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ABSTRACT

The use of risk assessment methodology in urban sanitation infrastructure sigst@ms
important tool fothe accuratanticipatonand mitigaton of risks. The general objective of this
work is to assess the risks and vulnerabilities obkdlgystemcomponents, analyze the
efficiency of nutrientemoval thougha microalgaebasedreatment system and evaluate the
reuse risk of urban runoff watefo assesshe vulnerability risk ofvat er tr eat ment
internodesthe Analytic Hierarchy ProceS®&AHP) methodology proposed by Marleni et al.
(2022)was adaptedlherisk assessmemethodologyfor effluentreuse employed the Failure
Modes and Effects Analys(EMEA) method and a risk matrstipulatedoy current legislation

and international guidelines. The nutrient remaféitiencythroughmicroalgae wasssessed
using statistical methods and comgzhwith the parameters established in current European
and Italian effluenteuse legislationThe results of the vulnerability risk analysis applied in two
Italian case studiedemonstratehe methodologp s appl i cabi | i able,andy i el
easily interpetable index. In cases where tiesuting risk is classified as vulnerable, a more
detailed risk analysisustbe conducted using a risk matriw better identiy hazaré and
implementmitigation measured he urban runoff watetisk analysis, from a study in Brazil,
indicated higkrisk values forparameterssuch asarsenic, surfactants, cadmium, sodium,
barium, and thermotolerant coliforms, among others. To enableicipatlevel reuseit is
essential to implemeriteatment technologies capable of removing these pollutants, thereby
safeguardingenvironmental and public health. The Italian case study involviiggoalgae
based effluent treatment was conducted in three disghases. Across all phases, low
phosphate and problematic ammonia removal efficiencies were observed, alongside pH
fluctuations between phasegdjigh ultimately compromised the process performance for reuse.
Finally, the risk assessment applied to the Brazilian wastewatereatment plants (WTPS)

was conducted based on Parana State Coofdiater Resources (CERH/PR) Legislation No.
122/2023 In the context ofdture interest inmplementing tre&id water reuse practices, the
Brazilian WWTPs under studyoriginally designed to meet the requirements for discharge into
surfacewater bodies as per national legislatiovill require a project revision to ensure
compliance with the reuse parameters sghfm the specificeuselegislation.Regarding the
Italian study, high risks were identified for total suspended s¢li8S) biochemical oxygen
demand(BOD), and Escherichia colecessitating th@doptionof specific mitigation and
control measures for thesertaminants.

Keywords: climate change, risk assessmeméthodology sanitation infrastructureyater
reuse.
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INTRODUCTIQGENERADBJECRESEARCH PROBLEM, MOTIVATION AND JUSTFICATION

GENERAL OBJECTIVE
To evaluate the risks and vulnerabilities of tleeban sanitationinfrastructure systems

componentsthe efficiency of effluent treatment systegeared towardvater reuseand the
associated risksf utilizing urban runoff waterThis is undertaken with the overarching goal of
ensuing the quality and quantity of water resources, thereby sarfdigng public and ecosystem
health, and promoting the adaptation of these systems to climate change.

RESEARCH PROBLEM, MOTIVANDNUSTIFICATION

Global climate changm recent years tsasignificantly impacted the worlteading to a range

of severe consequences, including rising temperatures and quantitative and qualitative water
and food insecurity, among others. This scenario directly affects populations, ecosystems and
urban infrastructures, consequently rendering thaghly vulnerable to climatic shiftdPCC,

2023; Biswas et al., 2023).

Climate change is particularly evident in urban centerbere compromises essential
infrastructure systems, such as sanitation and energy. Blstams frequently experience
damage or destruction, leadit@financial losses and service interruptions. These failures, in
turn, produce adverse effects on the environment and public (ieal@, 2023; Li et al., 2023).

The occurrence of these extreme events has increased substantially Shced@ing in
mounting impacts on human health, ecosystems, and $éd#atsustaininginfrastructure
(IPCC, 2023). Examples of such events include floods, droughts, landshdésuakesand
volcanic eruptiongCivil Protection, 2019; IPCC, 2023).

Hughes et al. (2018jor instance, detail cases diruptiors and damage to water supply and
sewage treatment services following extreme events, plymmtense rainfall episodes.
Crucially, they observethat sewage contamination can result from the combined overflow of
stormwater and sewage, such as in cases whé&@tgjuake has damage the drainage system,
subsequently releasing contaminated water.

Furthermore, and additional impact of extreme events, suda earthquakeon sanitation
systems, specifically water supply, is the interference with the hydrodinamic balance of the
affected regiorfCheccucci et al., 2017).

! Note: The references cited in this chapter will be listed in the References section of Chapter 1.



Globally, gproximately 3.3 to 3.6 billion peopiahabit areas highly vulnerable to climate
changgIPCC, 2023). In Europe pproximately30% of the population resides in regidasing
permanent water stress, while 708%perience water stress during the summmemths
(European Environment Agency, 2023).

This critical panoramaunderscoreshe urgent necessity of investigating effectaernatives

to ensure a sustained availabildy water resources, both in quantity and quality, thereby
building resilience against scenarios of environmental and climatic vulnerability.

In this context, theisk-based methodology emerges amkable ally forsanitation initiatives,
applicable to both water supply systems and wastewater treatment systems desigrnest
applications. The implementation of this methodology is -&siablished and integrated in
Europe and ltaly, confirming its relevanaed legal necessity as an instrument to safeguard
public health and environmental safety.

In contrast, the approach to risk assessment in vgafgply andwastewater reuse systems
remains nascent in Brazil. While the federal governmentaxlatges the importance of this
topic by merely mentioning the need for reuse and water conservation, it has not yet defined
speific quality parameters for water reuséonsequently, this regulatory task has been
delegated to the states, wibhve independently established theimoguality standards for
specific reuse classes.

At the European level, Directive 2000/60/EC was published on October 23, 20608,aams

to minimize the risks of water pollutioAnother relevant regulation Birective 91/271/EEC,
currently underging revision, which seeks to protect the environment agdiasharges of
urban wastewater.

Directive 2020/2184/EU, concerning the quality of water intended for human consumption,
seeks to protect publibealth andenhancewater access through riskasedprevention and
control strategies, aligmg with the principles of Water Safety Plans (WSP).
Furthermore Regulation (EU) 2020/74Enactedy the European Parliament and the Council
on May 25, 2020 stipulatesthe minimum requirements for the reuse of treatedan
wastewater.

Specifically within the Italiancontext, Legislative Decree No. 18, BEbruary 23, 2023,
mandates theadoption of a riskbased approach to ensure safety in water distribution,
particularly concermg the quality of water intended for human canption.

Complementing this legislation, various technical documents provide crupibie for risk
assessment in sanitation infrastructurésese notably includeNorld Health Organization

(WHO) Water Safety Plan Manual, which establisties guiding principles and steps for

v



ensuring water quality from source to consumer via a preventive risk management approach;
the Italian Guidelines for the Implementation of the Water Safety, Béreloped byational
Institute of Healthi Istituto Superiore di Sanita ISS, which adapt WHO principles to the
domestidtalian regulatoryframework;and theTechnical Guidance Document (TGD) on Risk
Assessmerit Part 2, which supports European legislation in assesbemicalsubstance risks

to human health and environment, thereby serving as a key refdmnoesgulatory and
environmental management practices.

One of the systems that have been extensively studied and have been identified as contributors
to climate change are Wastewater Treatment Plants (WWTP). Althodgpensable for
ensuring environmental quality and public health, these systems are known sources of
greenhouse gagGHG) emissions,particularly diring the biological treatment stage.

the primarygases generatedcludec ar bon di oxi de (CO ), ni trou
( CH pfwhich bré products of the microbiologicahctions involed in effluent treatment
(Ranieri et al., 2024).

Complementarily,the emergence of novel pollutants, suchpasrmaceuticals and heavy
metals has spurred significant research aimed at optimizegtment processebhis research

seeks alternatives that mitigaénvironmental impacts, minimize gas emissions, and thus
promote greater sustainability within the sanitation sector.

To mitigate the aforementionechallenges,the Utilization of microalgae for wastewater
treatment has been extensively investigated in recent yidgassinterest stems primarily from

its notable advantages, which include low energy demand, the ease of microalgae cultivation
across diverse environmental conditions, and, crucially, its capacitariefdrm effluent,
nutriens into highvalueadded compound#\bdelfattah et al., 2023).

Specifically, the application ofnicroalgae for wastewater treatmeiters several benefits,

such as the efficientixation of carbon dioxidg(C O), a low environmental impact, the
Utilization of solar energy for growth, atite effective emoval of various pollutantsicluding
nitrogen(N), phosphorus (P), heavy metals (HM), pharmaceutical compoundpgaticides

(Li et al., 2022Kumar & Singh, 202, Das et al., 2021).

Given the versatility of microalgdeased #luent treatmentstheir investigation isleemed

highly relevant, as they align with the principle$ the circular economyThis direct
contribution supports theuropean Green Deal programd its olective of achieving the zero
pollution target.

This necesyy is further emphasize by the European Environment Agdnayment "Beyond

Water Qualityi Wastewater Treatment in a Circular Econoppuiblished by the European
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Environment Agency (EEA No. 5/2022) The document highlight that, within the framework

of the eighth environmental action program, it is essential to enhance the recogniition
wa st e walde This i@gnition is essential to promote their sustainable management and
effectively integrate them into the principles of the circular economy.

The present work is structuredonndividualchapters, eactypically comprising goreamble,
general and specific objectives, developm@mérature review) methodology, results and
discussion, conclusion and/or recommendations, and references.

The appendices include dist of conference participatioand published worksas well as the

list of mandatory courseompleted during the doctoral period.

INNOVATION PROPOSED BY RESEARCH

The riskbased approaglwhenapplied to sanitation infrastructyne consideregarticularly
relevantbecause ienhanceshese systengsafdy, efficiency, and resiliene againstlimate
change and increasingly frequent and intense extreme events.

The research proposéerein adopts thesk concept to systematicallgvaluate, identify, and
mitigate potential threatacross theentire water supply chain and the wastewater treatment
systendesignated for reuse. This methodologydesthe engagement of diverse stakeholders,
includinggovernment entities, the population, researchers, sanitation manadeaiestand
endusers of reused watgeromoting aholistic viewthat integrates crucial technicabcial,

and environmental aspects.

Ultimately, sanitation infrastructurepredicated on this concepte poised to become more
resilient, enabling them to absorb and addredisturbances, reduce uncertainty and

unpredictability, andubsequentlgontribue effectively towvater security (Collier et al., 2013).



CHAPTER-LCLIMATE CHANGE AND ITS IMPACTS ON URBAN WATER SUPPLY
INFRASTRUCTURE

PREAMBLE

The consequences of climate change have increasingly impacted urban infrastructures,
especially those of potable water supply systems. Such consequences directly compromise the
basic services offered to the population, potentially leading to interruptiovester supply for

hours and days. Given this scenario, it becomes essential to adopt vulnerability assessment
methodologies that allow fomeasuringthe quantification of risk, avoiding subjective
estimates. This approach helps sanitation managersusetioe risk matrix of the Water fegy

Plan WSP), identifying hazardous events that can affect these pipelines and defining
preventive measures to avoid system shutdowns. In this context, the Analytic Hierarchy Process
(AHP) methodology has been extensively studied in environmental themes relateérto wa
supply systems. A methodological proposal presented by Marleni et al. (2022) was adapted for
vulnerability assessment within the scop@d\BPand subsequently applied in case studies in
Italy.

This methalological adaptation results in an important proposal for sanitataragersas it

helps to anticipate risks that may affect the internal components of the treatment system,
avoiding problems of interruption in the treatment and distribution system and basic services
for the population.

2. GENERAL OBJECTIVE
To study a methodology for assessing the vulnerability of pipelines that interconnect the various
operational units within potable water treatment systems, considering the influence of extreme

climate events observed in Italy.

2.1 SPECIFIC OBJECTIVE
To adapt a methodology for vulnerability analysis of pipelines (referred to as internal
components) in water supply systems, aiming to enhance accuracy in risk identification and

optimize mitigation strategies for the development of a Water Safety PlaR)(WS

3. STUDY DEVELOPMENT

10
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Climate change can be defined as alterations in temperatures and climate patterns, identifiable
through statistical testing. Such changes involve variations in the mean and/or variability of
climatic properties and persist over extended pel{ods n.d.; IPCC, 2023).
Data recorded since the 19th century indicate that global surface temperatures have reached
unprecedented levelsecently (Mokhov, 2022) Between 2011 and 2020, greenhouse gas
(GHG) emissions resulting from human activities caused a global temperature increase of
1.1°C, avalue higher than that recorded between 1850 and (IRQ®, 2023)
The recorded temperature increase of 1.1°C may seem numerically insignificant; however, in
practice, it has triggered tangible effects such as rising global temperatures, sea level rise, more
frequent and severe storms, abrupt changes in precipitati@mnsattiooding, and prolonged
drought® all of which have been increasingly obser(&hwat et al., 2024Ebi & Hess,
2020).
The outcome of these effects directly impacts society and the environment and Ebid& to
Hess (2020); IPCC (2023); Walinski et #2023):

V Food insecurity;

V Migration;

V Risk of death and injury caused by extreme events (e.g., heatwaves, storms, and

floods);
V Precarious infrastructure not equipped to meet population needs;
V Infectious diseases and mental health impacts (e.g., foodborne and waterborne
illnesses; vecteborne diseases; anxiety; pastumatic stress);
V Water insecurity;
V Direct risk from the consequences of climate change for the most vulnerable

populations.

The impacts of climate change on the issue of water insecurity were highlighted by the
Intergovernmental Panel on Climate Change (IPCC, 2023), which reported that approximately
hal f of t he \wasaréady@geripnakpeuereavater scarcity during at least part

of the year due to a combination of climatic and-omatic factors.

The water scarcity scenario is also evident in several European countries currently facing severe
water stress. According to the European Environment Agency, water scarcity affected 34% of

the European Unionds territ orhySodthemiEargpe, at

11



approximately 30% of the population is already experiencing water -sélessd issues
(Agency, 2025)

Climate change has increased the frequency and intensity of extreme weather events such as
floods, droughts, landslides, earthquakes, and volcanic eruptions (IPCC, 2023), and the
resulting impacts have affected urban infrastructystems includingwater and wastewater
treatment facilities, as well as energy networks.

Understanding extreme climatigiven eventsincluding their variations andntensitie® is

critical for assessing their impacts and formulating effective adaptation strai&p&A, n.d).

The overview presented above underscores the growing importance and urgency of exploring
alternatives to ensure the availability of water in sufficient quantity and quality to support the
well-being of both the population and the environment. Furthermadsessential to guarantee

that water supply systems are adequately protected against scenarios of environmental and

climate vulnerability.

od®H /[La!¢9 /11 bD9 !'b5 L¢{ /hb{9v] 9b/ 9{ hb
Extreme climate events of high intensity and prolonged duration have the potential to cause
damage and disruptions to active urban infrastructure, which may last for hours or even days
(OECD, 2024) These events are driven by a combination of multiple factors and/or hazards
that contribute to increased social and/or environmental risk (IPCC, 2023). Under the pressure
of such events, the various components of a water sggptgm, includingntake, treatment,
storage, distribution, and pipelirtegpreviously regarded as secfirbecome increasingly
vulnerable. This fragility heightens infrastructure exposure, promoting both chemical and
biological contamination of water, thereby compromisingi$s forhuman consumption, food
production, environmental preservation, and agriculture. Moreover, it increases the risk of
waterborne disease transmiss{&urope, 2011)
Cities' urban infrastructure needs to focus specifically on major adjustments to cope with and
adapt to new patterns of disruptiGhndersson et al., 2022).
The following are some examples of urban infrastructures affected by extreme events and which
consequently suffered service interruptions:

a. In 2005, Hurricane Katrina hit New Orleans, causing destruction and affecting the

energy, water, sanitation, and transportation infrastructure (Huck & Monstadt; 2019)

b. In 2017, two earthquakes hit Puerto Rico, affecting power distribution, since the
distribution network was old and could not withstand the impgatslersson et al.,
2022)

12



c. In September 2018, a combination of heavy rains and earthquakes caused landslides in
northern Japan, triggering a cascading effect on its infrastru@un@ersson et al.,
2022)

d. In 2020, in the region of Australia, drought and wildfire events impacted up to 95% of
the state of New South Wales, and 85% of
during that perioqWang et al., 2022)

e. On July 17, 2021, the Chinese city of Zhengzhou was hit by heavy rains, affecting
around 14.5 million people. Four days after this event, six (6) of the nine (9) water
treatment plants were interrupted, compromising the water supply to 1864 homes [...]
(Wang et al., 2022)

f. In 2024, in the state of Rio Grande do Sul (Brazil), extreme flooding contaminated
multiple water sources, including those in ruaata$® totaling 4,570 contaminated
water sources, which left families without access to potable (@R, 2024)

g. In 2024, in the Valencia region (Spain), Storm Dana caused casualties and disrupted the

potable water treatment services in the &@=brian, 2024)

Reversing the previously mentioned examples is virtually impossible. However, adapting to
this new climatic phase has become urgent, and such adaptation must occur through the
strengthening of the concept of resilielifSaneamento, 2025)
Resilience was addr es s e@olliax st al.a20¥B).e.,this type ofo f  u |
approach requires integrated and multidisciplinary planning that involves stakeholders in the
planning process.
McGill (2020), presents objectives and indicators for a city to become resilient to climate
change. Some examples related to the theme of this chapter will be described in the following
section.

V Health and wetbeing: minimal human vulnerability;

V Society and economgocial stability and security;

V Infrastructure and ecosystenesntinuity of critical services.

The previously mentioned scenarios highlight the urgent need for cities to adapt to the
consequences of climate change. Essential areas such as health, the economy, infrastructure,
and ecosystems are being continuously affected, rendering cities andipaputereasingly

vulnerable.
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The potable water distribution system is subject to both direct and indirect damage to its
pipelines, onsideredas an essential infrastructure for the population, particularly during
extreme weather events, which rersderulnerable under such conditions (Fan et al., 2023).
Direct impacts on the water distribution system (WDS), within the context of climate change
and extreme events, are easily identifiable and include supply interruptions, water
contamination, and phil damage to infrastructurgmong others However, indirect
impact® suchas those on public health, environmental degradation, economic and social
disruptions, and populationigratiord tendto manifest over time and may not be immediately
recognized as consequences of a specific extreme @iean et al., 2015Dias & Matos,

2023).

Given the vulnerability of potable water supply infrastructure to extreme events, in November
2005, the European Commission adopted thealed Green Paper addressing the European
Programme for Critical Infrastructure Protection (EPCIP). The objectitieisprogramis to
enhance the protection of critical infrastructures within the European Union(Eti)pean
Comission 2006)

Based on the EPCIP, urban potable water supply infrastructure can be considered critical, as
any disruption or destruction of this system may lead to serious consequences for the
popul ationds healt h, -beismgg therdaby negativelydimpeng theiro mi ¢
quality of life (Europen Comission2010)

Based on thabovediscussedcenarios, implementing a vulnerability assessment method can
help prevent such scenarios, minimizing damage to the water supply and distribution network
(Marleni et al., 2022).

Ve
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The analysis of vulnerabilities in risk management of potable water supply infrastructure plays

a key role inrsafeguardinghese systems against potential thr@atszi, 2023).

Over the years,everal studies and methodologies have been develepgaoying diverse
approachesto better understand the risks and vulnerabilitiesherent to thistype of
infrastructure.

Borzi (2023) introduced amethodologygrounded inmultiple indicators wherein dght
indicators were classified anarganized into four distinct categories: soil characteristics,

service inefficiencies for users due to infrastructure failures, pipeline route features, and

14



physical characteristics of the aqueduct (Figureslyen the reliance ormultiple indicators,
processes ofnormalization and aggregatiare essential to ensure data consistency and to

mitigate potential imbalances whentegratingthem.

FigurCatlegories and indicators of vulnerability
category Vulnerability indicator name symbol
Physical characteristics of the pipe Material Index M
Aging Index Age
Lands and terrain characteristics Corrosion Exposure Index by Aquifer Ica
Exposure Index of the Pipe to Landslides Iep
Service inefficiencies for users Index of Service Failure F
Uniqueness Index U
Pipeline route Accessibility index A
Exposure Index of Special Structures to Landslides Iss

Reference:Borzi (2023)

Marleni et al. (20223eveloped &eismicVulnerabilityIndex forWaterDistribution networks
(SVI-WDN), structured inthreekey dages. First, the criteria and sabteria are defiad,
including ther respective value ranges and the scoring sy&ieeach sukrriteria Second the
subcriteria scores are normalized to ensure comparability across different measureshé&hird,
weights of the criteria and sutiteria are determined through the application ofAhalytical
Hierarchy Process (AHP) methddgy. Once these three stages are completed, the overall
vulnerability index is calculated.

Tornyevialzi et al. (2021epmployedthe Fuzzy AHPTOPSIS methodology, whidintegrates
selected topological, hydraulic, and water quality parametgusotade a holistiassesmnent

of nodalvulnerability within water distribution networks (WDNsJhe criteria applied in this
framework includedProximity Centrality,DemandAdjusted Proximity Centrality, and the
WaterQuality Index

Laucelli et al. (2014ronductedan analysiggrounded inthe mechanical reliability ofvater
distributionnetworls, taking into account systeahangs under multiple failure scenari@sd

the pipe failure probability law established by the Americédaline Alliance. The proposed
strategy iformulatedas amulti-objective optimization problemn which two functions are
minimized simultaneously: )ithe number of simultaneous events (i.e., those that lead to the
detachment of the segment(s)); (ii) the demand met by customers. The method is applied and
discussed using the network of city C.

Zohra et al. (2012proposeda methodlogy for assessinthe seismic vulnerability of water
pipdines through the applicatioof Geographic Information Systems (GIS). Tdgproachs

grourded in theidentification of parameters that influengapeline behaviorunder seismic
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conditions Each parameteis assigneda coefficient represeinyg its relative impacton
structual performance and the product of these coefficients determines the seismic
vulnerability of thesection undeanalysis Theoutcome is expressed aswnerability index
ranging fromzeroto five, enabling theclassifcation of sectionas safe (green), unsafe (red),

or intermediate (orange) (Figure 2).

Figu-rCd azsi fication of pipelines by severity and col
Range VI Evaluation Colour
0<VI<35 Low vulnerability (reen

S<vl<12 Medium vulnerability Orange

12<VI High vulnerability Red

ReferenceZohra, et al(2012)

The increasing intensity of extreme weather events has exposed potable water supply
infrastructure to failures and damage, making it vulnerable. In this context, managers require
reliable methods to supportéin risk assessments and, subsequently, deemaking by
selecting the best alternative among various parameter options and/or decision contexts
(Marleni et al., 2022; Stofkova et al., 2022).

4 METHODOLOGY
To conducthe study and proposethadaped methodologyor assessing the vulnerability risk
of internal componentsiithin a potable water treatment system, the following steps were

necessary.

ndmMm [L¢9w! ¢] w9 w9O+L92

Initially, a comprehensive review of technical and scientific literature was coiduidtes
reviewwasbased on academic articles, dissertations, technical standards, current legislation,
and publications from officiabodiessuch as environmentahgenciescivil defense, and fire
departmentsStudies related to risk analysis associated with extreme climatic and geological
events (such as floods, droughts, wildfires, earthquakes, and landslides) were also considered,

alongsidedata r om t h e E usrEarih ©kservatidm pladfonnd(Copernicus).
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Building upon theliterature review, technical discussions were held with experts in chemical
engineering, environmental engineering, hydrology, and geology from the Universita
Politecnica delle Marche (UNIVPM).These deliberations focused on characterizing
vulnerability risks in the internal components of the water treatment system under
consideration, tilizing available data and historical records of structural, environmental, and

safety failures

ndo tlwlag9g¢ow {9[ 9/ ¢Lhb ! b5 a9¢l h5h[ hDL/ ! |
Methodological adaptations specific sukcriteria of the original framework weperformed,

based on aelectedeferencescientific article This processvas conductethrougha series of
meetings involvinguniversity researchers and professionals fritva regional sanitation
company where the methodology was applied. This step was essential to ensure the technical

feasibility and contextualization of tlaglaptednethodology within the analyzed scenario.

ndaam ¢l h5h[ hD, !'tt[L/!¢Lhb

The adapted methodology wasbhsequentlgpplied to case studiesthin sanitation companies
to obtain ameasurable vulnerability index for the internal netwocksnprising the water
treatment systenmOncethis index is determined, it imcorporated into the risk assessment
matrix uilized duringin the development of the Waterf8y Plan (VSP.

nridt NBE & Syl % 2WwSTSNBYOS | NbOf SYa aSikKzR2f 238
Based on the literature review, the scientific article by Marleni et al. (2022) was sels@ed

key reference. It iamethodological approach served as the foundation for adapting the
vulnerability analysis methodology adopted in this study.

The methodology proposed by ssauthors refers to the Analytic Hierarchy Process (AHP),
developed by professor and mathematician Thomas L. Saaty in TR80AHP is amulti-

criteria decisiormaking (MCDM) support technique, applicable to both qualitative and
quantitative criterigTaherdoost, 2017)

The general structure of the AHP method is divided into three stages, as shown in Figure 3.
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Fi ¢8-Hi erarchy of the first stage of the AHP met hod

Level

The objective consists of defining and structuring
One

the problem to be addressed, including the
arrangement of the existing alternatives

Goal

Level

Two Evaluation criteria refer to the identification and
assessment of the importance of each criterion,

as well as the assignment of weights

Cnterion | Criterion 2 | Cnterion 3

Alternative 1

Level
Three

' ¢ 9

Evaluation of the alternatives involves comparing
the available options against the pre-established
criteria, resulting in the prioritization of choices for
managerial decision-making.

I Alternative 2 ] Alternative 3

ReferenceAdapted fromTaherdoost (2017 5tofkovva et al. (2022)

Based on the logic proposed by the AHP method, Marleni et al. (2022) developed the steps for

vulnerability assessment (Figure 4).

Figd-Di agr anmewvwé!| ophmesrets motf h d dpelop @ yMadr Ibeyni gt al . (202

Criteria

l Sub-Criteria l

Sub-Criteria

Sub-Criteria Weight
Vulnerability Score ub-Lriteria Weig

Output : Seismic Vulnerability Index
for Water Distribution Network
(SVI-WDN)

Normalized Sub-
Criteria Vulnerability

Normalized

. Geometric Mean of
Geometric Sub-Criteria Weight

Score Sub-Criteria Mean of
Vulnerability Sub-Criteria
Score Weight

Reference: Marleni et 82022)

Based on the flow diagram presented by Marleni et al. (2082@)methodology warefined
through the adaptation of specific satiteria, ranges, andcoring systemsThis tailoring
incorporated Italian legislation and local conditionghus enablingsanitation company

managergo accuratelyunderstandhe level of risk to which the internal components of their
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water treatment systems are exposed. This andhaigatesthe structuring of the risk matrix
within theWater Séety Plan WSP), thereby supportinthe proactivesvaluation of mitigation

actionsanticipatingpotential hazardous events.

5 RESULTS

This section presents they findings of theresearch. Initiallyjt demonstratedhe relevance
of the AHP methodology within environmental and sanitation studves) provides the
rationale for its selection for vulnerability assessmenbs8quently, the stages of tAelP
calculation process are describedletail followed bythe present&in of its application to the

case studies conducted witlganitation companin Italy.

pdmtt [ L/!'¢Lhb hC ¢19 !b![,¢L/ | LO9OwWbw/2! ¢9tww|
{1tt[, LbCw!{c¢w]/¢] w9

Numerousenvironmental studies addresisthe vulnerability risk of potable water supply
infrastructure, particularly concernirgxtreme climatic conditions'hese studiesconducted

by various researehns,employed the AHP methodologgither independently or ronjunction

with other mathematical models. The works lavief detailedn Table 1.

TalbgiEnvi ronment al studies conducted using the AHP me
STUDY OBJECTI VE YEAR REFERENC(C
Therefore, this study ai

i nventory classification
green infrastructure for
response to climate chang 202 |Park et
wei ghts andouwsanikmsdiocfatwarsi
mul ticriteria inventory ¢c
obtained through the AHP |

The present study aims to _
_ _ | _ Kaaya i &
in Chennai city, Tamil Naj{ 202
_ ) _ Devadas
the geographic informatio

This study proposes a met
hybrid FUI@QGRSI 8HPAnalytical 202

-Technique for Order Pr ef

Torenvyi ad
al . (2
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STUDY OBJECTI VE YEAR REFERENC(

Solutiongtt rmudluttiema kd en@i s it

systematically integrate
topol ogical, hydraul i c,
assessment methods i n wat

This research has shown t

susceptibility zone in Ba
) . Senapat
anal ytic hierarchy proces| 202

First, di fferent agricul tu (2021)
remoetnes-bsaged satellite i ma
Using the AHP met hod, a
i ntrusion i n the potable

_ _ _ 202|Phin et
integrating environment al

Vi et nam.
Therefore, t his study ai
generate a Seismic Vul ner | _
] Mar | eni
Net wordwWD{NPVFor the Specia 202
. (2022)
which has been known to |
i ncidences.
This study presents a con
Vari abl e Weight Theory (V 02 Huang ¢
environmental vulnerabil! ] (2023)
geohazards.
Thi s study presents a =c¢co
assessment for Freetown,
from 2001 to 2022. The o
Kor oma
assess t he tempor al and 202
L : . (2024)
vulnerability lwmdiomgnaGeongr

t ool s adhds eAHREMU kDeercii &8la b in
( MCDM) analysi s.

As demonstrateth Table 1, the selection of the AHP methodology for vulnerability assessment

in this study is justified by itextensiveapplicability in various environmental studies focused
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on water supply system$his makes the AHP a wadlstablished antecognized method for
this type of analysis.

Furthermore, the methodologfacilitates the participation of experts in structuring the
pr obl e md s whbretleerr teahrdchljpdgments are critical in assignivgeights and
defining criteria, sulzriteria, ranges, and scores, in accordance wvatavantlegislation,
guidelines, and their expertise. Its versatility also enables appliGroadifferent thematic
areas within theanitationcompany.

Additionally, this methodologyrovides crucial support to sanitation manageraettorities
in establishingmaintenance ardr priority intervention strategies for pipelinesquiing
attention.

pdPH 59{/wLt¢Lhb hC ¢19 !1t a9¢lh5h[hD, Chw
21 ¢9w {!1C9¢, t[!Db

The wilnerability assessmeamploys a hierarchical structure based on three main criteria:
V Crialer iPhysical ;
V Cria2er iEnvironment al ;
V Cria3er iOperational

Eachcriteria is composed of a tsef subcriteria, which incorporate specific classification
ranges and scoring systems. The flexibility of the methodology permits the addition or
exclusion of these sutriteria,dependingn the specific nature of the problem being addressed.
The physical criteria and its corresponding-sukeria are presented in detail in Table 2.

Tabl-Brsent accironeof asalmd their components for the pt

Crit ¢ Physical Range Scor e
I 0010 mm

|
600
450 mm < |
1.Pli pe diam 250 mm < |
150 mm < |
100 mm < |
|

Su-b < 100 m

crit |

~No o wWNPRE

Hi odensity Po
Pol yvinyl d

1.P2l pe mat e Steel

Asbestos c

A OWDNPF
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Crit ¢ Physical Range Scor e

Cast i ron 5

Ductil e i 6

Gal vani zed 7

< 10 year 1

10year s < 4 2

.P3i pe age 40year s < 1 3
7Pyears < 1 4

> 100 yea 5

< 100 m 1

Pdipe |l eng 100 O m < 2
750 0O,0®0< 3

>D00 m 4

.Gorrosion Present 1
protectio Absent 2
Seismic |G 1

Steel with w 2

.P6i pe fittl Standard duc 3
Polyvinyl g 4

Cast i1 ron 5

Asbestos ¢ 6

FI anged st 7

As presented in Table 2, tiaysical criteriais composef seven sultriteria, eactassigned

respective range values and seol®ubc r i t eri a 1. 7,

i

nst al

highlighted in greenindicating itsincorporaion into the original framework tiized by

Marleni et al. (2022). The inclusion dhis subcriteria is deemed higly relevant for

| at i

vulnerability assessmentonsideringthat internal pipelines within a water treatment and

distribution system areoften subjected d pressures from vehicular traffisignificant

environmenththermalvariations, and installation in areas classified as having periodic seismic

activity.

The set of suleriteria constituting theEnvironmental criteria isdetailedin Table 3. It is

noteworthythat the sukriteria highlighted in greedenotethosespecifically addedto the

original list proposed by Marleni et al. (2022).
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Tabl-Br&8sent atiromeof asalmd their components for the

Crit ¢ Environmen Range Scor e
No interse 1
2.G@round faul 1l intersectio 2
1 intersecti( 3
l i ne
>1 i ntersect.i 4
l 1 ne
2.2 Landslid Uncl assi fied 1
R1 Ar oae RaM & 2
R2 Areas ( Me 3
R3 ArHd ggkhitg k) 4
R4 ArVeay WM®ii gH 5
ag < 0.05 1
2.3 Seismic 0. 05 < ag 2
0.15 < ag 3
Su-b ag > 0.25 4
crit
Hard expose 1
2.4 Soil typ Moderately wg 2
Rock affecte 3
El uxiodall uvi a 4
Al 1l uvi al R 5
No P8rle a 1
2.5 Fl oods R1 Moder at 2
R2 Medi um 3
R3 Hi gh 4
R4 Very Hi 5
Low 1
2.6 Ther mal Medi um 2
(consequence Hi gh 3

“PAI: Hydrogeological Asset Plan

Table 3illustratesthe inclusion and/or adaptation of scales and values for four additionral sub
criteriaaugmented tdhe original setalongsidea reassessment of themenclaturend scores

for subcriteria 2.1. Thefour addedsub-criterig highlightedin green addressilandslides,
seismic intensity, floods, and thermal anomalispe(ifically relatedto wildfires). The
respective anges and scores wareeticlously defined based othalian legislation, technical
reports, and officiabovernment agenagocumentsvalidated bythe expertise of researchers
from UNIVPM.
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To effectively guide sanitatiomanagers in assessing the vulnerability of internal structures,

technical notes wereoncurently developedThese notesontain necessary clarifications and

guiddines for each classification range, aiming to facilitate the evaluation process. These

guidelines are systeatically presented iffable 4.

Tablier d s emtfaetcihonn cal -cnroitteesr ifaorc Isaussbsi fi cati on and
Subrite Technical note
According to I talian | egi sl a
territory is based on the ma
territory is subdivided into
studies, seismic hazaarde magtse (
four hazard cl assesj), regi ol
subcl asses, and a reference s
Sei smic
The maps for reference are av
<https://rischi.protezioneci v-i
si smical
The National Cartographic Por
http://www. pcra. mi nambiente. it
To assess the intersection of
di stribution network) with fa
data must be obtained from tFh
and distributiomnultiend®Yy, Emker
and Research (I SPRA) website
regional websites (geol ogi cal
Ground It is essential to consider a
around the tectonic structure
surface constitutes a zone of
t he fracture zomea ght et &antbut
Consequently, the closer the
hi gher i1its vulnerability wil!/
Such materi al can be retrieve
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https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica/
http://www.pcn.minambiente.it/

Subrite

Techni cal not e

1

Nati onal Car:itographic Port

<http:// www. pcr. mi nambi ent €g

Regional websites and | SPR

<https:/ / www. i sprambi emrtoeg e

i ©or s o-gtsairorl-iot p r ecgaectgtrot o gr af

geol ®geobemat>i cal/ i ndex

Websites of the District B

Lands|

reg

v ul

1

i's necessary to consult sp
il onal geol ogical and geomo
nerability classification
made for inxlUsooni sk, tmed
k) .

I nformation regarding PAI
Cartographic Portal

<http:// www. pca. minambient

On regional websites, on t

<https:/ / www. i sprambi emrtog e

i ©or s o-étsairorl-iot p r ecgaectgtrot o gr af

geol ®geobematyi cal/ i ndex

The websites of t he Distri

Dat
t he
rec
fou
for
ach
[ it

a regarding soil type shou
ecopedol ogi cal ma p of |
|l assification considered |
nd on the websites ofal efg:/
Environment al Protecti on)

Il evabl e t hrough t he trans

hol ogi cal maps, avail abl e
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The third and finaketof criteriaconstituting themethodology is th®perational criteria. The
correspondingub-criteria, along with theirespective ranges and scores, are presented in Table
5. As in previous tables, text higghted in greenndicaesthe inclusion of new subriteria

and/or adaptationmade to exgtingterms, ranges, or scores.

TablRresent acronheof asalmd their components for the

Crit ¢ Operati on: Range Scor e
3.1 Failure Pipelines wit 1
failures
Pipeline with 2
< 6 atm 1
3.2 Working 6 O atm < 2
>8 atm 3
Su-b
crit
3.5 Wat er Il ntermittent 1
condi tion Continuous w 2

*ARERA: Regulatory Authority for Energy, Networks and Environment is the Italian regulatory body
** |[STAT: National Institute of Statistics is the Italian national statistical institute.
*** EMEA: Failure Mode and Effects Analysis

As detailedin Table 5, the two subriteria and their respective ranges and weightierwent
reformulaton. Specifically, théwater losses' subriteriawasstructured based on thegulatory

d o ¢ u mRegotazioiie della qualita tecnica del servizio idrico integrato ovvero di ciascuno
dei singoli servizi che lo compongono (R@IRegulatory Authority for Energy, n.d.), issued
by the Italian regulatory body ARERA/ISTAT.

The range tilized for this sub-criteriareferencegshe M1 macraindicator, wich elates to water
resource conservaticand isapplicable to all water service managers responsible for supply
systemsWithin this frameworkM1b classified as the percentage indicator of water losses. For
each rangelefined acorrespondingcorewas assignedelying a thetechnical &pertise of

the researchers and other contributors involved in structuring the methodology.
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The 'water quality' subriteria utilizes ranges defined through a water quality risk analysis

employing theFailure Mode and Effects AnalyIEMEA) methodology. This methodology is

established and regulated by the Italian national guideline ISTISAN 22/33, issued by the Istituto

Superiore di SanitflSS). It isappliedspecifically to the analysis of historical water quality

data.

The rangesadoptedwithin t h e

i wat e r-critgqria aré categodzedsntolive classes,

spanningfrom fexcellend (risk of 0%'5 %) verg podo

minimal risks. Conversely, thaivery pooo qual it

(r

i sk

fiexcellend r i sskgnified asystem with high reliability in terms of water safetgsenting

y ¢l ass i

ndi

seriously compromiskothpublic health and the operational integrity of the system.

Following the definition of criteria and stdriteria, thesubsequergtepinvolves thesvaluation

of a specific internal component within the distribution system. For eadteria and its

gr e dheer t |

cat e:

correspondingsub-criteria, the appropriatenge value related to the specific pipeline must be

input. This process requires the technical team of the sanitation company to assign a score based

on tecical datahistorical records, and thespecializedexpertise. Th resultsof this initial

evaluation are recorded irable 6.

Tabl-8c6re associatred ewii tah ctome eswmh ng

the infrastruct

Criteria Physical (1)
1.1 Pipe diameter

1.2 Pipe material

Sub-
criteria

1.3 Pipe age

1.4 Pipe lenght

1.5 Corrosion protection
method

Range

@ > 1000 mm
600 mm <@ < 1000 mm
450 mm < @ <600 mm
250 mm < @ <450 mm
150 mm < @ < 250 mm
100 mm <@ <150 mm

@ <100 mm

High-Density Polyethylene
Polyvinyl Chlonide
Steel
Asbestos cement
Cast iron
Ductile iron
Galvanized steel

< 10 years
10 < Years <40
40 < Years <75
< Years < 100
> 100 years

<100 m
100 =m <750
750 =m <2000
>2000 m

Present
No presente

Score

[V RN SCIE - NV N R Y N

W

—

INTERNODI (internal component)

Name or code of the internal

element

Score associated with

the sub-criteria

concerning

infrastructure installed

for water distribution

==

Following the initial evaluation, the resulting values must be normalized. This normalization is

essential because the stiiteria possess diverse measurement units and value ranges, making

direct comparisons impractical
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Thesubsequent step involves constructing the comparison matthestage the sukcriteria

within each criteria grougPhysical, Environmental, andOperational) must be evaluated
through pairwise comparisorensideringhe relative importance of each parameter compared
to the othersFor this evaluation, Table 7 should be consulted to verify the scale of importance
levels utilized in the comparisons. Once defined, the selected valueth@meinput intothe

comparison matrix (Table 8).

Tabl-Ex&8mpl e of comparison matr
Tabl-emgortance
for pairwise -c B
) ) . R 3 PHYSICAL CRITERIA
criteria in th Cubertera 1.1 Subottra 1.2, Soborkea 1. [subetera L] SETNIIE Topyopyq ] Shomwiorn
Pipe diameter Pipematerial  Pipeage | Pipelenght | om0 POt | b fiting type [T o oepen O
method conduit
Subcritert § . =
Importance Level Scale for Pairwise Comparison of -i R e : o b N b o e
Sub-Criteria in the Matrix L= - 1 4 4 1 0.33 2
Pipe material
Definition Level of Importance Subcriteria 1.3: q o a R 0 om 2
Equally important 1 o
: - PHYSICAL CRITERIA|  Subcriteria 1.4 = N s e o
Slightly more important 2 Pipe lenght
More important 3 Subcriterla 1.5:
- Corrosion protection 4 1 1 4 1 05 3
Extremely important 4 =5
Slightly less important 1/2=0,5 Suberiteria 1.6: 3 500080008 || 208080008 4 3 i "
- - Pige fitting type
Less important 1/3=0,33 e
Much less important 1/4=0,25 Installation depth of the 4 05 05 303030303 | 0333333333 0z 1
conduit
AHP METODOIOGY | sum 2133333333 | 628030303 | 1011363636 | 22.03030303 | 5833333333 291 1258

Following theanalysis of thecomparison matriXTable 8) for each criterjgahe sum of the
column values for every evaluated striieria is calculated.These columns sums are
subsequently used to generate a normalized matrix (Table 9). This step is crucial, as the
normalization process is necessary for the calculation of the priority vector (weights) for the

criteria and swzriteria.

Tabl-Ex&@mple of matrix with normalized values
Arithmetic mean
Sub-criteria 1.5: Sub-criteria 1.7:
Sub-criteria 1.1: Sub-criteria 1.2: Sub-criteria 1.3: b-criteria 1.4: Sub-criteria 1.6:
s revaterial | Pwerge | ipetongth | ProectonMeiod | *TIICEAE | installtion depth o | nel Prierie
P e e pe (Corrosion| pe the conduit
e 0,046875 0,039806996 0,024719101 0,136176066 0,042857143 0,085910653 0,019872814 0,057
Pipe Diameter
Sub-critesta 1.2: 0,1875 0,159227986 0,395505618 0,181568088 0,171428571 0,113402062 0,158982512 0,195
Pipe Material
S“‘TI;’:;;'S: 0,1875 0,039806996 0,098876404 0,136176066 0,171428571 0,113402062 0,158982512 0,129
Sub-criteria 1.4; ) . e - ,
Ploa Lot 0,015625 0,039806996 0,032958801 0,045392022 0,042857143 0,085910653 0,026232114 0,041
Sub-criteria 1.5:
Protection Method 0,1875 0,159227986 0,098876404 0,181568088 0,171428571 0,171821306 0,238473768 0,173
(Corrosion)
Sub-criteria 1.6:
0,1875 0,482509047 0,299625468 0,181568088 0,342857143 0,343642612 0,317965024 0,308
Type of Joint
Sub-criteria 1.7:
Installation depth of the 0,1875 0,079613993 0,043438202 0,137551582 0,057142857 0,085910653 0,079431256 0,097
conduit
Sum of the nermalized
1 1 1 1 1 1 1
value of the columns =
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From the averagevalues obtainedtfom the normalized matrix (Table 9),h e A Fi nal Pr
column is derivedsee Figured, where the column is distinctly emphasized by means of a red
marke). This column, wich represents the priority vecfor weights) for the subriteria,

provides the data necessary to generate a gidgpé.visualization effectively highlights the
sub-criteria requiring greater attention or priority during the vulnerability assesgfFigate

5).

Fi gu-rEex abmpl e of priority chart basedrionertih& norm

Final Priorities of Physical Criteria

Pipe Diameter: 0,057; 6%

‘Mma -

Pipe Age: 0,129; 13%

Installation Depth: 0,097; 10%

Type of Joint: 0,308; 31% ‘

Corrosion Protection Method: 0,173; 17%

" Pipe Length: 0,041; 4%

The next stefinvolves applying the normalization process to the results presented in Table 6,
titled fAi nternodeso (i nptoeedureatilizes the nopnalizationtfgrmula T h i s
(Figure 6) to generate the standaedi outcomes, which are subsequently entered adtte10
fiNormalized Score Resulb . Normal i zation i the rensdata mtoiaa | t
dimensionless scale, allowing for meaningful comparison and integration with thetedeigh
priority vector.
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Table 10 - Normalization of the results obtained from the evaluation of each sub-criteria of the internal component

Scores Assigned to Sub-Criteria (Infrastructure] Installed for Water
Distribution

MNormalized Score Result

INTERNODES (Internala compenent) INTERNODES (Intsrnala companent)

Identification of the
Internal Component
(Code)

Identification of the Internal
Compenent (Code)

Fi gurNerénmal i zation formula and scores applied

Normalized Sub-criteria Scores and

Vulnerability Level of Selected Sub-criteria N(x;) = (%; — min (x)) x (max (y) —min(y)) min(y)
! (max (x) — min (x))

. Sub-criteria
Vulnerability Level N lized Val
ormanized Yalues N(xi) represents the normalized score assign
Non-vulnerable 0 to each suiriteria.
Low Vulnerability 1
Vulnerable 2 Xi is the score of subriterion i based on the
Very Vulnerable 3 case study data; min(x) and max(x) are the

minimum and maximum scores of sabteria
i, respectively

min(y)andmax(y)represent the minimum and
maximum expected values for the normalize

sub-criteria.

Upon completion of the stage outlinedkigure § the final aggregation is performed. This

involves multiplying the sum of the normalized column scofes © m T a Mornmalized O A
ScoreResult) by t he cor r es p othedriontgvedtor deravéd frgnrTabder i t y
9).

Following this calculation, which adheres to the guidelines illustrated in Figure 6, the final
vulnerability index value is obtained. This index corresponds to a defined scale ranging from

zero to nine (Figure 7)
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Fi gu-rFéa mall ner sckail lei t y

Vulnerability Scale
0.00-0.99 Non-vulnerable
1.00-3.99 Low Vulnerability
4.00-7.99 Vulnerable
8.00-9.00 Very Vulnerable

pdiot t [L/!¢Lhb hC ¢19 a9¢l h5h[hD,

pPd PSS {GdzRE8Y /I 2GSt ¢NRBAAY2 2 SN {dzLl)t & ({
De Simoni (2024/2025) applied the methodology proposed in this chapter to assess the
vulnerability of four internodes within the Castel Trosino water supply and distribution system

located in the Marche Region, Itgllyigure 8)

Fi guirlede8nt i fi cation of the foum internodes of the Ca

OPCAP00106

POZZO 3 POZZ0 2 POZZ0 1
POZACOODS2 POZACO00%0 POZACOUMS
LINEA ADDUTTRICE LEOENDA
ASCOLI PICENO
VASCA DI CARICO o Condotls
PPRE P MANUFO1048 ‘
By» g/ Scarico
2
| S 3 3/
CTR-INTO1 | 2 Corpo idrico
CTR-INT02| | Accaoonzso | 1 g o CTR-INTO4
Calo DNZ. 4
CTRNTOS) [ B ) - - Accist NI Acciaio N3O LINEA ADDUTTRICE @  Pozzo di emungimento
s - = i g || VILLA PIGNA
pozzo AT . POZZETTO
Accisio DN250 Disnfezione PALOMBARE Unita di trattamento
3 emergerza MANUF01048

[ Punto di prelievo
Misuratore di portata

Misuratore di livello

Sonda qualitativa

Manufatto

ReferenceDe Simoni (2@4/2025

The assessment of tHeur internoded CTR-INTO1, CTRINTO02, CTRINTO3 and CTR

INTO4 (visually represented iyellow in Figure 8, yielded a uniform classification of low
vulnerability index. As a consequence of this findings, the Execution of a more comprehensive
risk assessment via the standard risk matrix was considered redundant for the purpose of
developing thdWSP).
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The second case studyalves the application of the proposeethodologyto the Fosso dei

Galli water treatment system (Figure 8Jso situated in thielarche region of Italy.

The internodeevaluated, identified as FBITO1 and highlighted in yellow in Figure 9, is
specificallyresponsible for the conveyance of water captured tramvells to the treatment

plant.

Figurladenti ficati offosfsoi e s tGaathd iof t he

CAMPO POZZI MONTEPRANDONE EST

POZZO6  POZZOS ~ POZZO4  PO2203  POZZ02  POZZO1
roticane pazacacos soRiCmom  PomCoONs  eomcoesd  ozacoooss
3 5 z
- ([ ¢
LEGENDA i
X X
== Condotta of’ -
@  Pozzo di emungimento
POTABILIZZATORE
Unita 6 trattamento FOSSO DEI GALLI
ooy
52 Punto di prefievo Per Monteprandone
g Tratamento

fanghi

»  Misuratore di portata p

FGINTON | pomprocion
ey | 7 LINEA ACQUA
POTABILE

Misuratore di livelio ®= Per San Benedetto Tr.

Sonda qualitativa
©® Pompa

Manufatto

Acqua per
—

controlavaggio ' = LINEA ACQUA

INDUSTRIALE

Acqua di controlavaggio

——m= Concentrato RO

Serbatoio di accumulo
per controlavaggio [

POZZO7 POZZO 6 POZZ0 5 POZZO 4 POZZ0 3 POZ220 2 POZZO 1
POZACIONS POZACR00 POZACI00S POZACI00% POZACO001S POZACOM14 POZACO001

CAMPO POZZI FOSSO DEI GALLI
(acqua industriale - non potabile)
PCAPEOS)

Reference: De Simoni (2024/2025)

The analysis conducted by De Simoni (2024/2028)ded avulnerability indexof 4.20 for
internode FGNTOL. According to the final vulnerability scale (Figure 7), this index classifies
the internode awulnerable.Based on thidinding, a more detailedisk assessment was
mandated ad performed utilizingiak matrix.

The hazard and risk evaluation for this internode was detailed in the matrix, and the section

corresponding to FENTOL is presented in Table 11.
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Tabl-&Riksk Matrix with hazardl NO@hti fication for i nte

Wat er l dent i f
|l nter| Hazard of th Hazar
Syste€ Hazar
code eventl hazardiconsedq
cCompor
event
Physi
Nucl ea Loss of|lnterrtr
Wate'FG NT(envirol Earthq availa in wa
adduc . | ( Magni t
di sas suppl
to pi |
rupt

Reference: Adapted from De Simoni (2024/2025)

Table 11 summarizes the detailed risk analysis performed using the risk matrix. Tidebhsza
event identified in the region encompassing the acqueduct correqplended from the list
suggested in the Rapporti ISTISAN 14/21 document) correponda toinucl ear
environment ddon furthes medtigation of this event, it is observed that a
earthquakeexceeding magnitude 5 could potentially impact thea,avéth the capacity to
compr omi se t he a g u Shoudc sudh san ocoufrem@nstérialinec thel r e .
immediate consequence would be a water loss, and the primary risk would be associated with
de interruption of potable water supply due
The indepth assessment of internod vulnerabilty using the risk matrix, within the scope of the
WSP, constitutes an essential tdiohllows for the identification and classification of hazardous
events, thereby substantianting both problem delineation and the implementation diy@even
and mitigation measures. Furthermore, it enables the continuous monitoring of the risk level
associated with each hazardous event, consequently contributing to water supply infrastructure
systems becomig progregsly moee resilient in the face of challenges imposed by climate

change.
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CONCLUSION

The adapted and proposed methodology has proven to be applicable and highly valuable for
sanitation company manageesiabling them to identify and anticipgietentialhazards and

risks that may impact the internod of water treatment sysidns. methodologyacilitates the
acquisiton of a measurable, quantitative, and easily interpretable index, standing in contrast to
merely subjective and qualitaé analyses.

The detailed delineation of hazards and dengerous events, along with theirs associated
probabilities and frequencies, streamlines the assessment process and provides clearer support
for decisionmaking.

In conclusion, the proposed methodology represents a significant advancemetecéhriical

and strategic assessment of component vulnerabilitimately providing enhnced

operational security and greater efficiency in dieckmaking.
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CHAPTER-STORMWATER CHARACTERIZATION AND PRELIMINARY RISK ASSESSMEN
BRAZILIAN CASE STUDY

PREAMBLE

Considering theescalating pressures on water resources, whetlmeiginating from
anthropogenic, economitemandsor climatechangerelated extreme events, the advancement
of scientific research focused on alternative water sources has become increagagljive.
Countries such as Australia and the United States, for instance, have already made progress in
regulating stormwater management, establishing guidelines for its deslgatian, and/or
reuse. In Brazil, however, this topic is ssillperficially addressethere is no federal legislation
defining quality standard®r the reuse of treated watehereby €aving individual states
responsible forestablising their own parameters. Furthermore, the country lacks specific
regulationsgovemning stormwatermanagementRisk assessment methodologies have been
widely employed as essential tools to ensure the environmental safety of affected
compartments, sudhcluding ®il, freshwater bodies, and coastal environments, as well as to
protect human health to enable thesct or indirecreuse of urban drainage watér manner,

theresponsible and safeilization of rainwater as an alternative resource is promoted.

2. GENERAL OBJECTIVE
To investigatahefeasibility of reusng rainwater as a sustainable sourceafgnicultural direct,

andindirectapplications

HoM {t 9/ LCL/ h. W9/ ¢Lz9
To identify the physicochemical and microbiological risks associatedstotimwatemreuse,
using thequality standards established by the current environmental regulationsSiataef

ParanaBrazil, therebyensuring environmental safety and regulatory compliance.

3. STUDY DEVELOPMENT

odm {¢hwa2!¢9w o0} w.!b w|bhCC 21 ¢9w0 !'{ !'b !
Wateris a vital resource for human survival argdclosely linked to public healtht also
provides benefits that drive the socioeconomic prosperity of nations, while being essential for

food production and environmental preservation. In the United Nations' 2030 Agenda, the sixth
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Sustainable Development Goal (SDG) estimates that more than 733 million people are affected
by water stress (Raimondi et al., 2023).

According to UNESCO (2024), agriculture accounts for the highest global demand for water,
utili zing approximately’0% of available freshwaterhis isfollowed by the industrial sector,

which consumes approximately 20%, while domestic use represents about 12%. However,
water resources have been increasingly impacted over bgnenthropogenic pressures,
inadequate management practiecegqual distributionandquality degraction

The situation described above has become particularly concerning due to the intensification and
severity of extreme climatic events worldwide, such as prolonged droughts, heavy rainfall,
flooding, and earthquakes. These could potentially disrupt the logittal behavior of an
underground aquifer and other environmental disturbances (Szodrowska, Woka & Smol, 2025).
In addition to the impacts on water resources, climate change may also negatively affect global
agricultural productivity, compromising food qup and exacerbating nutritional problems in

less developed countries (Richards et al., 2021).

There were well over 820 million people worldwide who suffered from malnutrition,
accordingto the United Nations Development Program (UNDP) Thailand (2025). The effects
of climate change were expected to intensify food insecurity in 2018.

As previously stated, the present situation necessitates the development of alternative water
sources to resolve concerns regarding water scarcity, unequal distribution, and compromised
quality. It is essential that these sources ensure safety for both the population and the
environment to be effective

Within this context, ®rmwater harvesting emerges as a promising soluisran alternative
source of water reuse, fossesses the potential to enhance water aacesseasfacing
insufficientsupply. Moreover, € utility extends tmon-potable purposeaaoss small, medium

and large scales, including applications in industrial settings, agricultudetlaer relevant
sectordReyneke et al., 2020).

The practice of rainwater harvesting and reuse is an ancient technique, with etrideinge

back to theNeolithic period. Throughout history, various civilizations have employed this
method as eeliablemeans oBecuring avater supplyln recent yeargainwater collection and

reuse havegarneredincreasing attention from the scientific community and governahent
bodies. Consequently, these entitiesve been introducing legislation and public policies to
encourage its adoption, recognizing its poténéia aviable and sustainableorf water

management (Raimondi et al., 2023).
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For example, rooftops, terraces, and other surfaces like parking lots or urban runoff areas can
all yield stormwaterthat can be reused (Martins Vaz et al., 2088prmwater harvesting (or

urban runoff), on the other hand, involves collecting runoff water from drainage pipes or
streams (Natural Resource Management Ministerial Council, Environment Protection and
Heritage Council & National Health and Medical Reskaouncil, 2009).

Nevertheless, the reuse of stormwater requires careful consideration, as this source may contain
various types of contaminants. Their presence is influenced by multiple factors corgribut
pollution, such as the collection environment, atmospheric pollution Jeaatsland use
patterns, among others (Singh et al., 2022).

Stormwaterunoff may contain a wide variety of pollutantsiia composition, resulting from

its flow acoss diverse surfaces. These surfaces include urban, rural, industrial, residential,
commercial areas, and vegid spaces. Ahg this trajectory, the runoff canomvey
contaminantsuch asheavy metals, dust, pesticides and herbicides, pharmaceutical residues,
salts, pathogenic microorganismasidothers (Cojoc et al., 2024).

In this context, it isimperative to perform aphysicochemical and microbiological
characterization of stormwategorior to its reuse. This assessment aims to identify the
contaminantspresent and facilitate the selection of appropriate subsedueatment
technologiesorresponding to the intended reuse purpbmately, this approach seeks to
mitigate risks associated with public health and environmental integrity.
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Approximately 8% of the world's surface freshwater reserves are located in Bragéver,

these water resources are unevenly distribtmexighouthe country. For instance, 80% of the
available surface water is concentrated in the Amazon HydrograRagion (Figure 1)
(FGVces, 2025), where the population density is ten times lower than the national average
(ANA, n.d.). In 2022, the national population density was 23.86 inhabitants per square
kilometer (IBGE, 2022).
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The topic of water reuse has beextensively studied irecentyearsand has gaered
increasing attentiodue to itshigheravailability and low sensitivity to hydroclimatic factors.
These characteristiestaltish it as aparticularly relevant and promising approach in the current
context, where multiplesariables previously discussed in Section B3. act as significant
constraints on water availabilifFGVces, 2025).

Brazil faces a significant regulatory gaeggardingwater reuse practiceas there is still no

federal legislation that adequately addresses the issue. Essential components remain undefined,
including use categories, specific quality parameters for each class, and risk assessment criteria
associated with reuse activities.

At the federal level, Brazil has enacted the followlegjslation: LawNo. 14.546 datedApril

4, 2023,which amends LaviNo. 11.445 datedJanuary 5, 2007t{e Basic SanitatiorLaw),
establishingmeasures for waste prevention, rainwater harvesting, angatable reuse of
greywater. Article 4A of the amended law states:

fWithin the scope of the Federal Basic Sanitation Policy, the Union shall promote the use of
rainwater and the noipotable reuse of greywater in new buildings and in landscaping,
agricultural, forestry, and industrial activities, in accordance with regolagi.

8 1 The plumbing system and the reservoir intended for the collection of rainwater and
greywater from buildings must be separate from the public water supply system.

§ 2 (VETOED).
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8§ 3 Rainwater and greywater shall undergo a treatment process that ensures their safe use
before storage and utilization within the building

Law No. 14. 026, enacted on July 15, 2020,
sanitation, addresses water reuse in its provisions as folfowst t i c I & shall pe thie1
responsibility of the National Water and Basic Sanitation Agency (ANA) to establish reference
standards regarding: [...] IXi the reuse of treated sanitary effluents, in accordance with
environmental and public health regtibnso

Furthermore, Law No. 11,445 of January 5, 2007 was amended to indludeXIll i
reduction and control of water losses, including in the distribution of treated water; promotion
of rational water consumption; and encouragement of energy efficiency, reuse of sanitary
effluents, and rainwater harvesting. Article 45, 8I1 Non-residential buildings or
condominiums governed by Law No. 4,591 of December 16, 1964 may utilize alternative
sources and methods of water supply, including groundwater, reused water, or rainwater,
provided they are authorized by the competent authonty subject to payment for water

resource use, when applicable

The National Water Resources Council (CNRH) has issued two key regulations addressing
water reuse:

v CNRH ResolutionNo. 54, dated November 28, 2005 which establishes general
guidelines and modalities for the practice of direct-potable water reuse, and
provides other provisions (Santos, Lima & Moraes, 2025);

VvV CNRH ResolutionNo. 121, dated December 16, 2010, which sets forth specific
guidelines and criteria for the practice of direct 4patable water reuse in agricultural
and forestry applications, as defined in Resolublan 54, datedNovember 28, 2005
(Santos, Lima & Moraes, 2025)

The National Environmental Council (CONAMA) has issued the following regulation:
VvV ResolutionNo. 503 datedDecember 14, 2021, which defines criteria and procedures
for the reuse of effluents in fertigation systems originating from food, beverage, dairy,

meatpacking, and grease processing industries (Santos, Lima & Moraes, 2025).

In 2022, through th@Participa + Brasd platform, the Federal Government launched Public
Consultation No. 3/2022, which addresses the eblafésolution of the National Water
Resources Council (CNRH). This proposal establishes modalities, general guidelines, and
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criteria to regulate and promote the practice of directpwiable water reuse throughout the
national territory. It also recommends minimum quality parameters for each reuse modality,
alignedwith the goals and directives of the National Water Resource Plaii 2082 (Governo

Federal do Brasil, 2022).

As previously discussed, although a limited number of laws and resolutions have already
addressed the issue of water reuse, Brazil remains at an early stage regarding technical
discussions and research on this subject.

Brazil relies on the work of the Brazilian Association of Technical Standards (ABNT), related

to technical standards, which is a private,-poofit organization. As a founding member of the
International Organization for Standardization (ISO), ABNT igpoesible for developing
Brazilian standards applicable to a wide range of setttamaghoutational activities (ABNT,
n.d.). Among these standar dRfanwater faiésfingfMB R 15
roofs for nompotable use® Requirementso whi ch establishes cri-t
rainwater in norpotable applications. Section 4.6 of the standard specifies the minimum quality
parameters required for such use, limited to three indicdEsherichia coli turbidity, and

pH.

The following regulations concerning water reuse have been iderztified state level

V Ceard: COEMA ResolutiorNo. 02, dated February 2, 2017, establishes standards and
conditions for the discharge of liquid effluents generated by polluting sources. It repeals
SEMACE Ordinanceslo. 154, datedJuly 22, 2002, antllo. 111, datedApril 5, 2011,
and amends SEMACE Ordinanbi®. 151, datedNovember 25, 2002. The resolution
also introduces guidelines and parameters forpuiable water reuse, tompliance
with national environmental policies.

V Rio Grande do Sul: CONSEMA ResolutionNo. 419/2020 sets forth criteria and
procedures for the use of reclaimed water for urban, industrial, agricultural, and forestry
purposes within the state. It defines quality standards, monitoring requirements, and
licensing procedures for the safe and sustale application of treated effluents.

V Ri o GrandelLawWoNb.r33z2, dated December 30

policy-pbbabhenwater reuse within the St
aims to promote, regulate, and manage th
modal i ties (uirméGaust raigali,cuéenwirmdénmersal,
responsibilities for producers, di strib
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emphasi zes sustainable water management
i n s@aemid regions.
V Par a@BRH Resolution No. 122, dated June

and criteria for the reuse of treated ef

resol ution covers mobubt bphe nguseul mod
envir ormmant addgunsdt reisatlabl i shes quality sta
and monitoring requirements. I't al so mart

di stributi on netcwonrtkasmitnoa tp roenv eanmo ncgr opsost a

The Municipality of Joinville, in the State of Santa Catarina, Brazil, enacted Complementary
Law No. 220, dated October 3, 2006, which regulates the reuse of rainwater under specific
conditions and establishes related provisions.

V Article 1 stipulates that #A@Astor mwater ¢
and other open areas of buildings inten
ser vioonheusheer pubbscwel |l pabBvhboei zemttdlalar
condominiums with a total constructed ar
must be directed to a designated reservo

V Arti &l e udr,t her specifies that the water ¢
be used exclpuostiavbelley pfuorrp ormsoens , i n activit
water supplied by the pidhdluisd iwagtwdaraniglyesttse
vehiclidsasunidler i ngf icrlraotghaetsi;on of veget abl
cropso.

However, it is noted that Complementary Law No. 220 stills requires regulatory
implementation.

It is essentiato emphasize that the Brazilian legislation discussed in this sectansively
addresses the reuse of previously treated whlevertheless, considering that themary
objective of this study is to characterize water originating from urban drainage systems, it
becomes evident that Brazil lacks specific regulations governing the reuse of this alternative

water source.
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In contrast to Brazil, the international context reveals the existence of regulatory frameworks
and technical guidelines concerning the management and potential retmenoiater

For example, in the United States, the Environmental Protection Agency (EPA) developed a
technical guidance document in 2009 concerning the implementation of stormwater runoff
requirements in federal projects. Although this document does not carry leggél fbat is, it

does not impose mandatory obligations on implemehtérserves solely as a technical
reference to assist agencies and governmental departments in complying with the standards
outlined therein (EPA, 2009). Moreover, in addition to fedesgutations, individual states

may establish their own rules. A case in point is Pennsylvania, where the city of Philadelphia
published a Stormwater Management Guidance Manual in 2023, providing recommendations
for the design of stormwater management syst@Philadelphia Water Department, 2023).
Similarly, Ontario, Canada, has a Stormwater Management Planning and Design Manual
(2003), which provides technical and procedural guidance for the planning, design, and review
of stormwater management practices (Queends
In Europe, Directive 2000/60/EC of the European Parliament and of the Council, dated 23
October 2000, establishes practices related to stormwater management. Its main objective is to
protect all water bodies, ensuring they achieve and maintain good eeblagdt chemical

status (Jensen et al., 2020).

In Oceania, the Waikato Regional Council of New Zealand published the Waikato Stormwater
Management Guideline in 2020, which is divided into two parts: the Waikato Stormwater
Management Guideline (TR2020/07) and the Waikato Stormwater Runoff Modellingli@aid
(TR2020/06).

The World Health Organization (WHO) (2001) released the guidelifager Quality:
Guidelines, Standards and Healthhich addresses risk assessment and management for water
related infectious diseases. The proposal is that the same principles used to ensure the safety of
drinking water can also be applied to recycled water, through a unified risk management
approach ecompassing drinking water, recycled water, and recreational water (Natural
Resource Management Ministerial Council, Environment ProtectiorHanthge Council &
National Health and Medical Research Council, 2009).

Australia, by contrast, has developed specific guidelines focused on the management of urban

runoff water. The documer@tormwater Harvesting and Reu&909) provides guidance on
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health and environmental risk management related to the reuse of roof and urban runoff water,
with an exclusive focus on negpotable applications.

The regulatory frameworks discussed here indicate that several countries have demonstrated
increasing concern regarding stormwater management (urban runoff), aiming to strategically
integrate it into urban planning with a focus on environmental sustatgalpiiblic health
protection, local economic development, and public acceptance as a safe alternative source for
reuse in specific activities.

Nonetheless, there remains an urgent need for more assertive governmental action, particularly
in funding research aimed at characterizing the quality of urban runoff and evaluating its true

potential for reuse at medium and large scales.
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Stormwateis regarded as viable alternats@urce for reuse, as previously discussed in Section
3.1. As a naturally available resource, rainwater has attracted growing interest from the
scientific community, particularly in relation to its conservation and the diverse possibilities for
reus® rangirg from smalscale to largescale.

However, for such utilization to be both feasible and safe, it is essential that its management be
effective, efficient, and, above all, capable of ensuring adequate safety levels for both the
environment and the population potentially exposed to thisrwWRentachintala, Reddy &
Mohapatra, 2022; Natural Resource Management Ministerial Council, Environment Protection
and Heritage Council & Australian Health Ministers Conference [NRMBRHGPAHMC],

2006).

The risk assessment process aims to prioritize hazardous events by classifying them according
to their severity levels, thereby directing attention and efforts toward those that pose the greatest
threat to the safety of wateeuse practices (WHO, 2023).

The risk level for stormwater reuse is estimated through a risk analysis, which involves
(NRMMC-EPHGPAHMC, 2006):

Videntifying chemical, physical, biologic
that may pose risks to humadédshehl!l ab, san
bodies of water;

V Determination of hazardous events assoc
or activities that may contribute to the

Videntification of potent i arlursodufrcchense notf ac
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Environmental risks associated with water are primarily linked to the presence of chemical
agents in its composition, which may vary depending on region, land use, sanitation practices,
and the influence of local atmospheric pollutants. In stormwatese projects, an initial
screeningevel risk assessment can be employed. This approach enables decikens to
concentrate efforts on parameters that genuinely require attention (NRBEHT-PAHMC,

2006).

The screenindevel risk assessment applies to the 95th percentile method to estimate risks
associated with physical and chemical contaminants. Results are analyzed using a risk matrix
(Figure 2), which helps classify the level of concern. If the risleested unlikely, no further

action is required. However, if the risk is classified as moderate or higher, a maximum risk
assessment (assuming no preventive measures) must be conducted, followed by a residual risk
assessment that accounts for the implememtadf control measures (Natural Resource
Management Ministerial Council, Environment Protection and Heritage Council & National
Health and Medical Research Council, 2009; NRMERHGPAHMC, 2006).

Fi gB-rReference matrix to guide the -lienvteelr prriegdkata sosne sosfr

Consequences
Likelihood 1-Insignificant  2-Minor 3-Moderate 4-Major 5-Catastrophic
A Rare Low Low Low High High
B Unlikely Low Low Moderate High Very high
C Possible Low Moderate High Very high Very high
D Likely Low Moderate High Very high Very high
E Almost certain Low Moderate High Very high Very high

Ref er HSNRMBRMEPHEAHMC (2006) , (Natur al Resource Manage
Protection and Heritage Council & National Heal t h

Beyond preliminary risk screening, a morediepth assessment of health and environmental
risks associated with water reuse projects can be conducted using the following methods (Seis,
2012):

V Qualitative and semiquantitative: typically assessed by calculating the probability
and magnitude/ severity of a given hazard
matrix;

V Quantitative: in terms of health, numerical risk assessment is based on thie dose
response relationship of the individual, aiming to determine the effect of the hazard or
hazardous event on human health. This calculation can be performed using the
Quantitative MicrobibRisk Assessment (QMRA) method.
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For chemical risk assessment, the Quantitative Chemical Risk Assessment (@ERAJ
typically employed. This methodology is founded on tlagio between the Predicted
Environmental Concentration (PE&C)wich is calculated using models that simulate the fate
and transport of a specific pollutarnithin environmental compartmedtsand the Predicted
No-Effect Concentration (PNEC), dhe maximum allowable concentration as defined by
applicable legislation. The application of the QCRA methuamlvever requires a substantial
volume of monitoring data; otherwise, igactical applicabilityppecoms limited.

In addition to themethodologypreviously discussed, Failure Modes and Effects Analysis
(FMEA) has also been applied specific contextselated to environmental risk assessment.
Prior todetailing its application in evaluatiqpysical and chemical risks within environmental
systems, a brief overview of the traditional structure of the methodology will be provided.
The traditional structure of the FMEA methodologynmisesfive main steps{1) identifying
potential failures and their impact®) assessing severity3) analyzing the frequency of
occurrence(4) evaluating the ability to detect failures, and finally) calculating the Risk
Priority Number (RPN)wich is determined bythe following formula (Subriadi & Najwa,
2020):

RPN = severity x detection x occurrence

The RPN value determines the priority of failures and is used to rank potential failures within
a given process. Each component of the previously presented formula plays a specific role that
ultimately leads to the calculation of the RPN. These comporaetshown in Table 1
(Suwandi, Zagloel & Hidayatno, 2020).

TableParameters used to evaluate the Ri sk -mRarkiionrgi ty
prioritization

It refers to the assessment o f

product. I n this context, each
Severlof I mpact . A predefined scorin

support this evaluation.

Occurrence assessment i's carri
Occurr |failures may arise i n t he pr o
(or ey : : . . .

containing scores, classificati
| evel

this evaluation.
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The purpose of the detection afg
failure wi || be effectively [
Detect
consequences. A reference tabl

detection, and eealdwartiimgn tcheta

Reference: Adapted by the author from Suwandi, Zagloel & Hidayatno (2020).

The three parameters listed in Table 1 must be identified during the evaluation of a given
process or product. Then, the RPN is calculated, and the result will indicate the priority for
action within that process or product (Suwandi, Zagloel & Hidaya®2Q)

In the environmental field, the FMEA methodology has been employed to assess risks within
the drinking water supply chain and in water reuse treatment systems, often coupled with a risk
matrix. Based on that, the Instituto Superiore di Sanita (ISS) inrekabmmends, through the
documenRapporti ISTISAN 22/3@022), the application of the FMEA methodology for risk
assessment in the drinking water supply chain.

This methodology is applied to chemical parameters for risk assesati@ntthe drinking

water supply chainysing limit values defined by legislation. To this end, historical water
quality data must be analyzed to estimate the probability of occurrence of hazardous events
This estimation is typicallperformed using # 95th percentile, which represents the value
exceeded in only 5% of the measurements performed (ISS, 2022).

The 95th percentile (P95) value of each physicochemical parameter is compared against the
range defined between the Limit of Quantification (LO®hich represents the lowest
concentration of a substance that can be reliably measured through laboratory, amalybis

legal limit (LL), as established by current legislation and/or international guidelines (ISS, 2022;
EFSA, n.d.). In summary, the methodology outlined in the ISTISAN report classifies the risk
of each physicochemical parameter based on it $&tistical value. The closer the P95
concentration is to the legal limit (LL), or if it exceeds it, the higher the assigned risk.
Conversely, the nearer it is to the LOQ, the lower the associated risk.

This interval is gstematically abdivided into five equally sized rang@®l, R2, R3, R4, and

R5), where R represents the detectability factorthe context oithemical risk assessment,
when the P95 value of a parameter falls within R1 or R2, the risk is consideredttmwaiue

falls within R3, it is classified as moderate andndates manageriattention.Conversely,
parameterspositioned inR4 or R5 are considered higisk, requiring priority action by

managers and, when necessary, the implestientof targeted control measures.
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As previouslyestablishedthe FMEA methodology hatemonstrated significanbbushessor

risk assessment in processes and prodextsnding its utility teenvironmental applicatiods
particularly within water supply chains and water reuse treatment systéevertheless, its
application in risk assessment related ra@inwater reuseremains rather limited, as
methodologies such @@CRA and QMRA are more commonly employed in this context.
However, an interesting example demonstrating the potential of FidE&nalyzing risks in
urban drainage water is the study conducted by Vidal et al. (20B®) research applietie
methodology to identify and assess human health risks associated with drainage water in an
urban watershed located in Campina Grande, in northeastern Brazil.

Although only one study has been identified by applying the FMEA methodolsgyrtowater

risk assessment, this initiative has proven to be significantbaeatienshe methodological
scope andinderscoreshe need for further research to scientifically and safely validate the

feasibility of FMEA as an analytical tool for alternative water sources.

4. METHOOLOGY

Asa mandatory component of th#octoral program, a simonth international research
placementwas conducted in Brazil, in collaboration with the Universidade do Estado de Santa
Catarina (UDESCi Joinville Campus), from November 2, 2024, to May 2, 2025.
Within this context, the present study was developed as an initial and innovative contribution

to the regionparticularly given th@bsence of prior research of this nature in the study area, as
previously reportedT he st udyo6s r el eviynmoclkaradtesze the aurreatd 1 t
scenario regarding the reuse of urban drainage water sowfgkessimultaneouslydentifying
opportunities for implementing this practice and developing future projects focused on the
management and reuse of urban drainage water.

Theensuing section details the methodolegyployedof this study
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To develop the literature review, an extensive search was conducted for scientific articles
addressing the use of stormwater as a reuse alternative, with emphasis on its environmental and
social impacts. The investigation aimed to understand the appr@atdpsd in studies on this

topic in BraziB particularly in the region where the present research was carri@daitht a

focus on responses to climate change, the identification of major pollutants and their typical

concentrations, as well as the potentisits associated with stormwater reuse.
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Additionally, official websites of European projects related to the topic were consulted in order
to understand ongoing studies and the results already achieved. This stage broadened the
perspective on internationally adopted practices, as well as tegioal@nd regulatory
advancements in the sector.

The research also encompassedoaprehensivaanalysis of international legislation and
technical guidelines concernirgjormwaterUtilization. Concurrently, a detailed survey of
Brazilian legislatiorwas performed at tHederal, state, and municipal levels. The foalthis

review was placed on the required quality parameters and potential guidelines for reuse.
Additionally, technical standards issued by the Brazilian Association of Technical Standards
(ABNT) were examined, specifically those relatedviter reuse and stormwater harvesting.
Furthermorea bibliographic review of international guidelines was conducieakentrating

on the tools employed in the assessment of environmental and health risks in water

infrastructure systems.
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The definition of stormwater (urban runoff) sampling points was initiated through map analysis
and technical discussions with experts from the Babitonga Bay Water Complex Management
Committee (CHBB), the Municipality of Joinville (State of Santa Catafdrazil), and the
University of the State of Santa Catarina (UDESIbinville Campus).
The primary objective was to identify representative urban areas of interest for stormwater
characterizationgonsideringthe land use and land occupation pattepnevalentwithin the
municipality.
Based on the initial analysis, three preliminary sampling points were selected in urban areas
chaacterized byesidential and commerciknd use
V t he cneonrttrhaelr n area near the northern ind:u
V the southeastern area (Bucarein and Boa Vista neighborhaads)

V another centrahorthern area (Jardim Sofia neighborhood).

Following the identification of these target regioas;site meetings, technical consultations,
anddetailedanalyses of both physical and digital maese conducted. This workgc¢luding
thereviewoftheMu ni ci pal i tydés Georef er en wasgerformedor ma
in collaborationwith technicians from the Urban Infrastructure Department, Urban Drainage
Division (SEINFRA) of the Municipality of Joinville.
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These activitiesvere primarilyaimedatlocaing existing stormwater drainage pipelines in the
selected areas feubsequerdgample collection.

With the sampling pointdglefined,field visits were executed tpinpoint theurban drainage
pipelines and assess potential obstacles that could hinder sample collection.

The main factors analyzehliringthe fieldsurveyincluded: the distance between pipelines and
riverbanks or sidewalks; the presence of vegetatiomiigiit obstruct access to the pipelines;

the height of bridges relative to the drainage infrastructure; and possible signs of groundwater
infiltration or illegal wastewater connectionshis latterbeing criticallyassessed during dry
weather conditions.

This stage was essential to ensurertbahterference atontamination fronextraneousources

would occurduring the collection of urbamnoff water(Figures 3, 4, 5, and 6).
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Whenever obstacles were identified during field visits, additional formal meetings and/or
informal discussionsften conducted via messaging applicatjomsre held with technicians

from the Urban Drainage Division of the Infrastructure Department (SEINFRA).
The purpose of these interactions was to reassess the initially proposed sampling points and
evaluate feasible alternatives. This iterative process continueapintilallocations for urban

runoff water sampling wergefinitively determined.

Furthermore SEINFRA technicianprovide additional support by preparimglicative maps
outlining the approximate rainwater catchment areas corresponding to the final sampling points,
thereby contributing to the spatial delimitation and enhancing the understanding of runoff

dynamics in the studied regions.
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The collection of stormwaterecessitatedontinuous monitoring of weather forecastslizing
specialized digital platforms such as Climatempo, Windy, and Il Meteo, as well as alerts issued
by the Civil Defense of the State of Santa Catarina.

This monitoring was essential to ensure that samples were collected immediately following the
onset of the first rainfall. It isritical to note that thiprocedure does nogfier to the collection

of first-flush water, but rather to freshly discharged rainwater, thereby preserving its original
characteristics.

Another relevant factor was the monitoring of the tidal chart for the Port of Sdo Francisco do
Sul (scC), covering the years 2024 and 20z
Hydrography Center (Figure 7) and accessible via its official website.

To ensure the feasibility of sampling at the three previously established, gvetsthat the

port is located approximately 51 km from Joinyiltewas necessary testimate arnterval of

20 to 30 minutes for the tide level, as indicated in the chart, to reach appropriate conditions in
the sampling areas.

Adhering tothe correct interval was crucial fmecludecontamination of urban runoff water
samples by saltwater, since high tide aasuce theflooding of the drainage pipelinesan

occurrence that would compromise sample quality (Figures 8 and 9).
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Based on daily monitoring of weather forecasts and tidal charts, once precipitation

was

confirmed for a specific date and time range, the outsourced laboratory responsible for the

analyses was promptly notified@hisnotification ensured thadvancepreparation of sterilized

sampling bottles and insulated containers, thereby guaranteeing proper sample preservation.

Immediatelyfollowing collection,the sample bottles were delivered to the laboratory, where

analytical procedures were promptly initiated.
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Joinville, located in theState of Santa Catarina in southern Brazil, is one of the 5,570

municipalities that comprise the Federative Republic of Brazil (IBGE, 2024) (Figure 10).

tion of the state of Santa Catarina
in relation to the state of Santa (

-
— O
- P
© ©

Joinville

% Brazil i Santa Catarina

ReferleBGE:(s.d); ((Pmafeéetuala. Mudaotlpal He Joinv

Joinville covers a territorial area of 1,127.837 km2. The estimated population for 2024 is
654,888 inhabitants, while the population density recorded in 2022 was 546.41 inhabitants per
square kilometer.

Notably, the municipalityés Human Devel opme
The local economy encompasses a diverse range of activities, including artisanal agroindustry,
rural tourism, industrial production, services, commerce, freelance professionals, and
individual micreentrepreneurs (MEI) (Joinville Municipal Government, 2824

From a hydrological perspective, Joinville is considered a privileged municipality, as nearly all
river sources are located within its own territorial boundaries.

This condition results from the interaction of several factors, including thericlay
composition of the sall which has low permeability and hinders rainwater infiltradicand

the regiondés high rainfall index (Maia et a
The elevated precipitation levels are influenced by a combination of elements: the presence of
a mountain range with altitudes exceeding one thousand meters, proximity to the Atlantic

Ocean, and the action of atmospheric sysfepearticularly frontal systes) which are
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meteorological phenomena that affect weather patterns across the extratropical and subtropical
latitudes of South America (Mello & Oliveira, 2016; Souza, 2016).
Figure 11 presents climatological data for the municipality spanning the period from 1991 to

2021, enabling the visualization of both general climate characteristics and recorded

precipitation volumes (in millimeters) throughout this interval

Government, 2024b).

Average
temperature (°C)

Minimum
temperature (°C)

Maximum
temperature (°C)

Rain (mm)

Humidity (%)

Rainy days (d)

Fi gur@l ilhat ol ogi cal data for the period
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
142|132 14
6.4 65 | 57 |56 56 |56 |55 52 44 41 49 5.7

Sunny hours (h)

Reference: Adapted by the author from Prefeitura Municipal de Joinville (2024b).
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FigurArd® of operation of the
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Management

The study area encompasses the Municipality of Joinville, within which sevematenshed

are locatedFigure 13) (Oliveira et al., 2017Jhese include:
1) Palmital RivelWatersheg

2) Cubatéo (North) Rivévatershed

3) Pirai RivelWatershed

4) ltapocuzinho RiveWatersheg

5) Cachoeira RiveWatersheg

6) Independent RiveNatersheaf the Eastern Slopand

7) Independent RivaNatersheaf the Southern Slope

Urban stormwater samples were collected exclusively withinspecific areaghe Cubatao

(North) River Watershed- highlighted in salmon in Figure 13and the Cachoeira River

Watershegdmarked in yellow in the same figure. Both are briefly described in the following

section.
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Approximately 75% of the Cubatdo (North) RiW®¥atersheds located within the Municipality

of Joinville, while the remaining 25% lies within the municipality of Garuva. Watershed

spans a total area of 492 kmz?, with a perimeter of 159.16 km, and its main channel extends for

88 km. Its source is located in the Serra Queimada, at an altitude of 1,100 meters.

nvil
t he

This watershedc ont ai ns Joi
70 %

industrial and agricultural use (Maia et al., n.d.).

approxi mately of

eobds pri mary wat er

c i udes vater iptakd gointe forw a t €

The Cachoeira Rivaatersheds classified as urban, as it is entirely situated within the-built

up area of the municipality. Covering a drainage area of 83.12 kmtateeshedhas a channel

length of 14.9 km and a perimeter of 59.31 km. Approximately 49% of the municipal population

resides within its boundaries. Its sources are located at an altitude of 40 meters, and its mouth

opens into an estuarine region under direct tidalence.
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During high tide periods, flow reversal is observed, with saltwater intrusion reaching up to half
the length of the river.

The low elevation of thewatershednear its mouté combined with the influence of
astronomical and meteorological tides, as well as episodes of intense dasidaificantly

contributes to recurrent flooding in the ci

neép /1 !'w!l/ ¢9wL%! ¢Lhb hC {!'!at[LbD thLb¢{ ! bb
As previouslyestablishedthree sampling points were selected for the preliminary study on
urban runoff water characterizatioone located in the Cubatdo (North) RiWwatershedand

two in the Cachoeira RivéWatershedTheir respective locations are illustrated in Figure 14.

Figur@eddr aphi cal di stribution of the three
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Sampling Point lsituatedat theterminousof Rua José Josmar da Silva in the Jardim Sofia
neighborhood, ifocated withina mixed residential and commercial area in the centrghern
region of the Cubatéo Riv&vatershed

According to Municipal Complementary Law No. 4¢dated January 9, 20}, %this area is
officially classified as an Urban Macrozone of Controlled Densification (AUAC).
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These zones are characterized by occasional

environmental

vulnerabilities,

limited

infrastructure, constraints on road system improvements, and deficiencies in access to public

transportation, public facilities, and essential servi€egh conditionsnherentlyrestrict the

areads
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Sampling Point 2 is located along Rua Dr. Placido Olimpio de Oliveira, between the Bucarein

and Boa Vista neighborhoods, in an area classified under the urban macrozoning plan as a

Priority Urban Densification Area (AUAP).

This category encompasses regions that generally do not exhibit environmental fragility and

are characterized by consolidated infrastructure, astreittured road network, efficient public

transportation, and public facilities capable of supporting pteje population growth.

Additionally, theseAUAP areas tend to concentratertiary sector activities with low

environmental impaand contairextensive urban voids (Joinville, 2017).

Sampling Point 3, located on Rua Promotor Ary Silveira de Souza in the Costa e Silva

neighborhood, is also situated within an AUAP macrozone, similar to Point 2 (Figure 16).
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Figuregpd®i al Location of Sampling Points 2 and 3, r
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Two distinct sampling campaigns weexecutedat eachdesignategoint, resulting in a total
of twelvecollectedsamples.

To acquirethe stormwater samples, simple amghdily accessible instruments wesmployed,
selectedased on thpreviously observed field conditiorSpecifically, a container wasilized
for the direct capture of water at the drainage pipe outlet; ropesneeessaryo lower the
container into the drainage system; and a funnel was us&tititate the tansferof the

collected water into sampling bottles.

ndc wL{Y /11wl /¢9wL%! ¢Lhb .! {95 hb [9D!][ ¢I
In this study, risk assessment wamstially conducted through a preliminary screening,

comparing the physicochemical and microbiological results obtained from the characterization
of urban drainage watagainsthe limits established by Resolution CERH/PR No. 122/2023.
Although this resolution is not specificaltiesignateddr the reuse of urban drainage water, it
was adopted due to iextensivecoverage of relevant physicochemical and microbiological
parameters for environmental evaluatiparticulary whencontrasted with th&BNT NBR
15227:2019 standard, which has a narrower scope focused exclusively on rooftop rainwater
harvesting.

Following the initial screening, physicochemical parameters will be evaluated uskgjltire

Mode and Effects Analysi&MEA) methodology for risk quantificatiorn this study Limit

of Quantification (LOQ) values were obtained directly from the laboratory reports.

A human health risk assessment will not be conducted at this stage, as the study is exploratory

and not linked to any concrete engineering projects aimed at water reuse.
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Instead, theeresultswill serve to identify action priorities, allowing parameters classified as

moderate or high risk to be considered by dectsnakersshoulda reuse projediedeveloped

in the future.

The FMEA methodology adopted in this stuslyictly follows the approach described in
ISTISAN Report 22/33 (2022), published by thestituto Superiore di Sanitdltaly), as

referenced in Section 3.4.

Figure 17 presents the table detailing the intervals corresponding to the five risk levels defined

in the same repart

Figur-&i 8K classification intervals derived from
quantification (LOQ)
FMEA Index Calculation Formula (95th Percentile Interval) Risk Level
P95 < LOQ + (LL- LOQ)/5 Very low
LOQ + (LL- LOQ)/5 = P95 < LOQ + (2/5) x (LL - LOQ) Low
LOQ + (2/5) x (LL- LOQ) < P95 < LOQ + (3/5) x (LL - LOQ) Moderate
2V | 0Q + (3/5) x (LL - LOQ) = P95 < LOQ + (4/5) x (LL - LOQ) Hight
I.FMEA=5 LOQ + (4/5) x (LL- LOQ) = P95 < LL Very hight
I.FMEA=5 P95 > LL Critical

Resolution CERH/PR No. 122, dated June 9, 262@blisheshree categories for the reuse of

treated water, classified as follows:

V Class A0 Unrestricted non-potable reuse intended for landscape irrigation in areas
with unrestricted access, floor, and public space washing, vehicle cleaning, ornamental

purposes, firefighting, and buildirapplications

V Class B3 Restricted non-potable reuse intended for landscape irrigation in areas

with limited or controlled access, particulate emission control, civil construction

activities, and the unclogging of sewage, stormwater, and/or wastewater networks;

V Reuse for agricultural and forestry purposes

5 RESULTS AND DISCUSSION

t

h e

Sample collection at the three defined points was conducted during two distinct campaigns,

which werenot necessarilgimultaneous acrossl locations.

Thisnonsimultaneity was direct consequence of the irregular distributiorawifall observed

in the Municipality of Joinville from November 2024 to February 2025, wipiahvented
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concurreniprecipitation throughout the regions selected for this studgther words, rainfall

did not occuion the same days or within the same time fraat@d samplingpoints.

Field monitoring wasrigorously @rried out to verify the occurrence of precipitation in
accordance with meteorological forecasts and to confirm that the required minimum rainfall

volume for sample collection had been reached.
The following section presents the initial screening calculations and the application of the

FMEA methodology for risk assessment

{¢!'5, 2L¢l ! v!I[L¢!¢L+9 ao9

poemM 9.t [ hw! ¢hw, ,
As previously described in the methodology section, the three sampling points are in distinct
regions, and the water collected at the drainage pipe outlets represents the flow originating from
their respective catchment areas, which are illustrated indsdi8, 19, and 20.
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Figur®am@ling point NU 1
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Figur8ampl i
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Figuram®l i ng point NU 3 {Caochaeier &i Rivae NeWathdros thed)d
approximate drainage area (Estimated surface area: :

Understanding the approximate boundaries of the sampling area is a key elemfzu]itestés
terrain characterization and the identification of anthropogenic activities that may serve as
potential sources of pollution.
This information is also essential for municipal managers when planning future treatment
strategies aimed at stormwater reuse.
In this context, the results of the urban runoff water characterizatiorsyatematically
presented in Figure 21.
Concentrations of thirtpine parameters were analyzed and grouped into four categories:
physical, chemical, metal, and microbiological.
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The data were extracted from laboratory test reports identified by the following reference
numbers: 2334/2025.0.A and 13507/2025.0.A (Sampling Point 1); 2345/2025.0.A and
13508/2025.0.A (Sampling Point 2); 85/2025.0.A and 6706/2025.0.A (Sampling Point 3).

FigurRedl ts of stormwater quality analysis
Sampling Campaign n° 1 Sampling Campaign n° 2
Analyzed parameters Unit of Parameter Point 1 Point 2 Point 3 Point1 | Point2 | Point3
measurement Category 01/17/25 | 01/17/25 | 01/06/25 | 04/03/25 | 04/03/25 | 02/18/25
pH Physical 6.59 6.88 7.16 6.28 6.8 6.37
Conductivity pS/cm Physical 284.5 313.0 125.2 243.00 | 2386.0 | 39.73
Total Hydrocarbons Chemical | <100 | <100 | <1000 | <100 | <100 | <100
(Mineral Qils)
Vegetable Oilsand |, Chemical | <100 | <100 | <1000 | <100 | <100 | <100
Animal Fats
Surfactants mg/L Chemical <0.20 <0.20 <0.20 <0.20 | <0.20 | <0.20
Dissolved Aluminun mg/L Metals 0.0715 | 0.0761 0.1738 | 0.0645 | 0.067 0.085
Arsenic mg/L Chemical | <0.0080| <0.0080| <0.0080 | <0.0080] <0.0080 0.026
Barium mg/L Metals 0.0916 | 0.0433 | 0.0387 | <0.0010| 0.030 | 0.0255
Bicarbonate Alkalini mg/L Chemical 92.00 88.00 40.00 46.00 84.00 | 14.00
Boron mg/L Chemical 0.0207 | 0.0292 | <0.0050 [ 0.018 0.260 | 0.010
Cadmium mg/L Metals < 0.0010| <0.0010| <0.0010 | <0.0010] <0.0010 < 0.0010
Carbonate Alkalinity mg/L Chemical <2.00 <2.00 <2.00 <200 | <2.00| <2.00
Lead mg/L Metals < 0.0100| <0.0100| <0.0100 | <0.0100] < 0.0100 < 0.0100
Total Chlorine mg/L Chemical 0.33 <0.05 0.19 0.20 <0.05 0.12
Chloride mg/L Chemical 9.39 15.73 8.06 12.93 19.09 4.25
Cobalt mg/L Metals < 0.0050| <0.0050| <0.0050 | < 0.0050] < 0.0050 < 0.0050
Dissolved Copper mg/L Metals < 0.0050| <0.0050| <0.0050 | <0.0050] < 0.0050Q < 0.0050
Hexavalent Chromium mg/L Metals <0.020 | <0.020 <0.020 | <0.020| <0.020| < 0.020
Trivalent Chromium mg/L Metals <0.030 | <0.030 <0.030 | <0.030| <0.030| <0.030
Sulfide mg/L Chemical <0.030 | <0.030 | <0.030 | <0.030| <0.030| <0.030
Sulfate mg/L Chemical 30.71 17.15 11.50 0.89 14.93 4.28
Dissolved Iron mg/L Metals 0.6139 0.306 0.5113 0.592 | 0.1805| 0.082
Dissolved Manganese mg/L Chemical 0.0896 | 0.0473 0.0409 | 0.2095 | 0.1695 | < 0.0050
Mercury mg/L Metals < 0.00020 <0.00020| <0.00020|< 0.0002(0< 0.0002¢0< 0.0002
Molybdenum mg/L Metals < 0.0050| <0.0050| <0.0050 | <0.0050| < 0.0050 < 0.0050
Nickel mg/L Metals < 0.0060| <0.0060| <0.0060 | <0.0060| <0.006d < 0.0060
SOdSJarEOA(dSS:g;“O” Chemical | <020 | <020 | <020 | <020 | <0.20| <0.20
Calcium mg/L Metals 20.20 27.78 13.18 9.269 56.84 3.52
Magnesium mg/L Metals 3.81 6.24 2.20 3.157 61.90 | 0.7205
Selenium mg/L Chemical | <0.0070| <0.0070| <0.0070 | <0.0070] <0.007d < 0.0070
Sodium mg/L Metals 7.52 15.40 8.11 11.996 | 205.55| 3.30
Fluoride mg/L Chemical 0.130 0.195 0.065 0.368 0.354 0.09
Zinc mg/L Metals 0.0480 | 0.0854 | 0.0322 0.044 | 0.189 | 0.168
Cyanide mg/L Chemical <0.001 | <0.001 <0.001 | <0.001| <0.001| <0.001
Vanadium mg/L Metals < 0.0050| <0.0050| <0.0050 [ < 0.0050] < 0.005( < 0.0050
Total Phenols mg/L Chemical <0.003 | <0.003 <0.003 | <0.003| <0.003| <0.003
Thgronl‘ifo;:’rfsram UFC/100 ml] Microbiologicaj < 10.0 | 3400.00| 70.00 | 240.0 | 2700.00| < 100.0
BOD (5 days) mg/L Chemical <3.0 <3.0 <3.0 <3.0 <3.0 <3.0
COD mg/L Chemical < 30.0 <30.0 <30.0 <30.0 | <30.0| <30.0

Legend: BOD Biochemical Oxygen Demand (5 days)
COD- Chemical Oxygen Demand
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Given the limited number of samples collected and the absence of prior studies on water quality
in the analyzed area, an exploratory approach was adopted for this initial stage.
This approach was based on a visual assessment of the main variations among the analyzed
parameters and a qualitative description of these variations (Amaro, 2023).

The variation analysis conducted in this study focuses on parameters obtained during distinct
sampling campaigrhatcorresponded to the same collection poifitss strategys designed

to enable the evaluation of temporal changes at each sampling location.

In the first campaign (Sampling Campaign No. 1), high concentrations of alkaline bicarbonate
were observed at Point 1 (92.0 mg/L) and Point 2 (88.0 mg/L), elevated sulfate levels at Point
1 (30.71 mg/L), and a significant presence of thermotolerant colfat Point 2 (3400.0
CFU/100 mL).

In the second campaign (Sampling Campaign No. 2), signifiGamtionswere observed in
several parameters at Point Zhese mncluded conductivity (2386.0 puS/cm), alkaline
bicarbonate (84.0 mg/L), sodium (205.55 mg/L), calcium (56.84 mg/L), and magnesium (61.90
mg/L), with valuessubstantiallyexceeding those recorded at other points and in the previous
campaign.

The parameterexhibiting the most pronouncedvariation between campaigns was the
concentration of thermotolerant coliforms (2700.0 CFU/100 mL).

The recurring detection of elevated concentrations of thermotolerant coliforms at Point 2 in
both sampling campaigns may suggest the presence of illegal sanitary sewage connections
within the urban drainage network.

Furthermorethe possibility of brackish water interference during samarmmotoe ruled out,

which may have also contributed to the observed results.slisginedpresence of this
parameter is a clear indicator of fecal contamination.

In the analyses conducted during Campaign 1 (Points 1 and 2) and Campaign 2 (Point 2),
notably high concentrations of alkaline bicarbonate weresistentlyobserved.

These findings suggest possible interference from anthropogenic activities, such as illegal
domestic and/or industrial sewage connections to the urban drainage network, or even the
influence of brackish water during sample collection.

The bases of the drainage pipes at Points 1 and 2 are in areas very close to river courses, making
them susceptible to tidal influence during flood periods.

Moreover, episodes of heavy rainfall may directly affect the quality of the collected water.
These conditions may have significantly contributed to the observed results (Figures 18 and
19).

68



In Campaign 2, Point 2 exhibited elevated values for conductivity, sodium, calcium, and
magnesium, as previously noted.

In a study conducted in 2009, Santos, J.S.; Santos, M.J.S.; and Santos, M.L.P. attributed the
presence of sodium to effluents from irrigation practices, sanitary sewage, and urban
stormwater, while calcium was considered an indicator of domestic sewagebamndrunoff
contributions to natural water bodies.

The presence of magnesium in the environment may be associated with industrial activities,
soil composition, agricultural practices (such as fertilizer application), urban traffic,
construction activities, and even magnesium particulates already presamwater before
contact with the soil surface (CASQA, 2020).

Taneez et al. (2023) further reported that interaction between rainwater and concrete drainage
pipes might also have contributed to the presence of dissolved magnesium.

Although alkaline bicarbonate values varied among the three sampling points throughout both
campaigns, all remained within the typical limits observed in surface wdielsw 200 mg/L

(Dias, 2016).

At the national level, although some studies have addressed the quality of surface runoff water
- including those conducted by Silva et al. (n.d.), Silva Filho et al. (1998), Campana &
Bernardes (2010), Hondrio, Horbe & Seyler (2010), Cerqueira et al. (2014), Braga (2017), Da
Silva et al. (2020), Santos et al. (2022), De La Cruz et al. (2024), and &ia. (2025 the

number of investigations on this topic remains modest and limited.

This underscores the need to expand research efforts in this area.
Studies identified in the Joinville region primarily focused on si@dle domestic reuse
solutions, flood control methodologies, and initiatives aimed at environmental sustainability
and energy efficiency in stormwater treatment.

However, a significant gap persists regarding the analysis of water quality parameters for reuse
at mediumand largescatep ar t i cul arly considering the r:¢
rainfall incidencé as well as the risks associated with this tgpeeuse

Supporting this observation, several studies can be cited. Custodio & Ghisi (2019) evaluated
the potential for potable water savings through rainwater use in the residential sector of
Joinville.

Bertolazzi & Custodio (2020) analyzed economically viable strategies to reduce potable water
consumption in households and assessed the feasibility of rainwater harvesting in Joinville, SC.
Morais (2006) investigated the use of rainwater for-potable purposes in a singi@mily

residence in the Joinville region.
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Goncalves et al. (2018) examined how J{mapact development (LID) techniques could
mitigate flood risk in a coastal area with high rainfall in southern Brazil (Joirts{le

Cureau & Ghisi (2020) proposed a method to estimate electricity savings in water supply and
sanitation systems resulting from reduced potable water consumption at the urban scale in
Joinville, in southern Brazil.

The initial results highlight the spatial variability of certain parameters throughout the different
sampling regions, as well as the temporal variability observed at the points throughout the
campaigns.

Following this exploratory analysis, a moredapth evaluation of the collected data will be
carried out through a preliminary screening, comparing the recorded values with the limits
established by Resolution CERH/PR No. 122/2023.

This step aims to identify which reuse categories analyzed storndwthir originated from

urban drainag® could potentially fall under, considering that no prior treatment was applied
before sample collection.

pdanmw9[ LaLb!w, wL{Y 9x![]!¢Lhb ¢Iwh] DI ¢19 I
The results obtained in the two sampling campaigns would be analyzed based on each reuse
class, following the quality standards established for the three reuse categories defined in CERH
Resolution No. 122/2023.

This step aims to identify which parameters comply with the legal limits for each reuse class,
to verify the results of the risk levels identified for each parameter, and, additionally, to propose
naturebased solutions that are appropriate for eliminatwggparameters that have resulted in

high levels of risk.

In the column dedicated to assessing the feasibility of reuse,-bigidighted parameters
indicate compliance; those highlighted in red indicate that the values exceed the defined
concentration limits; and those marked as N.D. (not determined) or Noaplicable, due

to values below the detection limit) have not been analyzed.

For this st udy,paranetewasirteationallymot ekaluseglas primrity was
accorded twariables considered more directly representatistarmwateicharacterization of
stormwater within the scope ofisiresearchNeverthelessthe relevance of this parameter for
public health isully recognized, and its inclusion in more comprehensive assessments of water

reuse is recommendéor subsequent studies
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Tables 2, 3, and 4 present the results of urban drainage water characterization at sampling Point
1, based on two sampling campaigns conducted within the Cubatdo River Watershed (see
Figure 18).

Tabli®ki 8k anal ysis f oirClsaasmplAi:ndnfPeisratb | ed .88dlu Blen

. Class A . . .
Unit of Campaign 1| Campaign 2 Risk
Parameter | asurement Walti‘f; 1eUse| “01/17/25 | 04/03/25 P95 | evel
pH - 6a9 6.59 6.28 6.57 1
Thermotolera
nt Coliforms | CFU/100 mL 200 9.99 240 228.5 -
or E. coli
Total 05<CRT<
Chlorine* mg/L 5 0.33 0.2 0.32 1
Conductivity mS/cm 3200 0.2845 0.24 0.28 1

* The total chlorine parameter was used as a reference for this analysis

As detailed n Table 2, for reuse Class A, the pH paramgtddeda P95 of 6.5Avich isbelow

the established legal limit foinis class.Theparameters faotal chlorine and conductivity also
exhibitedthe same level of risk, considered very low.

The thermotolerant coliform parametamoserisk analysis via FMEA is not recommended,
was assessexparatelyA concentratiorof 240 CFU/100 mLwas recorded during treecond
campaigna value that exceeds the legal limit for reuse Clagggdchinga P95 of 228.5.
Consequently, prior treatment is unequivocakguired br the thermotolerant coliforms
parameter to enable theuse of stormwater from this pointClass A applications.

For reuse in Class B, classified as Restricted-Rotable Reuse, the results are presented in
Table 3 below.

Tabl-BRi 8k anal ysis f oirClsaasmspIBi:n R-Ppdiarbtt eNdR.e NIs B

Parameter Unit of wggsrsel?se Campaign 1| Campaign 2 POs5 Risk
measurement limits 01/17/25 04/03/25 level
pH - 6a9 6.59 6.28 6.57 1
Thermotolera|
nt Coliforms | CFU/100mL 1000 9.99 240 228.5 -
or E. coli
Total
Chlorine* mg/L 05<CRT<Z 0.33 0.2 0.32 1
Conductivity mS/cm 3200 0.28 0.24 0.28 1

*The total chlorine parameter was used as a reference for this analysis
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Table 3reportsthe same risk results shown in Tablefd? the pH,total chlorine, and

conductivityparameter$ all of which wereclassified as very low in risk levelfor Class A

(unrestricted noipotable reuse)

Regardinghermotolerant coliformparameterconsidering that the reuse limit for Class B is

1000 CFU/100 mL, the stormwater met the required standards for this type of reuseciais

to highlight that the analyzed water had not undergone any prior treatment.

Subsequently, Table 4 reports the risk assessment values for sampling poinésigriated

for agricultural and forestry reuse.

Tabl-Ri gk

anal ysi s

f oirCl sassmp | iRrequ speo if rotr

Mag.rilcul tur al

Reuse for
Unit of Agricultural | Campaign 1 | Campaign 2 Risk
Parameter measurement | and Forestry | 01/17/2025 | 04/03/2025 P95 level
Purposes
pH 5a9 6.59 6.28 6.57 -
Thermotolerant
Coliforms or E. | CFU/100 mL 1000 <10.0 240 228.5 -
coli
Conductivity mS/cm 3200 0.284 0.24 0.282 1
Total
Hydrocarbons mg/L Up tol0 9.99 9.99 9.99 1
(Mineral Qils)
Vegetable Qils
and Animal Eats mg/L Up to 30 9.99 9.99 9.99 1
Surfactants mg/L 0.5 0.19 0.19 0.19
Dissolved mg/L 0.2 0.0715 0.064 | 0.071
Aluminum
Total Arsenic po/L 0.03 8.00 8.00 8.00
Total Barium mg/L 1 0.0916 0.001 0.087
Alkalinity meg/L 10 151 0.754 151
Bicarbonate
Total Boron mg/L 0.75 0.02 0.018 0.020
Cadmium ug/L 0.01 1.00 1.00 1.00
Carbonate
Alkalinity meg/L 0.1 0.067 0.067 0.067
Total Lead mg/L 0.033 0.01 0.01 0.01
Chloride mg/L 30 9.390 12.93 12.75
Cobalt mg/L 0.2 0.01 <0.0050 0.005
g'sso"’ed mg/L 0.013 0.0050 0.0050 | 0.01
opper
Hexavalent mg/L 0.1 0.019 0019 | 0019 | 1
Chromium
Trivalent mg/L 1 0.029 0.029 0029 | 1
Chromium
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Reuse for
Parameter | 1 cacirement | and Foresuy | OUA712025 | 04/032025 % | level
Purposes

Sulfide mg/L 1 0.029 0,029 0.029 1
Sulfate mg/L 250 30.71 0.89 29.21 1
Dissolved Iron mg/L 5 0.613 0.592 0.613 3
a';igg’fgse mg/L 0.5 0.089 0209 | 0203 | 1
Total Mercury mg/L 0.002 0.00019 0.00019 |0.00019| 1
Molybdenum mg/L 0,5 0.0049 0.0049 0.0049| 1
Total Nickel mg/L 0.025 0.0059 0.0059 0.0059| 1
Sodium

Adsorption Ratig - 15 0.19 0.19 0.19 1
(SAR)

Total Selenium mg/L 0.05 0.0070 0.0070 0.007 1
Sodium meg/L 40 0.3270 0.52 0.51035| 1
Total Fluoride mg/L 10 0.13 0.368 0.3561| 1
Total Zinc mg/L 5 0.05 0.044 0.0478 | 1
Cyanide mg/L 0,022 0.001 0.001 0.001 1
Vanadium mg/L 0.1 0.0050 0.005 0.005 1
Total Phenols mg/L 0.01 0.0030 0.003 0.003 1
BOD (5 days) mg/L 60 2.90 2.90 2.9 1

The thermotolerant coliform parametgrelded results below the legal limit (LL) of 1000
CFU/100 mL in both campaignthereby meeting thetandards for agricultural and forestry
reuse.

The pH was classified aisk level 2, indicating low risk, as all measurements remained below
the legal threshold throughout both campaigns.

In contrast, total lead and dissolved iron were assigned risk level 3, considered madtsate
classificationrepresentan alert level that warrants ongoing monitoring to better understand
the parametebehavior in the studied area.

Meanwhile, dissolved aluminum, surfactants, alkaline bicarbonate, total boron, and barium
were all classified at risk level 5, indicating a very high risk. Notably, arsenic presented a
concentration of 8.0 pug/L, substantially exceeding the legal limitG# Qg/L. Cadmium, with

a legal limit of 0.01 pg/L, showed consistent results of 1.0 pg/L in both campaigns.

Sampling Point No. 2, situated in the Bucarein and Boa Vista neighborhoods within the
Cachoeira River Watershed, yielded the following results for Reuse Class A (Tables 5, 6, and
7).
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f.orl asmplAi n@WniPesmtbi 8o Bd ublen

. Class A . . .
Unit of Campaign 1| Campaign 2 Risk
Parameter | asurement Waltif:] 1eUSe| "01/17/25 | 04/03/25 P95 | Jevel
pH - 6a9 6.88 6.80 6.87
Thermotolera
nt Coliforms | CFU/100mL 200 400.00 00.00 6 -
or E. coli
Total 05<CRT<
Chlorine* mg/L 2 <0.05 <0.05 0.049| 1
Conductivity mS/cm 3200 0.313 2.386 2.28 1

Table 5 presents the results for urban runoff water intended for Class A reuse. The parameters

of residual chlorine and electrical conductivity, with 95th percentile values of 0.049 and 2.28,

respectively, were below the legal limits established for Chaggsulting in a risk level 1

classified as very low.

The pH parameter was assigned to a risk level 2, indicating lowTisg.result poses no

concern for reuse and remaiithin the acceptable limit.

In contrast, the thermotolerant coliform parameter showed elevated values in both monitoring

campaignsunequivocallyindicating fecal contamination at the sampling point. Considering

that the FMEA methodology is not recommended for this parameter, it is noted that the P95

value is significantly above the permitted legal lintlitereby prohibitinghe reuse of urban

runoff water for this class type.

Table 6 presents the resultsrohoff watersampling compared to the legal limits for Class B

restricted nofpotable reuse.

Tabl-BRi $k

anal ysi s

f OrCl aasmp IBi: n R-BEpd inmtt eMd@e NDd B

Class B
Unit of water | Campaign 1| Campaign 2 Risk
Parameter measurement| reuse 01/17/25 04/03/25 P95 level
limits
pH - 6a9 6.88 6.80 6.87
Thermotolerant
Coliforms or E.| CFU/100mL 1000 400.00 00.00 050 -
coli
Total Chiorine*| ~ mgiL | 925 ZCRT <0.05 <005 |005| 1
Conductivity mS/cm 3200 0.313 2.386 2.28 1
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For Class B -Restricted NofPotable Reuse, the same conditions observed in Table 5 for Class

A reuse are literated

The parameters of total chlorine and electrical conductivity were assigned as risk level 1,

classified as very low, indicating no threat to reuse practices. The same applies to the pH

parameter, which was classified with a risk level 2, considered low.

Once again, the thermotolerant coliform parameter showed an extremely high P95 value, far

exceeding the legal limit, therebyrdoming the comprise tthe feasibility of reuse without

prior treatment.

The results for the agricultural and forestry reuse class are presented in Table 7 below.

Mag.rizul tural

a |

Tabl-Ri §k analysis f odrClasmpl iRreqgsgoifotr
Reuse for
Unit of Agricultural | Campaign 1 | Campaign 2 Risk
Parameter measuremeni and Forestry | 01/17/2025 | 04/03/2025 P95 level
Purposes
pH 5a9 6.88 6.80 6.87 3
Thermotolerant
Coliforms or E| CFU/100 mL 1000 3400,00 2700,00 6
coli
Conductivity mS/cm 3200 0.313 2.386 2266.71
Total
Hydrocarbons mg/L Up tol0 <10.0 <10.0 10
(Mineral Qils)
Vegetable Oilg
and Animal Fat mg/L Up to 30 <10.0 <10.0 10 1
Surfactants mg/L 0.5 <0.20 <0.20 0.2
Dissolved mg/L 0.2 0.0761 0.0670 | 0.075
Aluminum
Total Arsenic Mo/l 0.03 8.0 8.0 8.0
Total Barium mg/L 1 0.0433 0.0300 0.042
Alkalinity
Bicarbonate meqg/L 10 1.44 1.377 1308.22
Total Boron mg/L 0.75 0.0292 0.2600 0.248
Cadmium pg/L 0.01 <10.0 1.0 9.55
Carbonate
Alkalinity meqg/L 0.1 0.067 <0.066 0.066
Total Lead mg/L 0.033 <0.0100 <0.0100 0.01
Chloride mg/L 30 15.73 19.09 18.92
Cobalt mg/L 0.2 <0.0050 <0.0050 0.005
Dissolved mg/L 0.013 <0.0050 | <0.0050 | 0.005 1
Copper
Hexavalent mgiL 0.1 <0.020 <0.020 | 0.02 1
Chromium
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Reuse for
Parameter Unit of Agricultural | Campaign 1 | Campaign 2
measurement and Forestry | 01/17/2025 | 04/03/2025
Purposes
Trivalent mglL 1 <0.030 <0.030
Chromium
Sulfide mg/L 1 <0.030 < 0.030
Sulfate mg/L 250 17.15 14.93
Dissolved Iron mg/L 5 0.3060 0.1805
Dissolved mg/L 05 0.0473 0.1695
Manganese
Total Mercury mg/L 0.002 <0.00020 <0.00020
Molybdenum mg/L 0.5 <0.0050 <0.0050
Total Nickel mg/L 0.025 <0.0060 <0.0060
Sodium
Adsorption - 15 <0.20 <0.20
Ratio (SAR)
Total Selenium mg/L 0.05 <0.0070 <0.0070
Sodium megq/L 40 0.669 8.937 8490.18
Total Fluoride mg/L 10 0.195 0.354 0.346
Total Zinc mg/L 5 0.0854 0.1890 0.183
Cyanide mg/L 0,022 <0.001 <0.001 0.001
Vanadium mg/L 0.1 <0.0050 <0.0050 0.005
Total Phenols mg/L 0.01 <0.003 <0.003 0.003
BOD (5 days) mg/L 60 <3.0 <3.0 3.0

According to Table 7, the parameters classified with risk level 1 (very low) presented values
well below the legal limits (LL), indicating no threat to this type of reuse.

At risk level 2 (low), the parameters dissolved iron and SAR were identified. Although these
values are not currently concerning, it is recommended that they be monitored to better
understand their behavior over time.

Risk level 3 (moderate) was assigned to the pH parameter. The result falls within the established
limit range, and the P95 value did not exceed the LL. However, it warrants attention, although
the watercan still be used for the proposed reuse.

The remaining parameters, classified as very high or critical risk, showed values significantly
abovethelL, posing a serious threat to both the environment and public health. Therefore, the
use of this water in agricultural and forestry activities is not recommended without appropriate
prior treatment to remove heavy metals, salinity, and thermotolerafuroui

The results of the urban runoff water characterization analyses for Pdletidgd from the

study conducted in thRio Cachoeira Watershed, located in the Costa e Silva neighborhood

(See Figure 20), are presented ables 8, 9, and 1@elow.
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Tabl-Ri 8k analysis foaClasmplAindnfPeismtbl 8o Bd3 Blen

. Class A . . .
Unit of Campaign 1| Campaign 2 Risk
PArameter | measurement " '] “01/06/25 | 02/18/25 | " | level

pH - 6a9 7.16 6.37 | 7.12 (N2

Thermotolera

nt Coliforms | CFU/100mL 200 70.00 99.99 98.49| -
or E. coli

Total 0.5<CRT<

Chlorine* mg/L 2 0.19 0.12 0.186, 1
Conductivity mS/cm 3200 0.125 0.039 0.120; 1

The results of the analysis to assess the potential for reuse in Class A indicate that both sampling
campaigns yielded parameter values below the legal threshold established for unrestricted non
potable use. The parameters for total chlorine and condycsivowed a very low risk (risk

level 1), while the pH parameter presented a low risk (risk level 2).

The thermotolerant coliform parameter remained within the legal limits predefined for Class A
reuse. This scenario suggests that, under the observed conditions, urban runoff water could be
reused within Class A standards.

Table B presents the results related to the evaluation of reuse in Class B.

Tabl-BRi 9k analysis fdClaampBin@RPpotaobteR&eNdB

. Class B . . )
Unit of Campaign 1| Campaign 2 Risk
Parameter measurement Wa;[iir]i;:use 01/06/25 02/18/25 P95 level

pH i 6a9 7.16 6.37 | 7.12 [N

Thermotolera

nt Coliforms | CFU/100mL 1000 70.0 99.99 98.49

or E. coli

Total 0.5<CRT<

Chlorine* mg/L 5 0.19 0.12 0.186
Conductivity mS/cm 3200 0.125 0.0397 |0.120] 1

The analysis of the results regarding the potential for reuse in Class B indicated that the pH and
total chlorine parameters remained within the range permitted by legal limits, although
classified as risk level 2, considered very low. While this doepas® an immediate concern,
continuous monitoring is recommended to better understand the behavior of these parameters

over time.
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The conductivity parameter showed a risk level 1, also considered very low, presenting no

restrictions for reuse.

Crucially, he maximum legal limit for thermotolerant coliforms in Class B is 1000 CFU/100

mL, and the results from both sampling campaigns remained below this threshold, indicating

the absence of fecal contamination and confirming the feasibility of reuse in Class B.

Tabl eRilsk

anal ysi s

f OrCl asmp | iIRreg spo if otr

Mg.oridul tural

Reuse for
Unit of Agricultural | Campaign 1 | Campaign 2 Risk
Parameter measuremeni and Forestry 01/06/25 02/18/25 P95 level
Purposes
pH - 5a9 7.16 6.37 7.120 -
Thermotolerant
Coliforms or E.| CFU/100 mL 1000 70.0 99.99 98.490
coli
Conductivity mS/cm 3200 0.125 0.039 0.120 1
Total
Hydrocarbons mg/L Up tol0 <10.0 <10.0 10 1
(Mineral Qils)
Vegetable QOils
and Animal mg/L Up to 30 <10.0 <10.0 10 1
Fats
Surfactants mg/L 0.5 0.20 0.199 0.199
Dissolved mgiL 0.2 0.17 0.085 | 0.169
Aluminum
Total Arsenic pg/L 0.03 8.0 26.00 25.1
Total Barium mg/L 1 0.038 0.025 0.038
Alkalinity meg/L 10 0.656 023 | 0634
Bicarbonate
Total Boron mg/L 0.75 0.01 0.01 0.009
Cadmium pg/L 0.01 1.0 1.0 1
Carbonate
Alkalinity meq/L 0.1 0.066 0.067 0.066
Total Lead mg/L 0.033 0.01 0.01 0.01
Chloride mg/L 30 8.06 4.25 7.869
Cobalt mg/L 0.2 0.005 0.005 0.005
Dissolved mg/L 0.013 0.005 0.005 | 0.005
Copper
Hexavalent mg/L 0.1 0.02 0.02 0.02 1
Chromium
Trivalent mg/L 1 0.03 0.03 0.03 1
Chromium
Sulfide mg/L 1 0.03 0.03 0.03 1
Sulfate mg/L 250 11.50 4.28 11.139 1
Dissolved Iron mg/L 5 0.51 0.082 0.489 1
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Reuse for
Parameter | o< nement and Foresury | 01106125 | 02a25 | P% | leve
Purposes
a';ﬁgg’r‘fgse mglL 0.5 0.040 0.005 | 0039 | 1
Total Mercury mg/L 0.002 0.0002 0.0002 0.0002 1
Molybdenum mg/L 0.5 0.01 0.005 0.005 1
Total Nickel mg/L 0.025 0.006 0.006 0.006 1
Sodium
Adsorption - 15 0.20 0.20 0.20 1
Ratio (SAR)
Total Selenium mg/L 0.05 0.007 0.007 0.007 1
Sodium megq/L 40 0.352 0.143 0.341 1
Total Fluoride mg/L 10 0.065 0.09 0.088 1
Total Zinc mg/L 5 0.032 0.168 0.161 1
Cyanide mg/L 0,022 0.001 0.001 0.001 1
Vanadium mg/L 0.1 0.005 0.005 0.005 1
Total Phenols mg/L 0.01 0.003 0.003 0.003 1
BOD (5 days) mg/L 60 3.00 3.00 3.00 1

Unlike the other sampling points, PointeRhibitedless variation in risk level results in the
reuse analysis for forest and agricultural classes when compared to the remaining collection
sites.

Twenty-seven parameters were classified as risk level 1, considered very low, which does not
pose concern for reuse in this category. Only one parameter, chloride, was classified as risk
level 2, indicating low risk. Thermotolerant coliforms were not detkan the collected
samples, suggesting the absence of fecal contamination in the study area. The pH also remained
within the predefined legal limits, posing no risk.

On the other hand, the parameters dissolved aluminum, total barium, and total boron were
classified as risk level 5, considered very high, while arsenic and cadmium were present in the
samples with risk level 5, classified as critical. Since these panareteeed the legally
permitted limits, the urban runoff water is not suitable for reuse without prior adequate

treatment.

As shown in the previously presented tables, the very high and critical risk levels will be
addressed firshased on their potential anthropogenic sources that may have contributed to the
presence of such parameters at each sampling point.

For Class A reuse at sampling points 1 apndo2ated in the Jardim Sofia neighborhood
(Cubatédo River Watershed) and at the boundary between the Bucarein and Boa Vista
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neighborhoods (Cachoeira River Watershdtg thermotolerant coliform parameter was
detected in the result$his detection,dr example, may indicate contamination from domestic
and/or industrial sewage, suggesting possible deficiencies in the basic sanitation infrastructure
or the presence of illegal connections to the drainage system.

Although stormwater drainage systems are designed in urban planning projects as absolute
separatorsintended exclusively for rainwater runefthe Brazilian context reveals a recurring
practice of clandestine sewage discharges into the drainage network.
This irregularity significantly contributes to the presence of contaminants such as
thermotolerant coliforms, which are widely recognized as classical indicators of fecal pollution
(Henriques et al., 2021). Rodrigues et al. (2025) further emphasize h#ratotolerant
coliforms are commonly used as bioindicators for detecting water contamination by the feces
of homeothermic animals.

The samecondtion of microbial contamination wasbserved at Point 2 for Class B reuse
where hermotolerant coliform levelexceededhe legal limit established for this class. In
contrast, for forest and agricultural reuse classes, a greater variation in risk levels was noted
acrosghe sampling points due to the larger numbgrashmeters analyzed

For instance, arsenic, cadmium, and boron were detected at all sampling locations. The presence
of arsenic in water may stem from both natural and anthropogenic sources.

Anthropogenic contributions are linked to atmospheric deposition from industrial activities,
improper effluent disposal, trace amounts in fresh leachate, and certain pharmaceutical
practices (Sultan et al., 2025).

Chaudhary et al. (2024) further identify hurratated sources of arsenic contamination,
including metal smelting, waste incineration, pesticide applicationferoous metal mining,

wood burning, and coal combustion.

In addition to these, relevant natural sources such as dust storms and wildfires may contribute
to the environmental dispersion of arsenic.

Bhat et al. (2024) categorize the primary anthropogenic sources as follows:

V Mining and smelting activities, through waste disposal, residue discharge, and airborne
dispersion;

V Industrial effluents from sectors such as chemicals, metals, and semiconductors,
involving unregulated disposal and the cumulative impact of multiple arsenic
generating operations concentrated in the same region;

V Agricultural practices involving arsenliased pesticides and herbicides, which

contribute to contamination via surface runoff, leaching, and residue accumulation.

80



The presence of parameters such as cadmium, lead, and nickel may be associated with traffic
activity in the studied regions (Stinshoff et al., 2025).

Barium, another parameter detected at sampling points 2 and 3, is a compound naturally found
in igneous and sedimentary rocks. However, under anthropogenic influence, barium is widely
used in the plastic, rubber, electronics, and textile industimelsistrial activities present in the

city of Joinville (Government of Canada, 1990).

Boron was detected at all three sampling points, and its presence may occur naturally via
groundwater and seawater intrusion, for example (Bolan et al., 2023).

Anthropogenic sources that may have contributed to its presence in urban runoff water, even in
trace amounts, include herbicides and insecticides leached from landfills, as well as bleaching
agents in detergents and cleaning products that may be imprdgehgarged into the drainage
system (Hasenmueller & Criss, 2013).

Dissolved aluminum was found at sampling points 1 and 3, located near the northern industrial
area of the city. Its presence in the environnpeimarily occurs through the erosion of rocks

and minerals. However, anthropogenic contributions stem from atmospheric emissions,
wastewater effluents, and solid wastmainly originating from industrial processes such as
metallurgical and plastic manufacturing, construction and demolition materials via leaching,
vehicle traffic, and cleaning products that may aon@luminum salts in their composition
(ATSDR, n.d.)

The presence of mineral oil at sampling point 2, located in the central area of the city, may
indicate a high volume of vehicular activity in the region, considdhiegecentonstruction

of a new bridgeconnecting the Bucarein and Boa Vista neighborhdodsnprove urban
mobility (ND Mais, 2024). Mineral oil may originate from motor oil leaks, fuel and lubricant
residues, and oil spills, whigilausiblyexplain its presence (Mdller et al., 2020; Akhtar et al.,
2021).

Bicarbonate, detected at samplingmsil and 2, and carbonate, found at point 2, are alkaline
substances commonly dispersed through leaching processes (Kriech & Osborn, 2022).
Anthropogenic influences contributing to these parameters include global warming, acid
precipitation, andthe use of concretematerials (Raymond & Hamilton, 2018).
Chlorides, present at sampling point 2, may be linked to the proximity of the sea and potential
interference from tidal conditions and coastal winds affecting the watershed where the sampling
was conductedMedeirosJunior, 2018). This situation may contribute to the presence of
chlorides in the drainage water collection area under study. Nava et al. (2020) also associate

chloride presence with untreated and treated wastewater, human and animal wastastglid w
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and fertilizers Sodium may originate from anthropogenic sources such as household cleaning
products and materials used in road paving, while fluorides may derive from effluents generated
by metallurgical processes.

As observed, several parameters presented very high and critical risk levels, particularly in the
assessment of reclaimed water for agricultural and forestry activities. In light of this scenario,
and to support the development of an effective urban rueaffe project, it is essential to
implement longterm monitoring activities to thoroughly understand the origin and impact of
the parameters that exceeded the legal limits, as well as those that resulted in very high and
critical risk levels. Thispproab will guide the selection of appropriate treatment methods for
reuse and ensure both environmental and public health protection.
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CONCLUSION AND RECOMMENDATIONS

As previouslyestablished certain sampling points suggested the potential for the utilization of
urban runoff waterspecifically, PoiniNo. 1 for Class B and Point No. 3 for both Classes A and

B. Nevertheless, given the limited number of analyses performed, it is not yet prudent to affirm
the longterm consistency of such conditiorfshis enphasizes importance of losigrm and
continuousmonitoringto capturethe synergic interactions betweeommunity practices and

local use, account for seasonal variations in sampling, and evaluate the impacts of climate
changethereby facilitating a more holistic understanding of the dynamics underginaiter
characterization.

These influencesollectively demonstrate the complexity of urban runoff water management
and emphasize the importance of selecting appropriatgganent methods to enable safe
reuse, ensuring both public health and environmental protection.

Furthermore, the preliminary study is relevast it demonstratethe pressingneed for the
federal government to establish parameter standardsuringthat this practice gains

institutional support and visibility within the legislative framework.
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CHAPTER-EVALUATION OF NUTRIENT REMOVAL EFFICIENCY IN MEASEALGAE
WASTEWATER TREATMENT: AN ITALIAN CASE STUDY

PREAMBLE

Conventional wastewater treatment plaf®WTPs) while essential for environmental
preservation and public health, operate under a linear npydwhrily focused on water
purification,environmental dischargand sludge separatiddrucially, hese systems were not
originally conceivedo consider resource life cycles or reuse practices. Today, this approach is
increasinglyincompatible with the principles of the circular economy, which advedate
pollution reduction, fproduct recovery, energy efficiencgnd greenhousgas emissions
(GHG) mitigation

In this context, microalgabkased wastewater treatment has gasigdificantattention as a
sustainable alternativexhibitingthe potential to remove nutrients, genekatieiablebiomass,

and support lowcarbon strategies. Studies have been conducted using various types of effluents
- domestic, industrial, mixed, and agricultural thereby highlighting the technological
versatility of this approach However, operational and ecological challengessist,
necessitating deeper understanding of the intdi@ns between biotic and abiotic factors to
ensure process balance and efficienGpnsequently this chapter presents a case study
conducted in Italy, contributing to the advancement of innovative solutions in environmental

sanitation.

2. GENERAL OBJECTIVE
To evaluate the performance of a microalpased treatment systeregardingpollutant

removalefficiency, considering the infludral role of bothbiotic and abiotic factors.

HPM {t9/LCL/ h. W9/ ¢L<9

To determine thenutrient removal efficiency ofhe microalgaebased treatment system by
analyzing the influence of key abiotic facteresamelypH, temperature, and light intensiy
andsubsequentlgomparing theobtainedresults with current wastewater legislation in Italy,

within the scope opresentec case study.

3. STUDY DEVELOPMENT
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Over the past 150 years, the implementation of wastewater treatment systems has led to
significant advancements in public health, contributing to reduced mortality rates and the
prevention of disease outbreaks. These systems have also played a crusiamitgating
environmental pollution by removing contaminants such as organic matter, nitrogen (N), and
phosphorus (P) (Hughes et al., 2021; Kan et al., 2021).

In addition to these commonly targeted pollutants, wastewater @8&harborbeavy metals

(HM) and emerging contaminantsynthetic organic compounds that pesgnificantpotential

risks to both human health and the environmBmese emergent contaminantgably include

but are not limited toper and polyfluoroalkyl substances (PFASs), flame retardants,
pharmaceutical compounds (PCs), pesticides, and artificial sweeteners (Abdelfattah et al.,
2023).

Despite their essential role in safeguarding public and environmental health, conventional
wastewater treatment plants (WWTPgJimarily designed to remove pollutants without
considering the potential reuse of-psoducts have come under increasing scrutiny. This is
largely due to their high energy consumption, greenhouse gas emissions throughout various
stages of the treatment process, generation of solid waste (e.g., sludge), and the discharge of
treated water into naturevater bodies such as riversitout further utilization.

To integrate sustainability into these systems, it is imperative that they adopt more efficient
practices aligned with the principles of the circular economy (EEA, 2022).

Of the total electricity generated in developed countries, approximately 0.6% to 3% is
consumed by the wastewater treatment process.

I n terms of carbon emissions, it i's esti me
electricity usage in this sector reaches around 2.2 million tonnes annually in Germany,
approximately 2.1 million tonnes in the United Kingdom, and about 11.5 mithones in the

United States (Mohsenpour et al., 2021).

Considering thesscenarios, r@d the fact that the wastewater treatment sector contributes
approximately 1.57% of global greenhouse gas emissitmitegration into sustainability
strategies becomes increasingly vital (UN Environment Programme, 2023).

As noted by HernandeZhover et al. (2023), the circular economy (CE) emerges as a viable
alternative to the prevailing linear model, which is still dominant in current WWTP operations
and is based on the extrgotoducé usé dispose paradigm.

The core principle of the circular economy (CE) is to maximize the lifecycle of products and
materials by promoting their reuse, recovery, and recycling. This approach seeks to reduce the
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extraction of natural resources, minimize waste generation, and thereby mitigate the
environmental impacts associated with pollution.
When applied to wastewater treatment plants (WWTPSs), circular economy principles enable
the recovery of several valuable-psoducts (EEA, 2022), including:

Vv Nitrogen and phosphorus, which can be repurposed for fertilizer production;

v Thermal energy, which can be utilized for heating or electricity generation;

VvV Reusable water, suitable for irrigation and sanitary flushing systems.

In this context, naturbased solutionssuch as microalgaeased treatment systentsave

gained prominence due to their potential to close resource loops and enhance sustainability.
Building on this progress, microalg@ased wastewater treatment has recently emerged as an
environmentally sustainable and economically viable alternatieag($t al., 2022). This
approach facilitates the reuse of treated water and the generation -oahighbyproducts,

such as biofuels and biofertilizers (Hernan@renca et al., 2025).

GonzalezCamejo et al. (2024) argue that microalpased wastewater treatment can make a
significant contribution to the circular economy framework by addressing key goals such as
decarbonization, zero pollution, resource circularity, and environmewtaicpion.

Scientific interest in microalgaeased effluent treatment has been growing steaFHiy.
example, Mantovani et al. (2020) investigated the use of microalgae for treating anaerobic
rejected liquor in a 1,20Mer outdoor raceway reactor pilot plant located in northeastern Italy.

In addition, Vaz et al. (2023) conducted a comprehensiveweuoi studies focused on the
operation and performance of microaldsesed reactors in open systems.

Microalgae treatment systems can be implemented in either open or closed pond configurations,

each offering distinct advantages and limitations (Figure 1).
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advantages and

Pond systems

Open pond

Closed pond

Advantages

Low cost and easy to construct

Use of natural sunlight for algae
erowth
Easy maintenance

Effective gas exchange with the
atmosphere (release of oxygen)
Improvement and possibility of
controlling environmental
conditions

Low risk of contamiation

Increased algae productivity

System is considered
compatible and use in various
climatic conditions

Disadvantages

Microalgae are more exposed to
contamination by external organisms
Low control over environmental
conditions

System exposed to high water
evaporation rates

Limited to resistant species and low
algae productivity

Artificial lighting sources are necessary
for growing algae

Biofilm formation on the internal
surfaces of the system

Significant increase in capital and
operating expenses

Mamtamming the pH or oxygen
gradients (PBRs of the horizontal tube)
can be challenging

Reference: Gaurav et al. (2024)

di sadvantages of o0}

From a legislative standpoint, the transition toward a Circular Economy (CE) in lItaly is

supported by key regulatory instruments. Notably, Ministerial Decree No. 185 of June 12, 2003

est abl iTedhrecal stantlaeds féir wastewaterreuse whi | e

14, 2023

infrastructure 0

Law Decree
Urgentr ntealsures et addiess water scarcity and strengthen water

At the European level, Directive (EU) 2024/3019 on urban wastewater treatment reinforces this

transition by emphasizing the gradual reduction of greenhouse gas emissions, improvements in

energy efficiency throughout wastewater collection and treatmentegses, and the

implementation of stricter monitoring protocols to control nutrient concentréatipagicularly

nitrogen and phosphordisn treated effluentsThese measures aim to mitigate environmental

impacts and foster resource recovery.

As previously discussed, microalghased wastewater treatment represents a sustainable

alternative to conventional methods, especially in light of legal frameworks that support the

adoption of emerging technologies. In this context, further researclsasted to identify

existing challenges and address them, thereby contributing to the development of a safe and

effective solution.
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Algae are considered aquatic photosynthetic organisms (Nguyen et al., 2022), typically visible
only at the microscopic scale, and encompassing both eukaryotic microalgae and prokaryotic
cyanobacteria (Gonzal€zamejo, 2019).

Recently, the use of microalgae in the treatment of municipal, industrialjretyrstrial, and

livestock wastewater has been tested and validated for the bioremediation of nutrients, heavy
metals (HM), emerging pollutants, and pathogens. Species sugteasdesmughlorella,
Botryococcus Phormidium Limnospira (formerly Arthrospira,  Spiruling), and
Chlamydomonabkave demonstrated effectiveness in these processes. Additionally, species that
exhibited efficient growth under such environmental conditionslude Scenedesmus
Chlorella, Euglena Oscillatoria, Chlamydomongsand AnkistrodesmugAbdelfattah et al.,

2023)

Microalgal organisms can be classified into three main metabolic categories: photoautotrophs,
which utilize inorganic carbon and light as energy sources; photoheterotrophs, which rely on
organic carbon in combination with light; and mixotrophs, capabkdtefnating between or
combining autotrophic and heterotrophic metabolisms depending on substrate availability and
lighting conditions (Gonzale€amejo, 2019).

In general, pollutant removal by microalgae occurs through specific mechanisms that vary
according to the nature of the contaminant. Most microalgae are photoautotrophic, using light
as an energy sour ced denvdd fronamatoral or afitial saurceda ( CO
bi carbonates (HCO ) present i n t he cul t
photosynthesi s and CO fixation, these <co
molecules, such as carbohydrates, which support cellular growth and metabolic activity (Ama

et al., 2023).

During the treatment process, microalgae require a balanced environment to ensure proper
growth and performance. To achieve this, it is essential to monitor key factors, both biotic and
abiotic, which will be described below.

a)Abi otic factors:

V pHThis is a crucial factor in the remova
with elevated pH | evel s, there is great
facilitates i1ts absorption by microal ga
i nhit mi croal gal met abol i sm, compr omi si
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2023). 1t is important to note that weact

I deal performance. For green microal gae,
cyanobacteria are favored in env@Cammment
2019) .

During the management of microalgbased treatment systems, it is essential to
consider that the assimilation of inorganic carbon, when not occurring at the same rate
as its consumption, may | ead to an incre

alkaline (pH > 9.0), which can compromise process efficiency (Amaro et al., 2023).

Light intensity TBme qeanpietrya,t uir et eanlsontgy,
wi tvht er t empedeanmarnrsitrfaadbdeantc ea on mi cr oal ge
Gentili, 2021). The optimal temperature
and 3TEmp@ratur esi goeviiiactainnng y bel ow or z
detri mennatryeapreentne v dibhseey affect the o
of enzymes essential to microal gal met ab
Regarding | ight intensity, the energy c
release process and promotes the generation of adenosine triphosphate (ATP), a
mol ecul e responsi ble for energy storage,
the teatment process (Mohsenpour et al.,, 2021). Microalgal growth is directly
proportional to light intensity; however, when intensity falls below the optimal
threshold, growth becomes limited. In outdoor environments, the culture medium is
directly influencedoy sunlight, making it essential to manage this condition carefully.
Optical path depth, microalgal biomass growth, and pigment coloration are key factors
that significantly contribute to light attenuation within the culture system (Gonzalez
Camejo, 2019).

Nutr iksnstesnt i al for microalgal growth, nu
metabolic processes. Nitrogen (N), for

proteins, photosynthetic pigments, and n
forms, such as ammonium ( NH ), nitrate
primarily assimilated by microalgae in t
Moreover, mi croal gae have the ability t
polyphgoaphlae®eesmenon known as |l uxury upt a
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factors such as opti mal ' i ght iCatmen i, t )
2019) .

b)Bi
V. Mi

tic Factor s:

roal gae bi or eactSogrst e mn fcioghu ri agtuircant i on
at ment efficiencyop®&nooesaysstitaersssdc(af ga
configuratapasebuckhaasof$ or rotating al
t h
i bhi s metrom,| gae remai nefkee@l icrointe il en lulyi ugsu if
tanks (racewngt pbgdbs) pohdgh ( HRAP) , and
( GonzC&lneezi o, 2019; Mohsenpour et al ., 20

0
c
e

encompiabseifmgl | owi ngl jcrunha b ivliaitz eadn tctheyd e ssiiyrsd
n
ose emptioyvyengntrapmenltisluspgerededac:ul ters
h

V Hydraulic RetenfTihen dTiirme i 0 HRTs)f : at hfeu ntdraere
criferiavaluating the per feonrsnuanec ec oonfp la ab
legi sl ation ( Moh Seeipfoiuyalelaw,laillkc , r t0€1it) i on
be defined as the average peri pdaseqwarte
to pass through al/l stages of a treat mei
2015) .

As observed, the balance between biotic and abiotic factors is crucial for the performance of
microalgaebased treatment systems and is essential for achieving high efficiency in
contaminant removal.

In this context, several researchers have conducted studies aimed at gaining a more precise
understanding of the interactions between these factors, considering that treatments based on
natural processes are highly complex and not yet fully undergtadattularly wherevolving
biological, chemical, and biochemical interactions (Abdelfattah et al., 2023).

Tan et al. (2023) evaluated the removal efficiency of the microalgal sfmesdesmus sp.
Chlorococcum aquaticumAnkistrodesmus augustuand Haematococcus pluvialisinder

varying concentrations of nesterilized wastewater (0%, 10%, 25%, 50%, 75%, and 100%,
v/v). In summary, the results demonstrated that all species were capable of removing more than
90% of nitrogen, ammonium, and phosphorus under conditions of 8%G¥ wastewater

concentration.
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In the study conducted by Abdelfattah et al. (2023), microdbgaed systems with high
bioremediation capacity were presented, achieving removal rates between 45% and 65% for
biochemical oxygen demand (BOD) and chemical oxygen demand (COD). Additionally,
microalgae showed potential for the removal of heavy metals and pharmaceutical compounds
present in wastewater, such asU&stradiol, which was biodegraded by 85% using
Scenedesmus dimorphu€ompounds such as paracetamol and ibuprofen were also
biodegra@d byChlorella sorokiniana

A high-rate algal pond (HRAP) was employed by Velasquez Orta €2@24), achieving a
removal efficiency of 90% for ammonium ( NH
(PO | ).

In light of the studies presented, it is evident that microaigesed systenonstitutea highly
sustainable and promising alternatittowever, challenges related to operational conditions
specifically, those raising from the comlexégd inherent variability of the biotic and abiotic
factors involved, and more critically, thenterplay and equilibriunpersist.This necessates

further indepth investigation to achieve a more comprehesive understanding.

4. METHODOLOGY

The experimental workonducted at thgilot wastewater treatment statiotiliging microalgae
between late January and July 20Zhis study was performedithin the framework of the
European project Microalgae 4.0 (HORIZOWSCA-2021:-PF01).

Thedetailed methodological steps employed ingkecution of this study will béelineatedn

the following sections.

ném [L¢eOw! ¢ w9 woOxtL92

As an initial stage of the research, a comprehensive literature review was conducted to identify
existing studies on microalgdmsed wastewater treatment. The analysis considered variables
such as experimental scale (laboratory or pilot), type of efflusetl (synthetic or real,
industrial, domestic, or mixed), reactor configuration, microalgal species employed, and
reported removal efficiency valueddditionally, current wastewater treatment regulations in

Italy were reviewed to establish comparativeapaeters for the case study.
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In this case study, the pilot plant operated from January to July 2024, totaling 198 days of
continuous operationThe unit was installecdbn the premise®f a full-scale municipal
wastewater treatment plant (WWTP) located in Jesi, central Italy.

The microalgae reactor was equipped with all essential components requiredtistataed
operation. Once or twice a week, the primary effluent from the WWTP was transferred to a
1000 L reservoir (TK), which served as the feed tank for the reactor. The effluent was
subsequentlpumped from the TK to the reactor using a peristaltic pump.

Figure 2 shows the operational layout of the pilot plant, with the components responsible for
system functionality highlighted in red.

On-site monitoring of key parameters was conducted udedratedpH, temperature, and

dissolved oxygen probeA.solar radiation sensor was subsequently installed.

Fi guirPei 120t Pl ant Layout

TK r
_;—,-‘ Microalgae
”
— reactor
=7 |

R Effluent mixin
aw Primary paddles

Biological reactor

Pre-treatment Secondary

Sludge

Primary |

Sludge 'Blogas>

Anaeroble
digester

Centrate

Digestate —

Additionally, maintenance and operatiomahnagement activities were perfornording each
visit to pilot plant These activitiescluded cleaning the feed tank (TK) prior to refilling with
fresh effluent, cleaning the microalgae reactor and paddle wheels, verifying and cleaning the
monitoring probes, and conducting -sie control of operational parameters.
The pilot plant (Figures 3 and 4) operated under the follospegifications

V Tot al react2dr Lvol ume

V ConfigoOpemyipen:(raceway pond)

99



V Sur f ace 2a3r eng

V React orl Odgcpnt h

V Thdydraul i c RéiRFRaAENnge dIT.ifdmetnd dau.r1 nday he
perjods

V The microal:galkoregnpd oty @ dbtgpboytpa commonly
green al gae.

Field activities at the pilot statiomvolved several key tasks, includingerification of the
functionality of the dissolved oxygen (DO) probe, measiegnt of pH and solar radiation,
cleaningof the microalgaeeactor and paddle wheels; replacement of the effluent feeding the

reactor; control of the flow rate; and recordingro§itu parameters such as algal density.

Fi gurPBi I30t station for FigurSeaempl e of algae fo
mi croal gae

Influent samplesdpllected fom theTK reservoir) and effluent sampleso(lectedfrom the
microalgae reactor) wesystematicallycollected once or twice a week.

Fadlowing collection, all samples were transported to the Water Laboratory of Marche
Polytechnic University (UNIVPM) for physicochemical analysiBhe analysis of the
parameteradhere tonternational procedures (APHA, 2017), and were performed in duplicate.
The instruments tiized for theanalysis of thesehe parameters in this studye listed as
follows:
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V UWi s Spectr oplh900Ooinme:t eurs e(duVf or t ot al p hos

V Hanna Edge pHORetefof(HpBO@B22ter minati on;

V1ion Chromatog®Dd&ph (BPspoesiAFe for the an
phosphat e;

V Orion Star A214 Ammonia Meter: used to

ndo {¢; 5, tlI!{9{
The study was conducted in thidistinctphasesconsideringdifferent operational conditions,

as follows:

V Phasim this phase, the pilot plant was f e
from tsicemlfeulwlast ewat eFil @atwead mamd 1 &1 anlt/ da
L/ day. The average influenNHcomnc4eht9 amg)/o

P-P O = 6.3 mg/ L.

V Phase h2: mamei x used in Phase 1 was mai
CaCO /L of sodium bicar bonRltew waat ead deeur
phase varied between 50 L/day and 75 L/
Phase 2 wer eNH pH =78 .148R OngN= ,6,.a6me8th g / L

V Phase 3The influent fed into the system during this phase consisted of 85%&led
wastewater and 15% anaerobic reject liquor, resulting in a total flow rate of 73 L/day.
The average influent concentrations were: pH = 7.95/ N = 9.92-P@g/ L,
= 7.60mg/L.

The results obtained in each phase will be presented in Sedfesblts and Discussijn

5 RESULTS AND DISCUSSION

paMm ! {9 AMHXC E[wWB5 2! {¢92!1 ¢9w C995LbD
This experimental phase was carried out over the winter and early spring periods, exhibiting

average removal efficiency, as detailed in Figure 5.
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Fi gurAee e5 age removal efficiency achieved during phas

Parameters Influent (mg/L) Effluent (mg/L) Removal efficiency (%) Average temperature (°C)

pH 77201475  9.59+8.56 -
N-NH3 42.9+6 63 4.3+4.22 89.9% 13.17
P-PO4 6.3£0.82 5.640.433 11.1%

As illustrated in Figure 5, the average effluent concentration of ammoniacal nitrogen was 4.3 +
4.22 mg/L.However, acording to Italian Ministerial Decree No. 185/2003, which governs
wastewater reuse, the maximum allowable concentration of ammoniacal nitrogen at the outlet
of water recovery tr ecnsegeentlythephserved valueiesceeds mg
the regulatory limit.In terms of removal efficiency, the ammoniacal nitrogen parameter
achieved9.9%.

The literature review conducted by Vaz et(aD23) reportedhigh removal efficienciesciting

valuesof 88.998% for NN H a nidoo% fr. FP O . Mohsenpour et i
provided a review of removal efficiency values in suspendedaighalgal ponds, with the
following divergent findings Study 1 reported 79% removal forWNH and 2PD% for
under control conditions of 13 AC &Md pHdO.
94% for RP O under conditions ofto7225 AC and pH r
Mohsenpour et al. (202&xplicity noted that low nutrient removal efficiencies were associated
with | ower temperatures (13 AC) amridrs teel e v at
conditions observed in our study, where the
pH was not controlled, ranging from 7.72 to 9.59 (average inlet and outlet values). This low
temperature condition wanfirmed byfield observationsaand recorded in the field log on
January 31, 2024, when a thin layer of ice was noted on the algal reactor in tigmbus
confirmingthat the temperature factor was directly influenced by the winter season.

According to Dinh et al(2022), the optimal temperature range for microalgased treatment
processes is between 15°C and 25°C. Mérida and Padrén (2@R8yidentified 22°C as the

ideal temperature for achieving efficient nutrient removal. It is well established that cultivation
temperature directly influences nutrient uptake by microalgae.

Furthermore, the absence of pH control may have contributed to the lower removal efficiency
of P-PQy (though PPy results are not detailed here, this links fagtorke optimal pH range

for green algae is between 7 and 8 (Gonz&@lamejo, 2019), which was exceeded in our study,

as a pH value of 9.59 was recorded. According to Santos (2017), the growth rate of microalgae
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does not vary significantly within a pH range of 6.5 to &5narked declinés observed at
higher pH levels.

Light is aparamountparameter in microalgal systems, as it is required for the synthesis of
essential molecules, including adenosine triphosphate (ATP) (Katam et al., 2022). In this pilot
study, light exposure within the reactor was irregular, particularly during the wirdezaaly

spring months, when the reactor remained shaded for extended periods. According to Gonzalez

Camejo (2019), inconsistent light availability can significantly limit microalgal growth.

padH ! { 9 fHH¥C ¢ [wBS5 21 {¢921¢9w C995LbD ! b5 {h5L]
Maintaining the same influent matrix as in the previous phase, with the addition of sodium

bicarbonate, Phase 2 demonstrated removal efficiency as illustrated in Figure 6.

Fi guirRRenfoval efficiency observed in phase 2

Parameters Influent (mg/L) Effluent (mg/L) Removal efficiency (%) Average temperature (°C)

pH 8.44+0.4685 10.51+0.62 -
N-NH3 17.15+£7.04 0.11+£0.25 99.36% 19,34
P-PO4 6.63+0.1473 5.21+0.613 21.41%

This phase was conducted by adding sodium bicarbonate to the feed stream and took place
during the spring seasomhe addition of sodium bicarbonate was intended to address issues
related to the alkalinity of the culture medium.

During this period, the study demonstrated improved efficiency in the removal of ammoniacal
nitrogen and a slight enhancement in phosphate removal. As shown in Figure 6, the average
effluent concentration of ammoniacal nitrogen complied with the legat hi2 mg/L
established by Ministerial Decree No. 185/2003. However, regarding the pH parameter, the
effluent concentration increased compared to Phase 1 and exceeded the acceptable range
defined by the same decree (6.9.5). Sodium bicarbonate also sauhas a source of inorganic
carbon. As microalgae can absorb it due to their ability to interconvert it intracellularly and
extracellularly (Latagan et al., 2024). However, its use causes the medium's pH to increase, as
verified in this case study.

Tango et al. (2023) investigated microalgal growth and nutrient uptake under varying Ritrogen
to-phosphorus ratios (5:1, 10:1, and 20:1), with the addition of bicarbonate. Their findings
indicated that, across all three ratios, ammoniacal nitrogen renedfieiency exceeded
95.97% N 6.9%, reaching up to 100%. In <co
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significantly: 5:1 yielded 1T30.60% N 162. 2E
98.33% N 2.58.

The pH values observed in this study were higher than those reported by Latagan et al. (2023).
I n addition to pH, the average temperature
in Phase 1However, according to Mérida & Padron (2023), the optimal temperature for

mi croal gal process efficiency is approxi mat
As in the previous phase, the unelight distribution within the reacterhypothesizetb have
continwally contributed to the low removal efficiencyof-P O . Al t hough previ c
reported high phosphate removal efficiencies, this wasulattantiatedh the current phase.

The combined effect of several factors, sieailly, the elevatepg H, whi ch pr omot
f ormati on an dions therabyidetingthepr @a )i pi t at i,eoupledf Ca
with low temperaturesind limited naturdight, may have contributed to the persistently low
phosphate removal efficienagespite a marginamprovement compared to Phase 1.

Regarding light exposure, on April 4, 2024, the algal reactor was slightly repositioned to
increase sunlight incidence, as the wall of one of the treatment tanks at the wastewater treatment
plant (WWTP) wagartially shading theystem.This repositioning was undertaken to mitigate

light limitations.

Several operational occurrences were recorded in the field log and may have influenced the
reactor's performance during this phase. On April 5 and 8, 2024, the pump responsible for
feeding the algal reactor was found to be-nperational, either due tosgm malfunctions or

power outages such as the one that occurred on May 13, 2024. Once these issues were
identified by the team, corrective actions were promptly taken. Additionally, on May 28, the
feed tube connected to the control panel was found tdogged with biomass, which could

have compromised the flow rate set in the system.

pdo tI ! B¢y Obw9! {¢921¢9w ! b5 !'b!9wh. L/ w9V
Phase 3 was conducted using a composition of 85%ettled wastewater and 15% anaerobic
reject liquor.The average removal efficiency results obtained during this stage are presented in

Figure 7.
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Fi guirhever age removal efficiency achieved in phase 3

Parameters Influent (mg/L)  Effluent (mg/L) Removal efficiency (%) Average temperature (°C)

pH 7.95+0.1105 9.68+0.77 -
N-NH3 9.92+0.0 4.56+0.0 50.54% 26,214
P-POas 7.06+0.271 6.93+1.01 1.325%

This phase wasonductedduring the summer, starting on June 24, 2024, with an average
temperature of 26.214 AC.

Significantly, anong the three phasetis one exhibited thiewest efficiency in the removal

of ammoniacal nitrogen and phosphate. Both the pH and the concentration of ammoniacal
nitrogen exceeded the legal limits established by Ministerial Decree No. 185/2003.

Mantovani et al. (2020) evaluated a microalpased wastewater treatment system applied to
the supernatant from blackwater dehydratiire average nutrient removal efficierasshieved

was 86% N 7% for ammoni acal nTh¢pHolsevedimtned 7 1
study was 8.2 N 0.3, with temperatures of 2
The results presented in Figurel@arly indicatehat the performance of this phase vvdsrior

to the results obtained by Mantovani et al. (2020)s hypothesizedhat, in this stage of the
study, the external addition of carbon may have causgdtamimbalance potenttially in the
system, possibly subjecting the microalgae to stress conditions which resulted in low nutrient
removal efficiency.

During the development of this phase, it was found that the algae exhibited a light green
coloration, less intense than usual throughout the s@dycially, an July 9, 2024, it was
confirmed in the field that the anaerobic reject liquor had been deplemusequently
interrupting thefeed flow toalgal reactor. Due to logisticabnstraintsjt was not possible to
continue the operation, which resulted mwumusually shorexperimental period. Furthermore,

the instability in the liquor flow, which ceasduring the process, may have contributed to algal
stress andmpededtheir successfuladaptation to the new environmefor a more robust
comprehensivevaluation, it isecommendedhiat future studies be conducted over a longer

period to betteelucidatemicroalgal performancender these conditions
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CONCLUSION

The study demonstrated that the microalgased wastewater treatment system can operate
under different configurations, either by treating exclusively urban wastewater or by
incorporating external sources of carbon and/or nutrients, such as bicarbahateaarobic

reject liquor. To determine the optimal operational parameters, a longer study period is required,
during which fieldlevel operational interferences can be better understood. Throughout the
study, occasional failures in the feed pump, powppkuinterruptions, and blockages in the
reactor o0s feed 9 ffastore that may rhave affected owbralld process
performance.

Meanwhile, numerous scientific studies on this type of treatment have been conducted,
progressively contributing t o t he under st
Additionally, seasonal effects were observed in the nutrient removal efficiencye qilth
system.

However, this study presented some limitations: a) the location of the pilot plant, particularly
the microalgae reactor, was affected by shading from one of the tanks at the municipal
wastewater treatment facility; b) the short duration of the study perloddered a
comprehensive understanding of the abiotic and biotic factors influencing the process; c) further
investigation is needed into the metabolic interactions between microalgae and environmental
factors; d) the parameter control strategy shouloripgoved by employing probes capable of
monitoring a broader range of variables to ensure optimal process performance.

With the implementation of the new European Directive on urban wastewater treatment,
microalgaebased systems show potential to meet the objectives outlined in the legislation by

aligning with the principles of circular economy and treated water reuse.
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CHAPTER-RISK ANALYSIS AND PROPOSED REUSE PLAN FOR TREATED WASTEWAT
BRAZILIAAND ITALIARASE STUES

PREAMBLE

The reality of water scarcity in various regions of the world, combined with the growing
demand for sustainable solutions, deploys the reuse of treated wastewater as a strategic
approach to advancing the circular economy and conserving natural resohiseshapter
presents a reuse plan grounded in risk analysis, emphasizing environmental safety and public
health protection. While the European Union has established consolidated guidelines, Brazil
still lacks a unified federal regulation defining qualitgrelards for reuse categori@s.a result,

several Brazilian states have developed their own legal frameworks. The methodology adopted
in this study is based on wadktablished European and Italian models, including the Failure
Mode and Effect Analysis (FMEA) approach and the riskrixaboth of which were applied,

where feasible, to the Brazilian and Italian case studies.

2. GENERAL OBJECTIVE

This study aims to assess the physicochemical risks associated with treated eéflivet

from municipal wastewater treatment plarftg;usingon two case studiesne in Brazil and

the other inltaly i n order t o esuitability dar gotentiah waterectise | u e n

applications

HOmM {t9/LCL/ h. W9/ ¢L%9

To conduct a comparativenalysis of thecharacteristics of treated effluetgainsthe current
reuse regulations in Brazil and Itatg,identify potentiaphysicochemicalisks associated with
the existingtreatmentsystems, antb propose improvements to treatment procesststhe
aim enhancing or implementing reuse practices that ensuredmihonmental safety and

efficiency.

3. STUDY DEVELOPMENT

o wL{Y a!b! D9a9b¢ t[!b Chw ¢w9l ¢95 21 {¢92]
Treated wastewater is increasingly recognized as a viable alternative, offering a safe and
dependable source of water that alleviates pressure on natural water resources, especially in the

face of rapid urbanization and accelerating climate change. Wbperpr and safely treated,
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its reuse extends the water lifecycle and supports Sustainable Development Goal 6 (SDG 6),
which promotes circular economy principles by advocating universal access to safe drinking
water and sanitation (European Commission, n.d.; Michalopoulos & Kalawtisy2025).

The reuse of treated water from urban wastewater treatment plants aims to minimize waste,
enhance water conservation, and facilitate the recovery of nutrients present in the treated
effluent (Regulation EU 2020/741).

Risk assessment within a management plan must ensure that reclaimed water is used and
distributed safely, without posing risks to the environment, human health, or animal health
(Regulation EU 2020/741).

Broadly speaking, reclaimed water can be appliedhnmouscontexts, including potable uses
(provided it complies with drinking water standgrded norpotable uses such as agricultural
irrigation, industrial cooling, and urban landscaping, depending on its suitability for the
intended purpose (Bauer & Wagner, 2022; Michalopoulos & Kalavrouziotis, 2025).

Recent studies indicate that the implementation of water reuse systemsng both potable

and nonpotable application$ias enabled certain cities to reduce freshwater demand by up to
54%, underscoring the potential and advantages of these practices in advancing sustainable
water management (Michalopoulos & Kalavrouziotis, 2025).

According to Maffettone & Gawlik (2022), risk management activities primarily aim to
identify, assess, and control the risks inherent to a given system. In the context of reclaimed
water treatment systems, these risks are defined by hazards and hazeedtsisassociated

with their use, considering both the exposed population and the impacted environmental
compartments, such as surface water, groundwater, and soil.

A comprehensive risk management plan is structured around eleven key elements, as outlined
in the KRM framework (Maffettone & Gawlik, 2022; Decrkaw No. 39/2023), namely:

V Key el ement s:

1.KRM 1: Description of the entire water r
2. KRM 2: l denti fy all stakehol ders involyv
treat ment plant manager, environmental a
3.KRM 3: l dent i f ihaaztamadsr o b i, p lcothgemti aclall phy
radi o)Jamweildalas hazardous events, such as

water reuse treatment system;
4 KRM 4: l denti fy t he ri sks associated w

environment al compartments to water reus
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5.KRM 5: |l denti fication of the risks, asso
such as end users, animals, terrestrial
as a ,wabimeg into careful consideration
humans, these pathways include direct 1
i nhal ati on of aerosol s; for environment

bi oaccumaolrganbamsn and root uptake by pl

i che i fi cati on, a health and/ or environmen

gualitaguaefi samive, or guantitative me

and robustness of the supporting data

V Suppl ementary provisions

6 . KRM 6: The outcomes of the risk adesptsis me

i nvestigation of specific water gual ity
met al s, pesticides, and emerging contam
idehted receptors .and exposure pathways

V Preventi
7 . KRM 7: |

Ve measur es

dentify the prevent i vaed dmett sounbael s,

i mpl emented withinfdihe watmeofr enus e gay s neg

previously identified risks;

8.KRM 8:
monitor.i
procedwor

system;

9.KRM 9:
behavior
10KRM 10:

to ensur

Establish approprswmdahe agualt etlaicn
ng protocol s, equipment maintene

esnsure the consistent perf or man

Establish an environment al moni t
of identified pollutants in env
Establish protocol semerrgdrei emama

e a rapid, effective, and safe

reuse Ssystem;

11KRM 11:
stakehol

i nfor mat

Define the communication and coc
der s i nvol ved i n the water reus

i on exchamaé&, nignt agdatsad edsgyiss ied
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The risk management plan, grounded in the comprehensive identification of the key elements
previously outlined, is designed to provide managers with a thorough understanding of each
stage of the water reuse process, facilitate proactive system overspgbi/émt unforeseen
events, and ensure that reclaimed water is safe for both environmental reuse and public health
protection (Decredaw No. 39/2023).

Moreover, the risk management process can serve as a strategic instrument for safeguarding
water quality in countries that have already implemented specific regulations and adopted water
reuse practices. Since its core objective is to ensure the higlssdblpovater quality, this
approach contributes to the ongoing enhancement of safety and efficiency standards within
reuse systems. It is essential to emphasize that this process must remain ,dyagataidy

updated and revisetb maintain its effectiveess and alignment with evolving regulations and

technological advancements (Bauer & Wagner, 2022).

o®H L¢![L!b !b5 .w!%L[L!b wOD![!¢hw, Cw! ag:?

In ltaly, the use of wastewater, particularly for agricultural irrigation, is specifigalyerned

by Regulation (Europeddniond EU) 2020/741 of the European Parliament and of the Council
datedMay 25, 2020, which sets out minimum requirements for water reuse. This regulation is
complemented by Article 7 of Decréaw No. 39 dated April 14, 2023, subsequently
converted, with amendments, into Law No.dé8edJunel3, 2023.

For otheruses suchas noragricultural irrigation, civil and industrigpplications Ministerial

Decree (MD) No. 18xdatedJunel2,2003 applies.

In particular, Decred.aw (DL) No. 392023AUrgentprovisions to address water scarcity and

to strengthen and upgrade wat@frastructure establisheshat, to obtain authorization for

water reuse, the operator must prepare a risk management plan.

This plan must be developed by the person responsible for the wastewater treatment plant, in
collaboration with those responsible for the transport and storage of the reclaimed water.

The content of the plan is detailed in Annex A of the decree, in accordance with Regulation
(EU) 2020741 - which sets minimum requirements for wateuse- andwith the technical
standards developed by the Joint Research Centre (JRC) of the European Commission.
DecreeLaw No. 39/2023 defines the quality classes of treated water intended for different types
of crops (Table 1), as well as the quality parameters that must be met for the production of such

water within each defined class (Table 2).
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Tabl-eQQual ity classes of recl ai med water, irrigation
39/2023)
Qual i
cl assi f . .
Cro cdtlegor l rrigati on
of tre P 9 y 9
wastew
Al |l food crops inte
A whose edible parts Al l T rri
recl ai med water, as techni gy
consumed r aw
Food crops intended
edi bl e parts grow al
5 direct contact wi t h Al | rori
food crogo,odard ompesn techni gy
used for f eedi-pgoddu
ani mal s
Food crops intended Drip i fF'rofrg
edi bl e parts grow al ot her i r
c direct contact with techniques
food crogo,odard ompesn direct con
used for feedipgoddy edi bl e par
ani mal s
5 |l ndustrial, energy, Al l T rri
t echnligue
(Pf the same type of irrigated crop falls under my]l
shall apply.
C*Drip irrigation (also knoiwnriagatlocmal syedemrcagahbl
the form of droplets or thin strei2@s. i Waetresr hiosir $ u|
di r édetnleyat h it throwWdghmetret wodralstofc dmdlilng equi ppecd
C*")n the case of irrigation techniques that simul a
workers and bystanders. Appropriate preventive mea
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Tab2-Qual ity classes and quality requirementdhfghlirgbltaedmedr wateonsntemgadetiot oa
Biochemic Total
. Indicative Escherichia | al Oxygen | Suspended - Legionella | Intestinal Salinity
chlzlsltg technological coli 8 Demand- Solids- T?,ilkfll_ﬂgy spp 8 nematode (ml\git) g (mztit) g (psu) SI";I rgg;el
objective (n/100 mL) BODs TSS (CFU/L) O §(7) ) :
(mg/L Oy) (mg/L)
Secondary
treatment,
A tertiary ® 10/ O 10 O 10 O 5| O 1000 1 e O 1( Absent
treatment,
filtration, and
disinfection In In
Secondary accordance accordance
treatment, with with
B tertiary O 10¢( - O 10(0 1 e Leg;}?;ge Leg;}?;ge O 1( Absent
trg.aFmem.’ and 152/2006 | 152/2006
isinfection In In
(Table 2 (Table 2
Secondary acco_rdance acco_rdance where where
treatment, . with with . . applicable, | applicable, .
C tertiary O 10 0] Directive Directive - O 10¢(O 1 e Tables, Table 3, O 1 Absent
treatment, and 91/271/EE| 91/271/EE Annex 5, | Annex 5,
disinfection C (Annex I,| C (Annex |, Part 1) Part I11)
Secondary Table 1) Table 1)
treatment,
D tertiary O 10. _ O 10(0 1 e O 1 Absent
treatment, and
disinfection

) Legionella spp.: if there is a risk of airborne transmission;
™) Helminth eggs: for irrigation of pastures or forage crops;
§ The values indicated for E. coli, Legionella spp., and intestinal nematodes are met in at least 90% of the samplédse sangotd talues exceed the maximum allowable deviation of 1

logarithmic unit from the indicated value for E. coli and Legiongtlp., and 100% of the indicated value for intestinal nematodes

° For the Salmonella parameter, the limit value must apply to 100% of the samples;
™ Standard value to be assessed according to soil type and crop within the risk management plan;
¥ For storage in reservoirs and discharge into permeable irrigation channels, the applicable limits are 10 mg/L foigerai\iotp and 1 mg/L for total phosphorus (Ptot); more stringent
values may be defined based on the risk management plan.
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DecreeLaw No. 39/2023 also establishes the minimum frequencies for monitoring activities of treated water used in agricydiiwal (Triable
3).

It should be noted that, in cases where treated water is stored in reservoirs or released into permeable irrigatiogpetainbisits for total
phosphorus and total nitrogen must be observed, as indicated in the note of Table 2 in Annex A 20B2&: 3@tal phosphorus (Ptot) = 1 mg/L
and total nitrogen (Ntot) = 10 mg/L.

Tab3i®i ni mum monitoring frequencies for recidlawmdd. w89érr028¢d for agricultural ir
Water Legionella :
; . - Intestinal - Salmonella
quality | E. coli BODs TSS Turbidity Spp. (where AETTE RS Ntot Ptot Salinity Spp.
class applicable) ®
Once a| Oncea Once a : Twice a Twice a
A Continuous
week week week month month

Twice a month or as

determined hy the Once aweek| Once a week

B Once a ) . operator of the or in or in Twice a Twice a
week Twice a reclamation plant, month month
In d In accordance month based on the numbe Wﬁﬁcgir?eir:ﬁg wiﬁcgir?eacr':i(\:/i
] accordance with of eggs present in the i '
Twice a with VR i 91/271/EEC | 91/271/EEC | Twice a Twice a
C Directi Directive - wastewater entering
month orarea| 9U2TUEEC the treatment facility month month
D Twice a i Twice a Twice a
month month month

(*) According to the irrigation method

Regulation (EU) 2020/741 also specifies that reclaimed water is considered compliant with the requirements set outifrthEainleaBurements for the reclaimed water meet all of the

following criteria:

0 the values indicated fd. coli, Legionella spp.and intestinal nematodes are respected in at least 90% of the samples; none of the sample values exceed the maxisndeveltmmadf

1 logarithmic unit from the indicated value fér coliandLegionella spp.and 100% of the indicated value fatdstinal nematodes;

0the values indicated for BOD , TSS, and turbidity ivaueCekcaes the Maximumeallowable gedatian efd00% afthat | ea st
indicated value.
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The Table 4 presents the limit values for other constituents of wastewater intended for reuse, as
defined by Ministerial Decree 185/2003.

Tabd-ei mit values for water at the outlet of
Category Parameter Lt et Limit value
measurement

pH 6-9.5
Sodium Adsorption Rati 10
(SAR)
Coarse materials Absent
;I'_%asl) Suspended Solig mgiL 10
Biochemical Oxyger
Demand (BOIp) 79 mg /L 20
(C?Sr[r)])lcal Oxygen Deman mg Os/L 100
Total phosphorus (Ptot) mg P/L 2
Total nitrogen (Ntot) mg N/L 15
Ammoniacal nitrogen mg NHa4/L 2
(Eé%c)trlcal conductivity uS/cm 3000
Aluminum mg/L 1
Arsenic mg/L 0.02
Barium mg/L 10
Beryllium mg/L 0.1

Physicochemical | Boron mg/L 1.0

parameters Cadmium mg/L 0.005

Cobalt mg/L 0.05
Total chromium mg/L 0.1
Hexavalent chromium mg/L 0.005
Iron mg/L 2
Manganese mg/L 0.2
Mercury mg/L 0.001
Nickel mg/L 0.2
Lead mg/L 0.1
Copper mg/L 1
Selenium mg/L 0.01
Tin mg/L 3
Thallium mg/L 0.001
Vanadium mg/L 0.1
Zinc mg/L 0.5
Litihium mg/L -
Molybdenum mg/L -
Total cyanide (as CN) mg/L 0.05
Sulfides mg H>S/L 0.5
Sulfites mg SGs/L 0.5

t

h e

recdc



Unit of

Category Parameter measurement Limit value
Sulfates mg SQi/L 500
Carbonates mg/L -
Active chlorine mg/L 0.2
Chlorides mg CI/L 250
Fluorides mg F/L 1.5
Anlma}I and vegetable fal mg/L 10
and oils
Mineral oils[Note 1] mg/L 0.05
Total phenols mg/L 0.1
Pentachlorophenol mg/L 0.003
Total aldehydes mg/L 0.5
Tetrachloroethylene
Trichloroethylene (sum o mg/L 0.01
specific concentrations)

Total chlorinated solvents mg/L 0.04

Trlhalomet_hanes (sum ¢ mg/L 003

concentrations)

Total aromatic organi mgiL 0.01

solvents

Benzene mg/L 0.001

Benzo(a)pyrene mg/L 0.00001

Total nitrogenous organi mgiL 0.01

solvents

Total surfactants mg/L 0.5

Chlorinated pesticide

(each)Note 2] mg/L 0.0001

Organophosphorus

pesticides (each) mg/L 0.0001

Other total pesticides mg/L 0.05
10

(80% of the
Escherichacoli [Note 3] | CFU/100mL samples)

Microbiological 100
parameters (Maximum
point value)
Salmonella Absent
Helminths Eggs/100 mL -
Radiological Total alpha radiation pCi/L -
Total beta radiation pCi/L -

[Note 1] This substance must be absent from recovered wastewater intended for reuse, in accordance with paragraph 2.1 of
Annex 5 of Legislative Decree No. 152 of 1999 concerning discharges onto  soil.

This requirement is considered fulfilled when the substance is present at concentrations not exceeding the detecfion limits o
the reference analytical methods, as defined and updated by a specific ministerial decree pursuant to paragraph 4 of Annex 5
of Legislative Decree No. 152 of 199%ending such definition, the detection limits indicated in the table shall apply.

[Note 2] The parameter value refers to each individual pesticide. For Aldrin, Dieldrin, Heptachlor, and Heptachlor Bpoxide, t
parametric value is equal to 0.030 pg/L.

[Note 3] For recovered wastewater originating from lagooning or phytoremediation, the applicable limits are 50 CFU/100 mL
(80% of the samples) and 200 CFU/100 mL (maximum point value).



Ministerial Decree No. 185/2003 also establishes that the limits for pH, ammoniacal nitrogen,
specific electrical conductivity, aluminum, iron, manganese, chlorides, and sulfates at the outlet
of the recovery plant(listed in the annexed tablare to be considered guideline values.
Regional authorities may authorize alternative limits for specific uses, subject to approval by
the Ministry of the Environment and the Protection of Territory, provided that such values do
not exceed the dischargerébholds mto surface waters defined in Table 3 of Annex 5 of
Legislative Decree No. 152/2006. For specific electrical conductivity, the value must not
exceed 4000 puS/cm.
All physicochemical parameters must refer to annual average valueghen applied to
irrigation reuse to the average values of the specific irrigation season. Reuse must be
immediately suspended if, during monitoring, the instantaneous value of any parameter exceeds
100% of the established limit. It may only resume once the parameter(s) fall belowshelthre
in at least three consecutive and successful measurements.
In Brazil, there is currently no federal legislation specifically addressing the reuse of treated
water. Nonetheless, certain regulatory instruments have begun to acknowledge the relevance of
this practice, although they do not establish quality standardisfine reuse categories.
In response to this legislative gap, several BraziB&tes including Ceara, Rio Grande do
Norte, Rio Grande do Sul, and Pargnd@ve enacted their regulations to promote water reuse
practicesgstablishingquality parameters and classification systems.
One of the most recent regulatory frameworks is Resolution No. 122, dated July 19, 2023,
issued by the State Water Resources Council of Parana (CERH/PR). This resolution outlines
general guidelines and criteria for water reuse within the state.
According to Article 1, the regulation establishes directives and general standards for the reuse
of water derived from treated sanitary or industrial effluents, intended for urban, agricultural,
forestry, environmental, and industrial applications.
Article 10 defines the quality parameters and classification of reused water for urban purposes,
which are categorized as follows:
1.Cl asReAsed water designated for | andsca
public access, fl oor washing, cleaning
use, fire suppresated, apptdi batli dnsg
2.Cl asRelBsed water intended for | andscape
or restricted access, particul ate emiss

mai ntenance of sewage, stor mwat er , and/ o



3.Water

reuse 1in

agricul tuur

a l

and

forestry

The specific quality standards applicable to each class are detailed in Table Beddhgion.

Tabs-Qual ity standards for reclai med PRaiNwt 22 h2CR2apses
Wat er ual ity s Recl ai med water |
Unit o Cl ass A Cl ass §
Par amet e Unrestri-¢¢ Restrict
measur e
pot abl e potabl e
pH - 6 to 9 6 to 9
Ther mot ol
coliform CFU/ 100 200 1000
Escherich
Vi abl e hel Eggs/ L < 1 < 1
Total rest / L 0.5 TR 0.5 TR
m ) < ) <
( TRCY J
El ectrical
mS/ cm 3200 3200
( ECY

@ posttreatment effluent

@ parameter required only for use in landscape irrigation

The quality and standards for water reuse intended for agricultural and forestry purposes shall

comply with the maximum values established in Table 6.

Tabol-Rlaxi mum permi ssible value Resolagricml| CEREHI PRBRNNO f
Par ameter Unit of me Maxi mum | i
pH pH uni't 5 to 9
El ectrical cond mS/ cm 3200
Mi neral oil s mg/ L Up to 10
Ani mal and vege mg/ L Up to 30
Surfactants ( MB mg/ L 0.5
Di ssol ved al umi mg/ L 0. 2
Total arsenic Og/ L 0.03
Tot al bari um mg/ L 1.0
Bi carbonates meq/ L 10.00
Tot al bor on mg/ L 0.75
Total cadmi um Og/ L 0.01
Carbonates meq/ L 0.10
Tot al |l ead mg/ L 0. 033
Chl orides mg/ L 30.00
Cobal't mg/ L 0. 2




Par ameter Unit of me Maxi mum | i
Di ssolved coppe mg/ L 0.013
Hexavalent chro mg/ L 0.10
Trival ent chrom mg/ L 1.0
Sul fide mg/ L 1.0
Sul fate mg/ L 250.00
Di ssolved iron mg/ L 5.0
Di ssolved manga mg/ L 0.5
Tot al mercury mg/ L 0.002
Mol ybdenum mg/ L 0.50
Tot al ni ckel mg/ L 0.025
Sodium adsorpt.i ( mmo ltt?y L 15.00
Total selenium mg/ L 0.05
Sodi um meq/ L 40. 00
Total fluoride mg/ L 10.00
Tot al Zinc mg/ L 5.0
Cyanide mg/ L 0.022
Vanadi um mg/ L 0.1
Tot al phenol s mg/ L 0.01
Ther mot ol erant MPN/ 100 1000
Vi abl e hel minth Egg/ L 1.0

According to Article 13, regarding Biochemical Oxygen Demand (BOD), the following
considerations apply:

| 7 When reused water originates from domestic wastewater treatment and is intended for
agricultural and forestry purposes, a maxin
II T When reused water originates from industrial effluent treatment plants and is intended for
agricultural and forestry purposes, the standards established in Annex 7 of Resolution
CEMA/PR No. 70, dated October 1, 2009, shall apply.

It is necessary to note the followimghen addressing water reuse for agricultural and forestry
purposes. Article 16 of Resolution CERH/PR No. 122/2023 outlines specific prohibitions
regarding the use of reclaimed water in the following situations:
Vin the cultivation of fruits, veget abl e
consumption when the edible portion is I
VIn areas wheiraeb sgerdoaudmréovmin s et ocat edn aelt hi n

meters,;
VWithin a radius of | ess than 200 meters
Vin | ocations characterized by rocky out

devel oped soil s;



V I n fplrooonde ar eas,;
VIin permanent preservation areas;

VIin aquifers classified as highly vulnner a
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The analytical assessment of parameter criticality is conducted using the Failure Mode and
Effect Analysis (FMEA) methodology in a risk management plan, focusing on parameters for
which threshold values have been establishdtther the analysis is temporal or spatial in
nature (ISTISAN, 2022).

The FMEA methodology is employed to identify potential failures, along with their causes and
effects on the performance of a given process. This approach, when expanded, may include a
criticality analysis aimed at prioritizing failure modes. Such priaiton is based on factors

such as severity, frequency of occurrence, and the Risk Priority Number (RPN), which is
calculated as the product of severity, occurrence, and detection ratings. Guided by this
methodology, actions are developed anglemented teliminate or reduce the likelihood of
failures and associated safety risks (Nolan & McDermott, 2025).

In the field of water and wastewater managenyeanticularly in water safety planning and the
reuse of treated wastewaténis semiquantitative methodology can be applied to chemical
water quality parameters, except for those lacking legally defined limit values or those for
which only an acceptable range is provided. It is important to note that this methodology is not
applcable to microbiological parameters, as they typically exhibit aGaumssian distribution
(ISTISAN, 2022).

As previouslyestablishedthe FMEA methodology considers the values of parameters for
which LegislativeLimits (LL) have been established. In addition to these, two other factors are
incorporated into the historical data assessment: the 95th percentile (P95), defined as the value
of the random variable exceeded in only 5% of cases, ardrtfieof Quantification (LOQ)
(Hernandezluenca et al., 2025; ISTISAN, 2022).

Baseduponthese outlinedactors, the resulting interval gibsequentlgubdivided into five
subintervals of equal width, to which the values R1, R2, R3, R4, and R5 are assigned (R =
detectability factor). Table 7 presents the calculation methodology used to define these

subintervals.



Tab7li®i sk classification subinterval s

Detect . . . .
factor Detectability inte Ri sk | e
R1 P95 < LQQOG) (/LA V(elrzy) .
R 2 LOQ +LOD)L /5 O P95 <-LDQ (LB°4"")
R3 LOQ + (2LBR)xO(PE5 < L-O Medi um
L 0Q) (59)
R4 LOQ + (3-L®P)xO(PE5 < L-O Moder af
L OQ) (1@ 7)
. Noaccept
LOQ + (4LOGBYR)xO(RBRES < ( 1i8 6 )
P95 > LL Critic

Reference: AdapLeéntao@®mlbHatng&ndez

The rationaleundepinningthe FMEA methodology is to determine, for each parameter, the
detectability category (R1 R5) into which its 95th percentile falls. Parameters whose 95th
percentile of historical concentration values fall within the hsgjtletectability levels (R4 and
R5) should be considered higisk from amonitoring grspectiveeven if they do not exceed
Legislative Limits (LL)

Thus, the primary objective of the FMEA analysis is to identify the most critical parameters for

risk managementhose that require more frequent and rigorous monitoring strategies

oPa59b¢LCL/ ! ¢LhD hC 11 %! w5 { ' b5 I 1 %! w5 h! {
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Hazard identificatiowonstitutes fundamental element in risk assessment, being essential both
for defining the implementation of appropriate control measures and for identifying the
necessary treatment requirements.

According to the guidelines provided by the Joint Research Centre (JRC) in its technical manual
for the development of risk management plans for the reuse of treated wastewater in agriculture
(Maffettone & Gawlik, 2022), all potential hazards to be considemustencompass
pathogenic agents and chemical pollutants present in the treated water that may pose risks to
human health, animal health, and/or the environment.

In this context, it is recommended tdiliae, as the list of relevant hazards the set of
microbiological, chemical, and physical parameters regulated by national and/or international
standardsnandatedor the protection owater quality and human health,detailedin Section

3.2.



Hazardous events may vary in nature and consist of either a single fallcessr a sequence

of interconnected occurrenceduch events magriseduring standardsystem operation, as a
result of a failure or accident, tireymay be related tadverseneteorological conditions. The
occurrence of a hazardous evehitmatelyleads to direct or indirect exposure to a hazard.

For example, plantmalfunction at the treatmefecility may result in norcompliance with
legslative limits for certain regulatedohysicochemicaland microbiological parameters,
potentially causing contamination of the receiving environmental compartment and posing a
health risk to individuals who come into contact with the effluent.

The identification of hazardous events must &edtictedhrough the analysis of each node in

the flow diagram representing the water reuse system.

Furthermore, each hazardous event introduces a specific hazard at different stages of the treated
effluent production and distribution chain. These hazards must be identifiegppropriately

associated with each potential hazardous event.

od®p L59b¢LCL/!¢Lhb hC 9-th{95 tht][!¢Lhb Dw
Hazards specifically, thepresence of contaminants at concentrations exceeding legally
established limit§LL), resulting from hazardous events may cadsiiment to thénealth of
exposed population groups.
In the context of irrigation reuse, the population groups potentially exposed to the identified
hazards within a reuse system, for the purpose of health risk assessmenttiecfaliewing

V Wast ewater treat mens ompi aelrto s e WWPR) at i ng

net wor k
V Agricul t trarahme wor ks (
V Local c o Remuind @ retss (0)f. near by areas

In addition to identifying the exposed population, the contamination pathways are also crucial
for understandinghe mechanismigy which exposurenay occur.
The main pathways include:

Vinhalation of aerosol s

V Acci dent gl il ngestion

V Consumprtawnorofi nad evgeugaettiealbyl ewsa s h e d

V Der mal ,mpearnttiaccu!l &mrlok emhmougllamaged skin
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The methodology for calculating health risk is based on the previously identified hazards and
hazardous eventesmploying asemiquantitative approach.

According to this approach, risk is calculateddeyermining the product of thgrobability of
occurrence of a given hazardous evamd the severity of the resulting hazard, as expressed

below:

R = P (Probability of Occurrence) x S (Severity of Hazard)

It is theprerogative andesponsibility of the team in charge of developing the risk management
plan to assign a probability of occurrence to each identified hazardous event, as well as a
severity level to the resulting hazard.

The AProbability of Occurrenceo is quantifi
range of 1 to 5, based on the frequency of past occurrences or the plausibility of the event,

according to the criteria defined in Table 8.

Tabl-Eri8teria for Assigning the Score Related to the

ScorfCategor Description
Probability of Occurrence
Frequeowmtyoccurred in the

1 Rare ([l ess than 5 years)

Pl ausihbiglhiltyyunl i kel y. to o

Frequerccwrred rarely (0Dbs

2 Unl i ke Pl ausichainlniotty :be rul ed out
future
Frequencwrred in the past
3 Moder al|Pl ausipbialuist vl e, especi all
that may realistically oc
Fr eqguermrcw:rr red i n t he pas
4 Li kel mont hs)

Pl ausipbialuistiyp:l e t hat t.he ¢




ScorfCategor Description

Fr equeoncccyu:r r ed repeatedly
5 Al most mont h)

Pl ausil bikleiltyyit o continue o

The frequency of occurrence of a hazardous event can be determined by consulting the

operational records of the wastewater treatment plant.

If such frequency cannot be established through this method, it is possible to estimate the

plausibility of occurrencdn this regard, the following actions are particulatiective

V Compl etion obndbestkibmsmpeacti ons at tde

t

for the recording of relevant informat:.i

and treatment processes.
V Monitoring dtahea RMBAYyméshod can be

appl
defined [ i mi t val ues. These anal yses

concentrations of spewhafiramnmam@l gniicalr @la

Il imits established by current regul ati on
V Functional checks and analtyldaseecaorfr ioepde raoa
through comparison with technical speci
vari ous t rTehaetsree nain ailmdiestredsi f y potential cri
purification process,;
V Model i ng tahsaaiysseids : at simulating the i mp
operational parameters on the behavior
The ASeverityo score is also quantified usi

of 1 to 5, and is determined based on the potertiedequences fdruman health.

The criteria for defining the severity score are presented in Table 9.

Tabl-Er Ot eri a for Assigning the Score Related t

ScorCategor Description

Severity of Hazard (G)

Hazard related to a c¢chemi
1 Not Sig|parameter not regul ated b

nul | or negligible healtd.|

o

t

h e



ScorCategor Description
|l evel s. The hazard does ngc
resource for wuse.
Hazard related to a c¢hemi
parameter not regul ated b
5 Low entails null or negligibl
certain physical propert
temper at,urtehertechy affecti |
water resource for wuse.
Hazard related to a c¢hemi
parameter regulated by cu
may result in minor healt
3 Mo d eer a
such as Il rritation, naus
hazar dous Ileevaedntt omaty ecgountpal t
subject to administrative
Hazard related to a c¢hemi
parameter regulated by cu
may result in minor heald't
4 Hi g h such as irritation, naus
hazardous levaedntt omatyhe ac
substances in the environi
human health. |t may-calmpad
subject to administrative
Hazard related to a c¢chemi
parameter regulated by cu
may cause human di seases
vomiting, uppearmfreedpiombst e
5 Very H|and accumul ati on I n t he
carcinogeni c eafefgddtgs bdre at
heal t h. The hazard or h a
i nvestigations by regul at

ac

ti on.




Once the values assignedRmbability and Severity have been defined, they are multiplied
together toyield a numerical value representing the final riBkis resultantvalue ranges from
1 to 25 and corresponds to the structure oXabaisk matrix (Table 10).

TablieRilsOk mat r i x

Severit of Hazard
Ri sk Matilnsign Low|Modern Hi ghCat ast
1 2
Rar g1 1 2
ProbalUnli |2 2 4
of Mo d eef 3 3 6
Occur Li kel4 4 8
(P) | Al mo
5 5 10
Cert
R = P x < 6 6-9
. Medi u
Level ri Low R .
Ri sk
Risks that, following calculation usingthe seqnuant i t ati ve met hod, ar

Hi gh, o AHIigh, 0 or A M ecdnisidermgthe malidation reselts ofédh@ s s e S
currently implementedcontrol measuredf these measures adeemedad be inadequate, an
improvement program (supported by appropriate investments) must be implemented to ensure
that all risks are properly managed and controfled.s ks c¢cl assi fi ed as HALCc
be documented and subjected to regular review to etizatrany futuresystemicchangesio

not leadto an increase their rating.

Environmental risk assessment follows the methodology proposed by the Australian Guidelines
for Water Recycling (NRMMEEPHGAHMC, 2006), assubsequentlyadopted by the JRC
guidelines.According to these methodologies, environmental risk is calculated by assigning
descriptors or ratings to both the likelihood of occurrence of a hazardous event and the severity
of the resultingenvironmentaldamage. Figure Headines the criteria used to define the

likelihood of occurrence of an environmentally hazardous event.



Figu-rCailteria fo

Assigning the Likelihood

Categoriz

Likelihood of Occurrence
Level Categorization Description
It may occur only under gxceptional circumstances and is
A Rare .
estimated to happen once gvery 100 years.
B Unlikely It could occur within 20 years or under ynusual circumstances.
C Possible I.t could occur, or is expected to occur, within a 5-10 year
timeframe.
D Likely It is likely to occur within a timeframe of 1 to 5 years.
E Almost certain It is expectefl .to occur with a probability of multiple
occurrences within one year

ReferenceAustralian Guidelines for Water Recycling (2006)

Figure 2 presents the criteria used to assign the severity descriptor to the resulting hazard.

FigurCagizeria f

or Assigning the Severity

Severity of Hazard (G)

Level

Categorization

Description

1

Insignificant

Impact not significant or not defectable.

5]

Minor

Potentially harmful to the local ecosystem, with site-contained impacts.
Environmental effects are short-term and reversible, with no detectable
ecological change. The situation can be readily managed but still

requires prompt action to minimize impacts. For example, a minot
release of recycled water (suitable for forest irrigation) into a nearby
stream may cause limited adverse effects (e.g., odor) or slight stress to
pafive vegetation (e.g., phosphorus-gsensitive pafive plants). Some
manageable alterations to normal use or discharge may occur.

Moderate

Potentially harmful to ecosystems at the regional level, with impacts

confined to the ggmgggmg site. Minor effects may extend to adjacent
areas. Environmental impacts are medium-term and generally reversible.
Should the event occur, the impacts could be promptly contained or
mitigated (e.g., eufrophication of a watercourse caused by runoff during
irrigation with recycled water). Represents a significant deviation from
normal conditions, with consequences for typical use or discharge
pafterns and an increase in monitoring requirements.

Major

Potentially lethal to the logal ecosystem, with possible off-site impacts.
Environmental effects may be medium- to long-term and potentially
reversible over several years. The event would cause sigmificant
disruption to ecosystems. If it were to occur, environmental impacts

would be difficult to contain or mitigate (e.g.. large-scale fish kills,

widespread mortality of flora and fauna). Represents a major deviation
from normal conditions, with consequences for typical use or discharge.

Possible cessation of use may be required. A high level of monitoring is
necessary.

Catastrophic

Potentially lethal to regional ecosystems or to threafened species;
widespread on-site and off-site impacts. Catastrophic damage—should
the event occur, environmental consequences would be extremely
difficult, if not impossible. to contain or mitigate (e.g., gatasirophic
impacts on World Heritage areas, or on species, populations, or
ecological communities identified as threatened). Represents a severe
system failure leading to cegsation of use.

ReferenceAustralian Guidelines for Water Recycling (2006)

Descri

ptor

By crossreferencing the descriptors/ratings assigned to the likelihood of occurrence and the

severity of theresultinghazard, it is possible to determine the environmental risk radmg

defined inFigure 3.



FigB-rCgiteria for Environment al Ri sk Assessment

Likelihood of Severity
Occurrence Insignificant Minor Moderate Major Catastrophic
Rare (1) Low Low Low High High
Unlikely (2) Low Low Moderate High
Possible (3) Low Moderate High
Likely (4) Low Moderate High
Ci]:;';sz 5) Low Moderate High

ReferenceAustralian Guidelines for Water Recycling (2006)
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The risk assessment process namstompass evergentified hazardous event, and this process
must bethoroughlydocumented through the Risk Matrix (RMyhich serves athe principal

tool utlized during the implementation of a Risk Management Plan in a wastewater reuse
system.

The RM functionsas the central document of the management pieoyiding a clear and
schematic summugrall information and evaluations related to the reuse system under analysis,
the control measures applied, and the supplementary actions planned. It is an operational tool
highly suitable for conducting a systematic and rigorous study of the entire system, effective in
ensuring immediate traceability of the entire risk analysis process. Furthermore, it ensures that
no element is overlooked during the gystreview phase and, in the event of an incident,
provides documentaryevidence of the decisiemaking processthereby facilitating the
identification of potential gaps.

The construction of the Risk Matr{(rRM) comprises the following essentialements (Table

11):

Tabl-&lIments of the Risk Matri x

Matri x comporl Description

It i's i mportant to i (
l denti fication (within the treatmewnst

and a description of

Description of HHazardous =event and
Associ ated Hiconci se description <

event and its potent.




Matri x comporl

Description

Evidence supporting
probability/likelihoo
i nformati on t o est al
pl ausibility of ocCCurl
AProbability of Occur
event in gquestion.

Evidence supporting

severitygasewossenario
parameters or groups
|l egi sl ation, whose c{

ffluent may exceed |

azardousddeveminal | vy,

e
h
specify whether the p
b

i ol oghiecnailcmnly,si a@ral

haz

Exposur e pat hways: I
associated with the h
Probability of Occurr
assigned to the |1 kel
occurring in the abse
o . ~|based on the evaluat:i
Prel i mi nffahriys RIil g
summari zes t he _
Severity of Hazar d: n
assessment-cand _
_ _ the severity of the h
conditions, that )
according to the asse
contr ol me a s
Ri sk (R1): numerical
obtained through the
G.
Existing CormtrresleExi sting Contr ol Me a s
the control megof the control measur




Matri x comporl Description

i mpl emented in tilinked to the hazard

system, |linking|previous section.

hazardous event

hazards i dentifij]Supporting Observat.i

treated water s|lassessment of the ef

anal ysi s. control measures i n

the associated and p
Effectiveness mu st «
document ed esitdleercreg s |
analysis and function
facility.
Thi s section IS €SSE
assignment of t he A P
value for the hazardo

Residudhi Ri skectiilProbability of Occurr

the results of |assigned to the 1ike

assessment. Thegoccurring in the pre

occurrence of thmeasure.

events may be n

presence of con|Severity of Hazard: n

depending on thjseverity of t he haze

Ssubsequently redqremains unchanged i n

exsting control measur es.

the evaluation

Hazard). Theref (Ri sk (R2) : numeri cal

assigned G valugresidual risk, obtain

calcul ationoperation P2 I G

The fields 1in

| mprovemé&ht sPsaoNeed/ opportunity for

the additional Describes the suppl em

identified to irgidentified to minimiz




Matri x comporl Description
cases where the |occurrence of the haz
mi ni mi zed by th|previous sections
measures. The fi
ar e
Val i dati on of Suppl e
Compl ementary Monitor
reqguired to verify tf
adopted control me as u
of risk.
Responsi bl e for | mp |
Measur es: i denti fies
Val idation of Sujexecuting the defined
and Compl ement a
This section de|Probability of Occurr
required to eval|iP3): numerical wvalue
of the proposed the selected event o]
measures and to suppl ementary measur {
resi dual ri sk gtheoretical projectio
The associat eq
Severity of Hazar d:
with the severity of
which remains wunchang

suppl ementary

Fi nal
(R3) :
ri sk,

P3

G

control

Expected -Retsedy
numeri cal val ugq
obtained throug




4. METHODLOGY

As part of the mandatory training component of the doctoral programnaosith international
research period was carried out in Brazil, in collaboration with the Universidade do Estado de
Santa Catarina (UDESC), from November 2, 2024, to May 2, 2025.

During this period, for the development of Case Study 1, two municipal wastewater treatment
plants were selected, along with their respective managers, to conclutipeehensiveisk
analysis of the treatment processHsis topic is considered innovative for the region &nd
specificallyaimed at assessintge physicochemical risks associated with wastewater treatment,
focusing on the feasibility of reusing treated water.

For Case Study 2, the analysis focused on treated effluent intended for reuse from a wastewater
treatment plant located in the Marche Region, Italy.

The following sectiordelineateshe specificmethodology adopted for the development of this
study.

ndmMm [L¢9w! ¢] w9 w9+L92

The literature review aimed to explore the planning of treated wastewater reuse, emphasizing
the importance of developing a structured reuse plan, its key technical components, and the
regulatory frameworks governing this practice in both Italy and Brazil.

Furthermore, risk assessment approaches were examined based on the methodology establishec
by the lItalian directive issued by thatituto Superiore di Sanifaas outlined in the ISTISAN

Report 22/33 (2022European antalian legislation regulation of the State of Parana, Brazil,

for the reuse of treated effluectmplemented by additional bibliographic sources addressing

the application of the Failure Mode and Effect AnalyBIBIEA methodologyand risk matrix
structuringfor the prioritization of mityation strategies

ndeH {¢]Y5,¥om w9 !

Municipal treatment plants located Bouthern Brazil were selecte assess the risks
associated wi t h t he wastewater treat ment
designation of the facilities under its management.

Wastewater Treatment PlaWWTP No. 1) )consi der ed t he docategid s ma
the Southern part of the municipality and is responsible for treating approximately 90% of the
collected sewage. It servapproximatelyl90,000 residents from the North, East, Central, and

South regions, with a full operational capacity of 600 (Eigure4). The treated effluent is



discharged into &ocal river in compliance with current legislation. WWTP No. Isitiated
within the Independent Hydrographic Basins of the Southern Watershed.

The facility islocatedin the urban macrozone classified as a Controlled Urban Densification
Area (AUAC), specifically within the Controlled Densification Sector {&8, according to
Complementary Law (2017).

The treatment system employed at this unit idnkermittent Cycle Extended Aeration System
(ICEAS) with activated sludge, achieving an average efficiency of 83% (PROSAJ, 2022).

Figd-Wastewater TredBmenil Paanc€Casdle. Sttudy

ReferenceSimGEO (2025)

WWTP No. 2Jocated in théNorthern region of the city, serves approximately 17,200 residents
and has a treatment capacity of 41 (Egure5) (Prefeitura de Joinville, 2021).

This facility utilizes theUpflow Anaerobic Sludge Blank@JASB) system combined with
activated sludgegchievingan average efficiencyf around 86% (PROSAJ, 2022he treated
effluent is discharged intolacalriver in full compliance with current legislation.

WWTP No. 2 is located within the Cubatéo River Basin, and the facilibgédedin the urban
macrozone classified as a Controlled Urban Densification Area (AUAC), specifically within
the Controlled Densification Sector (8X4) (Complementary Lay2017).
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Vi ew idBfr aWWTR aMo .Caz e Study

Overall, both WWTPs follow thetandardizedréatment stagedelineatedn Tablel12.

Tabll2€oncise description of the treatment process
(WWTPs) examined in this case study
|l denti ficat
Wastewater Tr | Wast ewater Treat men
( WWT P)
Preliminary Treat ment ;
Secondary Treat ment ;
Distribution Tower ;
WWTP No. 1Tertiary TreatmentiUwltr
Sludge Treat ment ;
Support Structures: Chem
Mai ntenance, and Quality
Prter eat ment ;
Secondary Treat ment ;
WWTP No. 2Tertiary Treatment (Disi

Hypochl orite);
Sludge Treat ment ;




l denti ficat
Wast ewat er Tr | Wast ewat er Treat men
( WWT P)

Support Structures: Chem

Mai ntenance.

ReferencePersonal communication, management company of the W\{ZDR4), Prefeitura de Joinville (2021)

The time frame considered for the historical analysis of treatment parameters spans from June
9, 2022, to December 19, 2024, encompassing both evaluated treatment plants (WWTP).
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The ltalian case study refers to the wastewater treatment plant located in the city of San

Benedetto del Tronto (Figur@), in the Marche region, near the Sentina Regional Nature

Reserve

FigarAerial view of the San Benedetto del Tronto

Google Eagth

Reference: Google Earth (2024)

Established on December 14, 2004, the Sentina Regional Nature Reserve is the smallest
protected area in the Marche region, yet it holds significant environmental importance (Council
Resolution No. 156).



It is a landscape of water and sand spanning approximately 180 hectares within the municipality
of San Benedetto del Tronto, situated bet we
and the Tronto River to the south (Figi)gRiserva Sentina, n.d).

Fi gdteocati on of the Sentina Regional Nature |

giMonicprandons &

Data SIO) NOAR, U S
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italGlobe s &
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) | "o
'y P

Alt 10.12 km

Reference: Google Maps (2024)

The habitats that make up the Sentina Reserve include (Riserva Sentina, n.d):
V Dune envirdmmenStenti na Regional Natur e |
1,700 meters of <coastline, along which

various pl antThaen do dysileadyv tesdmsmpeclice dees r © & Kielt e (

mar i) $pnar,t iasad solThese plant s, l i ke ot he
(adapted to sandy coastal environments),
survive in this seemingly harsh setting;

j ust a fewheexagpelienecsltuhdee Kent i Gtha rmlda v aeurs
alexandrciamuedaomsgraedry bird that ;l ays
V Wet interdunaiiemnwvsirdeamedtt he most i mpor

resednmwmes once severely degraded and | at e



project.
The interdunal wetl and is highly heterog
or brackish water, ®Hbtbh pBYENRONEHENBANHdEeEs®

mi gratory birds such dwgkhsasowel [ eag. amp

reptil es;

Salt meaadloswo known as saline steppe, thi
with high salt concentration. These ar eas
unl i ke wetland habitats, they are tempor

or msttoirdes capable of breaching the dune
this habiSalti ciomshd aad@reintnherhu m( )mar andmul m c
(Gl ycy)yirhi za

Agricul tiurtahli sariesa t he habitat most affect
of vineyards have al most entirely disapp
agricultural techniqgques are intensive. T
t r aochiatli farming practices in order to s

biodiversity.

The San Benedetto del Tronto treatment plant (Brodolini, DEPUR00198), managed by the

company @P Spa, is authorized with a nominal capacity of 180,p00ulationequivalents

(PE)and an average raw sewage flow of 24,000 m3/day.

The plant serves the urban clusters of San Benedetto del Tronto and the Lower Tronto Valley,

and is subject to significant seasonal variations, mainly due to the area's tourism activity, which

results in predominantly domestic wastewater discharges.

The treatment capacity allocated to industrial wastewater corresponds to approximately 10%.

The current water treatment line consists of the following stages:

< < < <K< < <

Pump;i ng

Preliminary treatments

Primary sedimentati on

Secondary biojogical treat ments
Secondary sedimentation

Fi nal chemical di sinfection (disinfectic

referred to as the Anew | inedo and the #fo



V Tertiary filtration (the new f islutbrmetrigemrd
disc filters. Depending on operational n
thetUWafUd)ieseti nfection section or;to disi |

V UV disinfection (currently, both .treat me

Currently, the San Benedetto treatment plant operates with two water treatment lines, referred
to as the east line and the west line.

The treated effluent is discharged into a surface water body (the Tronto River), in compliance
with the limits established in Tables 1, 2, and 3 of Legislative Decree 152/2006.

Two mixed sewage lines converge at the San Benedetto plant: one along the coastal stretch
(IS10) and another along the mountainous stretch (Basso Tronto).

The treatment plant is authorized to process approximately 1gop@dationequivalents (PE)

of industrial origin.

In terms of flow rate (m3/day) and mass load of major pollutants (kg/day), industrial discharges

account for, at most, 10% of the total treated volume.
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The irrigated perimeter of the Tronto extends throughout the entire valley of the Tronto River,

starting from the intake structure located in Brecciarolo (Ascoli Piceno).

Through a main channél operating as a fretow systemd the water drawn from the river

flows to the section just before the Sentina Regional Nature Reserve. In this specific case, the

final stretch consists of an underground steel pipeline that crivesesilway via a siphon.

After this route, the water enters the distribution system within the Sentina Reserve area, with

an approximate flow rate of 100 L/s, which varies depending on climatic conditions and user

demand.

If the flow exceeds 100 L/s, the surplus is discharged through an overflow into a drainage

channel that leads the water back to the Tronto River.

A structure located immediately downstream of the aforementioned siphon allows the division

of the incoming water (100 L/s) into three branches of the distribution system, namely:
l.Left boammgdsed of a sectiofiloiv bhdmpeel gi

A (maximum flow rate of 25 L/ s) Tamed ITefpte

branch transports water intended excl usi



2.Central composcled | ofw fcrhaemnel s of Type A (r
L/ s) and Type B (maximum fl ow rate of 41
for agricultural purposes and IS respon:
of the 1Bé&snti htae pwater demand for pond re

3.Right koawomlksed of a buriedli 0 @ ermsnpep bwii & &
Typef releow channels (maximum flow rate o
pump installed at the water distributior

branches. The right branch transports wa

For the implementation of treated wastewater reuse practices, CIIP Spa has planned the
construction of a pressurized pipeline that will convey the water directly from the treatment
plant to the distribution systemds branchi
A pumping station will be installed at the Brodolini Treatment Plant in San Benedetto del
Tronto, which will be responsible for driving the water through the pressurized pipeline.

The pumps to be installed wil!/ draw water
channel and direct it into the pressurized pipeline, without the need for constructing storage
tanks.

A flow regulation system based on water levels will ensure the required supply (maximum 100
L/s) of treated wastewater to the distribution system.

The Brodolini plant, with an average dmeather flow of 22,900 m3/day (equivalent to 265
L/s), is capable of providing the full flow required by the distribution system throughout the
entire calendar year.

In the event of implementing wastewater reuse practices, the entire flow destined for the
distribution system would be supplied by the treatment plant.

Water from the intake structure in Brecciarolo would be used only in case of interruption in the
supply of treated wastewate©r in other specific situations related to the operational
management of the distribution system across the entire Tronto irrigation perirhetefore

il would supplythe need to channel water through the Sentina facilities.

The buried pipelines were constructed using asbesto®nt. For this reason, the monitoring
plan includes control measures for the release of asbestos fibers.

The freeflow channels are elevated above ground level to prevent contamination from

agricultural surface runaff



Type B channels (maximum flow rate of 40 L&¥e40 cmwide at the top and 40 cm high.

Type A channels (maximum flow rate of 25 Lé&g 30 cm wide at the top and 30 cm high.
Agricultural reuse practices are seasonal, whereas environmental reuse would be carried out
continuously throughout the year.

The replenishment of the Sentina ponds requires a flow rate of 30 L/s, whereas during periods
when water availability for agricultural irrigation becomes necessary, the demand for treated
water can reach up to 100 L/s.

The presence of manually operated sbffitvalves allows the interruption of treated water
supply to the right and left branches of the distribution system, ensuring exclusive supply to the
central branchThis is essential for the replenishment of the Sentina ponds even during the

winter season.

4.3.2Block Diagramf the Reuse System
The diagram presented below (Fig8gillustrates the entire treated water reuse system,
including the wastewater treatment process and the management by the Benfica Consortium,

which is responsible for distributing the reclaimed water for agricultural use.
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The following section describes the meaning of each letter indicated in the block diagram in
Figure8.

The letter P refers to process nodes, T to transport nodes, R to environmental receptors, and C
to the delivery point of the treated water resource.

The subsequent tables provide detailed information regarding the nodes in the reuse system
block diagram (Tablé&3), the discharges into the sewer network (TaB)ethe treatment plant

(Table B), and the distribution network (Tablé)1Tables ¥ and B present the details of the

reuse network and the environmental receptors, respectively.

Tabll3eDet ail ed Node Diagram of the San Benedetto del
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Sewer Ne Il ncludes domestic discharg




Subsyst|Nod Description
potenti al i1l egal di scharg
and marine intrusion (P1lE)
Treat ment Pl ant: composed

Wast ewa I:’Zprimary treat ments ( P2B)n,oX

Treat men phase + alternating cycles
secondary sedimentation (P

Tertiary b3 Polishing Plant: tertiary

Pl ant emergency disinfection usi

) Control Point for the Disc
Complian| C1 .
Waters (Tronto River)
_ Control Point for Treated
Complian| C2 ] ]
Reuse for ITrrigation or En
Open Channels Managed by t

Supply 4Q@TO _ _ .
Consortium, Collecting. Rai

Pumpi ng ) )

Pumping Station and Pressu

Conveyal T1 _ _ _

. . Delivering Polished Water

Pipel.

Delivery Structure for Collecting V

the DistC2kand Entry Point for Recl

System Di stribution System

Cankdse . _ . . .

) ) Il rrigation Distribution N

Distribl T2
Branches (T2A, T2B, T2C)

System

l rrigat T3Irrigation and Agricul turég

Utilizat Environment al Purposes (T3
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The risk assessment for the Brazilian case was conducted based on two municipal Wastewater
Treatment Plants (WWTPS).

In the Brazilian context, due to the absence of federal legislation establishing quality standards
for water reuse, the curreftate regulation in ParandResolution CERH/PR No. 122/2023

was adopted as the reference framework. Accordingly, only a systefrisk assessment was
carried out using the FMEA methodology, since certain parameters required for environmental
evaluation were not available.

In contrast, for the Italian case, both a systewel risk assessment and an environmental
evaluation were performed for the reuse system of the San Benedetto del Tronto WWTP,

consideringhe applicable European and Italian legislation.

5 RESULTS AND DISCUSSION

This section presents a detailed overview of the results concerning physicochemical parameters
classified as risk levels R4 and R5, based on the findings of the FMEA analysis.
The assessment of limit exceedance for thermotolerant coliforms d@hdéofi is addressed
separately, as these parameters exeluded from lie scope of the FMEA methodology.

The risk analysis was conducted using a@krailablephysicochemical parameteie the two
wastewater treatment plants (WWTPs) examined in the case §tugyally, rot all quality
parameters defined by the reuse c¢cl as$hss i n
exclusion isbecausehis is aregional regulation whose adoption is not mandatory in other
statessuch as the on@here he present study is situatddrtherexacerbated bthe absence

of a national legal framework in Brazil mandating the practice of treated wastewater reuse.
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When applying the FMEA analysis fBeuse Gasses A and B, it was found that, out of the five
parameters defined by Resolution CERH/PR No. 122/202&mely, pH, thermotolerant
coliforms orE. coli, helminth eggs, total residual chlorine, and electrical conducti\otyy

two were available for evaluation: pH, which exceeded the permitted reuse limit for both
classes, and thermotolerant coliforeas/coli, a parameterexplicity excluded from risk
asessment via FMEA according to the ISTISAN report (2022).



Due to this constraingnd the insufficient availability of relevant data, the askessment for
these reuse classess definitively excluded concerning theo wastewater treatment plants

analyzed in the study.
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Only six of thirty-five parameterdisted for agricultural and forestry reuse (Table G)ere
absenffrom WWTP No. 1 These missing parameters wesedium, sodium adsorption ratio

(SAR), molybdenum, carbonates, vegetable oils, and animal fats. The remaining parameters
were assessed using the FMEA methodology, with those classifeghassk (R5) presented

in Tablel19.
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Mineral olil 76 10.61 13.6 Up to 10 mg/L 10
Surfactants 22 0.1369| 0.6416 0.5 mg/L 0.1
Dissolved
_ 1 0.01 0,01 0.2 mg/L 0.01
aluminum
Total arsenic 22 10 10 0.03 ug/L 0.001
Total
_ 22 0.9091 1.0 0.01 pg/L 0.0001
cadmium
Chlorides 1 313.66| 313.66 30.0 mg/L 5
Total
22 0.0268| 0.06715 0.01 mg/L 0.002
phenols

At WWTP No. 2, ten parameters were unavailable for risk analysis: vegetable oils and animal
fats, bicarbonates, carbonates, chlorides, cobalt, dissolved copper, molybdenum, sodium
adsorption ratio (SAR), sodium, and vanadilrisk analysis was conducted for the available

parameters, anthose that reachdtie highestisk level(R5) are presented in Tabk§.
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Mineral oll 91 10.32 13.15 Up to 10 mg/L 10
Total arsenic 23 10 10 0.03 pg/L 0.001
Surfactants 48 0.16 0.5192 0.5 mg/L 0.1
Total barium 23 0.03 0.03 1.0 mg/L 0.001
Total boron 23 0.08 0.228 0.75 mg/L 0.0001
Total
_ 23 0.96 1 0.01 pg/L 0.0001
cadmium
1209.9
Sulfate 15 5 5308.3 250.0 mg/L 1
Total
49 0.024 | 0.099 0.01 mg/L 0.002
phenols

Following the initial stage of identifying parameters classified as risk level R5, a statistical
analysis was conducted on the data presented in TEblasd20 to assess compliance with

the legal limits established for agricultural and forestry reuse classes (Zaldad22). This
approach is justified exclusively for these reuse categories, as the FMEA assessment for Reuse
Classes A and B did not include three of the five parameters required for a comprehensive
evaluation of that quality standard. Tebl?1 and 22 present the monitoring results for
parameters identified as risk level 5, including the number of occurrences exceeding the legal
threshold, as well as cases where values surpassed the limit by more than 100%. Based on this
analysis, the cumulative conmphce frequency was also calculated to determine which

parameters remained within regulatory standards throughout the study period.
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December 19, 2024
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Mineral oll 76 10.61 13.6 11 1 85.5
mg/L
Surfactants 22 0.1369 | 0.6416 | 0.5 mg/L 2 0 90.9
Dissolved
) 1 0.01 0,01 0.2 mg/L 0 0 100
aluminum
. 0.03
Total arsenic| 22 10 10 22 22 0
Ho/L
Total 0.01
) 22 0.9091 1.0 20 20 9.1
cadmium pg/L
. 30.0
Chlorides 1 313.66 | 313.66 1 1 0
mg/L
0.01
Total phenols 22 0.0268 | 0.06715 4 4 81.8
mg/L
TabXeCompliance analysis of the parameters from WWTI
December 19, 2024
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Mineral oill 91 10.32 13.15 7 0 92.3
mg/L
Total
) 23 10 10 0.03 pg/L 23 23 0
arsenic
Surfactants 48 0.16 0.5192 | 0.5 mg/L 4 0 91.7
Total
_ 23 0.03 0.03 1.0 mg/L 0 0 100
barium
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Total boron 23 0.08 0.228 | 0.75 mg/L 0 0 100
Total
_ 23 0.96 1 0.01 pg/L 0 0 100
cadmium
1209.9 250.0
Sulfate 15 5308.3 1 1 93.3
2 mg/L
Total
49 0.024 0.099 | 0.01 mg/L 4 2 91.8
phenols

As evidenced in Tabl@l, the surfactants and dissolved aluminum parameters exhibit high
cumulative compliance frequencies, with ratasging from90.9%to 100%, respectively. In
contrast, mineral oil and total phenols show slightly lower complidenvss, rangingfrom
81.8%to 85.5%. These results suggest that the treatment systernemefjt fromoperational
adjustments, such as increased sampling frequency and the implementation of continuous
monitoring, to ensure greatsystemstability and alignment with legal standards. On the other
hand, total arsenic (0%), chlorides (0%), and total cadmium (9.1%) demonstrate extremely low
compliance frequencies, highlighting the urgeoéssityfor corrective measures within the
treatment process.

Table 12 refes to the Wastewater Treatment Plant (WWTP) No. 2, reveals a superior
cumulative compliance performance compared to WWTP No. 1 (TzZhleMost of the
evaluated parameters showed heglality results, with compliance rates exceeding 90%,
indicating the overaléfficacy of the adopted treatment process. The sole exception was total
arsenic, which recorded 0% compliance, pointing to a complete failure in its removal. This
outcome underscores the urgent need for targeted revisiorspaaificimprovements in the
treatment system, particularly regarding the efficiency of arsenic removal.

An annual evaluation was conducted for parameters classified as risk level R5 in each WWTP
analyzedto deepen the investigation into the definition autbsequendf compliance with
established legal limits. Tabl&3, 24, and25 present the results ofishannual cumulative
compliance analysis for WWTP No. 1.
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1, year 2022
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Mineraloil | 16 |12.05| 20 | YP©101 4 0 93.75
mg/L
Surfactants 6 0.16 0.55 0.5 mg/L 1 0 83.33
D'SSQWEd 0 0 0 0.2 mg/L 0 0 Data not available
aluminum
Total 6 10 10 | 0.03ug/L | 6 6 0.0
arsenic
Total
cadmium 6 1 1 00lug/l | 6 6 0.0
Chlorides | 0 0 0 |300mgL| o 0 Data ot
Total 6 |0.0716 0.3155| 0.01 mg/lL| 1 1 83.33
phenols

* Data available from June 2022 onwards

As presented in Tabl23, during the sixnonth period with available data for the year 2022,

the parameterdotal arsenic and total cadmiuaxhibited 100% of analyses exceedirige
established legal limit for agricultural and forestry reuse. In the same period, no analytical data
was recorded for dissolved aluminum and chlorides, whictclymted their statistical
evaluation. Furthermore, the analysis of the 95th percentile revealed that the values of the
parameters listed in Tab®3 remained elevated, consistently surpassing the legal thréshold

thusindicating a recurrent and critical risk scenario.
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Mineral oll 35 10.20, 12.12 5 0 85.71
mg/L
Surfactants 11 0.08| 0.555 0.5 mg/L 0 0 100
Dissolved Data not
. 0 0 0 0.2 mg/L 0 0 _
aluminum available
Total arsenic 11 10 10 0.03 pg/L 10 10 9.09
Total
. 11 1 1 0.01 pg/L 11 11 0.0
cadmium
_ Data not
Chlorides 0 0 0 30.0 mg/L 0 0 ]
available
Total phenols 11 0.01| 0.039 0.01 mg/L 1 1 90.91

As shown in Tabl@4, theparameters tat arsenic and total cadmium remained critical in 2023,

with 100% of the analyses exceeding the legal limit @sistentlypresenting values above

the established threshofdr agricultural and forestry reuse. The 95th percentile analysis
reinforces this scenario, indicating that the levels of these contaminants remained consistently
elevated throughout the period.

Mineral oil exhibited only five data points above the legal limit, with a 95th percentile value of
12.12 mg/L, suggesting a moderate recurrence ofcoampliance.

Al t hough the mean concentration of total p
percentile was slightly elevated, with at |
Surfactanteveralaplnieanecea, despithe tdesl|9isgiht pe
Meanwhil e, no data was available for t he

precltuhdeiinrg stati.stical evalwuation
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year 2024
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Mineral oil 25 10.24 10 Up to 10 mg/L 1 96.0
Surfactants 5 0.24 | 0.697 0.5 mg/L 1 80.0
Dissolved
_ 1 0.010| 0.01 0.2 mg/L 0 0 100
aluminum
Total arsenic 5 10 10 0.03 pg/L 5 5 0.0
Total
. 5 0.60 1 0.01 pg/L 3 3 40.0
cadmium
Chlorides 1 313.66 313.66 30.0 mg/L 1 1 0.0
Total phenols 5 0.01 0.03 0.01 mg/L 2 2 60.0

Aexhibnt ®lbl ehe total walskees cexameae c¢eéd Oolr ¥ a el
oft heenal yses, indicamphgaoomp!| dtpear@aomealer ¢ ad:i
recorded three exceedances out of five ana
resulting in a compliance rate of only 40%
observed for total epleradlys,e swietxlt etewdda ngu tt heef
100%, corresponding to a compliance frequen
TabPkeZ, 28ndpresent the results of t he annu

frequency for Wastewater Treatment Pl ant No
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Mineral oll 26 10.49 145 2 0 93.31
mg/L
Total arsenic 7 10 10 0.03 pg/L 7 7 0.0
Surfactants 23 0.24| 0.534 0.5 mg/L 3 0 86.96
Total barium 7 0.03| 0.03 1.0 mg/L 0 0 100
Total boron 7 0.12| 0.28 0.75 mg/L 0 0 100
Total
' 7 1 1 0.01 pg/L 7 7 0.0
cadmium
Sulfate 7 33.41 73.7 250.0 mg/L 0 0 100
Total phenolg 23 0.049| 0.099 0.01 mg/L 2 0 91.30

* Data available from June 2022 onwards

The total barium, total boron, and sulfate parameters demonstrated a cumulative compliance
frequency of 100%, with 95th percentile values consistently below the legal limits (LL),
indicating excellent control and stability in the concentrations of thedsstasces.
Conversely, the mineral oil and total phepatametersid not exhibit exceedances above 1the

LL; however, their 95th percentile valuesarginally surpassed the established thresholds,
suggesting the need for continued monitoring. Surfactantgesha compliance rate of 86.96%,

with only three instances of exceedance, reflecting relatively stable performance, though
regular oversight remains necessary.

In contrast, the total cadmium and total arsenic parameters raouirediate attention, as
100% of the analyses conducted throughout the year exceeded the legal limits, with values
entirely surpassing the reference thresholds. This resulted in a cumulative compliance

frequency of 0.0%, highlighting a critical scenariotttt@mands urgent corrective measures.
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Mineral oil 40 10.13 | 10.86 | Upto 10 mg/L 3 0 92.50
Total arsenic 12 10 10 0.03 pg/L 12 12 0.0
Surfactants 22 0.06 0.226 0.5 mg/L 100
Total barium 12 0.03 0.03 1.0 mg/L 100
Total boron 12 0.07 0.197 0.75 mg/L 0 0 100
Total
. 12 1 1 0.01 pg/L 12 12 0.0
cadmium
Sulfate 6 2966.38 13125.25 250.0 mg/L 1 1 83.33
Total phenoly 22 0.008 | 0.0165 0.01 mg/L 1 1 95.45

According to Table27, the total barium, total boron, and surfactpatameters exhibited a
cumulative compliance frequency of 100%, with 95th percentile values remaining below the

legal limit (LL), thereby indicating stability and effective control of these compounds
throughout the analyzed period.

Total phenols and mineral oil recorded compliance rates of 95.45% and 92.50%, respectively.
Although none of the analyzed samples exceeded the LL, the 95th percentile values slightly
surpassed the established thresholds, signaling ngeessity for continued attentign

particularly considering their

potential environmental

and public health
In contrast, the total arsenic and total cadmium parameters showed 100% of analyses with
values above the legal limit, all exceedihgLL by more than 100%.

impacts.

This condition resulted in a cumulative compliance frequency of 0.0%, characterizing a critical

scenario thatmandatesrigorous monitoring, identification of contamination sources, and
immediateintervention in the treatment system
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Mineral oil 25 10.46| 14.16 | Upto 10 mg/L 2 0 92
Total arsenic 4 10 10 0.03 ug/L 4 4 0.0
Surfactants 4 0.18| 0.537 0.5 mg/L 1 0 75
Total barium 4 0.02| 0.03 1.0 mg/L 0 0 100
Total boron 4 0.03| 0.04 0.75 mg/L 0 0 100
Total
_ 4 0.75 1 0.01 pg/L 3 3
cadmium 25
Sulfate 58.30| 74.32 250.0 mg/L 0 0 100
Total phenolg 4 0.022| 0.022 0.01 mg/L 1 1 75

As shown in Table28, the total barium, total boron, and sulfate parameters exhibited a
cumulative compliance frequency of 100%, with all values remaining within the legally
established limits. The mineral oil parameter recorded only two samples above the legal
threshold, wih no exceedances greater than 100%, resulting in a compliance rate of 92%, which
reflects satisfactory performance, though continued attention is warranted.

Surfactants and total phenols showed a compliance rate of 75%, with 95th percentile values
slightly exceeding the legal limits, suggesting notable variability that requires ongoing
monitoring due to the potential environmental impact of these compounds.

In contrast, total arsenic, with 0% compliance, and total cadmium, with only 25%, demonstrated
the poorest performance. These results indicate a critical scenarimdhdatesigorous
oversight, identification of contamination sources, potentialintervention in the treatment
system.

A detailed annual analysis for the E. coli parameter was also conducted to assess the quality
class attributable to the effluent from the station following the disinfection treatment applied at
both wastewater treatment plants (Tal@@snd30).

The comprehensive annual assessment confirms that the disinfection systegssfully

ensure reuse quality is suitable for the agricultural and forestry class.
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An analysis of Tabl&9 reveals a progressive improvement in compliance over the years,

although the 95th percentile values remained above the legally established limit.
In 2022, of the 15 analyses conducted, 13 exceeded 100% of the legal threshold, resulting in a

compliance rate of only 13.3%.
In 2023, 32 analyses were performed, with 6 surpassing the limit and 23 exceeding 100% of
the the 59.57%.

By 2024, among the 24 monitored samples, only one exceeded the legal limit, although 23 still
surpassed 100% of that value,

permitted value, raising cumulative compliance rate to

leading to an annual compliance rate of 95.83%.
Despite the gradual improvement in compliance indicators, the 95th percentile values remained

above the legl threshold in all evaluated years, indicating the persistence ofncimation
peaks that still warrant attention.
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For Wastewater Treatment Plant No. 2, the treatment system demonstrated superior
performance compared to Plant No. 1 (T&tgg

In 2022, full compliance was achieved, with no samples exceeding the legal limits. Although
the 95th percentile value approached the established threshold, the six months of monitoring
indicated excellent system performance.

In 2023, among the 37 analyses conducted, two samples directly exceeded the legal limit (LL),
and four surpassed 100% of the LL, resulting in a cumulative compliance rate of 89.2%. This
scenario revealed isolated peaks in E. coli concentration that wefellponitigated by the
treatment system.

In 2024, a significant improvement in compliance was observed compared to the previous year.
Of the 23 analyses performed, only one exceeded the LL and one surpassed 100% of the LL,

yielding an annual compliance rate of 95.7%.

5. PrdpofsaAddi ti onal Trfemat Ge mtth eMlelladseaurgteisf i ed F
Following the results of the risk analysis for both WWTPs, it was found that several parameters
presented elevated risk, which prevents the reuse of water for forestry and agricultural activities
as defined in CERH/PR Resolution No. 122/2023. In this degaontrol measures will be
proposed that can ensure the reduction of the risk level for the aforementioned parameters.

Talb8 tProposals for upgrading WWTPs 1 and 2 to | ower
Level 5.
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5.2 CASE STUDY: ITALY

The proposed water reuse scenarios for irrigation within the Sentina Regional Nature Reserve

are as follows:

Vv

Vv

Scenario  Lake replenishment Reuse of treated water for the replenishment of the
Sentina lakes, with a continuous annual water demand of 30 L/s;

Scenario 2- Environmental and seasonal irrigation Reuse of treated water for
environmental purposes (30 L/s) and seasonal agricultural irrigation (approximately
from May to September), with a total water demand of 100 L/s

Scenario 3 - Occasional blending:Occasional blending of treated wastewatgth

water abstracted from Brecomdo intake structuregstrictly limited to cases of
operational necessity related to the Tronto irrigation distribution sy3tegrproportion

of blendingis not predictable, as it depends technical requirement&nder no
circumstances shall the total flaxceed 100 L/s, and any surplus would be discharged

into the drainage channel



V Scenario 4- Emergency supply exclusive useuse ofwater abstracted from the
Brecciarolo intake structure only in the event of an interruption in the supply of treated

water from the Brodolini treatment plant.

The water distribution system within the Sentina Resseaxes a relativelyimited area, and

the average water residence time in the canals is on the order of a few hours (estimated to be a
maximum of six hours)Vater is supplied directly to endsers, namely, farmers for agricultural
irrigation, throughthesecanals,in addition to beingusedfor lake replenishmentCrucially,

there are no storage reservaltsng the distribution network.

The water demand for the environmental restoration of the lakes in the Sentina Reserve is
approximately 1 million cubic meters per year (1 M m3/year), while the demand for agricultural
irrigation is also around % 10° m3/year, focusing exclusively during the irrigation period.
intensive agricultural activities are present witthie Reserveas indicated ir2007 Land Use

Map of the Marche Region (Figure 9).

Fi g¢8-rAgricul tur al area within the Sentina Reserve

LEGEND
11: Dispersed nuclei
21: Cropland, greenhouse, nurseries
Vineyards, Orchards, olive groves
Permanent pastures
? 24: Permaanent crops, small vegetables gardens
31: Woods
32:  Grasslands, shurb vegetation
52: Sea

The agricultural area covers about 90 hectares, mainly consisting of grain cultivation areas and
permanent crops/small vegetable gardens.

The predominant crop in the Sentina Reserve area is horticultural, and irrigation is carried out
by flooding orthroughpressurized rotors. Moreover, seasonal and/or periodic changes in crops
and irrigation methods arhighly probable.For this reason, treated water intended for
agricultural reuse mustomply with Class A quality standards, as established by European
Regulation EU 741/2020.



Based on Figure 8 and with input from system managers, hazards were identified through an

analysis of each point in the block diagragach identified risk is associated with a potential

hazardous event, which detailedn Table 32.

Tabl eHaxx2ar dous

events

identi fied in

t

he reuse

system

Evidence supporting

Evidence

with an increase in
salinity intrusion
phenomena. This car
cause high levels of

chlorides, salinity, anc

happen in the future

Node Node Hazardous Eventand the assignment of supporting the
Code | Description Consequences likelihood/possibility assignment of
of occurrence impact severity
Service interruptions
Inefficiency of units Failure to comply
All All nodes requiring electrical Occurred in the past Wl_th .regulatory
nodes power due to blackout limits for all
Power outage lasting regulated parameter
at least one hour
Unlikely event, but
one that cannot be
Service interruption | ruled out in the future{ Failure to comply
All caused by catastrophi The trends regarding|  with regulatory
All nodes , .
nodes events or natural climate change limits for all
disasters can have an impact o[ regulated parameter
repeatability (for
example flood)
Possibility of using
Risk of lack of : refined water withoul
communication Plausible event, complying with
ng\cljles All nodes between the different cﬁigfncslalzclgsctehr;?lga regulatory limits for
parties responsible fo - parameters classifie|
realistically occur ,
the reuse system as:pathogens,
macro-pollutants
Effect of climate
e Shear | woderatnin
o frequency of Failure to comply
Sewer network precipitation events : :
. | occurrence. Plausible  with regulatory
P1+P2 and could be observed in , .
event, especially unde limits for all
+P3 wastewater the future. Extreme o
o certain circumstanceg parameters regulate
treatment plan{ precipitation events o
. that can realistically by standards
compromise the
e : occur.
efficiency of the entire
purification process
Effect of climate
change: Increase in .
Failure to comply
drought phenomena :
with regulatory
and water stress coul . . L
. Not having happened limits for salinity,
have repercussions 0| . . -
Sewage in the past, it cannot by conductivity, SAR
P1 the groundwater level L
system ruled out that it will (macrepollutants),

chlorides (ions with

mediumlow
toxicity)




Node
Code

Node
Description

Hazardous Eventand
Consequences

Evidence supporting
the assignment of
likelihood/possibility
of occurrence

Evidence
supporting the
assignment of
impact severity

conductivity in the
treated water

P1

Stormwater
runoff / Sewer
network

Hydraulic overload
due to stormwater
runoff resulting in
treatment and remova
inefficiencies

Occurred in the past,
event very likely in the
future

Non-compliance
with regulatory
limits for the
following classes of
parameters: Macro
pollutants; Nutrients;
Microbiological
parameters

P1

Stormwater
runoff / Sewer
network

Possible increase in
TSS concentrations
and turbidity at the
plant inlet due to solid
overload after rainfall
events, with a possibl
conseqguent increase |
microbiological agentg
due to the vector effec
and a possible
reduction in
disinfection efficiency
due to the screening
effect on the lamps,
and possible nen
compliance with E.
coli, pathogens, and/q
TSS at the plant outle

Occurred in the past,
event very likely in the
future

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants;
Microbiological
parameters

P1B

Stormwater
runoff

At the intersections
with rainwater
collectors and urban
drainage, urban ruaff
after dry periods
(washing of roads,
parking lots, and pave
urban areas) with
possible presence of]
hazardous chemical
compounds and
potential non
compliance

Having happened in
the past, it cannot be
ruled out that it will

happen in the future

Failure to comply
with regulatory
limits for the
following parameter
classes: Heavy
metals; Organic
contaminants

P1E

Groundwater

infiltration /
seawater
intrusion

Overload of Chlorides
noncompliance with
SAR index,
Conductivity/salinity
caused by seawater

intrusion

Not having happened
in the past, it cannot b
ruled out that it will
happen in the future

Failure to comply
with regulatory
limits for
conductivity,
salinity, SAR
(macrapollutants)




Evidence supporting

Evidence

Node Node Hazardous Eventand the assignment of supporting the
Code | Description Consequences likelihood/possibility assignment of
of occurrence impact severity
Abnormal
concentrations of oneg Failure to comply
Industrial/orod|  ©F more dangerous with regulatory
uctivep chemical parameters § Having happened in limits for the
i the plant inlet and the past, it cannot be| following parameter
P1C connections : L L :
lllegal p_os&_bl_e purification | ruled out that it will classes: Heav_y
connections inefficiency due to happen in the future metals; Organic
abnormal industrial or contaminants;
productiontype Cyanides
discharges
Occurred in the past, ,
. Overloads of one or . , . Failure to comply
Industrial/prod especially in certain .
. more macrepollutants| . with regulatory
uctive . : circumstances that ca -
i (organic material, o limits for the
P1C connections . realistically happen .
and lllegal nu_trlents) caused by (specific periods of thg following classes of
. discharges and/or o parameters: Macro
connections illegal connections year during intense ollutants, Nutrients
9 work periods) b ’
Outflow of coarse
solids due to
damage/contaminatiol Failure to comply
of the grid. The coarsq¢ Occurred in the past,,  with regulatory
Pretreatments solids that escaped cg e_speually under I|m_|ts for the
P2A i Screenin damage downstream  circumstances of | following classes of
9 electromechanical | significant hydraulic | parameters: Macro
equipment, causing influx pollutants, Nutrients,
inefficiencies in the Pathogens
entire purification
process.
Insufficient
sedimentation of sand
due to excessive Q
causing insufficient
HRT, due to
malfunctioning
blowers and/or
compressors, due to Failure to comply
malfunctioning sand | Occurred in the past,|  with regulatory
extractors. This even especially under limits for the
Pretreatments ; o .
P2A i Grit removal| Causes the failure to| certain circumstanceg following classes of

remove the sands,
leading to their
accumulation in th
subsequent basins.
Problems of abrasion
of electromechanical
components and
clogging of air
diffusers can occur.

Such issues can

that can realistically
happen.

parameters: Macro
pollutants, Nutrients,

Pathogens




Node
Code

Node
Description

Hazardous Eventand
Consequences

Evidence supporting
the assignment of
likelihood/possibility
of occurrence

Evidence
supporting the
assignment of
impact severity

compromise the entirg
purification process

P2B

Primary
treatments

Inefficiency in primary
sedimentation due to
sludge sedimentability
issues caused by
electromechanical
malfunctions (e.g.,
sludge discharge
problems).

Occurred in the past,
they might happen
again but rarely.

P2C

Biological

insufficient/limited

biological nitrogen

removal due to low

[Carbon/Nitrogen]
ratio

Occurred in the past,
especially under
certain circumstances
that can realistically
happen.

Failure to comply
with regulatory
limits for the
following parameter
classes: Nutrients

P2C

Biological

Malfunction of
recirculation (sludge
and/or aerated
mixture) with
exceedances of COD
BOD, Nitrogen, and
Phosphorus due to
insufficient oxidation
nitrification-
denitrification.
Problems (solid
accumulation) in
sludge sedimentation
and difficult solid
control in the tank

Occurred in the past,
especially under
circumstances of

significant hydraulic

influx

Failure to comply
with regulatory
limits for the
following parameter
classes: Macro
pollutants; Nutrients

pP2C

Biological

Elevated
concentrations of
phosphorus in the

plant effluent,
exceeding the legal
thresholds for reuse,
due to uncontrolled
dosing of the
dephosphatizing agen

Occurred in the past,
particularly under
certain circumstances
that may realistically
arise (incorrect dosing
due to mechanical
failure or shortage of
dephosphatizing agen

Non-compliance
with regulatory
limits for the
following parameter
classes: Nutrients.

pP2C

Biological

High concentrations o]
phosphorus in the
effluent from the plant
exceeding legal reuse
limits due to
uncontrolled dosing of
phosphate remover.
Exceedances of COD
BOD, nitrogen, and
phosphorus due to

insufficient

Occurred in the past,
especially under
certain circumstances
that can realistically
happen (breakdowh
deterioration)

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants, Nutrients




Node
Code

Node
Description

Hazardous Eventand
Consequences

Evidence supporting

the assignment of

likelihood/possibility
of occurrence

Evidence
supporting the
assignment of
impact severity

oxidation/nitrification
and sludge
sedimentation

problems caused by
low dissolved oxygen

levels linked to
insufficient aeration o
malfunctioning

diffusers/blowers/com

Pressors.

I

P2D

Secondary
separation

High TSS in the
effluent from
secondary

sedimentation due to
sedimentability issues

of biological sludge
(bulking, foaming, or
rising)

Occurred in the past,
especially under
circumstances of

significant hydraulic

influx

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants, Nutrients|

Pathogens

P2D

Secondary
separation

High TSS in the
effluent from
secondary
sedimentation due to
sludge settleability
issues caused by
electromechanical
malfunctions (e.g.,
sludge discharge
problems).

Occurred in the past

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants, Nutrients|

Pathogens

P3A

Filtration

Malfunctions of
tertiary filtration and
excess suspended

solids during
disinfection linked to
irregular filter fouling
due to solid leaks fron
secondary

sedimentation

Not occurred in the
past but plausible,
especially in certain
circumstances that ca
realistically happen
(malfunctions of
electromechanical
e.m.- devices)

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants, Pathogen

P3A

Filtration

Hydraulic overload
resulting in treatment
inefficiencies and soliq
removal

Not happened in the
past but plausible,
especially in certain
circumstances that ca

realistically occur

Failure to comply
with regulatory
limits for the
following classes of
parameters: Macro
pollutants, Pathogen

P3B

uv
disinfection

Loss of radiant power
of UV lamps due to

lamp breakage or enc
of life

Not occurred in the
past but plausible,
especially in certain
circumstances that ca
realistically happen
(malfunctions of e.m.

Failure to comply
with regulatory
limits for
microbiological
indicator parameters

devices)




Evidence supporting

Evidence

Node Node Hazardous Eventand the assignment of supporting the
Code | Description Consequences likelihood/possibility assignment of
of occurrence impact severity
Soiling of UV lamps
and reduction of Not occurred in the
disinfection efficiency| past but plausible, Failure to comply
related to calcium especially in certain with regulatory
uv . .
P3B . . hardness, presence ¢ circumstances that ca| limits for
disinfection . o . . .
substances such as ir{ realistically happen microbiological
and manganese, (defosfating agent | indicator parameters
biofilm formation, overdose)
suspended solids
Failure to achieve the F@:Ll;r?etouf;?rmy
uv Reuse Class due to| Not happened in the Ith reg y
P3B - . o : : limits for the
disinfection reduced disinfection past but plausible .
- following parameter
efficiency g
classes: Pathogeng
Wastewater Lack of telecontrol Possml_llty of non
connection that could . compliance with
treatment plant . Moderately likely .
P2+P3 . lead to improper regulatory limits for
and tertiary event
management of the all regulated
treatment
system parameters
Cyber attack,
malfunction of the
computer system that Possibility of non
Wastewater | could compromise the : . )
Event that occurred i compliance with
treatment plan{ remote control system . . e
P2+P3 . the past but is unlikelyl regulatory limits for
and tertiary Such an event could S
plausible in the future all regulated
treatment affect the proper
parameters
management of the
plant and could cause
it to go out of service.
.. | Occurred in the past, Metals,_ emerging
Wastewater | Presence of specific . organic micre
. especially under .
treatment plani pollutants at the plant e contaminants,
P2+P3 . : certain circumstances
and tertiary | inlet and/or outlet (e.g L phenols,
that can realistically
treatment Surfactants haopen hydrocarbons,
ppen. surfactants
Reduction in the Fzziﬁrfetouf;?rply
Analysis cabin| reliability of online | Eventthat occurred i~ i) reguiaory
. limits for the
/ Plant data on final effluent the past, not very .
P2+P3 o . . 2. | following classes of
monitoring quality and alert frequent, plausible in .
parameters: Macro
system systems related to the future .
. pollutants, Nutrients,
probe malfunctions.
Pathogens
Deterioration of the
quality of
Right branch . Plausibility: it cannot | accumulated water.
Sediment e .
T2A (underground . be ruled out that it will Loss of quality
accumulation ; .
duct) happen in the future | requirements for any

of the regulated

parameters




Node
Code

Node
Description

Hazardous Eventand
Consequences

Evidence supporting
the assignment of
likelihood/possibility
of occurrence

Evidence
supporting the
assignment of
impact severity

Development of
biomass in networks
(Formation of
biofilm/bacterial

regrowth) and/or algal occur regarding
growth microbiological
parameters

Plausible, especially if
certain circumstances
that can realistically

Deterioration of the
quality of
accumulated water.
Loss of quality
requirements

Loss or unintentional
release due to networ
breakage and/or leak:

Plausible that the
conditions that
generated the event
will be repeated.

Entry of water or
contaminants from
other sources that
could deteriorate its
water quality. Loss

of quality

requirements for any
of the regulated

parameters

Crosscontamination

during mixing with

water from another
source

Plausibility: it cannot
be ruled out that it will
happen in the future

Entry of water or
contaminants from
other sources that
could deteriorate its
water quality. Loss
of quality
requirements for any
of the regulated
parameters

Release of ashestos
from pipes

Plausibility: it cannot
be ruled out that it will
happen in the future

T2B

Accumulation of
sediments

Plausibility: it cannot
be ruled out that it will
happen in the future

Deterioration of the
quality of
accumulated water.
Loss of quality
requirements for any
of the regulated
parameters

Central branch

Development of
biomass in networks
(Formation of
biofilm/bacterial
regrowth) and/or algal
growth

Plausible, especially i
certain circumstances
that can realistically

occur

Deterioration of the
quality of
accumulated water.
Loss of quality
requirements
regarding
microbiological
parameters




Evidence supporting

Evidence

Node Node Hazardous Eventand the assignment of supporting the
Code | Description Consequences likelihood/possibility assignment of
of occurrence impact severity
Entry of water or
contaminants from
. : Plausible that the other Sources th‘?t
Loss or unintentional . could deteriorate its
conditions that :
release due to networ water quality. Loss
generated the event .
breakage and/or leak , of quality
will be repeated. .
requirements for any
of the regulated
parameters
Entry of water or
contaminants from
o other sources that
Crosscontamination Do ) ;
: o . Plausibility: it cannot | could deteriorate its
during mixing with L :
be ruled out that it willl water quality. Loss
water from another . X
happen in the future of quality
source :
requirements for any
of the regulated
parameters
Deterioration of the
quality of
: Plausibility: it cannot | accumulated water.
Accumulation of L .
, be ruled out that it will Loss of quality
sediments : ;
happen in the future | requirements for any
of the regulated
parameters
Deterioration of the
Development of quality of
biomass in networks| Plausible, especially it accumulated water.
(Formation of certain circumstances Loss of quality
biofilm/bacterial that can realistically requirements
regrowth) and/or algal occur. regarding
growth microbiological
Left branch parameters
T2B (underground Entry of water or
duct) contaminants from
Plausible that the | Cther sources that

Loss or unintentional
release due to networ
breakage and/or leak

conditions that
generated the event
will be repeated.

could deteriorate its
water quality. Loss
of quality
requirements for any
of the regulated
parameters

Crosscontamination

during mixing with

water from another
source

Plausibility: it cannot
be ruled out that it will
happen in the future

Entry of water or
contaminants from
other sources that
could deteriorate its
water quality. Loss
of quality
requirements for any




Node
Code

Node
Description

Hazardous Eventand
Consequences

Evidence supporting
the assignment of
likelihood/possibility
of occurrence

Evidence
supporting the
assignment of
impact severity

of the regulated
parameters

Release of asbestos
from pipes

Plausibility: it cannot
be ruled out that it will
happen in the future

Regarding the population exposed to reused water, Table 33 presents the groups exposed by

type of pollutant and the predominant exposure route.

Tabld dextified exposure pathways and corresponding
Hazard gr SRPOS Exposure pat hws;
group
Mac-pol | ut an
Nutrients Acci dent al i ngestio
Met al s recl ai med; wastewater
Cyani des Accident al i ngestion
Hi ghly toxi Farmelirrigated with ;recl a
Moder ately LocallAccident al contact
i ons communwith open;skin wound
Fats and oi Consumption of raw ¢
Mineral oil t hat have been i n
Organic con wast ewater
Pesticides
l nhal ati on of aeroso
) ) Far me|Acci dent al i ngestio
Mi crobi ol og _
Locallrecl ai med; wastewater
par ameters _ ) )
communAcci dent al i ngestion
I rrigated with ;recl a















































































