AR
Ny
ICREPQ

24" International Conference on Renewable EnergiesPander Quality (ICREPQ'26)
Santander (Spain), #@o 12" June 2026
ISBN-13: 978-84-09-82044-3

Environmental Impact of Produced Water: A Comparative Review of
Regulatory Framewor ks and Ecotoxicological Assessment

Luiz Fernando Pereira Marcilio!, Adriene Maria SampPereira2, Nilson Romeu Marcilio! and Andre
Camargo de Azevedo!

! Federal University of Rio Grande do Sul (Brazil)

2 Pontifical Catholic University of Rio Grande dol $Brazil)

Abstract. Petroleum processing generates significant
volumes of ‘'produced water' during extraction. Dige its
complex composition, this effluent poses substantia
environmental, technical, and economic risks whesthdirged.
Evaluating the contamination potential through eximblogical
assessments is therefore essential for sustaimadieagement.
This study provides a comprehensive review anitatianalysis
of environmental regulations across various judsdns
regarding the treatment, disposal, and ecotoxiicédg
assessment of produced water. By synthesizing alatearine
organisms from different trophic levels - typicallglgae
(producers), crustaceans (primary consumers), aigh f
(secondaryl/tertiary consumers) - the research aealthe effects
of conventional and alternative reagents used ysipbchemical
treatment processes reported in the scientific segllatory
literature. A comparative analysis of Brazilian, Ainan, and
European standards reveals distinct regulatory opbjhies.
While Brazil emphasizes specific pollutant monitgrirand
toxicity, Europe focuses on achieving 'good watatus' through
best practices, and the USA integrates comprehersixicity
assessments. Ultimately, a multispecies approadtertified as
crucial for identifying toxicity patterns and vaoiity in

organism sensitivity, providing a robust frameworior

developing effective global regulations and mitiggt
ecosystem-wide impacts.

Key words. Produced Water; Environmental

Regulations; Ecotoxicological Assessment; Toxidigsts;
Oil Industry.

1. Introduction

From its remote uses by ancient civilizations te it
consolidation in the modern global economy, oil has
become the most valuable energy source and thaendi
energy development in contemporary society [1].
Currently, about 90% of the world's oil is consumniad
energy generation, while the remaining 10% sergeswa
material for various industries, supplying 60% &bkl
industrial inputs [2].

Although it initially played a crucial role in publlighting,

it was with subsequent technological developmeat tihe
applications of oil and its derivatives multiplied,
establishing the industry as a fundamental piltar Hoth
energy generation and the supply of industrial ispn a
global scale [3],[4].

In its trajectory of constant growth, the oil inthysfaced

its first major setback in 1973 with the crisiggered by
the oil embargo imposed by the Organization of Arab
Petroleum Exporting Countries (OAPEC) in resporse t
the Yom Kippur War [5].

This landmark event, by exposing the vulnerabitity
dependence on fossil fuels and the instability df o
supply, not only shook the global economy but alsed

as a catalyst for the development and discussion of
environmental issues, highlighting the finitenesé o
natural resources and the need for more sustainable
development models.

The growing environmental awareness, driven in pgrt
the impacts of the 1973 crisis, directed attentiorthe
negative externalities of oil activity. This moveme
added to important warnings already raised in ©@0%,
such as the publication of Rachel Carson's "Silent
Spring," which exposed the dangers of pesticided an
more broadly, the fragility of ecosystems in theefaf
industrial pollution [6].

Among these externalities, the management of pediuc
water emerges as a significant challenge. Thisuexil,
generated in large volumes during oil and gas etitna,
carries a complex mixture of components that demand
adequate treatment and disposal, under penaligusing
serious damage to aquatic and terrestrial ecosgstEhe
search for sustainable solutions for the managemgnt
produced water has therefore become a crucial point
the evolution of the industry, reflecting the ingseng
pressure for more responsible practices alignedh wit
environmental preservation.

Faced with the growing environmental concern drilbgn
the externalities of the oil industry, the manageimef
produced water emerges as a critical challengetalits
complex composition and potential ecotoxicity. hist
context, it becomes crucial to comparatively aralise
different regulatory approaches and guidelines satbjn
important oil industry hubs, such as Brazil, Europed

the United States, with regard to the assessmemt an
control of the ecotoxicity of this effluent.



2. Petroleum Processing

Oil processing is carried out in two stages: priyr
processing, done at the extraction stage, and dacg
processing, done at the refinery. Only primary tiresnt
will be addressed, as it is at this stage that yred wate
is obtained.

A. Primary Processing

In addition to the oil and gas phases, an oil figjgically
produces water after a certain perioidoperation, eithe
because it is initially present in the reservoirdoe to its
injection in a process aimed at increasing oil vecy.
This water is called production water or produceden

Figure 1 shows a schematic with the main stepshe
primary processing that occurs in the mibducing region
in offshore facilities (at sea). The entire oil guction
system begins at the wellhead, through equipt
consisting of a set of valves called a Christmas,twhose¢
purpose is to control the praction of fluids. When two ¢
more wells are aligned for the same surface fgcitite
use of equipment known as a production manifols
indicated. This manifold gathers all the fluids ¢
equalizes the feed pressure of the primary proocg
facility [3].

Well

1

Manifold

Mediurn préssure

|

I Gasg High pressure
Water 1
- "

C
I J Low presgere

| |

Water treatmen Ol trzatment Gas treatment

I .

Disposal Rednjaction Expart Expart Reinjeetion

Fig.1. Scheme of the main stages of primary praegsadaptec
according to [3]

Primary processing allows the oil to meet
specifications required by refining, which ¢

a) A minimum of lighter components (the gas
b) A salt content below 300 rfigof oll;

c) A water and sediment content below 1% (of
oil volume).

B. Produced Water

Produced Water (PW), also called Production Wi
whose composition is shown in Figure 2, is the w
generated as a byproduct of oil and gas produciiuat
includes:

d) Formation water: consists of seawater
freshwater that remained trapped for millions
years along with oil and natural gas withir
geological reservoir. It is brought to the surfi
together with oil and gas during the product
activities of thesduids;

e) Injection water: corresponds to water that
previously injected to pressurize the reser
and thus enhance oil and gas recoy

f) Various chemicals added during the oil ¢
water production and separation proce!

various chemicals
added during the oi
Produced Water (PW) = Formation Water + Injection Water + and water production
and separation

proceises

Fig.2. Composition cProduced Water

Produced Water can constitute 2% to 98% of theg
fluid production in a well. In the initial phase ofell
exploration, the volume of water is relatively smalt
over time, the amount of produced water exceeds
production of hydrocarbons.

Globally, it is estimated that the generation addurced
water results in a watei ratio of 3:1 (average value
while in Brazil this ratio is on average less tHajv],[8].
When oil is accompanied by large quantities of wate
field is mnsidered mature because its productiol
declining as a consequence of the advanced stags
productive life. In this case, the well must emplogre
advanced recovery techniques aimed at conse
production or even reversing its decline. Thus,
volume of this effluent generally increases ovenei
Depending on the useful life of the well, thatitlsmature
fields, the amount of water can reach up to 10 dithat
of the oil produced.

In both onshore and offshore activities, the volwhthis
effluent can be very large, being considered tmgelst
waste generated by the oil indus

3. Ecotoxicology

Ecotoxicology is dedicated to the study of the way
which the environment is contaminated by polluta
whether natural or synthetic, origting from human
activities. Its central objective is to understatiie
mechanisms of action of these pollutants and #gféects
on the set of living beings that inhabit the bicegh[9]

It becomes evident, therefore, that ecotoxicol
investigates th effects of pollutants on organisms ¢
how these interact with their habitats. This pectipe of
ecotoxicology as the science that studies the tsffet
pollutants on organisms and their environme



interactions is also presented in the diagranllustrated
in Figure 3 [10].

| Ecology | | Toxicology |

Ovkos = house

Studies of the effects

of a chemical agent on
a given species

Logos = knowledge
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Ecotoxicology

Study of the effectz of one or more

substances on a population or
community of organisms

Fig.3. Conceptualization of Ecotoxicology, adapaedording tc
[10]

A. Toxicity test

Formerly called bioassays or biological assaysjcityx
tests aim to evaluate the effects caused to remese
test species of thenvironment. In these tests, organis
are exposed to various concentrations of one ore
substances, or to environmental factors, for ardeted
period of time. For a more complete assessment
substance's toxicity, it is fundamental to condiects on
diverse organisms, encompassing different tropénels.
This approach allows for the identification of toxffects
at different levels of organization, from individt
organisms to communities and ecosystems. By congp
the responses of distincorganisms, it is possible
identify patterns of toxicity and the natural véildy of
organism sensitivity [11].

This multispecies and multidisciplinary approachvides
a more robust understanding of environmental rishkd
the substance's impacts the ecosystem as a whc
Several authors in the literature suggest the fise leasi
three species: an alga, representing the produce
crustacean, representing the primary and/or secpi
consumers; and a fish, representing the consunme¥/®i
tertiary consumers [12]. Depending on the chen
composition, some effluents are toxic only to fisthers
only to crustaceans (primary consumer), and otteeb®th
organisms. Algae (producer organisms), for exampde,
be more sensitive than the ethested species [1

In the description of the deleterious effects otoaic

agent, the terms "acute effect" and "chronic effere

used. The

parameters presented below, sb@nd EGg, are used to
describe acute effects, while the parameters NOEd

LOEC are used for chronic effects. These parametey
frequently used in ecotoxicology and are normal

according to the environment in which the organisre
exposed.

B. Acute Toxicity Assay
The acute effect represents a rapid and severenssm

aquatic organisms to a stimulus, generally mariifgs
within a period of up to 96 hours. Lethality is theost

common effect, but it can be preceded by o
manifestations, such as the immobility observedame
microcrustaceans.

To evaluate the acuteffects of toxic agents in toxicit
tests, the Lethal Concentration (sg) or the Effective
Concentration (E&p) are frequently used, both referri
to the concentration that affects 50% of the te
organisms. This response is considered the
significant for extrapolation to a population [1

Specifically, the Lethal Concentration (50 indicates
the nominal concentration of the sample capable

causing mortality in 50% of the organisms during

exposure period and under the test conditior turn, the
Effective Concentration (Esq) refers to the nominal
concentration of the sample that induces an adtretg

such as immobility, in 50% of the organisms under

same conditions.

C. Chronic Toxicity Assay

The chronic effect manifests asresponse to prolonged
exposure, generally extending for part or the etyiof
the organisms' life cycle. Unlike acute effectsrociic
consequences develop over time, reflecting contia
exposure to a particular age

These effects are predominansublethal and occur in
situations where the concentrations of the toxiena
allow the organism's survival, although they conmpise
one or more of its biological functions. Among -
affected functions, reproduction, egg developm
growth, and maturain stand out. The evaluation of the
effects is carried out through chronic toxicity tégsin
which the No Observed Effect Concentration (NOI
and the Lowest Observed Effect Concentration (LO
are determined [14].

The No Observed Effect Concentrai (NOEC)
represents the highest concentration of a toxittatjat
does not induce statistically significant deletas@ffects
in the organisms during the exposure period ancet
the test conditions. In contrast, the Lowest Obesa
Effect Concentratio (LOEC) corresponds to the low
concentration of the toxic agent capable of cau
statistically significant deleterious effects in e
organisms under the same time and exposure comsl

4. Regulationsand Regulatory Overview

The following examineghe environmental legislatiot
that regulate the ecotoxicological aspects of pred
water in the oil industry in Brazil, Europe, ane tdSA.
The approaches of each region to the treatment
disposal of this effluent will be presented, highling
the similarities, differences, and challenges
environmentally effective manageme

A. Brazl

In Brazil, the Conselho Nacional do Meio Ambie
(CONAMA) its activities in 1981 with the promulgati



of Law No. 6,938, which established the National
Environmental Policy. This law represented a funeiatal
milestone in the institutionalization of the envirnental
issue in Brazil, recognizing the need for a cobégibody

to deliberate on the guidelines and standardsectlat the
environment. CONAMA emerged as the highest instance
of the Sistema Nacional do Meio Ambiente (SISNAMA),
with the responsibility of formulating and approgin
environmental resolutions, norms, and standardshat
national level. Its creation reflected a growingnoern
with environmental degradation and the search forem
effective management mechanisms.

CONAMA Resolutions No. 357/2005, No. 393/2007, and
No. 430/2011 form an essential regulatory framewfork
the environmental management of the oil industry in
Brazil, focusing on produced water and the assesisofe
its toxicity, as well as the conditions and staddafor
effluent discharge.

CONAMA Resolution No. 357/2005 establishes the
classification of water bodies and the conditiondd a
standards for the discharge of effluents in general
Crucially, in its Article 34, it determines thattllischarge

of effluents must observe standards, including the
performance of toxicity tests defined by the corapéet
environmental agency. This legal provision estalelésthe
fundamental principle of the need to assess thenpiat
toxic effects of any effluent discharged into walbedies
[15].

CONAMA Resolution No. 393/2007, in turn, is more
specific to the oil industry, regulating the cowntius
discharge of process or production water from affeh
platforms. In Article 3, saline waters in the anehere
offshore platforms are located, while there is pecific
classification, will be considered Class 1 Salinat&vs,
according to the definition in CONAMA Resolution No
357, of March 17, 2005. This resolution also, itide 10,
sets limits for the discharge of oils and greased a
requires regular monitoring of various physicochmahi
parameters in produced water, such as heavy metals,
BTEX, phenols, and chronic toxicity of produced evat
determined through a standardized ecotoxicological
method with marine organisms. Although it doesawttil

the toxicity test methods to be applied, it fallghn the
context of Article 18 of Resolution No. 357/2005hiah
defines the quality standards for Class 1 Salindevga
specifically requiring the absence of chronic togffects

as verified by standardized ecotoxicological as$a§k

CONAMA Resolution No. 430/2011 provides for the
conditions and standards for the discharge of effis,
complementing and amending Resolution No. 357, of
March 17, 2005. In its Article 18, the resolutistablishes
that the effluent must not cause or have the piaietu
cause toxic effects to aquatic organisms in theivéty
water body, according to the ecotoxicity criteria
established by the 1 competent environmental agériug
article reinforces the need for prior treatmentrofustrial
effluents, including those from the oil industryefbre
their discharge, in accordance with the principlefs

environmental protection established by Resolutidns
357/2005 and No. 393/2007 [17].

Therefore, these three resolutions complement each
other. Resolution No. 357/2005 establishes the rgéne
guideline for the assessment of effluent toxicity,
Resolution No. 393/2007 focuses on the specific
characteristics of produced water from the oil stdy

and Resolution No. 430/2011 reinforces the requém@m
for prior treatment before discharge. The environtale
assessment of produced water, according to Resoluti
No. 393/2007, must therefore consider not only the
concentration limits of chemical parameters bub dle
need to perform toxicity tests, as recommended by
Resolution No. 357/2005, and the appropriate treatm
before discharge, in accordance with Resolution No.
430/2011 and any complementary requirements oé stat
environmental agencies, to ensure the protection of
aquatic ecosystems.

B. Europe/ European Union

In Europe, the management of produced water fraen th
oil industry is primarily governed by the Water
Framework Directive (2000/60/EC), which seeks to
protect the quality of all waters and control inidias
pollution. The European Environment Agency (EEA)
plays a crucial role in providing data and assesssnen
the state of water in Europe, including pollutioiwnf
industrial sources, supporting the implementatibthis
directive [18]. The Industrial Emissions Directive
(2010/75/EU) also applies, requiring the Best Aafalié
Techniques (BAT) to minimize emissions, including
those from the oil and gas sector, with the EEA
monitoring the impacts of these emissions on the
environment [19].

Toxicity tests, although not detailed in a specific
directive for produced water, are influenced by tieed

to assess the risks of chemical substances, aogotdi
REACH (Regulation (EC) No 1907/2006), whose
acronym stands for Registration, Evaluation,
Authorisation and Restriction of Chemicals. The EEA
uses the data generated by REACH to assess thetimpa
of these substances on the aquatic environment,
informing water quality-related policies. The olijee of

the Water Framework Directive to monitor hazardous
substances also reinforces the importance of eitipx
tests, with the EEA providing information that sops

this assessment [20].

For the offshore oil industry, the Offshore Oil aBGas
Operations Safety Directive (2013/30/EU) focuses on
safety and the prevention of marine pollution, vkhic
includes the proper management of produced wates. T
EEA monitors the environmental impacts of offshoile
and gas activities, providing data that can assist
evaluating the effectiveness of this directive [2The
Environmental Impact Assessment Directive
(2011/92/EU) concerning the assessment of thetsffic
certain public and private projects on the envirentris
applicable to oil and gas extraction projects, neéog the



prior assessment of their environmental impactsichvh
would include the management of produced water. [22]

The OSPAR Convention (Convention for the Protectibn
the Marine Environment of the North-East Atlantic)
complements EU legislation in the North-East Atlant
region. The EEA collaborates with OSPAR, providdaja
and analysis on the marine environment, which m&r
the guidelines and best practices for the envirgriate
management of the offshore industry, including picetl
water and the need for toxicity tests.

C. United Sates

In the United States, the management of producewrwa
from the oil industry is strongly influenced by the
Environmental Protection Agency (EPA). This federal
agency is central to establishing regulations amdedines

to protect human health and the environment. Thé& EP
administers crucial programs related to producedemva

grounded in important federal laws.

The Clean Water Act (CWA), overseen by the EPA,
establishes the framework to prevent and controlewa
pollution. Although the direct discharge of proddicsater
into continental surface waters is generally retd, the
National Pollutant Discharge Elimination System DNS),

a program under the CWA, may issue permits for ifipec
activities. For the offshore sector, these perraits based
on the Critical Dilution Factor (CDF), which defie
acceptable limits to ensure the effluent does mesgnt
toxicity at the discharge sites [23],[24].

Complementarily, the management of chemical substn
used in the oil industry is governed by the Toxib&ances
Control Act (TSCA) of 1976 [25]. This framework was
significantly updated and strengthened by the Fr&nk
Lautenberg Chemical Safety for the 21st Century Act
(LCSA) in 2016 [26]. Through this modern legislatjahe
EPA enhanced risk assessment criteria for persisted
bioaccumulative substances, allowing for strictentool
over the chemical lifecycle of additives beforeytlage even
discharged as part of the produced water effluent.

The Safe Drinking Water Act (SDWA), also adminisikr
by the EPA, aims to protect drinking water sourcEise
Underground Injection Control (UIC) Program, esisted
by the SDWA and implemented by the EPA and theestat
regulates the underground injection of fluids, umithg
produced water disposed of in disposal wells. TR& Eets
the requirements for the construction, operationd a
monitoring of these wells to prevent the contamdaraif
aquifers [25].

Regarding toxicity testing, the EPA uses Whole u#ffit
Toxicity (WET) methods under the CWA to assesstoxe
potential of effluents, including produced waten, aquatic
organisms. These tests are crucial for determidisgharge
limits and evaluating the effectiveness of treatinen
processes. The EPA provides detailed guidelinetesting
procedures.

For the offshore oil industry, the EPA has specific
regulations to prevent marine pollution, coveringe t
management of produced water. NPDES permits for
offshore platforms establish discharge limits aneditment
requirements. The EPA also requires environmental
impact assessments for new offshore activitieduding

the management of produced water.

In addition to the federal role of the EPA, statase an
important role in regulating produced water, esshinhg
specific requirements and administering their owiC U
and NPDES programs under the EPA's oversight.

5. Results and Discussion

The comparative analysis of environmental legistai

for produced water in the oil industry in Brazilufgpe,

and the United States reveals a fundamental concern
shared regarding the presence of pollutants sudbilas
and greases and heavy metals, with Brazil alsosfagu

on BTEX and phenols. However, the regulatory
strategies to mitigate the risks associated witbsé¢h
pollutants and to assess the toxicity of producatewas

a whole present important qualitative differencatth
extend beyond the monitored parameters.

In Brazil, CONAMA Resolution No. 393/2007, while
specifying the monitoring of priority pollutants rfo
offshore activity, also establishes guidelines ftbe
treatment of produced water before disposal, often
involving oil-water separation and solids removal
processes. However, the apparent lower emphasis on
systematic ecotoxicological testing may indicatemare
focused approach on the chemical analysis of dpecif
pollutants. Brazilian legislation also addressespadsal
restrictions in sensitive areas, demonstrating rcem

for the protection of vulnerable ecosystems [16].

CONAMA Resolution No. 357/2005 establishes the
classification of water bodies and the conditiomsl a
standards for the discharge of effluents in genénaits
Article 18, Class 1 saline waters must observe the
following conditions and standards [15]:

| - Water quality conditions:

a) No verification of chronic toxic effects on orgamis,
according to the criteria established by the compet
environmental agency, or, in its absence, by
renowned national or international institutions,
proven by the performance of a standardized
ecotoxicological test or other scientifically recamed
method;

b) Floating materials virtually absent;

c) Oils and greases: virtually absent;

d) Substances that produce odor and turbidity: vilgual
absent;

e) Dyes from anthropogenic sources: virtually absent;

f)  Objectionable solid waste: virtually absent;



g) Thermotolerant coliforms: for primary contact
recreation use, CONAMA Resolution No. 274, of
2000, must be observed. For other uses, a linfi06D
thermotolerant coliforms per 100 millilitres shouidt
be exceeded in 80% or more of at least 6 samples
collected during a one-year period, with a bimonthl
frequency. E. Coli may be determined as a substitute
for the thermotolerant coliforms parameter accaydm
limits established by the competent environmental
agency;

h) Total organic carbon up to 3 mg/L, as C;

i) DO, in any sample, not less than 6 mg/4; &d

j)  pH: 6.5 to 8.5, with no change in natural pH greate

than 0.2 units.

Tables | presents a comparison between the paresnete

required in Brazil with Europe and the USA.

Table I. - Limits of TOC, DO, and pH

Brazil
(CONAMA Europe/
Parameter | Resolution European United States
No. Union
357/2005)
No directly
comparable No directly
generic value.
. comparable
Concentrations -
in coastal generic vallue.
Total Upto3 Concentrations
. waters vary but
Organic | mg/L (as C) ; depend on
can be in the .
Carbon water quality
same order of .
. . and pollution
magnitude in
sources.
unpolluted
areas.
. M|n|mum State minimum
limits for good S
: limits for
ecological e
aquatic life
status generally .
. Not less . protection
Dissolved in the same .
than 6 mg/L generally in the
Oxygen order of
(O]N . same order of
magnitude maanitude
(e.9.,>4 mg/L (eg >4
to protect mg/L_)
marine life). 9iL)-
State range for
Range for good  aquatic life
ecological protection
status generally generally
6.5t08.5 similar (e.g., similar (e.g.,
pH (variation 6.5 - 8.5). 6.5 - 8.5).
<0.2) Concern about| Limits on pH
natural pH variation are
variation is also| also considered
relevant. to protect
ecosystems.

In Europe (European Union), the pursuit of "gooatist”
of waters under the Water Framework Directive dritle

adoption of Best Available Techniques (BAT), which
encompass not only the limitation of pollutants &lso the
optimization of processes to reduce effluent gdimrand

its toxicity. There is a trend towards considerthg reuse

of produced water as a sustainable practice, aithou
implementation may vary among Member States.
Responsibility for pollution prevention and remditia

is generally well-defined, aligned with the pollufmys
principle [18].

In the United States, the increasing incorporatadn
toxicity assessment by the EPA, complementing the
concentration limits of the NPDES, reflects a radtign

of the complexity of the effects of produced water
aquatic ecosystems. NPDES permits frequently specif
treatment technologies to be implemented. The
Underground Injection Control (UIC) Program regatat
the common practice of reinjection of produced wate
with requirements to protect underground aquifers.
American legislation also establishes clear
responsibilities for contamination and requires
remediation actions.

In summary, the regulatory approaches demonstrate
different priorities and mechanisms. Brazil focusaghe
monitoring of specific pollutants, Europe seekegnated
management with a focus on "good status" of watads
best practices, and the United States combines
concentration limits with an increasing emphasis on
toxicity assessment and the control of reinjectidmore
detailed analysis of treatment requirements, reuse
practices, continuous monitoring, liability in casé
contamination, and the influence of international
agreements is necessary to further improve andlenri
this qualitative comparison.

6. Conclusions

The trajectory of the oil industry, from an enegglar to

a focus of environmental concerns, highlights the
increasing importance of produced water management.
The comparative analysis of regulations in Brazil,
Europe, and the USA reveals distinct approachesziBr
with specific monitoring of pollutants and toxicity
Europe seeking "good status" of waters via besttjoes;

and the USA integrating toxicity assessment.

These differences reflect the complexity of rectngi

oil exploration with environmental protection, div by
increasing awareness of the impacts of pollutiohe T
evolution of regulations points to a need to godmely
chemical analysis, considering ecotoxicologicaleet$

and seeking sustainable solutions such as reuse and
advanced treatment technologies.

Ultimately, the effectiveness of environmental prtion
will depend on the robustness of enforcement, thetg

of responsibilities, and the encouragement of iation.
The continuous evolution of regulations, informeg b
science and best practices, will be crucial for @h
industry more aligned with environmental preseosati
A more detailed analysis of treatment requiremeagisse
practices, continuous monitoring, liability in casd
contamination, and the influence of international
agreements is necessary to further improve andlenri
this qualitative comparison.
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