘 − 1  

 

LogLike = 𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − 𝛼𝛼∑(𝑋𝑋𝑖𝑖 − 𝜇𝜇) −∑exp⁡(−𝛼𝛼(𝑋𝑋1 − 𝜇𝜇),
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

LogLike = −𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − (1 + 𝑘𝑘
𝑘𝑘 )∑𝑙𝑙𝑙𝑙 [1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽

𝛼𝛼 )] −∑[1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽
𝛼𝛼 )]

−1/𝑘𝑘𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

 

,� (13)

Where:
LogLike = the Log-likelihood function of the probability distribution;
k = the number of model parameters.

For Gumbel distribution, we calculate the Log-likelihood function 
by Equation 14:

AICc = −2LogLike + 2𝑘𝑘 + 2𝑘𝑘(𝐾𝐾 + 1)
𝑁𝑁 − 𝑘𝑘 − 1  

 

LogLike = 𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − 𝛼𝛼∑(𝑋𝑋𝑖𝑖 − 𝜇𝜇) −∑exp⁡(−𝛼𝛼(𝑋𝑋1 − 𝜇𝜇),
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

LogLike = −𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − (1 + 𝑘𝑘
𝑘𝑘 )∑𝑙𝑙𝑙𝑙 [1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽

𝛼𝛼 )] −∑[1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽
𝛼𝛼 )]

−1/𝑘𝑘𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

 

� (14)

While for GEV distribution, the Log-likelihood function is by 
Equation 15:

AICc = −2LogLike + 2𝑘𝑘 + 2𝑘𝑘(𝐾𝐾 + 1)
𝑁𝑁 − 𝑘𝑘 − 1  

 

LogLike = 𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − 𝛼𝛼∑(𝑋𝑋𝑖𝑖 − 𝜇𝜇) −∑exp⁡(−𝛼𝛼(𝑋𝑋1 − 𝜇𝜇),
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

LogLike = −𝑛𝑛𝑛𝑛𝑛𝑛(𝛼𝛼) − (1 + 𝑘𝑘
𝑘𝑘 )∑𝑙𝑙𝑙𝑙 [1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽

𝛼𝛼 )] −∑[1 + 𝑘𝑘 (𝑋𝑋𝑖𝑖 − 𝛽𝛽
𝛼𝛼 )]

−1/𝑘𝑘𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

 

 

.� (15)

According to this criterion, the best model considered for problem 
construction is the one with the lowest Akaike’s information criterion 
(AICc) value. This criterion penalizes the addition of parameters, that 
is, the selection of an extremely complex model with many parameters 
(Ramos and Moala, 2014).

Results and Discussion
Table 1 contains the summary of descriptive statistics of the 

series of annual maximums. In the 224 series studied, series size 
ranged from 12 to 90 years, with 25% of the series containing up to 
29 years and 25% of the series containing more than 50 years of data. 
Series means ranged from 55.7 to 134.8 mm, although 50% of the 
series averaged in the 79.8–96.6 mm range. The variation coeffi-
cient ranged from 27.5 to 47.2%, with 50% of series between 27.2 
and 31.9%. Regarding extremes, we found that the highest values in 
each series range from 95.5 to 367 mm, although 50% of the series 
had maximum values within the 138.3–196.2 mm range. The asym-
metry coefficient ranged from -0.277 to 3.917, with only eight sta-
tions (3.6%) having negative asymmetry and 25% of the series with 
asymmetry below 0.50. In addition, 25% of series showed asymme-
try above 1.22 and only 6.7% showed asymmetry above 2.0. Alam 
et al. (2018) stated that series with asymmetry coefficient above 1.0 
can be considered highly asymmetric, while asymmetry from 0.5 
to 1 is considered moderately asymmetric. Series with asymmetry 
from -0.5 to 0.5 can be considered approximately symmetric.
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Table 2 shows rejection frequencies for the adhesion tests of dis-
tributions fitted to the series of annual maximums. The KS test only 
rejected four distributions (0.25%), one for the Gumbel–MM distribu-
tion, two for the Gumbel–Chow distribution, and one for GEV–LM. 
These series rejected by the KS test contained asymmetry coefficient 
above 2.8 with extreme values above 300 mm, which can be an outlier 
in the series. As the KS test is based only on the greatest difference 
between observed and estimated frequencies, an outlier can imply the 
rejection of the adhesion hypothesis. We obtained 142 rejections for 
the 1568 tested (224 series × 7 candidate distributions) with the An-
derson–Darling test, equivalent to 9.06% rejection. The Rf test rejected 
the Gumbel distribution for 19 series analyzed (8.5%). The Gumbel 
distribution adjustment for the eight series with asymmetry coefficient 
above 2 was rejected by the Rf test. Among GEV distributions, the Rf 
test rejected 62 series, the majority being of GEV–MV distribution. 
Considering the total series, the Rf test rejected 8.8% of series.

Thus, we observed that the KS test is little rigorous in rejecting 
adhesion hypotheses to the series of annual maximums. Abreu et al. 
(2018) obtained similar results. One of the criticisms of KS test is that 
its application assumes that the distribution to be tested is previously 
known. However, in applications, we usually adjusted distribution pa-
rameters based on the series to be tested. Even with these limitations, 
the KS test is widely used often as the only adhesion test (Al-Suhili and 
Khanbilvardi, 2014; Pereira et al., 2017; Silva Neto et al., 2017; Ottero 
et al., 2018) and also commonly used as criterion for selecting the best 
distribution (Caldeira et al., 2015; Back and Cadorin, 2020). AD and Rf 
tests proved to be more rigorous and should be favored. Gumbel distri-
bution was the most rejected as some series show negative asymmetry, 
and other series show asymmetries above 2.0. Gumbel distribution has 
a theoretical asymmetry coefficient of 1.1396. Thus, it is normal that 
series with asymmetry far from this value are considered inadequate. 
On the contrary, GEV distribution has the k parameter that allows bet-
ter adjustment to the format of data distribution. 

Beskow et  al. (2015) obtained similar results, who analyzed data 
from 342 rainfall stations in the state of Rio Grande do Sul and found 
that the KS test did not reject any GEV distribution and rejected only 
0.29% of Gumbel distributions. For the AD test, rejections were of 2.92% 

and 13.45% for GEV and Gumbel distribution, respectively. These rejec-
tions were of 2.05% and 8.19% by the Rf test, respectively. The authors 
concluded that the AD adhesion test was the most appropriate to evalu-
ate the adequacy of probability models to the historical series analyzed, 
as being more restrictive than Rf and KS tests.

Marques et al. (2014) analyzed series of maximum rainfall in the 
state of Minas Gerais and analyzed the performance of GEV, Gumbel, 
and Gama probability distributions with two parameters, concluding 
that the Gumbel probability distribution performed better, adjusting 
to 87.5% of cases. Among probability distributions evaluated, GEV ad-
justed by ML method showed adhesion for all rainfall stations, being 
indicated for use. Mello and Silva (2005) also compared the adjustment 
of parameters by MM and ML using the chi-square adhesion test and 
concluded that the ML method performed better. Abreu et al. (2018) 
observed that adhesion tests can indicate different results regarding ad-
equacy of probability distributions and concluded that the KS test was 
the least rigorous, admitting adhesion in all situations tested.

Table 3 shows frequencies in which different distributions were 
identified as the best according to different criteria. Using the criterion 
of lowest value of the KS statistic, Gumbel distribution was identified 
as the best in 83 series analyzed (11 MM, 23 ML, 13 LM, and 36 using 
the Gumbel–Chow method), and 141 series indicate GEV distribution 
as the best (37 MM, 43 ML, and 61 LM). By the Anderson–Darling 

Table 1 – Summary of descriptive statistics of the series of annual maximums.

Statistics Nr. of data Mean (mm)
Coefficient of

Highest (mm) Lowest (mm)
Variation (%) Asymmetry

Maximum 90 134.8 47.2 3.917 367.0 85.2

Minimum 12 55.7 27.5 -0.277 95.5 15.3

Mean 40.3 89.4 30.8 0.910 169.7 47.9

1st Quartile 29 79.8 27.2 0.504 138.3 41.0

2nd Quartile 38 88.0 29.1 0.789 160.8 47.3

3rd Quartile 50 96.6 31.9 1.219 196.2 54.2

Quartile Range 21 16.8 54.5 0.715 57.9 13.2

Table 2 – Frequency of rejection of the adhesion hypothesis.

Distribution tested
Adhesion test

Kolmogorov–
Smirnov

Anderson–
Darling Filliben

Gumbel–MM 1 42 19

Gumbel–MV 0 25 19

Gumbel–LM 0 27 19

Gumbel–Chow 2 13 19

GEV–MM 0 21 7

GEV–MV 0 7 47

GEV–LM 1 7 8

Total 4 142 138
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test, Gumbel distribution was selected in 75 series, 57 of which use 
the Gumbel–Chow method. GEV distribution was selected in 149 se-
ries, 88 of which use the LM method. Similar results were obtained by 
Lima et al. (2021), who reported that the GEV distribution had the best 
performance in Anderson–Darling test and it was suitable to represent 
series with positive skewness with high values. Also Back and Cadorin 
(2020), comparing the Gumbel and GEV distribution in 11 pluviomet-
ric stations in the state of Acre, concluded that the GEV distribution 
with parameters estimated by the LM method was considered the best 
in 73% of the stations. Rf criterion indicated Gumbel distribution as 
the best in 24 series, indicating GEV distribution for the remaining 
200 series. The Rf criterion does not distinguish between adjustment 
methods of Gumbel distribution. In the Akaike’s criterion, Gumbel–
ML distribution, with 172 series, and GEV–ML distribution, with 40 
series, stood out. In Akaike’s criterion, adjustment methods using max-
imum likelihood stand out for considering the Log-likelihood function 
in the calculation, which is minimized in the parameter adjustment 
process. Moretti and Mendes (2003) showed that small samples cause 
quality loss and less precision in parameter estimates using the method 
of maximum likelihood. Molina-Aguilar et al. (2019) highlighted that 
multiple methods for estimating the parameters of the Gumbel distri-
bution function are reported in the literature, with the moments and 
ML methods being the best known and most used of them all.

In the criterion standard error of estimation, GEV distribution also 
prevailed with 192 series, of which GEV–MM is the most frequent. 
Adopting the ranking, GEV distribution is indicated in 164 series and 
Gumbel distribution is indicated in 60 series. González-Álvarez et  al. 
(2019) reported similar results when investigating whether the Gumbel 
was most suitable, based on 318 rain gauges from the Caribbean region. 
They concluded that GEV was most suitable in 47.2% of the rain gaug-
es, while Gumbel, in spite of being widely used in Colombia, was only 
suitable in 34.3% of the cases. Coronado-Hernández et al. (2020), with 
records from 362 stations distributed throughout Colombia, concluded 
that GEV distribution presents the best fit with an overall value of 52%.

We observed that distribution selection varies according to the cri-
terion used, and the lack of agreement between most of these criteria 
is evident. Table 4 shows the agreement matrix in the selection of dis-
tribution between criteria. The KS criterion showed 32.6% agreement 
with the AD criterion, that is, in 32.6% of series, the best distribution 
was selected equally by KS and AD criteria. Agreement of KS crite-
ria with Rf and Akaike’s criteria and standard error of estimate were 
16.5, 13.8, and 13.8%, respectively. Regarding ranking criteria, agree-
ment was 29.5%. We note that, even for completely random events, 
we expected 14% agreement. Thus, we state that there is no agreement 
between KS, Rf, and Se criteria. For the AD criterion, agreement with 
Rf, Akaike’s, and Se criteria was 19.2, 12.1, and 17.9%, respectively, and 
agreement with the ranking was 36.2%. The Rf criterion had 73.7% 
agreement with the standard error of estimate. These were the indexes 
with the greatest agreement observed, reflecting increased compliance 
with the ranking. Abreu et al. (2018), who evaluated criteria for choos-
ing probability distributions, also concluded that the Filliben test was 
the one with greatest convergence when considering the three best per-
formances. Akaike’s criterion showed the least agreement with other 
criteria, being only 5.4% with standard error and 17.4% with the sum 
of the ranking. These results show that different criteria used in the se-
lection of distribution may indicate different probability distributions 
to be used. Akaike’s criterion did not show significant agreement with 
any other criteria for privileging distributions estimated by the method 
of maximum likelihood. The greatest agreement, observed between Rf 
and Se methods (73.4%), can be explained as both consider differences 
between all precipitation values observed and estimated and distribu-
tion, while the KS criterion considers only the greatest difference. 

As different criteria indicate different distributions, several authors 
(Mandal and Choudhury, 2015; Alam et al., 2018) have been making a 
ranking considering all indexes. In this case, agreement for KS criteri-
on is 29.5 and 36.25% for AD, 47.8% for Rf, and 48.2% for Se. Akaike’s 
criterion has only 17.4% agreement, practically not differentiating 
from the completely random value. This fact reinforces that although 
the Akaike criterion is an index used to select models in general, its ap-
plication in the selection of probability distribution is not in line with 
the other criteria and contributes less to the general score. Table 3 – Indication of the best probability distribution according to the 

selection criteria.

Probability 
distribution

Selection criteria

KS AD Rf AK Se Ranking

Gumbel–MM 11 1 24* 0 2 10

Gumbel–ML 23 8 24* 172 1 20

Gumbel–LM 13 9 24* 6 25 23

Gumbel–Chow 36 57 24* 6 4 7

GEV–MM 37 17 73 0 93 49

GEV–ML 43 44 53 40 22 53

GEV–LM 61 88 74 0 77 62

*Non-differentiated between Gumbel distributions.

Table 4 – Agreement matrix between adhesion criteria.

Criterion
Classification criteria 

KS AD Rf AK Se Ranking

KS 1.000 0.326 0.165 0.138 0.138 0.295

AD 0.326 1.000 0.192 0.121 0.179 0.362

Rf 0.165 0.192 1.000 0.129 0.737 0.478

AK 0.138 0.121 0.129 1.000 0.054 0.174

Se 0.138 0.179 0.737 0.054 1.000 0.482

Ranking 0.295 0.362 0.478 0.174 0.482 1.000
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Figure 2 – Differences (%) between maximum rainfall estimated with 
the best-ranked Gumbel and GEV distributions and maximum rainfall 
estimated with the distribution selected using ranking criteria.

Some authors, besides using quantitative criteria, also adopted 
qualitative criteria, mainly with the evaluation of Q–Q plot or distri-
bution curve graphs with confidence interval (Aiyelokun et al., 2017). 
Qualitative evaluation is feasible when evaluating some distributions 
for a data series. However, for studies evaluating hundreds of series and 
various distributions, graphical analysis is unfeasible.

Figure 2 shows percentage differences between distribution esti-
mated by Gumbel and GEV best ranked with the distribution select-
ed by the ranking criteria. We observe that quartiles of differences are 
within the range of -7.8 and +1.8% with Gumbel distribution for a 
return period of up to 50 years. This means that differences between 
rainfall estimated by these distributions are lower than 10% for more 
than 50% of the series studied. Differences are even lower for GEV dis-
tribution. This finding explains reduced agreement in the distribution 
selection criteria, as in most cases differences are insignificant, and 
more than one of distributions tested can be used to estimate maxi-
mum rainfall. Thus, distribution classified in the second or third place 
in the ranking can estimate rainfall with nonsignificant differences 
from the distribution in the first place.

On the contrary, we observe that some series show differences of more 
than 20% with Gumbel distribution estimates for a return period of above 
20 years, reaching 84% with a return period of 1,000 years. For GEV dis-
tribution, differences above 20% were only observed with a return peri-
od of more than 100 years. These results are in consonance with Coelho 
et al. (2017), who reported differences greater than 18% in the maximum 
rainfall calculated with the GEV and Gumbel distributions with parame-
ters estimated by the methods of moments and L-moments method. Back 
(2018), who analyzed maximum flow estimates with different probability 
distributions, observed that for the 10-year return period, differences were 

below 10%, while differences could be above 20% for the 100-year return 
period. Therefore, we highlight the importance of careful analysis of the 
probability distribution to be used in the estimation of extreme events with 
a return period of 100 years or more. In dam projects, the recommenda-
tion is to use a return period of up to 10,000 years. In these cases, we can 
obtain very different estimates for maximum rainfall according to the dis-
tribution selected, even if we perform adhesion test.

Esteves (2013) showed that extreme rainfall estimates for long 
return periods can differ by more than 40% depending on the distri-
bution model used and question whether the level of protection they 
offer are appropriate in locations where data demonstrate clearly that 
alternative probability distributions may have a better fit to the local 
rainfall data. Adequate selection of the probability distribution is one 
of the more important issues in flood frequency analysis.

Fischer et al. (2012) claimed that extreme weather events regular-
ly cause damages to ecosystems and affect the socioeconomic sphere. 
The population that is living in areas vulnerable to weather extremes 
such as floods, rain, storms, and droughts is increasing. Statistically, 
weather index insurance covers the extreme tail of the probability dis-
tribution of weather events for a specified region. The determination of 
the index depends on the probabilities associated with the given risk. 
An accurate estimation of return levels at given return periods is rel-
evant for the determination of indices for weather index-based crop 
insurance and other adaptation measure.

Conclusions
The use of 224 series of maximum annual rainfall data ranging from 

12 to 90 years, with asymmetry coefficient ranging from -0.277 to 3.917, 
allows important conclusions on parameter adjustment and selection of 
probability distributions to estimate maximum extreme rainfall. 

The Kolmogorov–Smirnov test is little rigorous as adhesion test 
criterion to adjust probability distributions to maximum annual rain-
fall data. In addition, its use to indicate the best probability distribution 
does not demonstrate confidence. Anderson–Darling and Filliben tests 
were more rigorous, rejecting 9.06 and 8.5% of the distributions tested, 
respectively. Filliben test also showed that it can be used as a criterion 
to select the best distribution, showing 73.7% agreement with the crite-
rion with the lowest standard error of estimate.

Akaike’s criterion showed less agreement with the other criteria 
tested, and for considering the likelihood function in calculation, only 
indicated Gumbel and GEV distributions with parameters estimated 
by the method of maximum likelihood. The ranking consisting of sev-
eral criteria can be an alternative to select the best probability distribu-
tion, although not superior to the use of standard error of estimate or 
Filliben test.

The GEV distribution was selected as the best distribution for most 
of the series used in all selection criteria. However, all distributions 
adjusted with the different parameter estimation methods showed re-
jections by Anderson–Darling and Filliben tests. This finding reinforc-
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es the need to look for the best distribution to fit the data observed, 
especially when the series is asymmetric or has the presence of extreme 
values. A single distribution cannot be indicated for all cases.

The selection of the probability distribution can affect the estimates 
of extreme events and thus impact the determination of maximum flows 
with consequences in the dimensioning of hydraulic works and definition 
of risk areas, and influence the cost of insurance against extreme events.

As the return periods gets longer, the differences between the rainfall 
estimates obtained with the different probability distributions are more ac-
centuated. Therefore, we recommend careful analysis of adjustment to se-
lect the most adequate probability distribution to estimate extreme events 
with return periods of 100 years or more. Detailed analysis of the fit of 
probability distributions to the observed data series is a better alternative 
than assuming a priori that a given probability distribution is adequate.

Contribution of authors:
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A B S T R A C T
The trace elements concentration in the muscle of the Atlantic 
seabob shrimp (Xiphopenaeus kroyeri) caught in coastal fishing 
highlighted copper (Cu) and zinc (Zn), both related to antifouling 
systems, as the main elements related to the intensity of port 
activities of southeast Brazil (~20—to 22ºS). The aim of this study is 
to analyze if the behavior of Cu and Zn in the muscle of this shrimp 
species is constant among different sampling sites, verifying if the 
species is suitable as biomonitor for these elements. The shrimps 
came from fisheries done in 2017 in Vitória, Anchieta, and Farol 
de São Tomé, southeast Brazil. After sampling, each individual 
was categorized for gender and maturity stage, measured, and 
weighted. Bulk muscle samples were freeze-dried for determination 
of Cu, Zn, and ratios of stable isotopes of carbon (δ13C) and nitrogen 
(δ15N). The data analysis verified if the concentration of Cu and Zn in 
male and female shrimps vary among maturity stages and sampling 
sites, and how the concentration of Cu and Zn is related to shrimps 
foraging area and/or trophic position. Both bioaccumulation and 
growth dilution occurred, but not in the same way for genders and 
sampling sites, with Cu showing more variability. Relationships 
between elements and shrimps foraging area and trophic position 
did not show a clear trend among the sampling sites. Regression 
models indicated moderate relationships, explaining 51% (Cu) and 
60% (Zn) of the association with the foraging area in Anchieta, but 
up to 8% in Vitória and Farol de São Thomé. For the trophic position, 
the models explained 33% (Cu) and 34% (Zn) in Anchieta and up to 
14% in Vitória and Farol de São Thomé. The results showed that the 

R E S U M O
A concentração de elementos traço no músculo do camarão sete-barbas 
(Xiphopenaeus kroyeri) capturado na pesca costeira destacou cobre (Cu) 
e zinco (Zn), ambos relacionados com sistemas anti-incrustantes, como os 
principais elementos associados à intensidade das atividades portuárias 
do Sudeste do Brasil (~20–22ºS). O objetivo deste estudo foi analisar 
se o comportamento de Cu e Zn no músculo dessa espécie de camarão 
era constante entre os diferentes locais de amostragem, verificando 
se a espécie era adequada como biomonitor para esses elementos. 
Os camarões vieram de pescarias realizadas em 2017 em Vitória, Anchieta e 
Farol de São Thomé, Sudeste do Brasil. Após a amostragem, cada indivíduo 
foi categorizado quanto a sexo e estágio de maturidade, medido e pesado. 
Amostras compostas de músculo foram liofilizadas para a determinação de 
Cu, Zn e razões de isótopos estáveis de carbono (δ13C) e nitrogênio (δ15N). 
A análise dos dados verificou se a concentração de Cu e Zn em camarões 
machos e fêmeas variou entre os estágios de maturidade e locais de 
amostragem, e como a concentração de Cu e Zn estava relacionada à área de 
forrageamento e/ou posição trófica dos camarões. Tanto a bioacumulação 
quanto a diluição do crescimento ocorreram, mas não da mesma forma 
para os gêneros e locais de amostragem, com Cu apresentando maior 
variabilidade. As relações entre os elementos e a área de forrageamento 
e a posição trófica dos camarões não mostraram tendência clara entre 
os locais de amostragem. Modelos de regressão indicaram relações 
moderadas, explicando 51% (Cu) e 60% (Zn) da associação com a área de 
forrageamento em Anchieta, mas somente até 8% em Vitória e Farol de 
São Thomé. Para a posição trófica, os modelos explicaram 33% (Cu) e 34% 
(Zn) em Anchieta e até 14% em Vitória e Farol de São Thomé. Os resultados 
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Introduction
The Atlantic seabob shrimp, Xiphopenaeus kroyeri (Heller 1862), is 

a penaeid from Western Atlantic Ocean (36°N to 30°S) widely caught in 
coastal commercial fisheries along its distribution range (FAO, 2018). 
The species is an omnivorous consumer that spends its entire life cycle 
in marine coastal waters feeding on a broad spectrum of food items, 
such as primary sources (phytoplankton and macroalgae) and small 
animals from both seabed and water column. In this species, males and 
females have similar diets, whereas juveniles feed on smaller prey when 
compared to adults, which are in a higher trophic position (Branco and 
Moritz-Júnior, 2001; Willems et al., 2016). Like other penaeid shrimps, 
the Atlantic seabob shrimp presents sexual dimorphism in body size, 
with females larger and heavier than males, and adult males compara-
ble to juvenile females in size (Hartnoll, 1982).

In general, shrimps are recognized as biomonitors of trace ele-
ments contamination in coastal environments due to their abundance, 
easy sampling, and strong association with the benthic environment 
(Stentiford and Feist, 2005; Fry et al., 2016). Biomonitors are sentinel 
organisms that provide quantitative information on the environmental 
quality because they accumulate contaminants in their tissues, yield-
ing a relative measure of the total amount of these contaminants in 
the environment (Hatje, 2016). Crustaceans accumulate trace elements 
from the environment, mainly from water and diet, whether they are 
essential or not to their body functions. The accumulation pathway in 
crustaceans may vary among species, gender, maturity stage, and or-
gans (Rainbow, 2002; Pourang et al., 2004; Yilmaz and Yilmaz, 2007). 
In animal ecotoxicological studies, the relationships between the con-
centration of trace elements and the ratios of stable isotopes of carbon 
and nitrogen allow evaluating the assimilation of trace elements from 
a foraging area, measured by δ13C values, and from a trophic position, 
estimated by δ15N values (Asante et al., 2008; Liu et al., 2018; Liu et al., 
2019). As a common sense, δ 13C values indicate the food source origin, 
being more depleted (more negatives values) in pelagic than benthic 
areas; and δ 15N values are usually more enriched at higher trophic lev-
els (Fry, 2008).

 The concentration of 12 trace elements in the muscle (edible por-
tion) of the Atlantic seabob shrimp caught in coastal fishing highlight-
ed copper (Cu) and zinc (Zn) as the main elements related to the in-
tensity of port activities of southeast Brazil (~20–22ºS) (Di Beneditto 

et al., 2020). The tributyltin (TBT) antifouling systems used in ships 
and boats were worldwide banned in 2008, and they were replaced by 
antifouling products with Cu metal oxides in combination with oth-
er co-biocides, such as Zn pyrithione or the polymer zineb (Dafforn 
et al., 2011; Amara et al., 2018). These antifouling products increased 
levels of Cu and Zn in fishes, as demonstrated by Nikolaou et al. (2014) 
in aquaculture farms. Di Beneditto et al. (2020) considered the same 
explanation to Cu and Zn concentrations in shrimps caught near large 
port activities of southeast Brazil. It is noteworthy that both elements 
are essential in crustaceans’ metabolism (and in most animals), as key 
components of many enzymes (Zn) and constituent of hemocyanin 
(Cu) (Rainbow, 2002; 2007). However, Cu and Zn can cause hazard-
ous effects in animal species, including humans, at high concentrations 
(Ali and Khan, 2019).

Based on the previous results of Di Beneditto et al. (2020) and be-
cause shrimps are recognized as good biomonitors of trace element con-
tamination in coastal environments (Stentiford and Feist, 2005; Fry et al., 
2016), the aim of this study is to analyze if the behavior of Cu and Zn in 
the muscle of the Atlantic seabob shrimp (herein referred to as shrimp) 
is constant among different sampling sites, verifying if the species is suit-
able as biomonitor for these elements. The study raised two questions to 
understand the presence of Cu and Zn in the shrimps, considering its 
population structure and habitat: Does the concentration of Cu and Zn 
in male and female shrimps vary among maturity stages and sampling 
sites? and How is the concentration of Cu and Zn related to shrimps for-
aging area and/or trophic position? This study may contribute for future 
decisions on environmental quality monitoring near port activities, since 
the Atlantic seabob shrimp is widely distributed in marine coastal waters 
along the Western Atlantic Ocean, and both Cu and Zn are elements 
present in most antifouling systems applied in vessels and boats. 

Material and Methods

Sampling
The shrimps analyzed in this study came from the same dataset 

considered in Di Beneditto et al. (2020). The samplings were done in 
June–July 2017, during landings from commercial fisheries in three 
fishing sites from southeast Brazil: Vitória (20º31΄S; 40º30΄W), near 
Vitória and Tubarão ports; Anchieta (20º48΄S; 40º38΄W), near Ponta de 

utilization of this shrimp species as biomonitor of marine coastal 
environments near port activities to monitoring the levels of Cu and 
Zn is not a suitable choice, at least in the spatial scale considered by 
this study.

Keywords: trace elements; stable isotopes; coastal shrimp; 
environmental monitoring; Western Atlantic.

mostraram que a utilização dessa espécie de camarão como biomonitor 
de ambientes costeiros marinhos próximos às atividades portuárias para 
monitoramento dos níveis de Cu e Zn não é uma escolha adequada, pelo 
menos na escala espacial considerada neste estudo.

Palavras-chave: elementos traço; isótopos estáveis; camarão costeiro; 
monitoramento ambiental; Atlântico Ocidental.
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Ubu maritime terminal; and Farol de São Thomé (22o02΄S, 41o02΄W), 
near Açu superport. The first two sites are located in the state of Es-
pírito Santo (ES) and the last one in the state of Rio de Janeiro (RJ) 
(Figure  1). Details regarding cargo activities in Vitória and Tubarão 
ports (largest ports), Ponta de Ubu maritime terminal, and Açu super-
port are in Di Beneditto et al. (2020). 

Each shrimp was categorized macroscopically for gender (male or 
female) and maturity stage (juvenile or adult), as described in Campos 
et al. (2009). Each individual was measured to carapace size with a cali-
per (± 0.1 mm) and weighted in a digital scale (± 0.1 g). Carapace, gills, 
hepatopancreas, gonads, and intestine were removed before analysis 
and only abdominal muscle was considered for the quantification of 
Cu, Zn, and stable isotopes. Muscle is a low metabolic tissue with low 
turnover rate (Madigan et al., 2012), being a good tissue to represent 
trace elements incorporation in the shrimps’ body (Di Beneditto et al., 
2020). Muscle samples were kept frozen (−20°C) in transparent and 
clean plastic bags prior to analysis. 

The sample size and number of bulk samples from each sampling 
site were 115 individuals from Vitória with 49 bulk samples (12 juve-
nile males, 13 adult males, 10 juvenile females, and 14 adult females); 
116 individuals from Anchieta with 49 bulk samples (11 juvenile 
males, 14 adult males, 9 juvenile females, and 15 adult females); and 
119 individuals from Farol de São Tomé with 57 bulk samples (13 juve-
nile males, 14 adult males, 15 juvenile females, and 15 adult females). 
According to the end mass after freeze-dried, each bulk sample was 
composed by one to four individuals of similar size (carapace length 
and total weight), and same gender (male or female) and maturity stage 
(juvenile or adult).

Cu and Zn determination and stable isotope analysis
Muscle samples were freeze-dried and homogenized into a fine 

powder using a mortar and pestle. Each bulk sample (0.3 g dry weight) 
was analyzed for the concentration of Cu and Zn. For the determina-
tion of each element, dry samples were solubilized in 10 mL of 65% 
HNO3, and then heated in a digestion block at 150°C until drying the 
extract. The samples were resuspended with 5 mL of 0.5 N HNO3 at 
60°C in a digestion block. Subsequently, the samples were filtered on 
filter paper (Whatman 40) and completed to 20 mL with 0.5 N HNO3. 
Analytical blanks controls were prepared for each 20 samples to check 
for solution contamination. Certified reference material (Standard Ref-
erence Material DORM 4) was analyzed, with recovery of 110% and 
70% for Cu and Zn, respectively, and coefficients of variation of tripli-
cates < 10%. The certificate reference material recovery showed good 
results, and we assumed that the possible trace elements loss during the 
filtering processes did not significantly affect the results. No reference 
is available for shrimps; but there are references for fish tissues that 
show it (Maurya et al., 2019; Lacerda et al., 2020).

The trace elements were determined using an inductively coupled 
plasma-optical emission spectrometer (ICP-OES 720 ES, Varian). 
The operating conditions for ICP-OES were detailed in Di Beneditto 
et  al. (2020). To avoid measurement errors, we performed the ICP-
OES calibration every 30 samples and the quantification control with 
a calibration standard of 0.05 mg L−1 for 15 samples. Cupper and Zn 
concentrations were expressed in μg g−1 of dry weight. The limit of de-
tection (LOD) and limit of quantification (LOQ) of ICP-OES followed 
the calculation presented in Skoog and Leary (1992): LOD = 3× stan-
dard deviation of blanks divided by the slope of the calibration curve. 
The LOQ were obtained by 3.3× LOD, coinciding with the first point 
of the calibration curve after the control blanks (Thomsen et al., 2003). 
The LOD (μg g−1) and LOQ (μg g−1) for each trace element are, respec-
tively: Cu (< 0.27 and 0.88) and Zn (< 0.20 and 0.66). Determinations 
for all samples had results above the LOD and LOQ.

The ratios of stable isotopes (δ13C and δ15N) were determined 
in 0.4  mg of each bulk sample using an organic elemental analyzer 
(Flash 2000, Thermo Scientific) coupled to a mass spectrometer (Del-
ta V Advantage Isotope Ratio Mass Spectrometer, Thermo Scientific) 
through the ConFlo-VI interface (Model BR30140, Thermo Scien-
tific). Reference values for C and N were Pee Dee Belemnite (PDB) 
and atmospheric nitrogen, respectively. Samples were analyzed using 
analytical blanks and urea analytical standards (IVA Analysentech-
nik-330802174). Analytical control and reproducibility were done 
for every 10 samples using a certified isotopic standard (Elemental 
Microanalysis Protein Standard OAS) and based on triplicates for 
every 10  samples (± 0.2‰ for δ13C; ± 0.3‰ for δ15N), respective-
ly. There was no prior extraction of lipids from the muscle samples; 
however, the C/N ratios were lower than 3.5, indicating low lipid levels 
that do not compromise the interpretation of δ13C values (Post et al., 

Figure 1 – Fishing areas of the Atlantic seabob shrimp (gray ellipses) and 
the fishing ports of Vitória and Anchieta, state of Espírito Santo (ES), and 
Farol de São Thomé, state of Rio de Janeiro (RJ).
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2007). The isotopic results were presented as parts per thousand (‰). 
All  analysis (trace elements and stable isotopes) were done at Labo-
ratório de Ciências Ambientais from Universidade Estadual do Norte 
Fluminense Darcy Ribeiro (UENF).

Data analysis
All statistical analyses were done in the R program (R Core Team, 

2020). The concentration of Cu and Zn was normalized by the shrimp 
carapace length to remove intraspecific bias in bioaccumulation or 
growth dilution. Karimi et al. (2007; 2010) defined somatic growth di-
lution (SGD) (or just growth dilution) as a reduction in the somatic 
concentration of an element during rapid growth that normally hap-
pens in aquatic invertebrates. In general, SGD of an ingested element 
occurs when total biomass gain outpaces element gain from food, 
thereby diluting mass-specific element concentration in the body.

The relationship between the square root of shrimp’s total weight 
( ) and carapace length (CL) was adjusted for all bulk samples 
(mean values):  = 0.142∙CL − 0.466 (R² = 0.95, p < 0.000001). 
Since  these measures have a strong relationship with each other, as 
demonstrated by the R2 value, both could be applied as a measure of 
shrimp size in data normalization. Then, we evaluated how gender, ma-
turity stage, foraging area (δ13C) and/or trophic position (δ15N) might 
influence the elements concentration in the shrimp muscle. 

To answer the first question (Does the concentration of Cu and 
Zn in male and female shrimps vary among maturity stages and sam-
pling sites?), the concentration of each element was used to calculate 
the ratio between the normalized concentrations in adults per normal-
ized concentration in juveniles, as indicated below. Thus, when Ratio-

Adults,Juveniles is > 1, there is trace element bioaccumulation between the 
maturity stages, whereas values < 1 indicate a growth dilution effect 
(Equation 1).

� (1)

All combinations of Cu and Zn concentration in adults and juve-
niles were calculated through empirical combinatorial analyses (Mon-
te Carlo method; expand.grid function, BASE package, Khitalishvili, 
2016; R Core Team, 2020). This method generates all possible scenarios 
among individuals sampled in each sampling site, and correctly propa-
gates the error associated with the ratios of trace elements between ma-
turity stages into the results. The number of combinations performed 
did not exceed X∙Y, with X and Y being the count of values for adults 
and juveniles, respectively. Only unique combinations were used to 
prevent biased results. 

A two-way analysis of variance (ANOVA) compared the RatioAdults,-

Juveniles, isolating the effects of each factor (gender and sampling site) 
separately, and measuring the interactions between them. Because the 
number of combinations generated by the Monte Carlo method were 

reasonably large (Anchieta = 289 combinations, Farol de São Thomé = 
407 combinations, and Vitória = 296 combinations), the p values asso-
ciated with ANOVA were all significant, even when corrected by the 
Bonferroni method (Signorell, 2020). Therefore, we report the effect 
size without p values to avoid redundancy.

To answer the second question (How is the concentration of Cu 
and Zn related to shrimps foraging area (δ13C) and/or trophic posi-
tion (δ15N)?), a linear regression between each trace element (normal-
ized concentrations) and stable isotopes values was done considering 
all shrimps sampled in a given sampling site (R² and p values are in 
Table  1). The slopes of regression equations from different sampling 
sites were compared by ANCOVA followed by Tukey multiple compar-
ison test (Lenth, 2019).

When it was necessary, a maximum likelihood function (boxcox, 
MASS package; Venables and Ripley, 2002) was used for variable trans-
formation to meet the parametric tests assumptions (linearity, nor-
mality, and homoscedasticity). Data transformations were done when 
necessary, as indicated in the figure and table legends. In addition, the 
type I a priori error was α = 0.05 for all hypothesis tests. 

 The main steps described in Material and Methods section to 
reach the aim of this study are summarized in Figure 2.

Results
For Cu, both bioaccumulation and growth dilution were record-

ed in males and females, while for Zn only growth dilution was noted 
(Figure 3). The Cu behavior in the shrimp’s muscle was variable among 
the sampling sites. In Vitória, males and females showed similar Ratio-

Adults,Juveniles. In Anchieta, males had higher RatioAdults,Juveniles than females, 
and in Farol de São Thomé females had higher RatioAdults,Juveniles than 
males. For males, an increasing latitudinal gradient was noted for Cu 
RatioAdults,Juveniles: Vitória (0.59) < Anchieta (0.78) < Farol de São Thomé 
(0.95). For females, there were two groups: Vitória and Anchieta with 
Cu concentrations at least 40% higher in juveniles than adults, and Far-
ol de São Thomé with an opposite trend (Figure 3).

Regarding Zn, males showed higher RatioAdults,Juveniles than females 
in Vitória and Anchieta, but not in Farol de São Thomé. The RatioAdults,-

Juveniles was similar for males among the sampling sites, and for females, 
there was an increasing latitudinal gradient: Vitória (0.46) < Anchieta 
(0.61) < Farol de São Thomé (0.95) (Figure 3).

The relationships of Cu and Zn with the shrimps foraging area 
(measured by δ13C values) and trophic position (measured by δ15N val-
ues) were stronger in Anchieta compared to the other sampling sites 
(Table 1). In Anchieta, the concentrations of Cu and Zn decreased with 
the enrichment of δ13C and δ15N (negative slope). The regression mod-
els indicated moderate relationships, explaining 51% (Cu) and 60% 
(Zn) of the relationship with the foraging area in Anchieta (Table 1). In 
Vitória and Farol de São Thomé, the models explained up to 8% (Table 
1). A similar trend was noted for shrimp’s trophic position. The mod-
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els explained 33% (Cu) and 34% (Zn) in Anchieta, and up to 14% in 
Vitória and Farol de São Thomé (Table 1).

Discussion
The concentrations of Cu and Zn in the Atlantic seabob shrimp 

varied between genders and maturity stages among the sampling sites. 
Indeed, the trace elements pathway in crustaceans may vary between 
males and females and juveniles and adults, as demonstrated in the pre-

Table 1 – Associations of Cu and Zn concentration normalized by shrimp carapace size (CuNorm and ZnNorm) with foraging area (δ13C) and trophic position 
(δ15N) in the sampling sites*.

Elements Sampling Sites

δ13C

Regression Models Slope Comparisons

Equations R² p-value Slope
(Confidence Interval)

Multiple comparisons 
(p-value)

Cu

Vitória CuNorm = −0.23∙δ13C − 2.59 0.07 0.05 -0.23 (-0.47, 0.008) Anchieta–Farol de São Thomé = 0.01

Anchieta CuNorm = −0.60∙δ13C − 8.46 0.51 < 0.0001 -0.60 (-0.77, -0.43) Anchieta–Vitória = <0.0001

Farol de São Thomé CuNorm = −0.03∙δ13C − 0.10 <0.0001 0.59 -0.03 (-0.15, 0.08) Farol de São Thomé–Vitória = 0.57

Zn

Vitória ZnNorm = −0.56∙δ13C − 6.80 0.07 0.05 -0.56 (-1.14, 0.002) Anchieta–Farol de São Thomé = 0.62

Anchieta ZnNorm = −0.76∙δ13C − 10.09 0.60 < 0.0001 -0.76 (-0.94, -0.58) Anchieta–Vitória = 0.69

Farol de São Thomé ZnNorm = −0.39∙δ13C − 5.20 0.08 0.02 0.39 (-0.73, -0.04) Farol de São Thomé–Vitória = 0.90

Elements Fishing Areas

δ15N

Regression Models Slope Comparisons

Equations R² p-value Slope 
(Confidence Interval)

Multiple Comparisons 
(p-value)

Cu

Vitória CuNorm = −0.23∙δ15N + 3.77 0.08 0.04 -0.23 (-0.45, -0.01) Anchieta–Farol de São Thomé = < 0.0001

Anchieta CuNorm = −1.16∙δ15N + 14.08 0.33 < 0.0001 -1.16 (-1.65, -0.68) Anchieta–Vitória = < 0.0001

Farol de São Thomé CuNorm = 0.16∙δ15N − 1.36 0.14 0.004 0.16 (0.05, 0.26) Farol de São Thomé–Vitória = 0.12

Zn

Vitória ZnNorm = −0.49∙δ15N + 8.02 0.06 0.06 -0.49 (-1.03, 0.03) Anchieta–Farol de São Thomé = 0.005

Anchieta ZnNorm = −1.39∙δ15N + 17.63 0.34 < 0.0001 -1.39 (-1.95, -0.83) Anchieta–Vitória = 0.11

Farol de São Thomé ZnNorm = 0.33∙δ15N − 2.47 0.07 0.04 0.33 (0.007, 0.66) Farol de São Thomé–Vitória = 0.09

*Regression models were fitted for each element and area. R², p values, and slope comparisons (Lenth, 2019) are shown.

Figure 2 – Flowchart of the methodological steps of this study.

Figure 3 – Ratios of Cu and Zn concentration (adult/juvenile) normalized 
by shrimps’ size among sampling sites and genders. Horizontal dashed lines 
indicate that trace elements concentration between maturity stages is the 
same (RatioAdults,Juveniles = 1). Values > 1.0: higher concentrations in adults 
(bioaccumulation) and values < 1.0: higher concentrations in juveniles (growth 
dilution). The distances between the y-axis values were log-transformed.
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vious studies (Rainbow, 2002; Pourang et al., 2004; Yilmaz and Yilmaz, 
2007); however, a constant behavior of both elements in the shrimp’s 
muscle regardless of the sampling site would be expected. Both vari-
ables (gender and maturity stage) were poor predictors for elements 
concentrations among sampling sites, especially for Cu. For Cu, the 
comparisons within the same gender indicated both bioaccumulation 
(RatioAdults,Juveniles > 1) and growth dilution (RatioAdults,Juveniles < 1).

Asante et al. (2008) analyzed nine crustacean species and verified 
that Cu concentrations were lower in higher trophic levels. For the At-
lantic seabob shrimp, adult individuals of both genders are in higher 
trophic position than juveniles, such as demonstrated by Branco and 
Moritz-Júnior (2001) in the state of Santa Catarina, southern Brazil, 
and Willems et al. (2016) in Suriname coastal waters. Then, it would 
be expected lower concentrations of Cu in adult shrimps of our sam-
pling. This was true for Anchieta and Vitória shrimps, but not for Farol 
de São Thomé. Shrimps caught in Farol de São Thomé showed bioac-
cumulation of Cu; that is, concentration was higher in adult shrimps. 
The feeding habits of the Atlantic seabob shrimp stock from Farol de 
São Thomé could differ from the above pattern, in which adults are in 
higher trophic position than juveniles; however, there are no data on 
the species feeding habits in this sampling site for further discussion.

Crustaceans accumulate trace elements in proportion to their bio-
availability in the environment, mainly from water (gills breathing) 
and diet (Rainbow, 2002). The stable isotopes applied in this study are 
chemical proxies that track trace elements uptake from diet (Fry, 2008; 
Fry et  al., 2016). The relationships between Cu and Zn and shrimps 
foraging area (δ13C) and trophic position (δ15N) did not show the same 
trend among sampling sites. In Anchieta, the concentration of trace 
elements in the shrimp muscle was lower the stronger its association 
with foraging areas on the seabed (δ13C more enriched) and the higher 
its trophic position (δ15N more enriched). Since this shrimp species 
is an omnivorous consumer with high food plasticity (Willems et al., 
2016), it is possible that the main food sources responsible for the 
transfer of Cu and Zn in Anchieta are pelagic, not benthic. In Vitória 
and Farol de São Thomé, in turn, both foraging area and trophic po-
sition had a negligible influence on the concentrations of these trace 
elements. The negligible influences indicate that both benthic and pe-
lagic food sources contribute to the transfer of these trace elements to 
the consumer, and that the shrimp trophic position did not drive this 
transfer. Probably, the shrimps share the foraging area and trophic level 
in these sampling sites, regardless of their maturity stage.

The relationship between trace elements and stable isotopes to 
understand the elements trophic pathway is quite variable among 
marine organisms, often making data interpretation difficult. Asante 
et al. (2008), for instance, analyzed 22 elements in marine organisms 
(invertebrates to fish from shallow to deep waters) sampled in China 
Sea, including Cu and Zn. The relationships between them and δ15N 
values were negative (Cu) and negligible (Zn), while between them and 

δ13C values were positive (Cu) and negligible (Zn). Liu et  al. (2019) 
investigated the relationship between eight trace elements, including 
Cu and Zn, and carbon and nitrogen stable isotopes in crustaceans, 
shellfish and fish from Chinese coastal waters, and did not record any 
significant relationship among them.

Metabolic processes in crustaceans (and other animals) that vary 
among species, gender, maturity stage, and organs, together with spa-
tial-temporal variations in trace elements availability, influence the el-
ements accumulation (Rainbow, 2002; Pourang et al., 2004). The lon-
gevity of the Atlantic seabob shrimp varies from 2 to 3 years (Jardim 
et al., 2011) and the muscle represents food assimilation (and trace 
elements accumulation) over the last months, being more consistent 
than internal organs, such as gills, gonads, and hepatopancreas, to 
represent the feeding site and elements pathway in a medium-long 
term (Di Beneditto et al., 2020; Ferreira et al., 2021). The trace ele-
ments behavior in the trophic pathway, measured through δ13C and 
δ15N, can vary among elements and sampling sites, as recorded here. 
For the Atlantic seabob shrimp, this behavior was intra-specifically 
variable within same gender and maturity stage, which was an unex-
pected finding. 

The Atlantic seabob shrimp has features of a putatively good bio-
monitor of trace elements pollution in coastal waters, as reported 
for other shrimp species in Stentiford and Feist (2005) and Fry et al. 
(2016). The species is widely and continuously distributed along West-
ern Atlantic Ocean (36°N to 30°S) (FAO, 2018), allowing spatial com-
parisons in large scale. The species has site-fidelity (Bissaro et al., 2013; 
Boos et al., 2016), allowing long-term monitoring in the same environ-
ment. This shrimp is easy to sample because it lives in coastal waters, 
and it is found in high abundance because it is a commercial species 
targeted by fisheries (FAO, 2018). Like all penaeid shrimps, the species 
has a strong association with the seabed (Boos et al., 2016), which is the 
marine compartment with the highest accumulation capacity for trace 
elements (Di Leonardo et al., 2017).

Fry et al. (2016) showed how marine shrimps over a broad range 
of sampling sites along coastlines of Asia-Pacific countries could serve 
as biomonitors of emerging anthropogenic pollution trends. Rainbow 
(2002) highlighted that any meaningful comparison on the concen-
tration of trace elements in aquatic invertebrates should only be done 
intra-specifically to reach reliable results in monitoring programs. 
Our  comparisons were done within the same species and caught in 
the same time interval (June–July 2017) in the three sampling sites. 
Meanwhile, our results showed that during the shrimp development 
(juvenile vs. adult) both bioaccumulation and growth dilution were re-
corded, but not in the same way between genders and sampling sites. 
Variations in trace elements concentration between genders and matu-
rity stages are expected; however, for environmental quality monitor-
ing, the biomonitor or sentinel species should follow the same trend 
among the sampling sites.
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A B S T R A C T
This study aimed to analyze potential industrial solid waste that can 
be added to soil-cement blocks. A narrative literature review was 
conducted in the Scopus academic database, using as the search criteria 
keywords related to the topic, such as soil-cement, building materials, 
soil-cement blocks, soil-cement bricks, physical and mechanical 
properties, solid waste, life cycle analysis, and civil construction. 
A variety of industrial solid waste that can be incorporated into 
soil-cement blocks was observed, such as waste rock, sludge from 
water treatment plants, wood sawdust, polyethylene terephthalate 
fibers (PET), vegetable fibers from loofah, hemp fibers, rice husks, 
brachiaria grass, poultry eggshells, sugar cane bagasse, wheat 
and barley straw, welding slag, foundry sand, waste from quartzite 
mining, construction, and demolition, mechanical turning, pulp 
industry grains, and steel mill co-products. Among the investigated 
wastes, those that improved the physical and mechanical properties 
of the soil-cement blocks were grains from the cellulose industry, rice 
husks, Brachiaria grass, steel by-products with granulated soil-cement 
blocks and blast furnace slag. The waste that produced no satisfactory 
results was sludge from a water treatment plant, sugarcane bagasse, 
and vegetable loofah. Through this research, it was possible to verify 
that the behavior of soil-cement blocks is influenced by several factors 
in their manufacture, mainly regarding the type and percentage of 
incorporated waste. However, it is important to be concerned with its 
application in waste blocks so as not to increase the environmental 
impacts in the long term.

Keywords: building materials; sustainability; waste management.

R E S U M O
Objetivou-se, com o presente estudo, analisar potenciais resíduos sólidos 
industriais que possam ser adicionados a blocos de solo-cimento. Foi realizada 
uma revisão bibliográfica narrativa por meio da base acadêmica Scopus, 
utilizando-se como critérios de busca palavras-chave ligadas ao tema, como: 
solo-cimento, materiais de construção, blocos de solo-cimento, tijolos solo-
cimento, propriedades físicas e mecânicas, resíduos sólidos, análise de ciclo 
de vida e construção civil. Observou-se a versatilidade de resíduos sólidos 
industriais que podem ser incorporados em blocos de solo-cimento, como 
resíduos de rochas ornamentais, lodo de estações de tratamento de água, 
serragem de madeira, fibras de politereftalato de etileno, fibras vegetais 
de bucha, fibras de cânhamo, cascas de arroz, capim braquiária, cascas de 
ovos aviários, bagaço de cana-de-açúcar, palha de trigo e cevada, escória de 
soldagem, areia de fundição, rejeitos de mineração de quartzito, de construção 
e demolição, tornearia mecânica, grãos de indústria de celulose e coprodutos 
siderúrgicos. Entre os resíduos incorporados que contribuíram para a melhoria 
nas propriedades físicas e mecânicas dos blocos de solo-cimento estiveram: 
grãos da indústria de celulose, casca de arroz, capim braquiária, subprodutos 
siderúrgicos com blocos de solo-cimento granulado e escória de alto forno. 
Os resíduos sem resultados satisfatórios foram lodo de estação de tratamento 
de água, bagaço de cana-de-açúcar e bucha vegetal. Por meio desta pesquisa 
foi possível verificar que o comportamento dos blocos de solo-cimento é 
influenciado por diversos fatores em sua fabricação, principalmente no que 
diz respeito ao tipo e ao percentual de resíduos incorporados. Entretanto, é 
importante a preocupação com a sua aplicação de modo a não potencializar 
os impactos ambientais em longo prazo.

Palavras-chave: materiais de construção; sustentabilidade; gestão de resíduos.
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Introduction
According to Nascimento (2012), the idea of sustainability start-

ed in the 1950s and was related to development due to the expanding 
production and consumption pattern along with the perception of an 
environmental crisis in the world. For Romeiro (2012), sustainability 
is a systemic concept, which proposes complexity, because the social, 
environmental and economic pillars must be completely interconnect-
ed. According to the United Nations (2020) in 1972 at the Stockholm 
Conference, the existing environmental guidelines began to be discussed 
through a more holistic perception of sustainability. Since then, the topic 
has been gaining a lot of space in society, with the union of social, eco-
nomic, and environmental guidelines becoming increasingly important.

Bricks have played a significant role in construction for thousands 
of years, because of their outstanding properties such as durability, 
high strength, and low production costs (Campbell and Pryce, 2003; 
Zhang et al., 2018). Brick was a fundamental building material in the 
Mesopotamian, Egyptian, and Roman periods (Fernandes et al., 2010). 
Increasing sustainability is one of the greatest challenges facing the 
construction industry and, in this regard, alternative building mate-
rials are being developed to mitigate environmental impacts and meet 
sustainable development, production, and consumption standards 
(Silva et al., 2009; Araújo et al., 2019; Balaguera et al., 2018; Murmu 
and Patel, 2018). According to Bruna and Vizioli (2006), sustainability 
promotes joint action in the construction industry — multiple and in-
terdisciplinary — to meet the needs of humans, including the need for 
housing, and to organize quality environments for society. 

With the intensification of environmental problems arising from 
the action of humans during the industrial revolution and the growth 
of consumer goods production, the crisis also reached the construction 
and architecture models. As a result, construction made with dirt was 
emphasized as a sustainable alternative to mitigate these impacts. In the 
1930s, soil stabilization with binders opened new possibilities for build-
ing construction, including masonry components such as soil-cement 
blocks, known as CEB (Compressed Earth Blocks). Soil-cement was 
then considered an evolution in construction materials, compared with 
mud and adobe brick. This was justified by the possibility of industrial-
ization of construction at that time, that is, soil-cement blocks emerged 
as a component of masonry whose manufacturing process allows the 
application of an effective quality control system, in addition to ensur-
ing that the blocks have uniform dimensions (Neves and Faria, 2011). 

Clay brick masonry is one of the oldest and most durable construc-
tion techniques used by mankind. Over the years, as the brick indus-
try has evolved, technological advances in processing (with the devel-
opment of machines such as excavation equipment and tunnel kilns, 
among others) has significantly stimulated the production capacity of 
this type of material (Kadir and Mohajerani, 2011; Zhang, 2013; Zhang 
et al., 2018). However, Al-Fakih et al. (2019) and Venkatarama Reddy 
and Jagadish (2003) claim that this advance provoked an increase in 
the depletion of resources, in addition to greater energy consumption, 

corresponding to around 30% more energy than that required to pro-
duce concrete blocks and blocks of soil-cement, due to the need to use 
burning for its manufacture, resulting in a greater carbon footprint, 
even though concrete and soil-cement blocks use cement in their pro-
duction process.

According to Kadir and Mohajerani (2012), the masonry block 
is one of the most complete building material components, due to its 
physical and mechanical properties, in addition to the innovation of 
incorporating various wastes in its production. According to Zhang 
et al. (2018), despite the good workability and accessibility, it is known 
that the production of sintered masonry blocks has always been a very 
intensive process in terms of energy and resources, in addition to the 
large quantities of carbon it consumes. According to Buyle et al. (2013), 
reducing energy consumption is a major focus of civil construction. 

The global urbanization process is one of the main factors re-
sponsible for the substantial growth in the generation of solid waste. 
Developing countries favor irregular disposal in landfills and open 
landfills (Cardoso et al., 2014; Rodseth et al., 2020). As a result, for 
example, Kadir and Mohajerani (2011) state that recycling wastes by 
incorporating them into building materials is an alternative to these 
issues regarding the disposal of solid waste and mitigation of envi-
ronmental impacts. Kurmus and Mohajerani (2020) found in their 
studies that the incorporation of 1% of cigarette butts in sintered clay 
bricks can save approximately 10.2% of burning energy in the man-
ufacturing process.

The natural resource scarcity and the generation of solid waste 
without proper disposal is a worldwide concern, and this enables eco-
logical viability for construction systems, which encourage sustainable 
development and process optimization (Araújo et  al., 2019; Krishna 
et al., 2020). According to Ashour et al. (2015), the current global con-
cerns arose from extensive environmental problems, together with the 
accelerated pace of technological advancement in the industry, espe-
cially in construction, and, with that, the interest in the development of 
alternative building materials gained space, especially materials made 
of earth. According to Zakham et al. (2018), stabilized soil blocks help 
improve the construction energy efficiency, mainly because they have 
low thermal conductivity. In this way, it is possible to use them to im-
prove the thermal and acoustic insulation in buildings. 

The construction and demolition industry is responsible for 40% 
of the energy consumed worldwide and for a third of greenhouse gas 
emissions (Silva et al., 2010; Muñoz et al., 2016). According to De Las-
sio et al. (2016), with the growth of the demand for building materials, 
there was an increase in the consumption of raw materials and energy 
that stands out mainly during the extraction, processing, and material 
transport phases. The current global amount of solid waste generation 
is approximately 2.01 billion tons per year, and it is expected to increase 
to approximately 3.40 billion tons per year by 2050 (Slipa Kasa et al., 
2018). The use of solid industrial waste in construction activities as 
alternative stabilizers has proven to be a viable solution for reducing 
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environmental impact, in addition to the social and economic benefits 
(Arrigoni et al., 2017; Sekhar and Nayak, 2018).

According to Smol et al (2015) and Murmu and Patel (2018), 
the growing demand for ecological and sustainable products has 
encouraged studies of alternative methods and materials to produce 
building bricks. According to Raut and Gomez (2017), the raw ma-
terials consumed by the construction industry represent approxi-
mately 24% of the global raw material supply. Thus, to achieve the 
goal of sustainable development, the selection of a construction 
material plays a very significant role. Soil-cement blocks pose a 
solution to these issues, because they are easily manufactured by 
a process that does not require burning, decreases the amount of 
cement used, and still allows the incorporation of waste materials 
in their composition. In addition, the use of cement blocks reduces 
costs by up to 40% compared with traditional masonry, especially 
in popular housing. In this way, cement blocks can be considered 
eco-friendly relative to traditional masonry blocks (Bruna and Viz-
ioli, 2006; Sena et al., 2017).

This study aimed to conduct a narrative literature review about 
different types of industrial solid waste evaluated for the possibility of 
addition to soil-cement blocks and bricks. Searches were conducted 
in the Scopus bibliographic database. This database was selected for 
the relevance of the indexed papers focusing on the area and topic ad-
dressed. At the end of the database search, duplicate references were 
excluded. The searches were made between November 12 and No-
vember 30, 2020, using the keywords: soil-cement, building materi-
als, soil-cement blocks, soil-cement bricks, physical and mechanical 
properties, solid waste, life cycle analysis, and civil construction. The 
keywords were combined by means of the operators “and”, “or”, and 
“not”, which were related to the diversity of waste limited to soil-ce-
ment blocks and bricks, as well as combined for the association of 
these materials with their life cycle in the construction industry. 
In addition, truncation was used to gain more control over search 
variations. The inclusion criteria were original articles and literature 
reviews indexed within a 17-year time frame (articles published be-
tween 2003 and 2020), articles written in Portuguese and English, 
and articles that addressed the main properties evaluated for this type 
of material, such as physical and mechanical properties, as well as 
literature that evaluated different types of incorporated waste. The 
exclusion criteria were articles that addressed other types of materials 
made with soil-cement, as well as articles that did not report on the 
addition of waste to construction materials. 

For data analysis, a qualitative content analysis protocol was ad-
opted, following the methodology proposed by Bardin (1977), and 
divided into pre-analysis, analysis, and data interpretation steps. For 
the pre-analysis, the first stage was a floating analysis, consisting of a 
survey of bibliographic references to the theme studied; in the second 
stage, the choice of literature that comprised the body of the analysis 
was made; and the third stage was the formulation of the choice of 

information for each content. In the analysis (exploration of the mate-
rial), the information gathered in the pre-analysis stage was compiled 
in spreadsheets, and the informational content was categorized. Final-
ly,  in the data interpretation stage, this categorization of information 
was considered so that the discussion was related to the main topics 
that make up the sections discussed in this paper: Soil-cement; Indus-
trial solid waste in soil-cement blocks; Life Cycle Analysis (LCA) in 
construction: An alternative to evaluate soil-cement blocks with indus-
trial solid waste.

Soil-cement
Soil-cement is the product resulting from the mixture of soil, ce-

ment, and water compacted at the optimum humidity to provide maxi-
mum density. To verify the suitability of a soil for stabilization with ce-
ment, it is necessary to perform granulometric analysis and determine 
consistency limits (Ferreira et al., 2018). Once the soil is chosen, soil 
and soil-cement compaction tests must be carried out to quantify com-
paction control values. The molding process of the soil-cement brick 
consists of compaction by means of a manual or hydraulic press, which 
reduces its porosity through a compressive force and preserves the 
dimensional symmetry of the interlocking bricks’ faces (ABCP, 2000; 
Ferreira et al., 2018). The addition of cement to the soil increases the 
optimum humidity value of the mixture compared with that of natural 
soil (Ferreira et al., 2018). 

Soil-cement blocks with a cement content greater than 10% may 
not be considered advantageous in terms of cost, but a cement content 
of less than 5% may affect the technological properties of the material. 
Soils with a plasticity index (PI) between 15 and 25 are the most suit-
able for soil-cement blocks, because a greater plasticity or clay could 
cause a bigger interference in the connection between cement and fine 
aggregates and, consequently, in water absorption due to the occur-
rence of retractions in the drying process and an increase in the ap-
pearance of cracks. 

The main properties analyzed in this type of block are compres-
sive strength and water absorption according to Brazilian Technical 
Standards ABNT NBR 8491 and ABNT NBR 8492. For compressive 
strength, the blocks must reach a minimum value of 2.0 MPa (aver-
age), and for water absorption, less than or equal to 20% (average) 
(ABNT, 2012a, 2012b; Ferreira et al., 2018; Murmu and Patel, 2018). 
The amount of water has a dominant effect on the mechanical perfor-
mance of clay bricks and sintered masonry. Each component of the 
block, including pores of water and air, plays a role and interacts with 
others in the mix, contributing to the overall strength of the system 
(Li Piani et al., 2020). The proportion of water in the mixture is be-
tween 5 and 20%, and the optimum humidity is defined as the value 
of humidity corresponding to the value of the maximum dry density, 
that is, the ideal amount of water required to obtain stable compaction 
(Campos et al., 2019).
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According to Al-Jabri et al. (2017), soils with a higher clay content 
are more compressible than those with a lower one. The increase in clay 
content, cement, and density in the soil-cement block directly influ-
ences the increase in the thermal conductivity of the material (Balaji 
et al., 2017; Saidi et al., 2018). According to McGregor et al. (2014) and 
Rempel and Rempel (2016), unburned masonry has a high potential 
to regulate its internal humidity, and hygroscopic earth buildings are 
characterized by the maintenance of comfortable internal temperatures.

Soil-cement blocks are a more sustainable alternative to traditional ma-
sonry blocks. Despite the use of cement, the process of manufacturing soil-ce-
ment blocks does not involve burning, which minimizes greenhouse gas 
emissions (Paschoalin Filho et al., 2016; Azevedo et al., 2019). Segantini and 
Wada (2011) and Azevedo et  al. (2019) emphasize that this constructive 
method streamlines the construction process, reduces the amount of waste 
generated, and reduces the consumption of mortar. This type of block is su-
perimposed on the settlement, forming ducts through which hydraulic wires 
and pipes can be passed, besides offering thermal and acoustic comfort (We-
ber et al., 2017), as can be seen in Figure 1.

Industrial solid waste in soil-cement blocks
According to Huarachi et  al. (2020), it is necessary to quantify 

the real impact of alternative blocks through different waste addition 
scenarios. Zhang (2013) adds that it is important to ensure adequate 
treatment for the waste that contains contaminants to produce mate-
rials. Literature (Table 1) shows the versatility of industrial solid waste 
incorporated in the production of soil-cement blocks.

According to Anjum et  al. (2017), the addition of sludge from 
wastewater treatment plants directly affects the increase in water ab-
sorption in the block, as it is a plastic solid waste. Because of that, it 
also affects the cement hydration reactions next to the organic matter 
present in the sludge and the type of soil used, since the sludge traps 
large amounts of water; therefore, it lacks an adequate amount of water 
to complete these reactions. 

Rodrigues and Holanda (2015) also analyzed the addition of waste 
from a water treatment plant to soil-cement blocks and observed that 
the amount of soil used was replaced by up to 1.25% of this waste, al-
though the main limitation was associated with the increase in water 
absorption due to waste plasticity. Having an adequate amount of water 
helps in the homogenization, hydration, and crystallization process of 
the cement, that is, it provides fluidity, plasticity, and workability to 
the material. In addition, the water/cement factor must always be as 
low as possible, within the required characteristics of the block and the 
quality of the materials available for its composition. The higher the 
water content in the mixture, the greater the tendency for exudation to 
occur, which causes the water to reach the surface of the block, creating 
a greater number of voids inside and, consequently, reducing the resis-
tance, increasing the permeability, and impairing the block’s durability 
(Castro and Pandolfelli, 2009).

According to Barros et al. (2020), soil-cement blocks with the use of 
ornamental stone wastes and polyester resin using methyl ethyl ketone 
peroxide as a catalyst showed superior results for compressive strength. 
The result for water absorption was lower than that of conventional 

Figure 1 – Soil-cement blocks. (A) Holes in soil-cement blocks. (B) Ducts in soil-cement blocks. 
Source: Eco Máquinas.

(A) (B)
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Title Journal Authors Waste used

Production of soil-cement bricks using sludge as a partial substitute Earth Science Malaysia Anjum et al. (2017) Sludge from a water treatment 
plant

Ecological bricks from dimension stone waste and polyester resin Construction and 
Building Materials Barros et al. (2020) Ornamental stone waste and 

polyester resin

Assessment of Mechanical Properties and the Influence of the 
Addition of Sawdust in Soil–Cement Bricks Using the Technique of 
Ultrasonic Anisotropic Inspection

Journal of materials in 
civil engineering Carrasco et al. (2014)

Wood sawdust (Eucalyptus 
Grandis and Eucalyptus 

Cloeziana)

Evaluation of compressive strength and water absorption of soil-
cement bricks manufactured with addition of pet wastes Acta Scientiarum Paschoalin Filho et al. 

(2016)
Polyethylene terephthalate fibers 

(PET bottles)

Brick solo cement with vegetable fiber addition: an alternative in civil 
construction

Research, Society and 
Development Cristina et al. (2018) Loofah vegetable fiber (Luffa 

Cylindrica)

Quality evaluation of soil-cement-plant waste bricks by the 
combination of destructive and non-destructive tests

Revista Brasileira de 
Engenharia Agrícola e 

Ambiental

Ferreira and Cunha 
(2017) 

Rice husk and Brachiaria 
grass (Brachiaria brizantha cv. 

Marandu) 

Manufacture of soil-cement bricks with the addition of sugarcane 
bagasse ash Engenharia Agrícola Jordan et al. (2019) Sugar cane bagasse

Characterization of soil-cement bricks with incorporation of used 
foundry sand Cerâmica Leonel et al. (2017) Discarded foundry sand

Incorporation of solid residues from mechanical turning in soil-
cement bricks manufacturing Nativa Oliveira et al. (2014) Mechanical turning

Recycling of Water Treatment Plant Waste for Production of Soil- 
Cement Bricks

Procedia Materials 
Science

Rodrigues and 
Holanda (2015)

Sludge from a water treatment 
plant

Physical-mechanical properties of soil-cement bricks with the 
addition of the fine fraction from the quartzite mining tailings (State 
of Minas Gerais – Brazil)

Bulletin of Engineering 
Geology and the 

Environment
Reis et al. (2020) Quartzite mining waste

Effect of incorporation of grits waste on the densification behavior of 
soil cement bricks Cerâmica Siqueira and Holanda 

(2015) Grains from the pulp industry

Influence of industrial solid waste addition on properties of soil-
cement bricks Cerâmica Siqueira et al. (2016) Poultry eggshells and welding 

slag

Thermal conductivity of unfired earth bricks reinforced by 
agricultural wastes with cement and gypsum Energy and Buildings Ashour et al. (2015) Wheat and barley straw

Sorption characteristics of stabilised soil blocks embedded with 
waste plastic fibres

Construction and 
Building Materials

Subramaniaprasad 
et al. (2014)

Plastic fibers (PET bottles and 
bags)

Evaluation of physical and mechanical properties of soil-cement 
bricks formulated with steel co-products Matéria Castro et al. (2016)

Steel co-products: Balloon blast 
furnace dust powder, dedusting 
powder, electric arc furnace slag, 

and defective granulated soil-
cement blocks

Utilization of granulated blast furnace slag and cement in the 
manufacture of compressed stabilized earth blocks

Construction and 
Building Materials

Sekhar and Nayak 
(2018) Granulated blast furnace slag

Thermal performance of fired and unfired earth bricks walls Journal of Building 
Engineering Bruno et al. (2020) Hemp fibers

Sustainable unfired bricks manufacturing from construction and 
demolition wastes

Construction and 
Building Materials Seco et al. (2018) Construction and demolition 

waste (concrete and ceramics)

Ecological brick made with non-cash banknotes 
Semioses Inovação, 
desenvolvimento e 
sustentabilidade

Valadão et al. (2017) Worthless cash bills

Table 1 – Studies on the incorporation of different industrial solid wastes in soil-cement blocks.
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sintered block. The soil-cement blocks analyzed showed good thermal 
stability and fire strength using 90% of limestone wastes.

Carrasco et al. (2014) observed in soil-cement blocks with the ad-
dition of wood sawdust and with different block shapes that the me-
chanical characteristics of soil-cement blocks depend not only on the 
type of soil used, but also on the form and configuration of blocks and 
prisms. The authors also pointed out that the incorporation of wood 
sawdust into sandy soil increased its compressive capacity, strength, 
modulus of elasticity, and ductility. In clayey soils, it caused a decrease 
in compressive strength, but an increase in elasticity and ductility 
modulus. The authors also demonstrated the results obtained through 
non-destructive tests by ultrasonic waves that allowed estimation of 
the values ​​of compressive strength and elasticity modulus of samples, 
blocks, and prisms, relating the variation of soil, cement, and wastes, 
in addition to allowing the analysis of the structural characteristics of 
the aggregate.

Paschoalin Filho et al. (2016) demonstrated positive results regard-
ing the reduction of  (polyethylene terephthalate) PET waste for the 
environment with the manufacture of soil-cement blocks. The authors 
evaluated blocks with waste added at proportions of 20, 15 and 10%, 
and cement at proportions of 15, 20, and 25%, and found that, with the 
addition of 10% PET, it was possible to reuse approximately 300 g of 
PET in each block. Although the results showed low values of compres-
sive strength, they still proved to be an alternative solution for masonry 
works that are not subjected to heavy loads or structural functions.

Cristina et al. (2018) showed that soil-cement blocks with added 
loofah vegetable fiber presented low compressive strength under con-
ditions of 5% and 10% fiber variation and molded with a water content 
of 17.5% and a cement content of 5%. The authors found that, with the 
increase in waste, there was low adherence of the vegetable fiber to the 
cement with the amount of water used.

Bruno et al. (2020) demonstrated the incorporation of 1.5% of the 
hemp fibers mass in soil-cement blocks with a water content of 5.4% 
to facilitate mixing and hypercompaction of the material. The authors 
found that the insulating fibers provided better thermal performance 
due to their low density, low porosity, and low thermal conductivity.

Ferreira et al. (2008) evaluated soil-cement blocks with the addi-
tion of rice husks and Brachiaria grass with different proportions of 
cement (60, 70, 80, and 90%) and waste (10, 20, 30, and 40%). The au-
thors stated that the best results, in terms of compressive strength 
and water absorption, were obtained by incorporating the wastes as 
10% of the cement content. Ferreira and Cunha (2017) also used the 
addition of rice husks and Brachiaria in their studies of soil-cement 
blocks and pointed out that, to achieve the maximum apparent specif-
ic weight of the molding blocks, the optimum moisture values of the 
soil at the compaction tests should be used. The authors performed 
an anisotropic strength measurement, a non-destructive test using ul-

trasonic waves, to characterize the technical quality of the blocks in 
physical-mechanical, and elastic-acoustic terms.

Sekhar and Nayak (2018) evaluated compressed blocks with the 
addition of granulated blast furnace slag (BFS) and observed that it 
was possible to substitute 25 and 20%, respectively, for two types of soil 
used (lithogenic and lateritic), an improvement of 53 and 40%, respec-
tively, in the compressive strength. The authors calculated the levels 
of addition of each component mixture and observed that the cement 
content, in 10% in the mass mixture, directly interfered in the com-
pression force with the lithogenic soil, with an improvement of up to 
390%. With the lateritic soil, a cement content of 6% showed that there 
was an improvement of 209%. 

Jordan et al. (2019) studied soil-cement blocks with and without the 
addition of sugarcane bagasse and observed that the lack of pre-treat-
ment of the waste interfered with the physical and mechanical results of 
the block due to the presence of impurities and granulometric variables, 
which contributed to a decrease in the quality of the mixtures.

Leonel et al. (2017), when evaluating a mixture composed of 10% 
cement, 0–25% commercial sand, 0–65% foundry sand, 25–65% clay, 
and 15–30% gravel powder, observed a reduction in water absorption 
with the addition of discarded foundry sand combined with crushed 
stone, although the mechanical strength remained stable.

Oliveira et al. (2014) evaluated soil-cement blocks with the addi-
tion of mechanical turning waste with 0, 10, and 15% waste variation, 
and 10% cement content in the mixture. The results showed improve-
ment in the mechanical properties with 15% addition of waste in rela-
tion to the block without waste; however, they did not reach the values 
established by the norm.

Seco et  al. (2018) evaluated the incorporation of construction and 
demolition waste. The authors obtained different percentage results for 
maximum addition of each residue due to the workability of each mixture, 
with 50% of maximum addition for concrete and 30% for ceramic residue.

Reis et  al. (2020) analyzed the physical-mechanical aspects of 
soil-cement blocks with the addition of tailings from quartzite mining 
and found that the incorporation of the waste reduced the limits of 
liquidity and plasticity due to the decrease in the percentage of the clay 
fraction of the soil, since clays, unlike sands, have a plastic behavior 
and a high agglutination capacity.

Siqueira and Holanda (2015) manufactured soil-cement blocks with 
the addition of grains from the cellulose industry and analyzed the incor-
poration of up to 20% by weight of cement in the manufacture of soil-ce-
ment blocks with a water content of 16% in relation to the total block 
weight. The authors varied the waste by 10, 20, and 30%, and observed that 
the compressive strength increased by 15% in relation to the reference line, 
without adding any waste. For additions of waste above 20%, the grain fill-
ing effect was lower, and water absorption increased. As for durability, for 
additions of up to 20% of grains, the loss of mass of the blocks decreased, 
and for additions greater than 20% of grains, it increased.
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Siqueira et  al. (2016) evaluated the addition of poultry eggshell 
and welding slag wastes for the manufacture of soil-cement blocks and 
found that up to 15% welding slag waste could be incorporated into 
the block as a substitute for soil and that the wastes of poultry eggshells 
could replace up to 30% in the cement composition.

Subramaniaprasad et  al. (2014) analyzed the incorporation of 
plastic fibers in compressed blocks and observed that the plastic fiber 
forms interconnected channels and helps to increase water absorption 
when the samples are completely submerged in water. When the blocks 
with added fiber underwent greater molding pressure, water absorp-
tion decreased due to greater soil compaction and the considerable 
reduction of empty spaces between the waste and the high-pressure 
soil. Subramaniaprasad et al. (2015) used evaluation parameters with 
a variation of 7.5, 10, and 15% of cement, types of fiber (water bottles 
and transportation bags), fiber length (1 and 2 cm) and fiber percent-
age (0.1 and 0.2%). With that, the authors were able to find a 4.5-fold 
increase in the block’s tensile strength.

Ben Mansour et  al. (2017) showed in their study on acoustics 
that pressed blocks with a high apparent density are characterized by 
high airflow resistivity due to their low porosity and high sinuosity. 
When there is a decrease in the compaction pressure, there is an in-
crease in porosity and a reduction in the airflow resistivity of the ma-
terial; therefore, it is more efficient in relation to sound absorption at a 
low density, i.e., it is a better sound absorber, than at a higher density. 

Ashour et al. (2015) studied the incorporation of wheat and barley 
straw into soil-cement blocks. The authors observed the density and 
thermal conductivity of the blocks with a variation in the percentage 
of wheat straw and barley from 0 to 3%. They concluded that there was 
a decrease in the thermal conductivity of the blocks by up to 54.4% 
(wheat) and 53% (barley straw), respectively, in relation to the blocks 
without residue. As for the density of the blocks, there was a decrease of 
about 9.8 to 22% in relation to the blocks without residue incorporation.

According to Castro et al. (2016), it is possible to incorporate steel 
by-products, such as balloon blast furnace dust powder, electric furnace 
dust, and granulated blast furnace slag. The authors point out that the 
wastes used are composed of granulometries corresponding to the typi-
cal range of fine and medium sand, except for balloon blast furnace dust 
powder, which is finer. Another aspect they mention is alteration of the 
cement mix as an alternative to increase granule cohesion and reach high-
er strength values, together with the adequate dosage of added wastes.

Valadão et al. (2017) analyzed the incorporation of worthless cash 
banknotes into soil-cement blocks in proportions of 10, 15, 20, and 
25% of the waste and observed an increase in the compressive strength 
with the addition of the waste, considering that waste pre-treatment 
provided greater compaction of the block.

A study by Sekhar and Nayak (2018) evaluated compressed blocks 
with granulated blast furnace slag added to different types of soil (litho-
margic soil and lateritic soil) and waste added in different proportions. 

The authors observed that a cement content of 10% in the mass mix-
ture directly interfered in the compression force with the lithogenic 
soil, with an improvement of up to 390%. With the lateritic soil, a 6% 
cement content showed an improvement of 209%. Siqueira and Holan-
da (2015) manufactured soil-cement blocks by adding grains from the 
cellulose industry. The authors observed that the compressive strength 
increased by 15% in relation to the reference line, without adding waste.

 Subramaniaprasad et al. (2015) analyzed the incorporation of plas-
tic fibers in pressed blocks and found a 4.5-fold increase in the block’s 
tensile strength. Ashour et al. (2015) studied the relationship between 
the incorporation of wheat straw and barley into soil-cement blocks 
and found a reduction in the thermal conductivity of the block by up 
to 54.4%, compared with the block without straws. With the increase 
in barley straw, the thermal conductivity decreased by up to 53% in 
relation to the block without waste, and the density decreased about 
9.8%, to 22%.

According to the related literature in this study, the behavior of 
soil-cement blocks is influenced by several factors, including the type 
of soil used, the cement content, the percentage of incorporation and 
replacement of residue, and the type of waste incorporated (shown in 
Table 1). In addition, the tests of physical-chemical properties must 
be in accordance with the current standards for validating the materi-
al performance, including quality and accuracy in the manufacturing 
steps, mainly regarding the mixture homogenization, moisture content 
and compaction energy of the material (Murmu and Patel, 2018).

In general, there are difficulties in quantifying a complete compar-
ison of the data present in the different authors listed in this review. In 
this context, a comparative synthesis was established for some of the 
advances obtained by each study (Tables 2 and 3):

There is a concern that the incorporation of wastes implies changes 
in the physical and mechanical properties of soil-cement bricks, im-
pairing their performance. It is also necessary to pay attention to pos-
sible contamination problems that this incorporated waste may inflict 
on the environment with the effects of waste over time. Santos et al. 
(2013) studied the addition of leather waste to soil-cement bricks in 
different proportions (10, 15, 20, and 30%) and observed that only the 
sample relative to the addition of 10% showed results for chromium be-
low the maximum limit allowed per liter of leachate, thus being consid-
ered non-hazardous by NBR 10004 (ABNT, 2004a). In contrast, other 
percentages of addition analyzed presented chromium content above 
the limit set by the standard, thus being considered hazardous (ABNT, 
2004a). Despite the study showing satisfactory results in relation to wa-
ter strength and absorption, the impossibility of retaining chromium in 
bricks has become a limiting factor in its use and must be considered.

A study by Pinheiro et al. (2013) evaluated the effects of incorpo-
rating grits waste into soil-cement bricks. The authors found that the 
soil-cement brick with grits added was characterized as non-hazardous 
by NBR 10004 (ABNT, 2004a), which can be used without restriction. 
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Table 2 – Summary of the bibliographic review regarding the factors that influence the behavior of the soil-cement block with the incorporation of industrial solid waste.

Authors Soil type Mixture Waste (%) Waste particle 
type and/or size Pressing type Waste content

Anjum et al. (2017) Sandy 4:1
(soil:cement)

0-2.5-5-7.5-
10

Solid – 1 to 
500 μm Uniaxial Sludge from a water treatment plant

Barros et al. (2020) Unidentified Unidentified 2.33-4-5.66-9 Solid and liquid Hydraulic Ornamental stone waste and 
polyester resin

Carrasco et al. 
(2014) Clay and sandy 8:1

(soil:cement) 0-0.5-1-2-3
Solid – 2.0 and 

4.8 mm (length) 
0.3mm (thickness)

Hydraulic Wood sawdust (Eucalyptus 
Grandis and Eucalyptus Cloeziana)

Paschoalin Filho 
et al. (2016)

Red Latosol 
(Oxisol) Cement

15, 20, 25% 20-15-10 Solid Unidentified Polyethylene terephthalate fibers
 (PET bottles)

Cristina et al. 
(2018) Unidentified Cement

5% 0-5-10 Solid Hydraulic Loofah vegetable fiber (Luffa 
Cylindrica)

Ferreira and 
Cunha (2017) Clayish Cement

60,70,80,90%
0-10-20-

30-40

Solid – 1.19 to 
0.42 mm and 2.00 

to 0.105 mm
Manual Rice husk and Brachiaria grass 

(Brachiaria brizantha cv. Marandu) 

Jordan et al. (2019) Sandy and 
clayey

6: 1, 7: 1, 10: 1
(soil-cement) 0-30-40 Solid Manual Sugar cane bagasse

Leonel et al. (2017) Clayey and 
sandy

Cement
10%

0-25-30-35-
45-65 Solid Manual Discarded foundry sand

Oliveira et al. 
(2014) Silty 10:1

(soil:cement) 0-10-15 Pasty Manual Mechanical turning

Rodrigues and 
Holanda (2015)

Commercial 
soil (sandy)

10:1
(soil:cement) 0-1.25-2.50-5 Pasty – 1 to 

600 μm Uniaxial Sludge from water treatment plant

Reis et al. (2020)
Red-Yellow 

Latosol 6:1, 8:1, 10:1
(soil:cement) 0-15-30 Solid Hydraulic Quartzite mining waste

Siqueira and 
Holanda (2015) Weak clayey

9: 1, 9: 0.9, 9: 
0.8, 9: 0.7

(soil:cement)
0-10-20-30 Solid Not informed Grains from the pulp industry

Siqueira et al. 
(2016) Sandy 9:1

(soil:cement) 0-10-20-30 Solid – 150 μm Unidentified Poultry eggshells and welding slag

Ashour et al. 
(2015) Silty Cement

5%, 10% 0-1-3 Solid – 4cm Mechanical 
pressing Wheat and barley straw

Subramaniaprasad 
et al. (2014) Sandy Cement

5%, 10%,15% 0.1-0.2 Solid – 1 cm and 
2 cm Unidentified Plastic fibers (PET bottles and bags)

Castro et al. (2016) Kaolinitic 6:1
(soil:cement)

0-2.5-5-7.5-
10-15-20 Solid Hydraulic

Steel co-products: Balloon blast furnace 
dust powder, dedusting powder, 

electric arc furnace slag and defective 
granulated soil-cement blocks

 Sekhar and Nayak 
(2018)

Lateritic and 
clayey

Cement
2%, 4%, 6%, 8%, 

10%, 12%
0-20-25 Solid - soil size 

used Hydraulic Granulated blast furnace slag

Bruno et al. (2020) Ilítico 3:1
(soil:cement) 0-1,5 Solid Unidentified Hemp fibers

Seco et al. (2018) Clayey Cement
10% 0-30-50 Solid – 4mm Hydraulic Construction and demolition waste 

(concrete and ceramics)

Valadão et al. 
(2017) Sandy 8:1

(soil:cement)
0-10-15-

20-25 Solid – 2mm Hydraulic Worthless cash bills
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Table 3 – Synthesis of the main tests and results of the literature review on soil-cement blocks with industrial solid waste.

Authors Tests with the waste Tests with the blocks Main results

Anjum et al. (2017) Chemical analysis by X-ray spectrometry Simple compressive strength, water 
absorption, and bulk density

Reduced density and compressive 
strength and increased water absorption 

Barros et al. (2020)

Fourier Transform-Infrared 
Spectroscopy (FTIR)

thermogravimetry (TG), X-ray diffraction 
(XRD), X-ray fluorescence spectrometry 

(XRF), Scanning electron microscopy 
(SEM)

Compressive strength, water absorption, 
TG/DTG, and
flammability

Increase in compressive strength and fire 
strength and decreased water absorption

Carrasco et al. (2014) Particle Size Distribution (PSD)
Proctor compaction, prism test, 

ultrasonic compressive strength, tensile 
strength

Reduced compressive and tensile 
strengths, increased ductility for clayey 

soil and increased compressive and tensile 
strengths and ductility for sandy soil

Paschoalin Filho et al. 
(2016) Particle Size Distribution (PSD)

Particle size distribution, compaction test, 
simple compressive strength and water 

absorption

Reduced compressive strength and water 
absorption

Cristina et al. (2018) Unidentified
Particle size distribution, simple 
compressive strength and water 

absorption

Reduced compressive strength, high 
porosity and high water absorption

Ferreira and Cunha 
(2017)

Particle size distribution and apparent 
density, pre-treatment in a hydrated lime 

solution and drying

Proctor compaction, prism test, 
ultrasonic compressive strength, tensile 

strength 

Increase in compressive strength (rice 
husk), reduction in specific weight and 
anisotropic strength (Branchiaria grass)

Jordan et al. (2019) Drying and screening
Particle size distribution, simple 
compressive strength and water 

absorption

Low compressive strength, increased 
porosity and water absorption

Leonel et al. (2017) X-ray diffraction (XRD) X-ray 
fluorescence (XRF)

Isothermal colorimetric test, compressive 
strength, tensile strength, durability and 

water absorption

The replacement of the block sand 
by waste caused a reduction in the 

compressive strength

Oliveira et al. (2014) Drying and screening
Particle size distribution, simple 

compressive strength, prism test, and 
water absorption 

Increase in compressive strength and low 
water absorption with increased waste

Rodrigues and 
Holanda (2015)

Sedimentation, drying and screening, 
X-ray diffraction (XRD), particle size 

distribution

Simple compressive strength, bulk density 
water absorption

Reduced mechanical strength and 
increased water absorption due to the 

plasticity of the waste

Reis et al. (2020) Particle size distribution
Particle size distribution, simple 
compressive strength and water 

absorption

Compressive strength and stable water 
absorption with added waste

Siqueira and Holanda 
(2015) X-ray diffraction (XRD)

Particle size distribution, X-ray 
diffraction (XRD), simple compressive 

strength, water absorption and durability, 
Scanning Electron Microscopy (SEM)

Reduction in porosity, good durability, 
strength and stable absorption (up to 20% 

of waste)

Siqueira et al. (2016) Drying and screening
Volumetric shrinkage, X-ray diffraction 
(XRD), water absorption, bulk density, 

compressive strength, and durability

Low volumetric shrinkage, decreased 
porosity and water absorption, increased 

durability and reduced compressive 
strength with 30% waste

Ashour et al. (2015) Drying Thermal conductivity Decrease in density and thermal 
conductivity 

Subramaniaprasad 
et al. (2014) Unidentified Water absorption Increase in water absorption with added 

residue

Continue...
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Authors Tests with the waste Tests with the blocks Main results

Castro et al.
(2016)

Mineralogical composition with X-ray 
fluorescence (XRF), X-ray diffraction 

(XRD), particle size distribution and sieving

Particle size distribution, simple 
compressive strength and water 

absorption

Compressive strength and absorption 
suitable for 20% balloon blast furnace 
dust powder + 10% granulated soil-

cement block; 10% slag or 20% steel slag 
+ 10% granulated soil-cement block;

2.5% dedusting powder + 20% granulated 
soil-cement block

 Sekhar and Nayak 
(2018)

Particle size distribution and chemical 
analysis

Particle size distribution, simple 
compressive strength and water 

absorption

Compressive strength and adequate 
absorption, mainly for lateritic soil with 

addition of residue

Bruno et al. (2020) Unidentified Thermal conductivity and apparent 
density

Unburned blocks showed better thermal 
conductivity with addition of residue

Seco et al. (2018) Screening

X-ray diffraction (XRD) X-ray 
fluorescence (XRF), unconfined 

compressive strength, water absorption, 
freeze-thaw test, and environmental 

impact assessment

Decrease in compressive strength with the 
addition of concrete waste in relation to 

ceramic waste and increase in strength to 
freezing and thawing with concrete residue 

Valadão et al. (2017) Waste fragmentation Particle size distribution, simple 
compressive strength Increase in simple compressive strength

Table 3 – Continuation.

However, as for solubilization, the soil-cement brick with added grits 
presented constituents that are solubilized in concentrations higher 
than those allowed by NBR 10005 (ABNT, 2004b) in relation to the 
water potability pattern, realizing that this would impede the molding 
of soil-cement bricks.

Leonel et al. (2017) evaluated the incorporation of foundry sand 
into soil-cement bricks and found leaching values that did not exceed 
the limit established by NBR 10004 (ABNT, 2004a); therefore, the ma-
terials could be classified as non-hazardous. However, a solubilization 
test indicated that the phenol did not incorporate wastes; therefore, it 
is not an adequate component for the brick molding process. Cement 
and soil were classified as non-inert non-hazardous wastes, but in rela-
tion to cement, the parameters that exceeded the limits were chromi-
um, phenol, sodium, and sulfate, and, for the soil, aluminum and iron.

Life cycle analysis (lca) in civil construction: an 
alternative to evaluate soil-cement blocks with 
industrial solid waste

Life Cycle Assessment (LCA) is an increasingly efficient and recog-
nized tool, as it enables the assessment of the impacts of raw material 
extraction up to the final disposal of the products, providing knowl-
edge about its different process phases (De Lassio et al., 2016). Several 
studies highlight LCA as an important tool for the civil construction 
sector in terms of sustainability in civil construction. (Galan-Marin 
et al., 2016; Marcelino-Sadaba et al., 2017; Peng and Wu, 2017; Joglekar 

et al., 2018; Lozano-Miralles et al., 2018; Mohajerani et al., 2018; San-
danayake et al., 2018; Seco et al., 2018; Yuan et al., 2018). 

 Yuan et  al. (2018) compared permeable blocks and traditional 
concrete blocks and used LCA to analyze and compare the environ-
mental and economic impacts, in addition to identifying the main pro-
cesses and materials that make them beneficial for achieving a clean-
er and more economical production. Seco et  al. (2018) analyzed the 
incorporation of construction and demolition waste in non-sintered 
blocks and identified, through LCA, the environmental impact caused 
by these materials. Galan-Marin et al. (2016) conducted environmen-
tal impact studies in different construction systems, highlighting the 
masonry walls of sintered clay bricks, concrete block masonry, and 
masonry walls of soil blocks stabilized with natural fibers through 
LCA. Mohajerani et al. (2018) performed a comparative LCA to assess 
the environmental impacts of sintered blocks incorporating biosolids. 
Joglekar et al. (2018) evaluated different masonry alternatives in low-
cost housing units, in order to define the material that represents the 
greatest sustainability.

Studies by Lozano-Miralles et al. (2018) evaluated the LCA of sin-
tered blocks with organic waste and stated that using LCA can be a 
promising alternative approach regarding sustainability. Peng and Wu 
(2017) demonstrated, through modeling methodologies and ecologi-
cal indicators, an LCA of carbon emissions from a modeled building 
and emphasized that this type of resource can be very useful in reduc-
ing efforts to estimate data, as it provides much-needed information 
and tools to perform this type of analysis. Thus, it alleviates part of the 
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difficulty when executing the structuring of an LCA, since this study 
requires a vast database, and most of the time the obstacle is informa-
tion acquisition.

According to Marcelino-Sadaba et al. (2017), the variability in the 
components of a product, the lack of data for each aspect of manufac-
turing and the processes involved create great challenges. As a result, 
through the incorporation of recycled waste and by-products, the quan-
tification of data becomes more complex. For the authors, the incorpo-
ration of these materials creates problems in terms of data and means 
of conducting a robust and individualized analysis. Sandanayake et al. 
(2018) justify that a typical construction project involves several activ-
ities that cause particular environmental impacts and that, from this, a 
broader view of studies with a global perspective is necessary.

Through this approach, it is possible to verify the feasibility of ap-
plying LCA in new studies on the production of soil-cement blocks, as 
it allows a deeper analysis of the process and the material in question. 
In this sense, the quantification of data by using this methodology can 
enhance future studies, although Seco et al. (2018) emphasize that LCA 
also has the limitations of not fully considering the additional environ-
mental benefits of replacing a non-renewable resource, such as natural 
soil, with recycled waste. Thus, it is still necessary to have broader and 

standardized details for future analysis of soil-cement blocks contain-
ing solid industrial waste.

Final considerations
Considering the general aspects of the discussion of literature in 

this study, the wastes that contributed to the improvement of soil-ce-
ment blocks properties were cellulose industry grains, rice husks, Bra-
chiaria grass, steel by-products with soil blocks, granular cement, and 
blast furnace slag. The wastes that did not obtain satisfactory results 
were sludge from a water treatment plant, sugarcane bagasse, and veg-
etable loofah. 

Through this article, it was possible to verify that the behavior of 
soil-cement blocks is influenced by several factors in their manufac-
ture, mainly regarding the type and percentage of incorporated waste. 
Many wastes prove to be viable for use in this type of block in certain 
proportions, which is thus a sustainable alternative to their inadequate 
disposal in landfills and the environment. However, it is important to 
be concerned about the application of blocks with such wastes, requir-
ing more environmental analyses linked to these types of studies so 
that the intention of these surveys is truly sustainable and does not 
enhance environmental impacts.
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A B S T R A C T
Natural ecosystems are in constant conflict with the growing and 
disordered urban expansion, arising from the mismanagement of 
human developments and infrastructure, facing an accelerated rate 
of deforestation and defaunation. The intense pressure on natural 
environments impacts the local fauna through various incidents, 
generating high mortality, such as hit-and-run, window-crashing, attacks 
by domestic animals, dissemination of diseases and electrocution. 
The purpose of this study was to carry out a retrospective survey of 
the wild fauna rescued and treated at a clinic associated with the 
environmental police in the region of Joinville - SC. A total of 379 wild 
animals were treated at the clinic from 2014 to 2016. Of these, 262 
(69.13%) were birds, 107 (28.23%) mammals, 9 (2.37%) reptiles and 
1 (0.26%) amphibian. The main causes of referral for clinical care 
were due to trauma (50.66%), seizures (1.32%) and other causes 
(48.02%), such as home invasion and orphaned puppies. Among the 
reasons for traumas, pedestrian accidents were the most prevalent, 
representing 39.58% of the cases treated, followed by animals found 
to be debilitated without a defined cause (31.77%), attack by domestic 
animals (14.58%) and window-crashing (9.89%). The data obtained in 
this study show a rich diversity of species in Joinville. These species 
are exposed to several anthropogenic challenges and barriers derived 
mainly from intense displacement and human invasion, causing many 
animals to move in order to adapt to urban areas.

Keywords: fauna; hit-and-run; atlantic forest; infrastructure; 
urbanization.

R E S U M O
Os ecossistemas naturais estão em constante conflito com a 
crescente e desordenada expansão urbana, oriunda da má gestão de 
empreendimentos e infraestruturas humanas, enfrentando uma acelerada 
taxa de desmatamento e defaunação. A intensa pressão sobre os ambientes 
naturais impacta a fauna local através de incidentes variados gerando alta 
mortalidade, como atropelamentos, colisão em vidraças, ataques por 
animais domésticos, disseminação de doenças e eletrocussão em redes 
elétricas. O objetivo deste estudo foi realizar um levantamento retrospectivo 
da fauna silvestre resgatada e atendida em uma clínica conveniada à polícia 
ambiental na região de Joinville – SC. Um total de 379 animais silvestres 
foram atendidos na clínica no período de 2014 a 2016. Destes, 262 (69,13%) 
eram aves, 107 (28,23%) mamíferos, 9 (2,37%) répteis e 1 (0,26%) anfíbio. 
As principais causas de encaminhamento para atendimento clínico foram 
devido a traumas (50,66%), apreensões (1,32%) e outras causas (48,02%) 
como a invasão de residências e filhotes órfãos. Dentre os motivos de 
traumas, os atropelamentos foram os mais prevalentes, representando 
39,58% dos casos atendidos, seguido por animal encontrado debilitado sem 
causa definida (31,77%), ataque por animal doméstico (14,58%) e colisão 
com vidraças (9,89%). Os dados obtidos neste estudo mostram uma rica 
diversidade de espécies em Joinville. Essas espécies são expostas a diversos 
desafios e barreiras antropogênicas derivadas principalmente do intenso 
deslocamento e à invasão humana, fazendo com que muitos animais 
tenham que se deslocar para se adaptar a viver em áreas urbanas.

Palavras-chave: fauna; atropelamento; mata atlântica; infraestrutura; 
urbanização.
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Introduction
Tropical ecosystems are facing an accelerating rate of deforestation 

and defaunation. Consequently, anthropogenic alteration of natural 
environments triggered the sixth largest extinction event in history, 
causing widespread changes in the global distribution of fauna and flo-
ra (Chapin et al., 2000). Landscape modification and habitat fragmen-
tation are the main drivers of this widespread species loss as a result of 
the interaction of exogenous and endogenous threats, including hab-
itat loss, degradation and isolation, changes in biology, behavior and 
species interactions, as well as threatening additional factors, such as 
logging and farming, fires, hunting, illegal trade, introduction of exotic 
species, edge effects and urbanization (Fischer and Lindenmayer, 2007; 
Symes et al., 2018).

Maintaining biodiversity in these landscapes is complex and faces 
a multitude of challenges. Their response to habitat disturbance dif-
fers between species and ecological groups, between landscapes and 
regions, depending on landscape heterogeneity (Ewers and Didham, 
2006; Arroyo-Rodríguez et al., 2013). Furthermore, the negative effects 
of habitat modification and wildlife exploitation have ripple and cumu-
lative effects that affect not only the target species, but also the structure, 
function and resilience of the forest due to the loss of critical animals 
for maintenance. environmental, which leads to changes in plant com-
position, animal communities and ecosystem dynamics that, associated 
with the development of anthropogenic infrastructures facilitating hu-
man access to wildlife habitats, aggravates the effects of deforestation 
(Ward et al., 2015; Sobral-Souza et al., 2017; Symes et al., 2018).

The Brazilian Atlantic Forest has high species richness and a long 
history of human disturbance. It is made up of a great diversity of eco-
systems, being considered one of the five most important hotspots of 
global biodiversity, housing about 261 species of mammals (55 endem-
ic), 1020 of birds (188 endemic), 340 of amphibians (90 endemic), 197 
of reptiles (60 endemic) and 350 of fish (133 endemic), in addition to 
containing most of the Brazilian species threatened with extinction 
(Myers et al., 2000; Arruda and Sá, 2004; Fundação SOS Mata Atlânti-
ca and INPE, 2020).

However, the rate of destruction of the Atlantic Forest has in-
creased in recent decades due to the occupation and exploitation of its 
resources, resulting in severe changes in this ecosystem, caused by the 
high fragmentation of habitats and the loss of biodiversity. The current 
result is the almost total loss of the original intact forests and the con-
tinuous devastation of the existing forest remnants, making this biome 
one of the most endangered ecosystems in the world (Brasil, 2010). 

The State of Santa Catarina is inserted within this biome in all its 
extension, and is the third state with the largest area of remnants of the 
Atlantic Forest in the country, currently possessing about 17.46% of the 
original biome preserved (Reserva da Biosfera Mata Atlântica, 2008). 
Due to intense displacement and human invasion, long peri-urban ar-
eas are being incorporated into cities, leading to environmental imbal-

ance and great destruction of natural habitats, causing many animals to 
move in order to adapt to urban areas.

In addition, the intense pressure on the areas still forested results 
in several encounters between the population and the fauna, with vari-
ous incidents generating high mortality of the surrounding wild fauna, 
such as hit-and-run, window-crashing, attacks by domestic animals, 
disease dissemination and electrocution. A small part of these animals 
is found still alive, and is sent to the Wild Animal Screening Centers 
(CETAS), responsible for receiving, sorting, recovering, rehabilitating 
and disposing of wild animals (IBAMA, 2018).

Considering that most CETAS are located in a single city in the 
state, some clinics may have a contract with the Brazilian Institute for 
the Environment and Renewable Natural Resources - IBAMA or En-
vironmental Institutes in the state, to provide emergency care to these 
animals before they are sent there. Considering this scenario, the pur-
pose of this study was to carry out a survey and diagnosis of the fauna 
rescued alive in a clinic associated with the Environmental Police of 
Itajaí, aiming to identify critical points in the survival and conservation 
of wild species in anthropomorphized areas in the region of Joinville, 
Santa Catarina - Brazil. 

Material and Methods

Description of the study area
The data were obtained from the clinic Dr. Selvagem – Wild and 

Exotic Animal Medicine, located in the city of Joinville – State of Santa 
Catarina, Brazil. The clinic provides specialized care for birds, reptiles, 
mammals, amphibians and privately owned fish that are legalized as 
required by IBAMA. Since 2006, it has been providing emergency care 
for free-living wild animals rescued by the environmental police, vic-
tims of trafficking, abuse, car crashes and electrical wiring, or at risk, 
which, after being discharged, are sent to the wild animal rehabilitation 
center (CETAS) or Fauna Keepers registered by IBAMA for rehabilita-
tion and release.

Design and data analysis
A retrospective observational study was carried out by surveying 

the clinical care records of free-living wild animals rescued by the 
environmental police from April 2014 to July 2016, later tabulated in 
Microsoft Excel 2016 software, according to the date of entry, class, or-
der, family, common name, scientific name, age group, type of rescue, 
reason for rescue and destination registered in the veterinary records. 
Data were descriptively analyzed and shown in percentages.

Results
A total of 379 animals were rescued by the environmental institute 

of Santa Catarina State in charge in the region of Joinville, and sent to a 
clinic specializing in wild animal care, from April 2014 to July 2016. Of 
these, 262 (69.13%) were birds, 107 (28.23%) were mammals, 9 (2.37%) 



Survey of wildlife rescued and treated from 2014 to 2016 in Joinville (SC), Brazil

689
RBCIAMB | v.56 | n.4 | Dec 2021 | 687-696  - ISSN 2176-9478

were reptiles and 1 (0.26%) was amphibian. The distribution of visits 
to birds and mammals according to month and year during this period 
is shown in Figures 1 and 2. According to Figure 1, it can be seen that 
there was no homogeneous distribution over the months.

The number of clinical consultations performed in birds during 
2014 increased in November, concentrated in October and December 
2015 and in January 2016. The registered occurrences of mammals 
showed dispersion according to the relevant year, and from July to 
September 2014 they had a larger sample of clinical care. In 2015 the 
records were mainly concentrated in January, March and June, and in 
2016 until July, January and May there was a greater number of records. 
As for the occurrence of reptiles, clinical consultations were carried out 
only in 2015, with the majority of records in January (6/9).

The main causes of referral for clinical care due to trauma were 
50.7% (n = 192) and other causes amounted to 48% (n = 182), such 
as home invasion and orphaned puppies, and 1.3% had been seized 
(n = 5). The trauma category included accidents involving hit-and-
run, attack by domestic animals, window-crashing, entanglement in 
nets and fences, projectiles and animals found weakened without a 

defined cause. Tables 1, 2 and 3 list the order and animal species with 
the type of occurrence and conservation status according to the En-
dangered Species List – MMA (Brasil, 2018a, 2018b, 2018c, 2018d). 
Several groups of species treated at the clinic had more than one type 
of occurrence, indicating that the effects of anthropomorphized areas 
can be cumulative.

In all, 94 different species of mammals, birds, reptiles and amphib-
ians rescued by the Environmental Police were recorded and received 
emergency clinical care at Clínica Dr. Selvagem, highlighting the high 
species richness and a long history of anthropogenic disturbances ex-
perienced by the Atlantic Forest biome. As for the conservation status, 
almost threatened species (NT) were registered: magellanic penguin 
(Spheniscus magellanicus), with 1.06% (n = 4), saffron toucanet (Ptero-
glossus bailloni) (0.26%, n = 1) and the azure jay (Cyanocorax caeruleus) 
(0.26%, n = 1); vulnerable to extinction (VU): white-necked hawk (Bu-
teogallus lacernulatus) (0.26%, n = 1), howler monkey (Alouatta guariba) 
(0.26%, n = 1) and northern tiger cat. (Leopardus tigrinus) (0.53%, n = 
2) and endangered (EN): vinaceous-breasted Parrot (Amazona vinacea) 
(0.26%, n = 1) and Jaguarundi (Puma yagouaroundi) (0.26%, n = 1).

Among the reasons for trauma, hit-and-run was the most preva-
lent, representing 39.6% (n = 76) of the cases treated, followed by ani-
mals found debilitated without a defined cause (31.8%, n = 48), attack 
by domestic animals (14.6%, n = 28), birds in window-crashing acci-
dents (9.9%, n = 19) and other reasons (Figure 3).

The other occurrences not related to trauma represented 48.02% 
(182/379) of the visits, with the main reason for rescue being related to 
orphan puppies (36.3%, n = 66), invasion of residence (31%, n = 56), 
causes not reported (27.5%, n = 50) and falls from the nest (5.5%, n = 
10). Of the total number of occurrences recorded in the survey period, 
most of the animals treated (44.6%, n = 169) were, after stabilization in 
the clinic, sent to CETAS-SC. In 32.5% (n = 123) the type of destination 
was not entered in the clinical records, 17.7% (n = 67) of the animals 
died, 4.7% (n = 18) were destined for release.

Among the animals sent to the clinic due to hit-and-run, 41.7% 
(31/76) died, 30.2% (23/76) were sent to CETAS-SC, which was not 
informed in the clinical records (27.6%, 21/76) and only 1 (1/76) was 
discharged and sent for release. Considering the classes involved in 
accidents with vehicle collisions, mammals had the highest number 
of occurrences (60.5%, n = 46), followed by birds (38.2%, n = 29), and 
only one (1.3 %) species of reptile was registered. Within the Mam-
malia class, the order Didelphimorphia (43.5%, n = 20) was the most 
abundant. Additional orders also sampled were Rodentia (15.2%, 
n  =  7), Pilosa (13%, n = 6), Carnivora and Primate (10.9%, n = 6), 
Cingulata (4.3%, n = 2) and Artiodactyla (2.2%, n = 1).

In birds, individuals of the order Strigiformes were the most re-
corded group (31%, n = 9), followed by Galiformes (20.7%, n = 6), 
Gruiformes (13.8%, n = 4), Accipitriforms (10.3%, n = 3) and others. 
Only one black-and-white Tegu (Salvator merianae) belonging to the 
reptile class was treated at the clinic due to a vehicle collision.

Figure 1 – Distribution of records of free-living birds rescued by the 
environmental police from April 2014 to July 2016 and treated at the clinic.

Figure 2 – Distribution of records of free-living mammals rescued by the 
environmental police from April 2014 to July 2016 and treated at the clinic.
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Table 1 – Type of occurrence of mammals rescued by the Environmental 
Police and sent to Clínica Dr. Selvagem, from 2014 to 2016.

Species Type of 
occurrence

Conservation 
Status Total

Didelphimorphia 67

Didelphis albiventris A, B, D LC 9

Didelphis aurita A, B, C, D LC 58

Artiodactyla 1

Not identified A - 1

Carnivora 7

Cerdocyon thous A, C LC 2

Leopardus tigrinus A VU 2

Procyon cancrivorus A, E LC 2

Puma yagouaroundi A EN 1

Chiroptera 1

Nyctinomops aurispinosus D LC 1

Cingulata 3

Dasypus novemcinctus A, B LC 3

Pilosa 9

Tamandua tetradactyla A, D, E LC 9

Primata 9

Alouatta guariba E VU 1

Callithrix penicillata A, C, D LC 6

Sapajus apella A LC 2

Rodentia 10

Cavia aperea A, B LC 2

Coendou prehensilis A LC 1

Dasyprocta aguti A, C, E LC 3

Hydrochoerus hydrochaeris A, B LC 4

Total 107

A: Vehicle collision; B: Domestic Animal Attack; C: Found Debilitated; D: 
Home Invasion; E: Orphan; LC: Out of danger; VU: Vulnerable; EN: In danger; 
CR: Critically Endangered.

Table 2 – Type of occurrence of birds rescued by the Environmental Police 
and sent to Clínica Dr. Selvagem, from 2014 to 2016.

Species Type of 
occurrence

Conservation 
Status Total

Galliformes 10

Ortalis guttata A, H, K LC 8

Penelope obscura A, E LC 2

Accipitriformes 13

Buteo brachyurus E LC 1

Buteogallus lacernulatus A VU 1

Not identified A, C, E, G, K - 7

Parabuteo unicinctus A LC 1

Rupornis magnirostris E, G LC 3

Anseriformes 2

Cairina moschata A LC 1

Dendrocygna bicolor G LC 1

Apodiformes 3

Not identified C - 3

Caprimulgiformes 1

Hydropsalis parvula B LC 1

Charadriiformes 13

Larus dominicanus C, K LC 2

Larus sp. K - 3

Thalasseus maximus F LC 1

Vanellus chilensis A, E, G, H, K LC 7

Columbiformes 18

Columba livia G LC 2

Columbina sp. B, C, G, H, K - 14

Geotrygon violacea B LC 1

Patagioenas picazuro H, J LC 1

Coraciiformes 1

Chloroceryle americana B LC 1

Cuculiformes 1

Piaya cayana E LC 1

Falconiformes 7

Caracara plancus A, H, J, K LC 4

Falco femoralis G LC 1

Continue...
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Table 2 – Continuation. Table 2 – Continuation.

Species Type of 
occurrence

Conservation 
Status Total

Milvago chimachima A, C LC 2

Gruiformes 10

Aramides saracura A, H, K LC 8

Gallinula galeata A LC 1

Porphyrio martinicus G LC 1

Nyctibiiformes 2

Nyctibius sp. G, K - 2

Passeriformes 67

Cacicus haemorrhous C LC 1

Coereba flaveola B LC 1

Cyanocorax caeruleus E NT 1

Furnarius rufus C, G LC 2

Molothrus bonariensis D, E LC 3

Myiodynastes maculatus K LC 1

Not identified B, C, H, I, K - 12

Passer domesticus B LC 2

Pitangus sulphuratus B, C, H, E, I LC 14

Sicalis flaveola G LC 1

Tachyphonus coronatus E LC 1

Tangara sp. E, K - 4

Thraupis sayaca K LC 1

Turdus albicollis K LC 1

Turdus amaurochalinus G, K LC 4

Turdus flavipes A, B, K LC 3

Turdus leucomelas E LC 1

Turdus rufiventris D, E, G, H, I, K LC 11

Tyrannus melancholicus C, E, H LC 3

Pelecaniformes 9

Ardea alba C, E LC 3

Nycticorax nycticorax H, K LC 2

Phimosus infuscatus A, G LC 3

Tigrisoma lineatum K LC 1

Piciformes 19

Colaptes campestris G LC 1

Species Type of 
occurrence

Conservation 
Status Total

Not identified I - 1

Pteroglossus bailloni K NT 1

Ramphastos dicolorus B, E, G, K LC 10

Ramphastos vitellinus E, G, H, K VU 5

Selenidera maculirostris K LC 1

Procellariiformes 1

Diomedea sp. E - 1

Psittaciformes 16

Amazona vinacea E EN 1

Brotogeris tirica C, E, K LC 5

Forpus sp. E - 2

Pionus maximiliani B, E, H, K LC 7

Pyrrhura frontalis K LC 1

Sphenisciformes 4

Spheniscus magellanicus E NT 4

Strigiformes 57

Asio clamator A, E, G, H, K LC 7

Asio stygius A, C, F, G LC 8

Athene cunicularia A, E, F, G LC 5

Megascops choliba E LC 1

Megascops sanctaecatarinae A, I LC 3

Not identified A, C, E, G, H, K - 17

Pulsatrix koeniswaldiana E, F LC 2

Pulsatrix perspicillata E, G LC 3

Strix virgata C LC 1

Tyto furcata A, E, G, H, K LC 10

Sulidae 2

Sula leucogaster E LC 2

Suliformes 5

Fregata magnificens E LC 2

Phalacrocorax brasilianus E, K LC 3

Total 262

Continue...

A: Vehicle collision; B: Domestic Animal Attack; C: Window-crashing; D: 
Seizures; E: Found Debilitated; F: Entanglement; G: Home Invasion; H: Or-
phan; I: Fall from the Nest; J: Firearm; K: Not Informed; LC: Least Concern; NT: 
Nearly Threatened; VU: Vulnerable; EN: In danger; CR. Critically Endangered.
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Discussion
The type of interaction is directly related to the ecology and be-

havioral biology of each animal species. Mammals had a higher hit-
and-run rate, while birds were concentrated in attacks by domestic 
animals, collisions with windows, hunting and seizures. Several groups 
of species treated at the clinic had more than one type of occurrence, 
indicating that the effects of anthropomorphization in the areas are 
overlapping and cumulative.

For example, the Mammalia class is the most sensitive and vul-
nerable group to the rapid development of road infrastructure, due to 
the specific characteristics of its life history. Many studies have shown 
that roadside mortality can reduce survival and population densities, 
and that vehicle collisions are a major source of mortality for many 
species (Forman and Alexander, 1998; Forman et al., 2003; Fahrig and 
Rytwinski, 2009; Grilo et al., 2009).

Impacts generated by road development range from direct mortali-
ty due to vehicle collisions to secondary effects, such as modification of 

animal behavior, alteration of the physical and chemical environment, 
dissemination of exotic species or the disruption of links between pop-
ulations (Trombulak and Frissell, 2000; Ward et al., 2015). Among the 
main influences that lead to pedestrian accidents, vehicle speed and 
traffic volume, food abundance along the roads and the behavior of 
the species stand out (Forman et al., 2003). This interaction is, in most 
cases, fatal, decimating several animals daily (Rosa and Bager, 2012).

The effects of road mortality are not evenly distributed in time and 
space, and it is necessary to assess hotspots, propose mitigation peri-
ods and locations (Gunson et al., 2011). Only a small portion of these 
individuals is found alive, requiring emergency care for these species in 
specialized clinics associated with the Environmental Police. This study 
represents only a small portion of the animals that are found trampled 
alive, making the prognosis of threatened species difficult from an eco-
logical point of view.

This translocation of wildlife to urban environments is probably 
linked to the suppression of natural resources caused by habitat frag-
mentation. Thus, with the distribution of habitats in highly fragmented 
landscapes, it is randomly dispersed, so animals are forced to overcome 
this great diversity of barriers in search of resources for their survival, 
and end up invading homes, coming into conflict with human beings 
(Cervinka et al., 2015).

Another important factor is the seasonality of these events. 
According to Ferreguetti et al. (2020), temporal variations are directly 
related to the behavior and period of activity of mammals, and in this 
study, carried out in a fragment of BR-262 immersed in the Atlantic 
Forest in the State of Espírito Santo, the months with the highest rates 
of roadkill were December, January and February, and those with the 
lowest rates were April, August and September, being significantly 
higher during the rainy season than during the dry season. These data 
do not corroborate those found in the present study, where there was 
no concentration of the number of fixed cases in a certain period. 
The explanation for this may be due to the high mortality rate, as these 
animals may die even before receiving any kind of clinical care.

According to a survey of human-fauna impact events conduct-
ed by the non-governmental organization Associação Mata Ciliar 
carried out by Hilário et al. (2021), mortality was not homogeneous 
along the roads, being determined with data from animals that were 
taken to non-governmental organizations after getting involved in 
these events, influenced by the detection of the relationship between 
the length of roads and the number of animals run over, which cor-
roborates our survey.

Despite the high number of deaths recorded, in developing coun-
tries, efforts to reduce wildlife mortality on the roads are still an obsta-
cle, mainly due to the lack of research, which can be extremely costly 
due to the high sampling effort required, but also due to other priorities 
generally dictated by the country’s socioeconomic situation (Collinson 
et al., 2015; Williams et al., 2019). However, to preserve the animal hab-

Table 3 – Type of occurrence of reptiles and amphibians rescued by the 
Environmental Police and sent to Clínica Dr. Selvagem, from 2014 to 2016.

Species Type of 
occurrence

Conservation 
Status Total

Testudinata

Hydromedusa tectifera D LC 1

Trachemys dorbigni B, C LC 3

Squamata

Anguis fragilis D LC 1

Boa constrictor D LC 1

Micrurus corallinus D LC 1

Salvator merianae A, C LC 2

Anura

Rhinella marina D LC 1

Total 10

A: Vehicle collision; B: Seizure; C: Found Debilitated; D: Home Invasion; LC: 
Out of danger; VU: Vulnerable; EN: In danger; CR: Critically Endangered.

Figure 3 – Type of occurrence of trauma in birds, mammals and reptiles 
treated at Clínica Dr. Selvagem from April 2014 to July 2016.
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its and needs, structures that allow their safe passage on highways have 
been used (Gaisler et al., 2009; Freitas, 2010), particularly galleries, dry 
boxes, overpasses wildlife corridor and fauna viaducts.

One of the great building challenges is the diverse number of spe-
cies that would depend on these passages and their particular habits, 
which must be taken into account in planning and construction. In ad-
dition, collisions with wild animals can generate several impacts, both 
for economy and human safety (Ascensão et al., 2021), which makes 
efforts to elucidate the interaction of linear constructions with these 
animals fundamental to the reduction of accidents that may promote 
human and animal mortality.

The introduction of faunal passages of different types and sizes is an 
important factor in increasing their use by wild animals (Huijser et al., 
2007). Some species have a predilection for large and open passages, 
while others for smaller and confined areas. The study and knowledge 
of the local fauna is extremely important for the successful implemen-
tation of these structures (Clevenger and Waltho, 2005; Huijser et al., 
2007). Studies carried out in Canada have shown falls of 80% or more 
in collisions between large species and vehicles, when structures such 
as underpasses or wildlife viaducts associated with conduction fences 
are used (Clevenger et al., 2001; Huijser et al., 2007).

However, due to financial constraints and lack of knowledge about 
the material costs caused by collisions in most regions, it is rarely real-
istic to fence off an entire road network simultaneously, and thus miti-
gating specific road sections can be more cost-effective than fencing all 
roads (Ascensão et al., 2013; Spanowicz et al., 2020).

Due to the wide diversity of environments and behaviors and, con-
sequently, greater exposure to negative effects associated with habitat 
transformation, such as mortality from window collisions, exposure to 
new diseases and predators, birds have been used to study the effects of 
urbanization on the diversity of species (Carvajal-Castro et al., 2019).

For birds, the greatest risks that cause fatalities directly in anthropo-
genic landscapes include predation by domestic animals and collision 
with man-made structures and vehicles (Parkins et al., 2015). The an-
imals sent to the clinic due to attacks by domestic animals and colli-
sions on mirrored surfaces and windows represented 6.33% (24/379) 
and 5.01% (19/379) of the records, and all species registered were birds.

Collisions with man-made structures such as windowpanes or 
moving vehicles like automobiles and planes pose threats to birds. Ac-
cording to Riding et  al. (2021), the seasonal peaks of collision rates 
occur in late spring and early autumn with increasing latitude, cor-
roborating what was evidenced in this study. Furthermore, Loss et al. 
(2019), showed variation in collision correlates between spring and 
autumn migration and among bird species, whose factors influencing 
collision fatalities also influence the number of colliding species, and 
the proportion, and potentially the area, of glass illuminated at night 
are associated with collisions (Loss et al., 2019).

Study carried out by Klem et al. 2009, determined the fatality of 
bird crashes on windows in New York, with 475 and 74 crashes in 
2006 fall and 2007 spring being recorded. 82% and 85%, respectively, 
were fatal, partially corroborating the present study, where this event 
was concentrated in the spring months (September to December). 
Thus, factors related to the reproductive phenology of birds may have 
contributed to the observed monthly and seasonal collision patterns.

Among birds, the most affected species in collisions with vehicles 
were of the family of Strigiformes [Asio clamator (1), Asio stygius (2), 
Athene cunicularia (1), Megascops sanctaecatarinae (2)], Galliformes 
[Ortalis guttata (5), Penelope obscura 1], Gruiformes [Aramides saracu-
ra (3), Gallinula galeata (1)] and Accipitriformes [Buteogallus lacernu-
latus (1), Parabuteo unicinctus (1)].

The main species of birds affected were of the order of passerines 
and columbiformes. These species have synanthropic habits and, there-
fore, live in urban areas, making their nests in homes, being more sus-
ceptible to predation by domestic animals and collisions with urban 
structures. However, some registered species, such as Amazona vina-
cea, are on the red list of threatened species, and it is extremely import-
ant to record and survey these interactions to understand the impact 
generated and assess the degree of susceptibility of the species.

The number of bird colliding with glass structures is underestimat-
ed, receiving greater scientific interest for conservation and political 
attention recently due to high mortality. In the US alone, bird mortal-
ity from this type of structure has been estimated at between 365 and 
988 million per year, requiring the adoption of mitigation measures to 
avoid major losses of bird biodiversity (Barton et al., 2017).

The negative impacts generated by domestic animals represent spe-
cific conservation issues, as they are closely linked to the economic, 
social and political values of local populations and, therefore, require 
interdisciplinary cooperation to assess the effects of predation, com-
petition, disturbance, hybridization and transmission of diseases from 
domestic animals under wild populations (Young et al., 2011).

As the human population spread, so did the intentional and ac-
cidental introduction of many species into a variety of habitats and 
ecosystems. An example of this is the transmission of diseases such 
as rabies and canine distemper virus, which can seriously affect wild 
species. Randall et  al. (2006) observed a 75% reduction in the Ethi-
opian wolf population (Canis simensis) in the last 20 years due to the 
incidence of rabies transmitted by domestic dogs.

With regard to hunting and seizure among all the animals involved, 
birds are the class with the highest number of seizures. Trafficking of 
wild animals is the third largest illegal activity in the world and the 
second largest in Brazil (Dias Junior et al., 2013). Estimates point to 
the removal of more than 400 bird species, which represents 23% of 
the native bird species in Brazil (Alves et al., 2013). In our study, the 
main species involved in seizures were the Shiny Cowbird (Molothrus 
bonariensis), Rufous-bellied Thrush (Turdus rufiventris) and D’Orbig-
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ny’s slider (Trachemys dorbigni), which were strongly linked to animal 
trafficking. We have also obtained records of gunshot traumas in two 
specimens of Southern Caracara (Caracara plancus) and a Picazuro Pi-
geon (Patagioenas picazuro).

A useful way to understand the potentially negative effects of 
landscape modification on native animals is to consider the range of 
processes that can threaten a particular individual species (Fischer and 
Lindenmayer, 2007). For example, the orders Rodentia and Didelphi-
morphia are groups of small mammals, composed of small rodents and 
marsupials, highly specialized in the maintenance of neotropical eco-
systems, with a relevant role in seed dispersal and consequently in the 
recovery and reforestation process of impacted areas (Grazzini et al., 
2015). Many species of these two orders are threatened by habitat loss 
and fragmentation, which have led to a pronounced decline in their 
richness and abundance (Grazzini et al., 2015).

The Big-eared Opossum (Didelphis aurita) and the White-eared 
opossum (D. albiventris), are didelphid marsupials that, despite not 
being threated of extinction, are opportunistic and tolerant to al-
tered environments, being found in highly fragmented landscapes, 
such as urban centers (Abreu et al., 2011). This approximation may 
justify the greater number of calls registered among the species sam-
pled in our study.

The Rodentia order occupied the second group of mammals with the 
highest incidence of roadkill in the present study. The families Caviidae, 
Hydrochaeridae, Dasyproctidae and Erethizontidae were observed, rep-
resented respectively by the Brazilian Guinea Pig (Cavia aperea), capyba-
ras (Hydrochaeris hydrochaeris), Azara’s Agouti (Dasyprocta azarae) and 
Orange-spined Hairy Dwarf Porcupine (Sphiggurus villosus).

Capybaras (Hydrochaeris hydrochaeris) were the rodents with the 
highest incidence of rescues and visits at Clínica Dr. Selvagem. They 
are widely distributed in Central and South America, inhabiting dif-
ferent environments, from riparian forests to seasonally flooded savan-
nas, up to 500 m away from the water (Bonvicino et al., 2008). It can 
compete with cattle for pasture and invade crops, especially in the dry 
season, being often attracted to urban areas.

Carnivores (Mammalia: Carnivora) are the most sensitive and vul-
nerable group to accidents due to the rapid development of road infra-
structure due to the specific characteristics of their life history, such as low 
population density and large living areas. Since animals with large ranges 
of motion typically have low reproduction rates (e.g., large carnivores), 
they cannot quickly compensate for higher mortality through increased 
reproduction, so mortality leads to population decline (Spellerberg, 1998).

In this study, two individuals of Leopardus tigrinus (northern tiger 
cat) and one Puma yagouaroundi (Jaguarundi) were registered. Felids 
are species that have relatively low population densities, but inhabit 
large territorial zones (Cardillo et  al., 2004). However, their popula-
tions are severely fragmented, being severely reduced by the conver-
sion of their natural habitat into plantations and pastures (Payan and 
Oliveira, 2016), increasing the need to understand their response to 

human pressures on large scales (Boyd et al., 2008). Furthermore, local 
populations tend to decline where roadkill rates exceed those of repro-
duction and migration (Forman and Alexander, 1998). There was also 
an occurrence of the white-necked hawk (Buteogallus lacernulatus), 
categorized as vulnerable (VU) by the C2a(i) criteria, in view of the 
decline due to the loss of area and habitat quality and the removal of 
individuals from the wild.

In general, most species that feed near roads are more vulner-
able to being run over, which includes many predators, scavengers 
and grass-eating herbivores (Coffin, 2007; Laurance and Useche, 
2009). Mammals are victims of roadkill when they travel along 
highways crossing their area of residence or when they are attract-
ed by available resources in the surrounding area (Laurance and 
Useche, 2009). Birds are attracted to roads by the availability of 
perches around the roads, the abundance of small mammals that 
serve them as food, the grain that falls from vehicles and the car-
casses of animals (Grilo et al., 2010). The main risks of reptiles be-
ing run over are associated with slow movements and the behavior 
of heating up on roads as a means of thermoregulation (Laurance 
and Useche, 2009; Grilo et al., 2010).

Conclusion
The data obtained in this study point to a rich diversity of species 

in the Joinville region. These species are exposed to several anthropo-
genic challenges and barriers mainly derived from intense displace-
ment and human invasion, with the incorporation of long peri-urban 
areas to cities, drastically modifying the landscape and its natural re-
sources, causing many animals to have to move in order to adapt to 
life in urban areas.

However, only animals rescued still alive and taken to emergency 
care were measured. Despite this, part of the individuals died, main-
ly as a result of being run over. Hit-and-run was the main reasons 
for trauma seen at the clinic during the survey period. However, no 
data, such as the exact location of each event, or temporal data, such 
as climate, rainfall, local characteristics of roads were obtained, which 
could allow exploring the effects of other variables or even identifying 
hotspots of different species for planning and implementation of ur-
ban mitigation measures, such as fauna passages, to reduce the impact 
generated on local biodiversity. In addition, another variable that can 
also influence the reported sample is related to the characteristics of 
the animals, such as size, charisma or whether the animal represents 
any danger to people.

Thus, the region of Joinville is constituted as a territory covered 
by native vegetation in constant conflict with anthropogenic activities, 
leading to dualism in the occupation of environments between wildlife 
and human population, with the occurrence of accidents on highways, 
in homes through attacks by domestic animals or collisions on win-
dows, requiring further studies covering different field measurement 
techniques and data on the care of these animals.
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A B S T R A C T
Considering the multicampi organizational structure of higher education 
institutions (HEIs), the expansion of photovoltaic (PV) systems previously 
installed in the facilities, the great potential for PV generation in Brazil, 
and the 2030 Agenda, the general goal of this research study is to 
evaluate and promote the expansion of the aforementioned PV systems. 
For this purpose, the PV system installed at the Federal Institute 
of Education, Science and Technology of Piauí comprising a future 
expansion is characterized by a thorough literature and documentary 
research. The solar resource available at the campuses of the institution 
was estimated using the second version of the Brazilian Atlas of Solar 
Energy. The technical–economic viability of the system expansion is 
assessed through the average parameters and minimum performance 
indexes required by the institution. Thus, it is possible to prove the 
effectiveness of the methodology to identify investment priorities and 
guide the construction and expansion of other PV systems, confirming 
that this process is technically and economically feasible as associated 
with strategic adherence, also bringing several environmental benefits.

Keywords: distributed generation; photovoltaic solar energy, renewable 
energy sources; solar atlas.

R E S U M O 
Considerando a estrutura organizacional multicampi de instituições 
de ensino superior e a recente expansão de sistemas fotovoltaicos 
instalados nessas organizações, além do grande potencial de geração 
fotovoltaica no Brasil e a Agenda 2030, este artigo tem o objetivo geral 
de avaliar e orientar a expansão desses sistemas nessas instituições. 
Para tanto, caracterizou-se o sistema fotovoltaico instalado e expansão 
contratada no Instituto Federal de Educação, Ciência e Tecnologia 
do Piauí com uma pesquisa bibliográfica e documental; estimou-
se o recurso solar disponível aos seus campi utilizando-se a segunda 
versão do Atlas Brasileiro de Energia Solar; e verificou-se a viabilidade 
técnico-econômica da expansão dos sistemas com os parâmetros 
médios e índices mínimos de desempenho exigidos pela instituição. 
Por fim, pôde-se comprovar a eficácia da metodologia para identificar 
prioridades de investimento e orientar a construção e a ampliação 
de sistemas, comprovando-se que esta expansão é viável técnica-
economicamente, com aderência estratégica, trazendo benefícios 
ambientais e à sua atividade fim.

PALAVRAS-CHAVE: Fontes Alternativas; Fontes Renováveis; Geração 
Distribuída; Atlas Solarimétrico.
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Introduction
Considering the need to grant universal access to energy, increase 

the share of renewable energy sources, double the global energy ef-
ficiency index, as well as strengthen international cooperation in re-
search and technology transfer, the member countries of the United 
Nations (UN) committed to the seventh Sustainable Development 
Goal (SDG), namely, accessible and clean energy (UN, 2015a). This is a 
global cooperative planning and action program (Agenda 2030) com-
posed of member countries, comprising 17 goals to be pursued in the 
subsequent 15 years (UN, 2015b).

The electric energy can be regarded as an infrastructure tool that 
promotes citizenship. However, the population growth, and especially 
the economic development, generates an increasing demand that must 
be met with high energy efficiency or the implementation of new ener-
gy generating plants, causing significant social and environmental im-
pacts (Brasil, 2019b). As a consequence, the rapid depletion of conven-
tional energy sources and the concern with environmental issues have 
driven the search for new, more efficient energy alternatives (Villela 
et al., 2017). Thus, renewable energy sources become relevant and in-
dispensable for the development of a sustainable electricity generation 
system (Khan and Arsalan, 2016).

Renewable energy sources are currently used worldwide to reduce 
the impact of modern society on the environment (Goel and Sharma, 
2017). Photovoltaic (PV) solar energy stands out as one of the most 
promising solutions, since it has nearly unlimited availability and ac-
cessibility throughout the planet and can be integrated into distinct 
types of buildings in the urban environment. Dávi et al. (2016) reported 
that the greenhouse gas emissions associated with this source are much 
lower than those of conventional fossil fuel-based electricity genera-
tion technologies. Most of the impacts of the PV systems are related 
to the production of cells (Silva, L.R. et al., 2018). Such impacts were 
assessed by Bezerra et al. (2018) who, when carrying out the life-cycle 
analysis of a PV module from the “cradle to the gate,” could verify the 
large amount of fossil fuels used in its production. Other harmful ef-
fects include the great impact on ecotoxicity, eutrophication of fresh 
water, and human toxicity, mainly due to the presence of heavy metals 
and other toxic substances in its composition.

In 2018, 11 countries installed more than 1 GW of PV facilities. 
Brazil and other 30 countries reached this cumulative capacity by 
adding a total of 103 GW worldwide, corresponding to an increase 
of 25.18% compared with the previous year, thus totaling 512 GW 
(2.9% of the world electricity matrix) (IEA, 2019). Even though it rep-
resents only 0.13% of the Brazilian energy matrix, the capacity of PV 
solar energy increased by 92.29% in 2019, reaching 1,798 MW. This 
is mainly due to the construction of large PV plants (centralized gen-
eration) and installation of grid-connected PV systems (GCPVSs) in 
consumer units (distributed generation) (Brasil, 2019a). Sommerfeldt 
and Madani (2016) stated that the increased use of such energy source 
is mainly observed in countries whose government policies created fa-

vorable economic conditions. In Brazil, the publication of normative 
resolution RN No. 482/2012 by the Brazilian National Electric Energy 
Agency (ANEEL), which standardized the inclusion of PV solar en-
ergy in the energy matrix through distributed micro- and mini-gen-
eration units, as well as its subsequent amendment RN No. 687/2015 
of ANEEL (ANEEL, 2015), established conditions and incentives for 
consolidating the distributed generation in the forthcoming years.

Such regulatory actions associated with advances in PV technol-
ogy, cost reduction, and subsidies were responsible for the significant 
increase in distributed generation in Brazil, mainly in the context of 
GCPVSs (Vale et al., 2017). Even with its significant role in the diversifi-
cation of the Brazilian energy matrix, the increase in centralized gener-
ation is characterized by the need for new transmission and distribution 
lines that connect the plants to the load centers, as well as large areas 
needed for the implementation and operation of facilities, causing ad-
verse socio-environmental impacts (Camargos et al., 2016). Thus, dis-
tributed generation becomes more advantageous from this perspective.

In turn, higher education institutions (HEIs) in Brazil experienced 
a significant expansion from the 1960s onward, thus requiring more 
efficient academic and administrative policies to ensure good perfor-
mance in this new multicampi configuration (Nez, 2016). Recognizing 
this need, Silva et al. (2016) highlighted that consolidating the institu-
tionalization of environmental management in universities is manda-
tory. It should be treated as a management model aiming at efficiency, 
efficacy, and effectiveness, which relies on economic and financial anal-
yses and uses standardized procedures. Therefore, an environmental 
management system (EMS) is regarded as a continuous process and 
part of the management system of organizations. It is also used to de-
velop and implement environmental policies that ensure acceptable 
management results on manageable environmental aspects, which in-
clude the use of energy.

Thus, the implementation of EMSs in HEIs should include energy 
management aspects, since the use of energy is the input quantity with 
the highest environmental risk index (Senna et al., 2014). HEIs should 
become an example of sustainability for the entire community, encour-
aging solid changes in the local reality not only through their core ac-
tivity (teaching, research, and extension) but also through the articu-
lation of management and building infrastructure to consolidate it as 
a sustainable space.

Brazil has a great potential for PV generation owing to its large ter-
ritorial extension and solar irradiation levels higher than those of Eu-
ropean countries, which are the among the top PV generators (Pereira 
et al., 2017). Furthermore, Urbanetz Junior et al. (2014), Gomes et al. 
(2015), Buiatti et  al. (2016), Morais et  al. (2017), and Morais et  al. 
(2019) highlighted the implementation of GCPVSs in several Brazilian 
HEIs, which include the Federal Technological University of Paraná 
(UFTPR), Federal University of Uberlândia (UFU), Federal Institute 
of Education, Science and Technology of Rio Grande in North (IFRN), 
Federal University of Piauí (UFPI), and Federal Institute of Education, 
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Science and Technology of Piauí (IFPI). The aforementioned facilities 
are characterized as micro- and mini-generation units, with good per-
formance levels and proved technical feasibility.

In November 2019, the Brazilian government invested R$60 mil-
lion for the installation of 852 PV plants in federal technological ed-
ucation institutions, with estimated annual savings of R$17.7 million 
(Brasil, 2019c). The savings can bring social and environmental bene-
fits and applied in the core activities of HEIs. However, the feasibility of 
installing such systems may vary according to technical and economic 
factors associated with the installation sites, such as the solar irradia-
tion levels and electricity tariffs, which can be determined by multi-
criteria assessment (Azizkhani et al., 2016; Sagbansua and Balo, 2016; 
Ebrahimi et al., 2018). Thus, as a follow-up investigation of the studies 
developed by Silva, O.A.V. de O.L. da et al. (2018), and Silva (2020), 
the general goal of this article is to evaluate and guide the expansion 
process of PV systems in a multicampi HEI. For this purpose, the IFPI 
is adopted as a case study because it has a GCPVS installed in the insti-

tution (Sá et al., 2017; Morais et al., 2019). It is also worth mentioning 
that the PV facilities are currently under expansion (Brasil, 2019c).

Methodology
The IFPI is a Brazilian federal HEI created in 2008 by Federal Law 

No. 11892. It aims to “be consolidated as a center of excellence in pro-
fessional and scientific education and technology, standing among the 
best educational institutions in the country” (IFPI, 2020). From the 
Support Program for Federal Universities Restructuring and Expan-
sion Plans, which contributed to the increase in the number of cities 
that host campuses, the IFPI could expand itself with the installation of 
12 new campuses in the past 10 years. Thus, it has been consolidated as 
a multicampi organizational structure (Silva et al., 2017).

The institution currently has 17 campuses, distributed in all re-
gions of the state of Piauí (Figure 1). Morais et al. (2019) highlighted 
the existence of a 150-kWp system installed at the Floriano Campus. 
Besides, Silva et al. (2017) and de Silva, Moita Neto, and Lira (2021) 

Figure 1 – Distribution of IFPI campuses.
Source: Silva, O.A.V. de O.L. da (2018).
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showed the need for investments in energy efficiency projects in the 
whole institution. Therefore, it is reasonable to state that all campuses 
are part of the scope of this research.

The study starts with the characterization of the GCPVS installed 
at the Floriano Campus from a thorough bibliographical research on 
the technical–economic and environmental performance associated 
with the reduction of carbon dioxide emissions. Then, an electronic 
price registration auction was carried out for the eventual installation 
of a microgeneration unit at the HEI (IFPI, 2018). This process can 
be regarded as a benchmark for the latter acquisition of GCPVSs in 
HEIs located at seven distinct states, namely, Bahia, Rondônia, Mato 
Grosso, Mato Grosso do Sul, Minas Gerais, Ceará, and Piauí, totaling 
3,234 kWp, among which the IFPI is included (Brasil, 2019c).

Some available official documents were analyzed to study the ex-
pansion of PV systems in the institution, with special attention giv-
en to the Transparency Portal of the Brazilian Government (Brasil, 
2020a). Specific information was also requested directly to the institu-
tion through the electronic citizen information service (E-SIC) (Brasil, 
2020b). The purpose is to identify in which campuses the systems will 
be installed and their technical–economic characteristics, comparing 
them with the previously installed GCPVS (Morais et al., 2019).

With regard to the technical performance, the parameters com-
monly used for monitoring and analysis, i.e., the figures of merit are 
the final productivity (Y) given in kWh/kWp, defined as the ratio of 
the liquid power flow of the entire system (E) to the total peak power of 
PV modules (Po) in Equation 1 (IEC, 1998); the average overall perfor-
mance or performance ratio (PR), this being a dimensionless quantity 
that express the ratio between the final productivity (Yf) and the refer-
ence productivity (Yr), determined based on the rated parameters of 
the system components according to Equation 2 (IEC, 1998); and the 
capacity factor (CF), which is a dimensionless quantity representing 
the activity level of a generation system through the relationship be-
tween the energy effectively produced (E) and the expected production 
at the rated power Po during the very same period (Δt) as defined in 
Equation 3 (Nakabayashi, 2015). However, only the results provided by 
the first index will be used in the analysis of the new systems contract-
ed by the HEI since they are not yet installed.

� (1)

� (2)

� (3)

It is necessary to assemble a measurement system for assessing the 
available solar resource and determining the performance of PV sys-

tems. The setup comprises calibrated reference modules placed on the 
same plane of the system or pyranometers installed together with the 
system (IEC, 1998). However, the installation of such equipment as re-
quired by official standards in all the campuses would make the study 
cost-prohibitive. Therefore, the authors used the database of the sec-
ond version of the Brazilian Atlas of Solar Energy (Pereira et al., 2017), 
which also served as a reference for determining the irradiation levels 
in the studies by Carneiro et al. (2019), Deschamps and Rüther (2019), 
Ferreira et al. (2018), Morais et al. (2019), and Paim et al. (2019).

To determine the solar irradiation levels, the geographical coordi-
nates of each of campus were obtained. The average value of the annual 
overall irradiation available in the metadata of the second edition of 
the Brazilian Atlas of Solar Energy (Pereira et al., 2017) at the refer-
ence point closest to each campus was then calculated using Equation 
4. The  distance (d, in km) between the reference point of the Atlas 
and each campus was determined based on the mean Earth radius 
(r = 6,371 km) in the respective latitudes (lat1 and lat2) and longitudes 
(long1 and long2) of the points, where “cos−1 θ” is measured in radians 
(Santos and Oliveira, 2018).

D = R × cos-1 [sin(lat1) × sin(lat2) + cos(lat1) × cos(lat2) × cos (long1 – long2)� (4)

One can determine the PV system productivity from Equation 1 
using the irradiation data associated with each campus, the character-
ization of contracted systems, and the minimum parameters required 
for the systems as established in the bidding process. In such analysis of 
technical viability, the annual energy generation (E) resulting from the 
installation of the GCPVSs in the campus could be determined from 
Equation 5 and the result is divided by the estimated power for the PV 
modules. It is possible to calculate E from the annual irradiation at the 
place of installation of GCPVS (H), the surface area of the modules (A), 
the efficiency of the modules (η), and the number of modules (N) (Vil-
lalva, 2015). This estimative was still multiplied by the maximum loss 
factor, considering the global losses established by the HEI depending 
on the losses inherent in the GCPVS (IFPI, 2018), which are mainly 
due to the PV modules and inverters (Teles et al., 2018). The same fac-
tor was still divided by the system power to estimate the total power of 
the PV modules (Macêdo and Zilles, 2007; Pérez-Higueras et al., 2018).

E = H × A × η × N� (5)

As for the analysis of economic viability, the basic unit cost (BUC) 
was determined by dividing the system cost by the total power, as well 
as taking into account the capital inflow due to the energy produced 
by the GCPVS. Considering the average monthly energy costs of year 
2019 for the installation site, one could estimate the potential annual 
cost reduction associated with electricity consumption, as well as the 
capital outflow due to the implementation, operation, and maintenance 
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of the system. In addition, typical metrics used in economic engineering 
were adopted, such as the net present value (NPV) in Equation 6, so that 
the difference between the capital inflow and outflow (An) in each of 
the periods (n) is incorporated into the decision-making process of the 
project. This analysis also considers its respective useful life (t) and the 
discount rate (r); the internal rate of return (IRR), which is the discount 
rate that makes the NPV equal to zero; the payback when the NPV be-
comes positive; and the benefit-to-cost ratio (BCR), this being the ratio 
between the NPVs of capital inflows and outflows (Silva et al., 2019).

� (6)

The metrics were calculated considering the maximum annual 
degradation rate of the estimated generation and its minimum use-
ful life, which results from the loss of system efficiency, in addition to 
maintenance and operation costs of 1% of the initial investment im-
pacting the cash flow every 10 years (Nakabayashi, 2015). The discount 
rate is considered the difference between the average tariff adjustments 
of the local utility during the past 10 years and the estimated values for 
the Special System for Settlement and Custody (Selic) rate indicated as 
a reference by ANEEL (2018) (Figure 2).

Similarly, the irradiation data of all campuses were used to create 
rankings of generation potential, reduction of carbon dioxide emis-
sions, and economic benefits, once again taking into account the en-
ergy tariffs for the year 2019. The hypothetical installation of PV sys-
tems in all campuses was considered in terms of the average values 
assumed by the parameters of other systems recently contracted by the 
HEI (Brasil, 2020a) and with the minimum efficiency defined for the 
systems (IFPI, 2018). The potential for reducing carbon dioxide emis-
sions was determined only during the useful life of the project based on 

data from the Energy Research Company (EPE), which calculates this 
parameter annually as a function of the amount of energy generated in 
the country in kWh (Brasil, 2019a).

In addition to the aforementioned analysis involving absolute val-
ues, two scales were created for measuring the benefits related to en-
ergy consumption and electricity costs. Finally, just as for the systems 
already contracted, the economic analysis for this proposed expansion 
was carried out in six scenarios, as given in Table 1. The maximum, 
minimum, and average BUCs of the systems (excluding outliers) were 
considered according to the offers presented by the companies in the 
electronic price registration auction carried out by the HEI (IFPI, 
2018), in addition to the best and the worst economic benefit according 
to the defined ranking.

Results and discussion
The Floriano Campus has a built area of 9,481.41  m2 and is used 

by 80 professors, 62 members of the administrative staff, 39 outsourced 
workers, and a total of 1,300 students during the morning, afternoon, 
and night shifts. The GCPVS of this campus was the first mini-genera-
tion system installed in Piauí, with a rated power greater than 75 kW and 
less than 5 MW. It started operating in June 2016, with a monthly average 
generation of 21,333 kWh in the first year of operation, corresponding to 
32.44% of the overall energy consumption, while avoiding the emission 
of 25.93 tons of CO2 during the same period (Sá et al., 2017).

This system is composed of 660 polycrystalline PV modules rated 
at 260 Wp, model CS6P-260P by Canadian Solar. The inverters corre-
spond to one model SIW500 ST010, one model SIW500 ST015, and 
five models SIW500 ST025 by SMA Sunny Tripower, which can pro-
cess a peak power up to 150 kWp (Morais et al., 2019). The modules 
are mounted on a fixed metallic structure with an inclination of 15°, 

Figure 2 – Selic rate and tariff readjustment of the local energy utility from 2010 to 2019.
Source: Prepared by the authors using data obtained from Aneel (2020) and BCB (2020).
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oriented to the Northeast (azimuth deviation of 5°) on roofs 1, 2, 3, and 
4N and to the Southwest (azimuth deviation of −175°) on roofs 4S and 
5 (Figure 3).

The GCPVS has productivity, CF, and PR of 1,493.12 kWh/kWp, 
17.04%, and 73.54%, respectively. It is reasonable to state that this is a 
technically viable project, especially considering that the aforementioned 
figures of merit assume higher values than those typically observed in 
other HEIs studied by Urbanetz Junior et al. (2014), Gomes et al. (2015), 
and Buiatti et al. (2016), mainly due to the high average daily irradiation 
levels of 5,641 kWh/m²/day. However, even with high strategic adher-
ence, its economic viability is called into question considering the high 
initial investment (R$ 1,150,000.00) and high BUC (R$ 7.67/Wp), low 
financial return (cost-effectiveness ratio equal to 4.37), and high payback 
period (19 years after installation) (Morais et al., 2019).

This system motivated the creation of a subject entitled “renewable 
energy sources” in the Technical Course in Electromechanics, which 
is regularly offered by the institution. It also led to the implementation 
of the PV solar energy laboratory in the campus, as well as the devel-
opment of a research project and three extension projects (Sá, 2019). 
In addition, two master’s dissertations (Morais, 2018; Sá, 2019) and one 
doctoral thesis (Silva, 2020) focused on the system were presented by 
professors from the institution, who also published some scientific ar-
ticles. In addition to technical, economic, and environmental benefits, 
the PV system installed in the Floriano Campus brought significant 
advances with regard to teaching, research, and extension activities.

One could find the closest reference points of each of the 17 cam-
puses in the database of the second version of the Brazilian Solar Ener-
gy Atlas (Pereira et al., 2017), considering their geographic coordinates 
in Figure 1 and using Equation 4. The distances between them are esti-
mated based on the mean Earth radius, also identifying the annual av-
erage of daily global irradiation at each campus, as shown in Figure 4. 
Thus, it seems that most cities with the greatest potential for the instal-
lation of PV systems are located in the southeast region of the state.

One could then determine new sites for the installation of GCPVSs: 
eight microgeneration units with an average power of 53 kWp and two 
mini-generation systems whose peak powers are 80 and 119 kWp, to-

taling 625 kWp with an average BUC of R$ 3.06/Wp (Table 2) (Brasil, 
2020a). However, even though it was contracted at the same time as 
the other systems, it should be noted that the Teresina Central Campus 
(CATCE) was assigned to other company than the other systems, with 
an average BUC 34% higher.

Except for CATCE, whose contract has not yet been consolidated 
by the HEI, the remaining systems were contracted through the elec-
tronic price registration system in the “turnkey” modality, this being a 
model that provides the material, installation, and commissioning for 
carrying out the project. The contract also includes a training course for 
operating the system, a 1-year maintenance period, and the monitor-
ing system. The system must also meet minimum performance indices, 
with a maximum loss factor of 23%, among which the following ones 
stand out for PV modules: minimum rated power (260 Wp), minimum 
power per area unit (155 Wp/m²), minimum efficiency (15.89%), min-
imum service life (25 years), and maximum level of power degradation 
during the warranty period (10%) (IFPI, 2018).

Considering the average solar irradiation (Pereira et al., 2017) at 
the closest reference points to each of the campuses in Figure 4, all 
the aforementioned parameters were used in the technical–economic 
analysis of the contracted systems. A maintenance and operation cost 
corresponding to 1% of the initial investment is included, whereas the 
process is carried out every 10 years (Morais et  al., 2019) (Table  2). 
The new contracted systems should result in a profit of R$ 11,780,974.91 
at the end of the useful life. They are also supposed to present techni-
cal–economic parameters superior to those of the system installed in 
2016, with an estimated average productivity 15.63% higher and an av-
erage BUC 60.10% lower.

Figure 3 – Detailed view of the GCPVS installed at IFPI’s Floriano Campus.
Source: Morais et al. (2019).

Table 1 – Scenarios for the economic analysis of the proposed expansion 
for the IFPI.

Scenarios Initial investment Economic benefits

1 Lowest BUC Higher financial return

2 Average BUC Higher financial return

3 Highest BUC Higher financial return

4 Lowest BUC Lower financial return

5 Average BUC Lower financial return

6 Highest BUC Lower financial return
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Table 2 – Technical–economic analysis of existing GCPVSs already installed and contracted by IFPI from November 20, 2019 to April 20, 2020.

Campus Total Power 
(kWp)

BUC (R$/
Wp)

Global Solar Irradiation 
(Wh/m2×day)

Estimated System 
Productivity (kWh/kWp) NPV (R$) Payback 

(years)
IRR 
(%) BCR

CAFLO* 150 7.67 5,641 1,506.21 263,172.06 19 1.91 4.37

CASRN** 60 2.84 5,894 1,700.80 1,148,063.20 3 36.31 0.15

CAPAU** 51 2.89 5,856 2,195.11 1,287,112.73 3 46.59 0.11

CACOR** 65 2.82 5,768 1,663.55 1,213,591.72 3 35.72 0.15

CACAM** 60 3.16 5,702 1,644.51 1,084,755.89 4 31.31 0.17

CAPEDII** 80 3.07 5,686 1,639.90 1,449,184.33 3 32.21 0.17

CAVAL** 60 2.84 5,683 1,639.03 1,099,972.87 3 34.92 0.15

CAPIR** 57 3.18 5,666 1,644.82 1,023,442.03 4 31.09 0.18

CATCE** 18 3.98 5,572 2,088.16 424,984.34 4 31.56 0.17

CTZS** 119 2.99 5,527 1,613.35 2,130,621.18 3 32.52 0.17

CAURU** 55 2.88 5,467 1,586.54 919,246.62 4 31.88 0.17

TOTAL** 625 – – – 11,780,974.91 – – –

AVERAGE** 62 3.06 5,682 1,741.58 1,178,097.49 3.40 34.41 0.16

*Existing system; **contracted systems. Source: Prepared by the authors using data from IFPI (2018), Morais et al. (2019), and Brasil (2020a). 

Figure 4 – Space distribution of the reference irradiation sites closest to the IFPI’s campuses.
Source: Prepared by the authors based on IBGE (2015), Pereira et al. (2017), and Google Earth (2018).
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Table 3 – Available solar resource and estimated energy generation, reduction of carbon dioxide emissions, and electricity costs after the installation of GCPVSs.

Campus Global solar irradiation 
(Wh/m2×day)

Annual energy 
generation (kWh)

Reduction of CO2 
emissions (kg)

Energy generation 
ranking

Energy cost 
reduction (R$)

Benefit-cost
Ranking

CASRN* 5,894 136,947.63 12,051.39 1 68,127.98 1

CAPAU* 5,856 136,064.70 11,973.69 2 67,688.74 2

CASJP 5,850 135,925.28 11,961.43 3 67,616.74 3

CAPIC 5,804 134,856.47 11,867.37 4 67,110.88 4

CAOEI 5,777 134,229.12 11,812.16 5 66,770.29 5

CACOR* 5,768 134,020.01 11,793.76 6 66,668.94 6

CACAM* 5,702 132,486.49 11,658.81 7 65,903.44 7

CAPEDII* 5,686 132,114.73 11,626.10 8 65,723.73 8

CAVAL* 5,683 132,045.02 11,619.96 9 65,683.84 9

CAPIR* 5,666 131,650.03 11,585.20 10 65,492.55 10

CAFLO** 5,641 131,069.15 11,534.09 11 65,226.14 11

CAANG 5,607 130,279.16 11,464.57 12 62,743.93 16

CAPAR 5,577 129,582.10 11,403.23 13 64,486.11 12

CATCE* 5,572 129,465.93 11,393.00 14 64,428.30 13

CTZS* 5,572 129,465.93 11,393.00 15 64,428.30 14

CACOC 5,570 129,419.46 11,388.91 16 64,382.90 15

CAURU* 5,467 127,026.24 11,178.31 17 68,127.98 17

*Contracted system; **existing system. Source: Prepared by the authors using data from Pereira et al. (2017) and Brasil (2019a).

The energy supply contract of the campuses corresponds to the 
green tariff, which charges a single value for the contracted demand 
and distinct values for the consumed energy depending on the period 
of day. For the estimation of economic benefits, the GCPVSs are sup-
posed to generate energy from the dawn until late afternoon. Therefore, 
the average cost of electricity during off-peak hours (from 9:30 p.m. to 
5:29 p.m. of the next day) in the year 2019 was considered, resulting in 
an average of R$ 0.495571/kWh, that is, 49.59% higher than the cost 
initially considered for the existing system. In addition, a discount rate 
of 0.91 was adopted for the new systems (52.35% lower), resulting in 
a difference between the average of the past 10 years associated with 
annual adjustments in the electricity tariffs and the average of the latest 
annual projections of the Selic rate (Figure 2). A service life of 25 years, 
system degradation rate of 0.8% per year, and operation and mainte-
nance costs of 1% of the initial investment every 10 years were consid-
ered in the analysis. Thus, the return on investments is likely to occur in 
a maximum of 4 years, with an average BCR of 0.16, corresponding to 
a reduction of 78.95 and 96.34% when compared with the existing sys-
tem, respectively. The IRR in this case is 34.41%, i.e., 17.01 times greater.

It is reasonable to state that the contracted expansion is viable and 
should be actually installed. The project presents technical–economic 

conditions superior to those initially found in the year of installation 
of the first system in terms of higher productivity, lower BUC, more 
expensive energy tariffs, and lower interest rate. However, even with 
a difference of 2 years between the installation of the former GCPVS 
at the Floriano Campus and the contracting of new systems, it is note-
worthy the high initial investment required for the installation of the 
first system, with a BUC 160% higher, that is, more than twice that of 
the new contracted units. It also leads to a difference of 34% involving 
the BUCs, which is not in compliance with the efficiency requirements 
established by the Sustainable Public Procurement regulated by the 
Brazilian government (Brasil, 2010).

Thus, to guide the expansion process of PV systems in multicampi 
HEIs and eliminate the temporal aspect of the analysis, also consider-
ing the identification of the closest reference point of each campus and 
the solar resource available in each site (Pereira et al., 2017), an expan-
sion of the GCPVS was projected resulting from the existing systems 
in Table 3. The average values of the parameters associated with the 
systems recently contracted by the HEI were taken into account for the 
estimates (Table 2), as well as the minimum allowable efficiency (IFPI, 
2018). This expansion is technically and economically feasible, with an 
estimated profit of R$ 19,025,567.73 after an expected service life of 
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25 years and an initial investment of R$ 3,229,332.35, corresponding 
to a BCR and an IRR of 0.17 and 32.13%, respectively. It is also verified 
that the payback occurs 4 years after the installation.

The proposed expansion allows obtaining an average genera-
tion of 132,155.73 kWh. This amount is higher than all the energy 
consumed individually by any of the 17 campuses and represents 
32.49% of the overall consumption. In addition, one can avoid the 
emission of an average of 11.63 tons of CO2, bringing environmen-
tal benefits and enabling the creation of a ranking of technical and 
environmental benefits. From the energy costs for the year 2019, an 
average annual benefit of R$65,483.88 could be estimated. However, 
since there is no uniform distribution of the solar resource in the 
state (Figure 4) and also that the cost of electricity may not be the 
same in every campus, these aspects also impact the performance 
of the systems in absolute terms, generating a new ranking of eco-
nomic benefits.

The São Raimundo Nonato and Uruçuí Campuses presented the 
best and worst results, respectively. The Floriano Campus, which has 
a GCPVS already installed, is only in 11th position in the rankings for 
technical, economic, and environmental benefits. Regarding the con-
tracted systems, it is observed that the campus with the best technical, 
economic, and environmental benefits (São Raimundo Nonato Cam-
pus) would be the on the top list of priorities, whereas the one with the 
worst indices (Uruçuí Campus) would be the last option. The Teresina 
Zona Sul Campus, which has the largest contracted system (120 kWp), 
would be only in the 14th place in terms of the economic benefits and 
in the 15th place with respect to technical and environmental benefits. 
Therefore, it is clear that the choice for the installation of systems was 
not based on a priority order.

The percent energy generation estimated for each campus in rela-
tion to the total consumption, as well as the percent economic benefits 
of the proposed systems with respect to the total energy tariff, were 
determined and ordered according to the first indicator in Figure 5. 
The average values of benefits related to consumption and electricity 
costs are 42.55 and 23.60%, respectively, thus creating two rankings of 
benefits. It is possible to observe a different ranking from the one found 
previously when considering only the solar resource. Even when con-
sidering the energy cost, the benefit can be seen differently in absolute 
or relative terms.

Finally, it is possible to obtain the metrics for the economic analysis 
of six scenarios provided in Table 1. The highest and lowest econom-
ic benefits were estimated for the São Raimundo Nonato and Uruçuí 
Campuses (R$ 68,127.98 and R$ 60,743.11 per year, respectively). 
To  determine the BUC, 32 proposals from different companies that 
were presented to two groups of cities in the state were analyzed: four 
cities in the north region (Teresina, Campo Maior, Pedro II, and Pirip-
iri) and six cities in the south region (Uruçuí, Corrente, Paulistana, São 
Raimundo Nonato, and Valença do Piauí), totaling 58 proposals after 
the exclusion of six outliers. The highest, lowest, and average BUCs are 
R$ 5.32, R$3.48, and R$ 4.35 per watt-peak, respectively.

From the relationship between the NPVs of capital inflows and 
outflows in all analyzed scenarios, one can state that the expansion is 
economically viable. This is due to the fact that all scenarios are located 
above the line that represents the financial balance, where the NPV is 
the same for the capital inflows and outflows (Figure 6). However, the 
initial investment required for the installation of the system and the 
return on investment varied by 52.87 and 23.05% between the best and 
worst cases of the analyzed scenarios (scenarios 1 and 6 in Table 4, re-

Figure 5 – Benefits related to electricity consumption and cost.
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spectively), causing a negative impact on the economic efficiency of 
the projects.

From one scenario to the other, the payback time increased by 50% 
and the BCR increased by 98.66%, decreasing the IRR by 45.17%. Thus, 
considering the economy of scale when contracting new systems, the 
lowest BUC should be chosen so as to achieve metrics similar to those 
found in scenario 1 (Table 1), since the natural tendency is that the 
higher the system power, the lower the BUC (Brito and Melo, 2018).

Conclusion
This work has presented a thorough analysis of a GCPVS installed 

at the Floriano Campus of the IFPI, as well as the expansion contract-
ed by the institution in 2020. The first system was found to be the first 
mini-generation system installed in the state of Piauí, while presenting 
technical feasibility, good merit indices, and solid strategic adherence. 

It also represents a significant project that meets the expectations of the 
institution associated with education, research, and extension activities.

However, the economic feasibility of the system must be carefully 
analyzed. Even with a positive NPV, the project has a high payback time 
and a high BCR due to the high initial investment. The study demon-
strated that contracted expansion is feasible and should be encouraged, 
with technical–economic conditions superior to those initially found in 
the year of installation of the first PV system. In other words, the new 
systems present prominent characteristics in terms of higher productiv-
ity, lower BUC, a more expensive energy tariff, and lower interest rate.

It was possible to use a solar atlas to verify the feasibility of expand-
ing the PV systems in a multicampi HEI. Thus, one could identify the 
cities in the state of Piauí with the highest generation potential, which are 
located in the southeast region. The study has also confirmed the tech-
nical–economic feasibility and the great strategic adherence, in addition 
to the possible benefits associated with the reduction of energy costs, im-
plementation of sustainable environmental practices, and support to the 
core activity of the institution, especially in the aforementioned region.

The methodology is quite effective in identifying investment prior-
ities in PV solar energy, also enabling the creation of rankings of bene-
fits that consider the energy generation and cost reduction in absolute 
and relative values, reduction in CO2 emissions, as well as economic 
metrics. However, even with the possibility of creating rankings, such 
technical criteria may not be sufficient, since they are not decisive in 
defining a solid criterion for the HEI under study. Thus, it was not pos-
sible to choose exactly in which campus the GCPVS should be installed 
first, this being the scope of future work.

From the perspective of sustainable public procurement, one should 
also ensure equality, efficiency in public spending, and the promotion 
of sustainable development to analyze the bidding processes associated 
with the PV systems. The reasons for the differences in implementation 
costs and the choice of installation sites with lower technical, economic, 
and environmental returns should be understood in order to determine 
alternatives aiming at the better cost-effectiveness of future systems. 
This is especially important considering the economy of scale, since the 
larger the system, the lower the BUC. No ranking is definitive and there 
is no default size for the GCPVS to be installed. The best option for the 
manager is to analyze all scenarios and determine the best option.

Based on the present study, it is possible to recommend the installation 
of small systems (microgeneration) in the campuses that provide less tech-
nical and economic benefits for promoting the environmental education. 
Such actions should encourage the creation of a sustainable educational 
space and bring benefits to teaching, research, and extension activities. The 
largest investments should primarily focus on campuses where the greatest 
technical, economic, and environmental benefits exist. Finally, it is expect-
ed that this methodology can be applied in other multicampi HEIs and 
guide the implementation and expansion of PV systems, bringing environ-
mental benefits and contributing to the achievement of SDGs.

Table 4 – Best- and worst-case scenarios for the economic analysis of the 
proposed expansion.

  Scenario #1 Scenario #6

Power (kWp) 73.33 73.33

Initial investment (R$) 216,333.33 390,133.33 

Annual energy savings (R$) 62,256.44 55,508.04 

Discount rate (%) 0.91 0.91

Service life 25 25

NPV (R$)  1,027,632.87 715,542.70

BCR 0.21 0.55

Payback (years) 4 8

IRR (%) 26.49 11.62

Figure 6 – Relationship between the NPVs associated with the capital 
inflows and outflows in the analyzed scenarios.
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A B S T R A C T
Ecosystems are subject to various stress factors, such as temperature 
rises due to climate changes and metal disposal. Thermal stress can 
amplify or mask the effects of metals on aquatic organisms. This study 
aims to carry out a systematic review on the effects of temperature 
rises due to climate changes on the toxicity of metals for freshwater 
organisms. Searches were made in different electronic databases 
and article selection was based on the following inclusion criteria: 
concordance with the question of a systematic review; publication in 
English, Spanish, and Portuguese between 1960 and 2020; and the use 
of standard methodology. Forty-three articles were included, which 
were classified with respect to the year and country of publication, 
test-organisms and metals studied, temperatures tested, and the 
effects observed. In 80% of the studies analyzed, a temperature rise 
was responsible for increasing the toxicity of metals for the aquatic 
organisms. The temperatures studied contemplated the temperature 
rise predicted by the Intergovernmental Panel for Climate Change at 
the end of the 21st century. Brazil stood out among the countries for 
having the greatest number of research studies in this area, although 
there is still the need for an increase in studies in tropical climate 
regions. Based on the literature review, it was shown that the metals 
most studied were copper and cadmium and the test-organisms most 
used in the research projects were fish. The information obtained 
from ecotoxicological studies is essential to predict the effects and 
prevent the risks associated with the metal contamination of aquatic 
ecosystems due to climate changes.

Keywords: ecotoxicology; climate changes; microalgae; 
zooplankton; fish.

R E S U M O
Ecossistemas estão sujeitos a diversos estressores, como o aumento 
da temperatura em razão das mudanças climáticas e do lançamento 
de metais. O estresse térmico pode amplificar ou mascarar os efeitos 
dos metais nos organismos aquáticos. Este estudo teve como objetivo 
realizar uma revisão sistemática dos efeitos do aumento da temperatura, 
associado às mudanças climáticas, na toxicidade dos metais para 
organismos de água doce. Foram realizadas buscas em diferentes bases 
de dados eletrônicas, e a seleção dos artigos teve como critérios de 
inclusão: concordância com a questão da revisão sistemática, publicação 
em inglês, espanhol e em português entre 1960 e 2020 e emprego 
de metodologias padronizadas. Incluíram-se 43  artigos, que foram 
classificados com relação ao ano e país de publicação, organismos-teste e 
metais estudados, temperaturas testadas e efeitos observados. Em 80% 
dos estudos analisados, o aumento da temperatura foi responsável 
por elevar a toxicidade dos metais para os organismos aquáticos. 
As  temperaturas estudadas contemplam o aumento previsto pelo 
Painel Intergovernamental de Mudanças Climáticas no fim do século 
21. O Brasil destaca-se entre os países com maior número de pesquisas 
nesta área, embora seja necessário o aumento dos estudos em regiões 
de clima tropical. Com base na revisão bibliográfica, constatou-se que os 
metais mais estudados foram o cobre e o cádmio, e os organismos-teste 
mais utilizados nas pesquisas foram os peixes. As informações obtidas 
com estudos ecotoxicológicos são essenciais para a previsão dos efeitos 
e a prevenção dos riscos associados à contaminação por metais dos 
ecossistemas aquáticos mediante as mudanças climáticas. 

Palavras-chave: ecotoxicologia; mudanças climáticas; microalgas; 
zooplâncton; peixes.
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Introduction
One important variable to be considered in aquatic ecosystems is 

the temperature, due to its importance in maintaining the species and 
the metabolism of the aquatic systems (Esteves, 2011). Climate change, 
deforestation of the riparian forest, the construction of reservoirs, ca-
nalization of aquatic bodies, and the disposal of hot water used in the 
refrigeration processes of refineries, steel mills, and thermoelectric 
plants are related to the temperature rise of aquatic systems (Qiu, 2012; 
Raptis et al., 2016).

The aquatic ecosystem biota is especially vulnerable to temperature 
variations since most of the species are ectothermic, that is, their body 
temperatures change with alterations in the environmental tempera-
ture (Hochachka and Somero, 2002) and temperature rises are associ-
ated with alterations in the distribution and a decline in the diversity of 
phytoplankton (Lenard et al., 2019), zooplankton (Adamczuk, 2016), 
and fish (Herrera-R et al., 2020) in freshwater systems.

Temperature rises and the entrance of pollutants are considered 
stressors that affect the occurrence of species in the ecosystems (Noy-
es and Lema, 2015; Gill et al., 2020). According to the fifth report of 
the Intergovernmental Panel for Climate Change (IPCC, 2014), the 
temperature rise could remain below 2°C in 2100 in a scenario of low 
greenhouse gas release, with the highest predicted increase being above 
2°C in 2037 and more than 4.8°C in 2100 in a scenario of elevated gas 
emission. Freshwater ecosystems are particularly more sensitive to cli-
mate change due to the temperature rise and changes in the precipita-
tion patterns and water flow (Da Silva et al., 2020).

An understanding of the consequences of releasing and dispersing 
pollutants in aquatic ecosystems is one of the challenges of aquatic ec-
otoxicology. Aquatic ecotoxicology is the study of the effects of toxic 
chemical substances on representative organisms of aquatic ecosys-
tems (Hoffman et al., 2003). Aquatic organisms belonging to different 
trophic levels are used to evaluate the potential toxicity of environmen-
tal samples, effluents, and chemical substances. Toxicity tests should be 
carried out with species belonging to different trophic levels to cover 
the natural variability in sensitivity among the species (Zagatto and 
Bertoletti, 2006).

The diverse contaminants released into aquatic ecosystems metals 
are of special concern due to their persistence, bioaccumulation, and 
toxicity, demanding particular attention from the human and environ-
mental health points of view (Ali et al., 2019). In aquatic ecosystems, 
metallic ions come from natural sources such as the weathering of 
rocks and soils, volcanic eruptions, and anthropogenic sources such as 
untreated industrial and domestic effluents, mining residues, the ap-
plication of agricultural pesticides to crops, and rainfall in places with 
atmospheric pollution (Esteves, 2011; Amoatey and Baawain, 2019).

The aquatic biota is subject to a combination of stress agents. In this 
context, some studies have revealed that a temperature rise can increase 
the toxicity of some metals in freshwater organisms. In  a study con-
cerning the effects of high temperatures and exposure to copper on the 

microalgae Scenedesmus quadricauda, Yong et  al. (2018) determined 
that the combination of these factors caused significant disturbances in 
the metabolism of the microalgae. Bae et al. (2016) also showed that a 
temperature rise of the water was responsible for increasing the toxicity 
of copper for the microcrustacean Daphnia magna. The same tendency 
was observed by Park et al. (2020) for the fish species Danio rerio, in a 
study aimed at determining any physiological damage in fish exposed to 
the metal lead and to high temperatures. According to Val et al. (2016), 
the interactions between metals, temperature, and organisms are too 
complex to predict the effects on the aquatic biota, since a temperature 
rise also stimulates detoxification processes and the excretion of certain 
metals by the individuals, reducing the toxicity of the metal ions.

Various reviews concerning different aspects of temperature rises 
in freshwater ecosystems due to climate change and thermal pollution 
(release of hot effluents from thermoelectric and hydroelectric facto-
ries) and their effects on hydrology, biogeochemistry (Xu et al., 2019; 
Copetti and Salerno, 2020), biological diversity (Madden et al., 2013; 
O’Briain, 2019), and the risks associated with human diseases (Ahmed 
et al., 2020) have been reported in the literature. Within this context, 
one of the important effects, as yet little studied, is the change in action 
of metals with a temperature rise, on aquatic organisms belonging to 
the different trophic levels. Metals are one of the stressors that affect 
aquatic ecosystems, and as the climate changes occur, it becomes nec-
essary to understand the combined effect of the thermal and chemi-
cal stresses on the biota of these environments (Radinger et al., 2016). 
There are no studies that compare and discuss the combined effect of 
temperature rise and the presence of metals for representative species 
of freshwater ecosystems. From this perspective, systematic reviews 
make it possible to reunite and discuss the scientific evidence concern-
ing the combined action of physical (temperature) and chemical (met-
al) stressors on the aquatic biota.

Based on the above, the goal of this study was to carry out a system-
atic review of the effects of a temperature rise on the toxicity of metals 
for freshwater organisms. The hypothesis presented was that a rise in 
temperature influences the toxicity of metals for aquatic organisms. 
In addition, some gaps in the literature were highlighted and recom-
mendations made concerning new directions for future studies. Papers 
discussing studies concerning this theme are certainly important for 
students, professors, and researchers in environmental sciences.

Methodology
The steps of a systematic review contemplate the limits of the ques-

tion (question formulated containing the description of the theme), 
search for evidence (identify the databases to be examined), review 
and selection of papers, and the checking of the methodological quali-
ty of the research and description of the results (Sampaio and Mancini, 
2007). In this present survey, the guiding question was, What is the 
effect of a temperature rise on metal toxicity for the aquatic biota? Sci-
entific articles available in the databases Scielo, Science Direct, Web of 
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Science, and the Google Academic search system were used, as well as a 
search among the references of the selected articles. Articles published 
in English, Spanish, and Portuguese between 1960 and 2020 were an-
alyzed. This period was chosen because the standardization of ecotox-
icological research methodologies dates from the sixties (Zagatto and 
Bertoletti, 2006).

The following descriptors were used: “systematic review AND tox-
icity AND temperature,” “toxicity AND algae AND temperature,” “tox-
icity AND zooplankton AND temperature,” “toxicity AND fish AND 
temperature,” and “toxicity AND climate change AND metal.” For the 
search according to the metals, the following descriptors were used: 
“toxicity AND metal AND temperature,” and this structure was used 
for the search for the remaining metals of the periodic table.

During the selection of the studies, the articles were evaluated in-
dependently by two researchers, one being an undergraduate student in 
environmental engineering and the other a researcher in the same area, 
following the inclusion and exclusion criteria. An analysis of the titles 
and abstracts identified in the initial search was carried out. When the 
title and abstract were not explicative, the entire articles were analyzed. 
Divergencies were discussed. The inclusion and exclusion criteria were 
according to Martins and Carmo Junior (2018) and include:
•	 The question guiding the review (in agreement with the review 

question) and studies considering the effect of the exposure of 
freshwater organisms to metals at different temperatures were in-
cluded. Studies concerning saltwater and land organisms were ex-
cluded as well as those that did not analyze the metal toxicity and 
articles already reviewed that were reselected during the search;

•	 Search period defined (60 years);
•	 Use of standardized methods and methodological criteria (described 

in articles, books, protocols, and research norms in the ecotoxicol-

ogy area) according to standardization agencies such as American 
Society for Testing and Materials (ASTM), Associação Brasileira de 
Normas Técnicas (ABNT), Environment Canada, Organisation for 
Economic Co-operation and Development (OECD), International 
Organization for Standardization (ISO), Standard Methods (APHA), 
and the U.S. Environment Protection Agency (USEPA).

For the data analysis, the studies were separated in blocks distribut-
ed according to the publication year, country, and results encountered. 
Tables and graphs were also elaborated to analyze the number of pub-
lications per year, the articles published per country, and the effects 
observed on the test-species due to the combined exposure to high 
temperatures and metals.

Results
After carrying out the literature review in the databases, 218 arti-

cles were found as from the descriptors used. The abstracts were then 
read, and after applying the exclusion and inclusion criteria, 43 articles 
were selected.

Tables 1, 2 and 3 present the studies selected after the literature 
reviews for microalgae, zooplankton, and fish, respectively, and their 
descriptions per author, year, country, test-organism, metal, tempera-
ture tested, and effect were observed.

Based on the review carried out, 4 studies were published before 
2000, 12 between 2000 and 2009, and 27 as from 2010 (Figure 1).

As shown in Figure 2, the articles were published in 19 different 
countries and most of the studies found in this review were published 
in Belgium (6), Brazil (6), the USA (4), and France (4).

With respect to the distribution of studies per continent, Europe 
published the largest number of articles (17) on the subject, followed 

Table 1 – Studies with microalgae test-organisms and principal characteristics.

Authors Year Country Species Metal T (°C) tested Effect observed

Oukarroum et al. 2012 Canada Chlorella vulgaris Cu 24, 28, and 31
Decrease in emission of fluorescence 

by chlorophyll with 3°C rise in the 
presence of Cu

Lambert et al. 2016 France Peripheral community Cu 8, 13, 18, and 23 Decrease in metal toxicity with rise from 
8°C to 23°C

Val et al. 2016 Spain Peripheral community Hg 17, 19, and 22 Increase in toxicity with 5°C 
temperature rise

Morin et al. 2017 France Diatomaceous species Cu 8, 13, 18, and 23 For some species, metal toxicity 
increased at 23°C

Lambert et al. 2017 France Peripheral community Cu 18 and 28 Cu inhibited photosynthesis with 
temperature rise

Yong et al. 2018 Malaysia Scenedesmus 
quadricauda Cu 25 and 35 Cell density increased with temperature rise

Silva et al. 2018 Portugal Raphidocelis 
subcapitata Cu 15, 20, and 25 Algal growth inhibited by metal at 

temperatures of 20°C and 25°C
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by North America (8). No studies were found concerning this question 
in Oceania.

Of the test-species employed in the studies, fish were the most used 
(21), followed by zooplankton (15) and microalgae (7). Of the zoo-
plankton species used, the microcrustacean D. magna was the most 
used, corresponding to 64% of the studies carried out with cladocer-
ans. Of the 55 species studied, 33 were from temperate regions and 22 
from tropical regions, a result compatible with the numbers of studies 
carried out in these regions, since 53.8% of the studies were carried out 

in Europe and North America. Most of the species of tropical origin 
studied were fish, where 18 species of tropical origin were included. 
Nine metals were studied in the articles analyzed: aluminum, arsenic, 
cadmium, lead, copper, chromium, mercury, nickel, and zinc. Of these, 
the elements most frequently studied were copper (20 articles) and 
cadmium (15 articles).

Another aspect considered referred to acclimatation of the test-or-
ganisms to the temperatures tested before starting the toxicity. Of the 
43 studies analyzed, 20 carried out acclimatation, corresponding to 

Table 2 – Studies with zooplankton test-organisms and principal characteristics.

Authors Year Country Species Metal T (°C) tested Effect observed

Stuhlbacher et al. 1993 UK Daphnia magna Cd 3, 10, 20, 25, 
and 30 Increase in Cd toxicity with 10°C rise

Heugens et al. 2003 Holland D. magna Cd 10, 13, 16, 20, 26, 
29, 32, and 35 Increase in metal toxicity with 3°C rise

Tsui and Wang 2004 China D. magna Hg 14, 19 and 24 Hg elimination by organism not 
influenced by temperature

Gama-Flores et al. 2005 Mexico Brachionus 
rotundiformis Cu 20 and 25 Species growth inhibited by temperature 

rise when exposed to Cu

Boeckman and Bidwell 2006 USA Daphnia pulex, and 
Diaptomus clavipes Cu 10, 20, and 30 D. clavipes: greatest toxicity at 30°C. D. 

pulex: least toxicity at 20°C

Heugens et al. 2006 Holland D. magna Cd 10, 20, and 26 Cd reduces reproduction of cladoceran at 
20°C and 26°C

Nandini et al. 2007 Mexico Moina macrocopa Cu and 
Zn 22 and 27 °C Adverse effects on organism due to metal 

exposure and temperature rise

Martínez-Jerónimo et al. 2008 Mexico Daphnia exilis Cr 20 and 25 Increase in toxic effect of metal with 
5°C rise

Ferreira et al. 2010 Portugal D. magna Ni 4, 12, 20, 25, 
and 30

Greatest Ni toxicity for species at 25°C 
and 30°C

Messiaen et al. 2010 Belgium D. magna Cd 20 and 24 Reduction in birth rate with temperature 
rise and presence of Cd

Gama-Flores et al. 2014 Mexico Brachionus calyciflorus Cd 20, 25, and 30 Metal reduced mean survival time of 
organism with 5°C rise

Bae et al. 2016 South 
Korea D. magna Cu 20 and 25 Increase in toxicity with temperature rise

Pereira et al. 2017 Belgium D. magna Cu, Ni, 
and Zn 15, 20, and 25

Decrease in Ni toxicity with temperature 
rise from 15°C to 25°C. Decrease in Cu 

and Zn toxicity with temperature rise from 
15 °C to 20 °C

Pereira et al. 2019 Belgium D. magna Ni 15, 19, and 25

Decreases in assimilation and elimination 
rates for Ni with rise from 19°C to 25°C. 
Both rates showed similar values at 15 °C 

and 19 °C

Van Ginneken et al. 2019 Belgium Asellus aquaticus Cd, Cu, 
and Pb 15 and 20

Increase in mortality rate for metal 
exposure with temperature rise. Greatest 

mortality for Cd and Pb exposure at 20 °C
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Table 3 – Studies with fish test-organisms and principal characteristics.

Authors Year Country Species Metal T (°C)
tested Effect observed

Rehwoldt et al. 1972 USA
Cyprinus carpio, 

Fundulus diaphanus 
and Lepomis gibbosus

Cd, Cu, 
Cr, Hg, 
Ni and 

Zn

15 and 28

Increase in Hg toxicity to species with 
temperature rise. Temperature did not 
influence on toxicity of Cd, Cu, Cr, Ni 

and Zn to fishes

Hilmy et al. 1987 Egypt Tilapia zilli and Clarias 
lazera Zn 9.3, 15.3, 18.5 

and 25
Increase in Zn toxicity to species with 

temperature rise to 25 °C

Nussey et al. 1996 South 
Africa

Oreochromis 
mossambicus Cu 19 and 29 Increase in Cu toxicity with temperature rise

Hallare et al. 2005 Germany Danio rerio Cd 21, 26 and 33 Cd toxicity increased with temperature 
rise from 21°C to 33°C

Perschbacher 2005 USA Ictalurus punctatus Cu 21, 23, 25 and 27 Decrease in mortality with temperature 
rise of 2°C

Kumar and Gupta 2006 India
Catla catla, Cirrhinus 
mirigala and Labeo 

rohita
Hg 16 and 35 Increase in Hg toxicity with temperature 

rise for the three species

Carvalho and Fernandes 2006 Brazil Prochilodus scrofa Cu 20 and 30 Rise in water temperature does not 
influence copper toxicity

Salazar-Lugo et al. 2009 Venezuela Colossoma 
macropomum Cd 25 and 30 Cd reduces blood cells at high 

temperature

Sassi et al. 2010 Tunisia Gambusia affinis Cd 24 and 32 Cd reduces body size of species with 
temperature rise

Vergauwen et al. 2013 Belgium D. rerio Cd 12, 18, 26 and 34 Increase in mortality rate at 18°C, 26 °C 
and 34°C

Abdel-Tawwab and 
Wafeek 2014 Egypt Oreochromis niloticus Cd 20, 24, 28 and 32

The survival rate was the same at 
temperatures of 20°C and 24°C, greater at 

28°C and smaller at 32°C

Braz-Mota et al. 2017 Brazil Hoplosternum littorale Cu 28 and 34 Metal reduced species survival with 
temperature rise

Abdel-Tawwab and 
Wafeek 2017 Egypt O. niloticus Cd 20, 24, 28 and 32 Decrease in Cd toxicity from 20°C to 28°C 

& increase in toxicity from 28°C to 32°C

Philippe et al. 2018 Belgium Nothobranchiusfurzeri Cd 24 and 28 Reduction in body size & delay in female 
maturation with temperature rise

Kumar et al. 2019 India Pangasianodon 
hypophthalmus As 25 and 34 Increase in toxicity with temperature rise

Hani et al. 2019 France Gasterosteus aculeatus Cd 16 and 21 Decrease in survival & in the number of 
embryos with temperature rise

Merçon et al. 2019 Brazil Geophagus brasiliensis Pb 25 and 28 Decrease in Pb concentration in tissues 
with temperature rise

Zebral et al. 2019 Brazil Poecilia vivipara Cu 22 and 28
Increase in Cu concentration in liver & 
reduction in antioxidant capacity with 

temperature rise

Pinheiro et al. 2019 Brazil Astyanax altiparanae Al 20, 25 and 30 Increase in Al concentration in tissues 
with temperature rise from 25 to 30°C

Zebral et al. 2020 Brazil P. vivipara Cu 22 and 28 Inhibition of metabolism due to 
temperature rise and increase in Cu

Park et al. 2020 South Korea D. rerio Pb 26 and 34 Pb reduced species survival with 
temperature rise
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Table 4 – Effect observed (in percent articles) on the test-organisms with 
temperature rise.

Effect observed Microalgae Zooplankton Fish

Increase in toxicity 71.4 86.7 77.3

Decrease in toxicity 28.6 6.6 13.6

Decrease followed by increase – – 4.5

No variation – 6.7 4.6

Figure 1 – Number of articles published per year.

Figure 2 – Number of articles published per country.

45.45% of the articles. The proportion of studies which acclimatized 
the organisms decreased as the years went by, being 60% before 2000, 
50% between 2000 and 2010, and 40.74% as from 2010.

Based on the literature review carried out, the influence of 
temperature on metal toxicity for the test-organisms was studied 
(Table 4). For all the groups of organisms, the main effect observed 
was an increase in toxicity of the metals analyzed with rise in tem-
perature—71.4% of the articles used microalgae, 86.7% zooplankton, 
and 77.3% fish. Of the studies carried out with zooplankton and fish, 
6.7 and 4.6%, respectively, showed no variation in the toxicity of the 
metal analyzed with rise in temperature. In addition, 4.5% of the stud-
ies with fish first observed a decrease followed by an increase in metal 
toxicity with temperature rise.

For the groups of microalgae and zooplankton studied, effects on 
metal toxicity were observed as from a rise of 2°C. However, for most 
of the studies carried out with these organisms, a variation in metal 
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toxicity was only observed with a temperature rise of 5°C. With respect 
to the studies with fish, differences in metal toxicity occurred as from a 
temperature rise of 4°C, and the main variation in temperature studied 
was between 5 and 7°C.

Discussion
In this systematic review, a comparative analysis was carried out 

between the studies which analyzed the effects of temperature rises on 
metal toxicity for different groups of aquatic organisms. The present 
investigation provided evidence that in 80% of the studies analyzed, a 
temperature rise was responsible for increasing the toxicity of metals for 
the aquatic organisms studied. The data published in this review also in-
dicated an increase over the past few decades in the number of research 
projects concerning the effects of temperature rises on metal toxicity for 
aquatic organisms. This increasing concern of the scientific community 
in understanding the combined effect of temperature rises of the water 
and aquatic contaminants occurred due to some studies and forecasts 
showing that thermal pollution and climate changes are threats to bio-
diversity (Cardoso-Mohedano et al., 2015; Gill et al., 2020). The current 
rise in the water temperature already exceeds the capacity of some spe-
cies to adapt, causing changes in the structure and functions of aquatic 
ecosystems (Schiedek et al., 2007; Pound et al., 2021).

Despite the increase in number of articles published over the past 
few decades concerning the influence of temperature on the action of 
metals, there are still some questions that need to be approached con-
cerning the countries where the studies were developed, the test-or-
ganisms employed, and the metals studied.

The present survey demonstrated that most of the scientific inves-
tigations were carried out by research institutions in countries with 
temperate climates, as compared to the amount produced in countries 
with tropical climates. Thus, research on the potential effects of con-
taminants on the biota have concentrated on species and test condi-
tions representative of temperate regions (Daam et al., 2020). Of the 
South American countries, Brazil had the largest number of articles 
published on this theme. The absence of studies in Oceania and the 
scarcity of studies in Africa and South America revealed the need to 
amplify investment in the ecotoxicology area in regions with tropical 
climates, since species from regions with different climatic character-
istics do not react in the same way to temperature rises or a combina-
tion of this factor with exposure to metals (Graham and Harrod, 2009). 
For this reason, the use of results obtained for temperate region species 
to predict risks for the tropical fish biota should be done with caution. 
The use of native species can provide more realistic results concerning 
the toxicity of chemical agents, since they reflect local environmental 
conditions (Harmon et al., 2003; Raymundo et al., 2019).

With respect to the groups of organisms tested, it is important to 
note the scarcity of studies on microalgae. These organisms are the base 
of the food chain in aquatic ecosystems, and toxic effects in their com-

munities can influence the upper trophic levels (Wetzel, 2001). On the 
other hand, fish were the test-organisms most studied in the theme of 
this review. There is adequate knowledge for some fish species and their 
cultivation presents a low level of difficulty, showing ecological and 
commercial importance (Zagatto and Bertoletti, 2006; Esteves, 2011). 
Nevertheless, the toxic effects of metals associated with thermal stress 
should be evaluated in species from different trophic levels, due to vari-
ation in sensitivity to the contaminants (Hoffman et al., 2003) and in the 
thermal tolerance limits (Silva et al., 2020) existent among the organ-
isms, and also the accumulation of metals via the trophic chain (DeFor-
est and Meyer, 2015). Hence, studies with microalgae must be amplified 
and the species used within each group of test-organism diversified.

The literature survey indicated a predominance of studies on the 
metals copper and cadmium and the absence of research on other met-
als. Copper, an essential micronutrient for the organisms in determined 
concentrations, was the metal most used in research with the three 
groups of test-organisms evaluated. Cadmium, differently from copper, 
has no known metabolic function and is toxic even in low concentra-
tions. Both metals reached the water bodies via the discharge of indus-
trial effluents and by way of mining residues (Vardhan et  al., 2019). 
The fact that these metals were the most used in the research projects 
found in this review can be explained by the great number of studies 
concerning these elements already existent, making data collection, 
comparative analysis, and a discussion based on already published arti-
cles much easier. Based on the finding of the present survey, the authors 
consider it necessary to amplify investigations concerning the effect of 
temperature rises on the action of other metals, for example, aluminum, 
chromium, lead, iron, manganese, and nickel. These metals come from 
mining, electroplating, civil construction, tanneries, and the production 
of pigments, batteries, metal alloys, and agrochemicals and can enter 
aquatic systems via direct or indirect ways (Azevedo and Chasin, 2003).

The research projects analyzed reported the effects on metal toxicity as 
from 3°C temperature rises for microalgae and zooplankton, and as from 
4°C rises for fish, in experiments carried out in laboratories. Therefore, 
the temperature ranges studied contemplated the temperature rises pre-
dicted by the IPCC (2014) at the end of the 21st century. In ecotoxicolog-
ical studies carried out under laboratory conditions, the test-species are 
exposed to the chemical agents at the standard temperature, within the 
temperature range considered adequate for the organisms (Zagatto and 
Bertoletti, 2006). The evident impact of temperature rises on the toxicity 
of chemicals, as revealed by the present systematic review, emphasizes the 
need for the standard protocols in the area to consider standard tempera-
tures and those to be registered under natural conditions.

With respect to acclimatation of the species to the temperatures, in 
recent years, the number of research projects with acclimatized organ-
isms for toxicity studies has decreased. Acclimatation is necessary to 
guarantee that the toxic effects observed in the experiments are a conse-
quence of the metal toxicity at high temperature, without the occurrence 
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of thermal shock by the individual. The acclimatation potential of or-
ganisms is an aspect of global climate changes that should be considered 
in the studies (Delorenzo, 2015). According to Silva et al. (2020), accli-
matation can collaborate to a better understanding of the strategies used 
by organisms to deal with environmental changes, considering their ca-
pacity to adapt to unfavorable environmental conditions. It is, therefore, 
fundamental that future research considers the acclimatation of the or-
ganisms, guaranteeing that the results obtained are more representative.

The present review also indicated adverse effects on the test-spe-
cies due to temperature rises in the medium and their association with 
an intensification of the toxicity of the metals. For microalgae, the in-
crease in metal toxicity with temperature rise was due to a decrease 
in photosynthetic efficiency (Oukarroum et al., 2012) and to growth 
inhibition due to metabolic changes and in the levels of amino acids, 
fatty acids, and sugars (Yong et al., 2018). For zooplankton, it was ob-
served that the increase in toxicity due to a temperature rise was due to 
a greater accumulation of metal, protein denaturation, and a destabi-
lization of homeostasis, with a reduction in reproduction and survival 
(Lannig et al., 2006). For fish, the increase in metal toxicity due to the 
temperature rise was due to an accumulation of metal in different body 
tissues and a reduction in the metabolism and antioxidant capacity of 
the organisms to deal with the metal toxicity (Pinheiro et al., 2019; Ze-
bral et al., 2019). In consequence, the heartbeat was reduced, bad body 
formation and reproductive damage occurred, and the fish mortality 
rates were high (Park et al., 2020). Thus, considering the toxic effects 
registered in important representatives of the biota of aquatic systems, 
the loss of the ecosystem services they offer is likely to occur under 
possible climate change scenarios in metal-containing environments.

Considering that the duration and intensity of heat waves will 
probably increase in coming decades as a function of climate change, 
this increases the concern with the potential effects of a simultaneous 
temperature rise and pollution of aquatic environments and emphasiz-
es the need for wider environmental monitoring to better forecast the 

impacts on the biota (Jacquin et al., 2019). Thus, an adequate protec-
tion of the biodiversity depends on the advance of research concerning 
the sensitivity of aquatic organisms to different pollutants (metals, ag-
rochemicals, nanoparticles, for example) under current climatic condi-
tions and under those projected for the future, and of the population’s 
ability to understand the possible effects of changes to the ecosystems 
when faced with this scenario.

Conclusions
There is evidence that temperature rises can increase or decrease the 

effects of metals on aquatic organisms and can also show no influence 
on these contaminants. This systematic review showed that according 
to most of the studies concerning the effects of metals with temperature 
rises, there was an increase in toxicity for microalgae, zooplankton, and 
fish species. In addition, an increase in interest concerning this theme 
within the scientific community was found, possibly due to the increase 
in importance given to questions of climate change and to the increase 
in research institutions and the training of human resources. Despite 
the increase in publications in recent decades, there is a need to am-
plify the number of metals and organisms analyzed. Attention should 
be given to the diversification of the test-organisms studied, principally 
among the bacterioplankton, phytoplankton, and zooplankton species.

It is important to acclimatize the individuals, such that the labora-
tory conditions represent the stress factors found in the natural envi-
ronment in the most realistic manner. There is also a need for research 
that improves the understanding of the effects of temperature on the 
toxicity of other aquatic contaminants. Considering the temperature 
rise predicted for future decades due to climate change, an advance 
in research concerning the effects of temperature rises associated with 
chemical stressors on aquatic biodiversity is primordial, especially in 
tropical regions. Ecotoxicological analyses are of great importance in 
forecasting and preventing threats associated with the contamination 
of water bodies by toxic agents within the scenario of climate change.
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