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ABSTRACT

Awareness regarding water contamination has increased
recently due to the emergence of a multitude of pollutants
that pose a high risk to ecosystems and human health.
The huge number and heterogeneity of contaminants of
emerging concerns (CECs), in terms of their occurrence, bio-
chemical behavior, and environmental impacts complicate
their monitoring and control. This paper reviews empiri-
cal literature on the current situation of CECs to analyze
how the identification and control of these emissions have
been addressed. The results highlight the need for the risks
and impacts of these emerging contaminants to be assessed
from an integrated perspective, and for accurate estimates
of the cost-efficiency of abatement technologies, taking into
account potential side effects, to be provided. Thus, there
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is an urgent need for economic research that provides guid-
ance for regulating these substances. Furthermore, issues
such as developing protocols for measuring their presence
and eco-toxicity, the way in which they are introduced into
the environment, and their potential impact on aquatic
ecosystems have yet to be covered.

Keywords: Emerging pollutants (contaminants of emerging concern);
biological processes; water quality; ecosystems and human
health; water management

JEL Codes: Q25, Qb3

1 Introduction

Over the last century, intense population growth coupled with strong
economic development has triggered an ever-increasing demand for
freshwater which has resulted in a serious deterioration of water bod-
ies. Most hydrological water systems, including river basins, aquifers,
lagoons, and other aquatic resources, present serious problems of deple-
tion and/or water quality impairment (Koundouri et al., 2017). Thus,
protecting and restoring hydrological systems is currently one of the
primary environmental challenges worldwide.

Water pollution, identified as one of the main problems of water
bodies, reduces economic growth and poses a high risk for human and
ecosystem health. The economic literature provides greater insights
into the need and relevance of controlling water contamination (Shortle
and Horan, 2017). Economic instruments have been proposed as water
pollution management mechanisms, especially in the case of pollution
caused by high nutrient and pesticide loads from agricultural practices
(Goetz and Xabadia, 2015; Tho et al., 2015; Lankoski et al., 2008; Sexton
et al., 2007; Shortle, 2017). That said, economic growth has triggered a
change in production and consumption patterns towards commodities
that are high in chemical substances, for instance, pharmaceuticals,
personal-care products (PCPs), chemical products, and plastics, among
others. In recent years, emerging pollutants from both point and
diffuse pollution sources have been identified in the environment and are
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presenting new challenges for water authorities and economic regulations.
The presence of these pollutants in the environment has become a
widespread problem in both developed and developing countries around
the world (Noguera-Oviedo and Aga, 2016).

While the impacts of many emerging substances are still not com-
pletely understood, several studies have already reported the associa-
tion between these compounds and human health and well-being issues
(Bunke et al., 2019; Francisco et al., 2019; Gwenzi et al., 2018; Lei
et al., 2015; Schwarzenbach et al., 2006; Snow et al., 2019). Further-
more, environmental damage to habitats and ecosystems has also been
described in the literature (Caliman and Gavrilescu, 2009; de Souza
Machado et al., 2018; Gwenzi et al., 2018; Kroon et al., 2020; Vasilachi
et al., 2021). Moreover, pollution from most of these substances is
expected to increase not only due to economic development but also
because of climate change (Kattwinkel et al., 2011). However, most of
these contaminants are yet to be included in monitoring programs or
considered in environmental legislation. Although it is now a matter
of record that the type of contamination of water bodies has changed
over the past few decades, control mechanisms and regulations have not
been updated to address the new challenges.

In addition to the above, yet another problem is the lack of eco-
nomic literature related to these emerging contaminants. As noted by
Remoundou and Koundouri (2009), “ There is increasing recognition
that linked environment and health impacts require economic assessment
in order to receive adequate consideration in policy”. Although some
studies have been carried out that measure the removal benefits for
particular substances (Bellver-Domingo et al., 2018; Molinos-Senante
et al., 2013), there is a shortage of studies estimating the monetary
values associated with the environmental risks of most of the emerging
pollutants. Furthermore, there are very few studies taking into account
the economic impact and possible “trade-offs” of improving remediation
technologies to mitigate and/or remove these substances from the envi-
ronment. Therefore, improving our scientific understanding about these
substances is paramount to better inform local, regional, and national
authorities in the design and correct implementation of policies aimed
at controlling pollution levels.

This review aims to examine and summarize developments and
the progress made to date in the research of emerging contaminants
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in order to identify the areas where further economic analyses are
needed. Based on this purpose, we performed a search in the Web of
Science and Scopus of papers on emerging contaminants, contaminants
of emerging concerns (CECs), and new pollutants; especially in the
areas of water resources and business economics. Articles retrieved
from the searches were screened by title and abstract to establish those
that might be suitable for an in-depth analysis. Because of the lack
of economic studies, to increase the number of articles suitable for
analysis we also used some “snowballing” techniques such as following
up reference lists of selected articles and direct searches in the relevant
economic journals. Finally, in order to include information regarding
the legal and regulatory framework for these contaminants, we also
analyzed national and international law and reports that regulate the
use, incidence, and/or control of these emissions.

The rest of the paper is organized as follows. The following section
outlines the main aspects of biological processes that determine pollution
concentrations in water bodies (transportation, pathways, fate, degra-
dation, etc.), and highlights the differences between these substances
and already well-known contaminants. Section 3 then reviews the main
environmental consequences and risks the emerging contaminants pose
to both humans and ecosystems. Section 4 synthesizes the existing legis-
lation to lay the groundwork for the economic analysis, while Section 5
presents and discusses the main challenges for water management and
policy, along with the areas where further economic research is needed.
The final section closes the paper with some conclusions.

2 Occurrence and Biological Processes of Emerging
Contaminants

More than 140,000 new chemicals and pesticides have been synthesized
since 1950 (Landrigan et al., 2018), 100 million chemical compounds
have already been recorded in the Chemical Abstracts Service (CAS),
and around 4,000 new substances are reported every day (Dulio et al.,
2018). Additionally, world chemical production was valued at more than
3.6 billion € (in 2019) and this is expected to almost double by 2030
according to the European Chemical Industry Council (CEFIC, 2021).
The majority of these substances end up in the environment; notably, in
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water bodies. A recent study from the European Union (EU) detected
2.8 million sites within the EU potentially contaminated by hazardous
chemicals (Pay4 Pérez and Eugenio, 2018). While most of these elements
are not harmful, or at least not at low concentration rates, there is grow-
ing concern about the potential damage resulting from the combination
of some of these substances and the increase in their concentration levels
(Aristi et al., 2016; European Commission (EC), 2012).

Emerging pollutants are defined as synthetic or naturally occurring
chemicals that enter the environment and can potentially cause harmful
health effects in both ecosystems and humans (Geissen et al., 2015).
They correspond to more than a thousand substances, categorized into
about 20 classes, including pharmaceuticals, PCPs, pesticides, urban, or
industrial chemical products (disinfection, cleaning, etc.). Even though
some of these substances have been observed in the environment for quite
some time, even decades, existing monitoring programs and legislation
are still fragmented and messy and related biological processes, as well as
their toxicity, are poorly understood. For this reason, institutions such as
the United States Environmental Protection Agency (US EPA), consider
it more appropriate to use the term CECs to denote these substances.
According to Sauvé and Desrosiers (2014), CECs include different types
of substances, not only pollutants that have very recently appeared
in the environment because of the manufacturing of new products or
the incorporation of new chemicals into the production processes, but
also contaminants that were already known to exist in the environment
and for which interest is currently increasing. An example of such new
contaminants are flame-retardants, introduced not long ago to substitute
polychlorinated biphenyls and polybrominated diphenyl ethers (PBDESs)
when these were restricted or banned (Ward et al., 2008). Another
example are neonicotinoids, which have been incorporated into farming
activities as a new class of pesticides (Perry and Moschini, 2020). On the
other hand, the emergence of new and better monitoring technologies
(Anumol et al., 2013) with greater capacity to detect and identify
contaminants has brought to light alarming concentrations of some
substances in water bodies (e.g., various pharmaceuticals). Furthermore,
concerns have also arisen due to increasing scientific evidence warning
of the potential risks associated with some of these pollutants.

Most of the relevant substances, in terms of occurrence, identifi-
cation, and potential impact, are mainly related to three categories:
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pharmaceutical, personal-care, and endocrine-disrupting compounds
(Gogoi et al., 2018). However, recent studies have identified a large
number of other potentially harmful compounds (Kroon et al., 2020;
Stefanakis and Becker, 2015). Table 1 presents a general classification
of CECs together with their main source of emissions.!

The increasing awareness of the accumulation of CECs in water
bodies and their potential impact calls for a broad analysis of the
dynamics of these substances. However, some properties of the CECs,
such as their volatility, large adsorption, or persistence, which determine
their transport and fate from the pollution source to water bodies (Farré
et al., 2010; Geissen et al., 2010) complicate the understanding of their
processes and dynamics. Thus, a major obstacle lies in identifying
and assessing the occurrence of these contaminants. In general, most
CECs originate from industrial and household wastewater (e.g., human
medicines, PCPs, or industrial additives), because of limitations in
abatement technologies. Yet, even though in general agricultural and
farming activities are a less relevant source of emerging contaminants
(Topp et al., 2008), they are an important emission source of pesticides,
hormones, natural toxins, and veterinary medicines (Boxall, 2012).
Figure 1 shows the main sources and pathways of CECs.

Besides pesticides and antibiotics used in the livestock sector, most
CECs derive from urban and industrial uses (Figure 1) and enter the
environment through wastewater treatment plants (WWTPs) responsi-
ble for household and industrial sewage treatment (Campo et al., 2016;
Ccanccapa et al., 2016). WWTP removal efficiency is very heterogeneous
(Deblonde et al., 2011; Luo et al., 2014) with substances like Ibuprofen,
salicylic acid, or estradiol being efficiently removed (removal rate above
90%), while others such as antibiotics like trimethoprim or diuretics
(e.g., amidotrizoic acid, diatrizoate) presenting removal rates below 10%
(Bellver-Domingo et al., 2017; Gobel et al., 2007; Torres-Padron et al.,
2020). In some cases, pollutants such as diclofenac, carbamazepine, ery-
thromycin, and sulfamethoxazole have even been found in larger concen-
trations in effluent compared to influent water (Pal et al., 2010). The dif-
ferent transformation processes that take place in WW'TPs have proven

LA complete classification of emerging pollutants is provided by the NORMAN
Network, an international institution in charge of emerging environmental substances
(www.norman-network.net).
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Contaminant Type of emissions Source
Pharmaceutical Biological active compounds (e.g., Urban (wastewater
residues antibiotics or anti-inflammatory discharge) and

Personal-care
products
(PCPs) and
lifestyle
compounds

Endocrine
disruption
chemicals
(EDCs)

Heavy metals

Pesticides

Petroleum
hydrocar-
bons and
gasoline
additives

Industrial
additives
and solvents

Microplastics

Nanomaterials

drugs) from human and
veterinary sources

Substances from personal-care

purposes (e.g., shampoos,

sunscreens, detergents, cosmetics,

etc.)

Pharmaceutics for human and

veterinary purposes

Sunscreens and ultraviolet filters
Steroids and hormones
Substances such as caffeine and

nicotine

Natural or synthetic chemicals
found in human and animal food

Industrial compounds
Agricultural substances to control
plagues and unwanted vegetation
Gasoline additives comprise more

than 500 substances to, for

example, improve petrol burning

efficiency (octane)

Some examples are mercury, lead,
cadmium, thallium, or silver

Plastic particles (<5mm)

Substances used in sunscreen
products, transport, healthcare,

materials, energy, and
information technologies

agricultural

Urban (wastewater
discharge)

Urban and agricultural

(Natural chemicals
found in human and
animal food)

Industrial

Agricultural

Industrial

Industrial (wastewater
discharge)

Industrial and urban
(wastewater
discharge)

Industrial

Source: Own elaboration based on Lapworth et al. (2012), Lei et al. (2015), and Petrie

et al. (2015).
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Figure 1: Diagram of the main sources of water pollution by CECs.
Source: Own elaboration based on Lapworth et al. (2012) and Stefanakis and Becker (2015).

to be insufficient to remove most of the CECs from wastewater. So, a
high occurrence of CECs, both in terms of concentration and diversity
of substances, has been identified in wastewater (Drewes et al., 2003).

To reduce the incidence of CECs, improvements in monitoring, detec-
tion, and removal technologies must be accompanied by an appropriate
knowledge on the severity of the impact of the CECs which largely
depends on their accumulation in the catchments. Biological buildup
and degradation notably vary between the different pollutants. While
nitrates have a degradation half-life time of 1-2 years, other substances
like carbamazepine or primidone can persist in the environment for more
than 8 years (Sinclair and Boxall, 2003). Furthermore, once released
into the environment and degraded, some metabolites may be more toxic
than the primary compounds (Bradley et al., 2008; Geissen et al., 2015).
Hence, it is crucial to evaluate the impacts that these substances have
on the environment and the possible risks for human and animal health.

Another relevant challenge related to CECs is the insufficient, or even
nonexistent research, on some emerging contaminants. While some sub-
stances have been intensively analyzed (e.g., antibiotics, pharmaceutical,
veterinary medicines), others remain poorly studied (Bunke et al., 2019).
The selective interest in some substances is not only motivated from the
residual number of technical and research studies but also because of a
lack of regulation and/or political concern (Pefia-Guzman et al., 2019).



Contaminants of Emerging Concern 895

On top of this, the technical analyses performed are concentrated in a
few regions and in selected water bodies. For example, the analysis of
CECs in groundwater resources lags far behind the research carried out
on surface water bodies, and it is practically nonexistent in the case of
certain water bodies such as lagoons and wetlands. Thus, more basic
research needs to be conducted to identify key aspects in the biological
processes and to shed light on the behavior of CECs. In this sense,
promoting basic research into new substances encounters the problem
of scarcity of time and resources, so it is necessary to establish criteria
and protocols to efficiently allocate the limited resources available.

3 Impacts of CECs on Ecosystems and Human Health

The presence, incidence, and impact of new pollutants have on the
aquatic environment is a growing concern (Bunke et al., 2019). In
general, such impacts depend on the source, physicochemical character-
istics, mobility, and behavior of the pollutants in the soil and/or in the
aquatic environment (Stuart et al., 2012).

While there is strong evidence that exposure to some chemical
contaminants from pesticides and herbicides has been responsible for
developmental dysfunctions in children’s brains (Grandjean and Landri-
gan, 2006, 2014), information on the toxicity and ability to harm human
health (especially that of children) of other commonly used chemicals
is rarely available. In fact, evaluations of the safety of new chemicals
before they come to market is publicly available for only about half of
the synthetic chemicals in current use, and information on their toxicity
or capacity to harm infants and children is available for fewer than
20% of the most widely used synthetic chemicals (Braun et al., 2009;
Landrigan et al., 2018). Apart from the harmful effects on humans,
pesticides are also found to cause severe biodiversity losses. For instance,
Beketov et al. (2013) found decreases in both species and family richness
in stream invertebrates by up to 42% of recorded taxonomic pools due
to the pesticides currently used in Europe and Australia.

Among the emerging pollutants, microplastics (<5mm) and
nanoplastics (<10 nm) have received increasing attention in recent years
(Bldsing and Amelung, 2018; Wu et al., 2020). Generally, these plastic
microfibers reach the water courses through leaching from soils and have
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their origin not only in nonpoint sources such as agriculture but also in
point sources such as municipal and industrial wastewaters. The use of
plastic mulching materials for horticultural production, for example,
is very common in many countries because it saves water, eliminates,
or reduces the use of herbicides and increases soil temperature. The
studies that evaluate the effects of these particles emphasize that no
standardized methods are available for plastic quantification in soil
(Blasing and Amelung, 2018), but it is highly likely that soils are
significant, possibly dominant, environmental reservoirs of microplastics
and nanoplastics (Hurley and Nizzetto, 2018). In particular, da Costa
et al. (2016) and Alimi et al. (2018) emphasize that nanoplastics have a
greater affinity for adsorption of contaminants and can act as carriers
of pollutants, which exhibit a more dangerous effect on humans and
ecosystems (e.g., metals and persistent organic pollutants), to facilitate
their transport. Despite the lack of conclusive data, it has been reported
that microplastics and nanoplastics can be accumulated in food chains
and are biotoxic to organisms (de Souza Machado et al., 2018). For
instance, plastic microfibers like asbestos can be carcinogenic (Re,
2019). From a management perspective, the analyses should focus on
the dynamics of these plastics in order to detect vulnerable soils in
which the use of plastics should be decreased or banned, as many of
the so-called “biodegradable” materials do not degrade completely in
soils (Miles et al., 2017).

With regard to pharmaceutical products such as anti-inflammatory
and antibiotic drugs, they come from the WWTPs (Fonseca et al.,
2020; Johnson et al., 2017; Rodriguez-Mozaz et al., 2020) and intensive
livestock activities (Gonzalez Ronquillo and Angeles Hernandez, 2017;
Lekagul et al., 2019; Mund et al., 2017). Despite having been found at
relatively low concentrations in the environment (Ebele et al., 2017),
there is evidence that they have toxic interactions with aquatic organisms
and also with the organic (Ebele et al., 2017) matter of soils (see
Sathishkumar et al. (2020) for a complete review of studies). The
presence of antibiotics from veterinary and medical uses, even in low
concentrations, is known to stimulate the emergence of resistant bacteria
and may be toxic to aquatic organisms, plants, and even mammals
(Alvarez—Esmoris et al., 2020; Frade et al., 2014). An important concern
related to antibiotics is the potential creation of antibiotic-resistant
bacteria that can hinder effective treatment options against animals’
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infectious diseases (Ebele et al., 2020). Antibiotics impair natural
biofilms as they can kill native bacteria and cause antibiotic-resistant
bacterial families to remain. The accumulation of these substances in
plants (including edible fruits and vegetables) could also have toxic
effects on mammals and affect human health when they enter into
the food chain (Bartrons and Penuelas, 2017; Gonzalez Garcia et al.,
2018). In particular, it has been found that co-infection of patients in
Intensive Care Units is an important factor resulting in lower survival
rates due to antimicrobial resistance (Liu et al., 2018; Zhou et al.,
2020). In addition, the effects of the unintentional consumption of
antibiotics through the food chain is frequently aggravated by an abuse
in antimicrobial therapy. For instance, Rawson et al. (2020) found
that 72% of COVID-19 patients received antibiotics during hospital
admission, while less than 10% experienced bacterial /fungal coinfections.
Thus, some studies warn that a marked increase in antibiotic-resistant
bacteria should be expected (Miranda et al., 2020) and this will cause
millions of human deaths annually by 2050 (Kost, 2021).

Similarly, it has been reported that PCPs such as UV fil-
ters/sunscreens affect phytoplankton and tend to accumulate in
the food chain, disturbing the equilibrium of aquatic ecosystems
(Castano-Sanchez et al., 2020). They can also interfere with endogenous
hormone systems and hinder the reproductive capacity of some aquatic
species (Gavrilescu et al., 2015), thus posing a serious threat to the
exploitation of species used for human consumption.

Some chemicals in common PCPs, such as soaps, creams, perfumes,
and shampoos act as endocrine disruptors in aquatic organisms. These
include phthalates, bisphenol A, perchlorate, certain pesticides, bromi-
nated flame retardants, certain metals, and dioxins that can interfere
with endocrine (or hormonal) systems. It is proven that exposure to
endocrine disruptors during sensitive periods in early human embryonic
development can lead to permanent impairments in organ function
and to increased risk of disease (Landrigan et al., 2018). However, the
specific contribution of these substances to the overall disease burden
has not yet been quantified. Endocrine disruptors can also decrease
reproductive levels in aquatic fauna such as fish species. Although they
may have low acute toxicity, a decrease in reproductive rates even at very
low levels of exposure leads to a reduction in fish stocks and increases
the risk of overfishing and species extinction. Moreover, the effects of
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exposure during early life may not be observed until adulthood, so it is
very important to conduct long-term eco-toxicity studies (Gavrilescu
et al., 2015).

In the specific case of aquifers, in parallel with the over-extraction
of water, subterranean ecosystems are threatened by anthropogenic
pollutants, including metals, pesticides, fertilizers, emerging contami-
nants, and volatile organic compounds (Castafio-Sanchez et al., 2020).
Groundwater organisms are known to play a critical role in functions
that provide ecosystem services, including the maintenance of water qual-
ity and supporting groundwater-dependent ecosystems such as springs
and rivers (Griebler et al., 2014). These ecosystems can be seriously
affected by all these isolated substances, but also by a mixture of all of
them even in small concentrations. So, it is necessary to establish the
toxicological effects of these substances and to implement protection
thresholds.

In the case of other components present in medicines, such as anti-
inflammatory drugs, the long-term consequences for aquatic ecosystems
and human health are still unknown. Furthermore, the fact that terres-
trial subterranean ecosystems are intimately linked with the groundwa-
ter cycle is also neglected, and thus scientific information concerning
the effect of pollution in these ecosystems is needed for their effective
protection.

4 Existing Legislation

Currently, policy-makers agree that there is an urgent need to address
CECs in a systematic and coherent manner (Dulio et al., 2018). To this
end, various programs, and legislation have been developed.

In Europe, the Water Framework Directive (WFD) (Directive
2000/60/EC) laid down the basis for determining which pollutants
may pose a significant risk to or via the aquatic environment, and thus
should be subject to monitoring. The first list, created under Decision
No 2455/2001/EC, which would become annex X to the WFD, included
33 CECs. Of these substances, 11 were classified as priority haz-
ardous substances, that is, substances for which Member States should
implement the necessary measures in order to interrupt or phase out
emissions, discharges, and losses within a maximum period of 20 years.
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The other 14 substances were subject to a subsequent review. Later, the
Environmental Quality Standards Directive (Directive 2008/105/EC),
also known as the Priority Substances Directive, modified the list and
specified maximum allowable concentrations of selected substances in
surface waters. This second list was replaced again in 2013 (Annex
I to Directive 2013/39/EU), with the incorporation of 12 additional
substances of major concern, adding up to a total of 45 pollutants, out
of which 21 were classified as priority hazardous substances. Directive
2013/39/EU established stricter environmental quality standards (EQS)
for some of these substances, as well as additional provisions on
persistent pollutants and pharmaceuticals. Moreover, a Watch List
of substances has been created to guide future prioritization. These
directives have been complemented with the Sustainable Use Directive
for pesticides (Directive 2009/128/EC) and the Industrial Emissions
Directive (Directive 2010/75/EU).

The former pieces of legislation required Member States to set up an
inventory of emissions, discharges, and losses of these substances, and
fostered the creation of the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) register for chemical substances in
2007 (Regulation (EC) No 1907/2006). In the REACH, the burden of
proof falls upon companies who need to demonstrate how the chemical
substances they manufacture and market in the EU can be safely used.
Further, they must also identify associated hazards and communicate
risk management measures to the users. That same year, the European
Pollutant Release and Transfer Register (Regulation (EC) No 166/2006)
was created. The register required more than 30,000 industrial facilities
to provide information about their emissions from a list of 91 pollutants,
covering various heavy metals, pesticides, greenhouse gases, and dioxins.

Although progress has been made in the regulation of these pollu-
tants (e.g., all river management plans for the timeframe 2015-2021
already need to take into account the EQS set by the European legisla-
tion), there is still much to be done in the case of groundwater, where
regulation is scarce and very heterogeneous. In this respect, the Ground-
water Directive (GWD, Directive 2006/118 /EC) only established unified
EQS for nitrates and pesticides. Moreover, even though this Directive
called for the establishment of national/local quality standards, the
specified thresholds differ widely among the Member States, both in
terms of the number of compounds subject to regulation and in the
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specific threshold values, which in some cases differ by two or even three
orders of magnitude (Scheidleder, 2012).

Recently, the EU has promoted the European Green Deal, which
aims at making Europe the first climate-neutral continent by 2050. As
part of the Green Deal strategy, the European Commission published a
chemicals strategy for sustainability in 2020 with the aim to simplify
and consolidate the implementation of EU rules concerning chemicals.
It has some relevant features, such as a long-term vision for EU chemical
policy, a zero-tolerance approach to noncompliance, a gradual move from
assessing and regulating single chemicals to handling them by groups,
and a promotion of harmonized human and environmental health-based
limit values, including the establishment of coordination mechanisms.

In the context of the Green Deal program, the European Commission
(EC) also unveiled its Farm to Fork and Biodiversity Strategies, which
will impose restrictions on EU agriculture through targeted reductions
in the use of land (10%), fertilizers (50%), antimicrobials in livestock
production? (including aquaculture) (50%), and pesticides (50%) by
2030. In parallel, the Green Deal aims to promote organic production
since it generates relevant benefits such as higher biodiversity levels
and lower use of antibiotics in livestock care. It also pursues the incor-
poration of precision farming techniques to improve efficiency in the
use of agricultural inputs and to compensate for expected production
losses. Furthermore, the Green Deal intends to modify current consump-
tion patterns toward sustainable produced foods. However, proposed
agreements are not complemented by economic studies evaluating the
expected environmental costs and benefits and/or the final level of
pollutant emissions.

In this regard, it is essential to conduct robust impact assessments
of policy options to determine the potential trade-offs between differ-
ent climate and environmental objectives. Specifically, the land issue
requires special attention, since the de-intensification of practices and
the increases in organic systems implicitly included in the Green Deal
could require more agricultural land, with possible adverse ecological
consequences. On the other hand, lower yields induced by less intensive

2To decrease veterinary medical product use and harmonize EU countries’ policies,
the EU recently adopted Regulation (EU) 2019/6 on Veterinary Medicinal Products
and Regulation (EU) 2019/4 on Medicated Feed, which will come into effect as of
2022.
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production will increase the unit cost of production and thus increase
food prices, consequently altering the competitiveness of the agricultural
sector. In a global world, both effects may have an impact on the flow of
imports from third countries that may result in pollution shifts instead
of an overall reduction.

In the United States, the US EPA is also working on the analysis of
pollutants of emerging concern to advance in the necessary knowledge
for their regulation. However, the Guidelines for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Life and
Their Uses date from 1985, and may, therefore, not be adequate to
determine the potential risks of new pollutants. Thus, in order to address
pollution of CECs and lay down a water quality protection strategy,
the Workgroup OW/ORD Emerging Contaminants (2008) developed a
white paper entitled: aquatic life criteria for contaminants of emerging
concern, Part I: general challenges and recommendations, to modify the
old guidelines. Following the Safe Drinking Water Act (SDWA), the US
EPA has established quality standards in drinking waters for more than
90 pollutants to ensure adequate protection of drinking water and its
sources. However, the SDWA does not provide regulation for private
wells with less than 25 users, despite being estimated that more than
13 million households (43 million people) rely on private wells for their
drinking water. This is especially relevant since it implies that about
15% of the US population remains outside the regulatory framework
and, therefore, subject to CECs repercussions and risks (US Census
American Housing Survey, 2017).3

To conclude, most of the current policies are based on defining max-
imum contaminant levels, either limiting or directly banning the use of
products, or in the form of maximum concentrations in water that need
to be met. Furthermore, only few of these regulations propose economic
incentives to be used.* Moreover, in most countries, the externalities
resulting from the use of CECs are dealt with in different ministries
(e.g., health, agriculture, environment, economic development), and
thus the full magnitude of the impacts of water pollution is often not
recognized (Landrigan et al., 2018). As a consequence, the regulations

3 Available at https://www.census.gov/programs-surveys,/ahs,/data/interactive/
ahstablecreator.html

4For example, in EU farmers can obtain partial market price subsidies by using
a biodegradable mulch in their horticultural production (Mari et al., 2019).
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of the various agencies may not be aligned, and the potential policy
coordination failures could lead to an exacerbation of environmental
damages (Bennear and Stavins, 2007).

5 Challenges for Water Management and Policy

To date, the most studied water pollutants have been nitrates and phos-
phates, which have also been by far the most regulated. Thus, water
quality has been mostly associated to the presence of these nutrients in
water (Martin-Lopez et al., 2014). Since WWTPs have become very
efficient in removing nitrogen and phosphorus from human and indus-
trial origins, the main source of water pollution from these substances
is agriculture. Consequently, water pollution control measures have
traditionally focused on agricultural pollution loads, and an extensive
amount of literature has been developed to propose and assess economic
instruments to decrease agricultural pollution.

Nonpoint pollution from agriculture (farmlands runoff and percola-
tion) and intensive livestock is characterized by the lack of information
on the agent and location responsible for the emission. Furthermore,
there are several uncertainties in the transport and fate processes of
these emissions. However, the existence of worldwide regulations to
control and reduce the pollution caused by nitrates and pesticides
from water bodies has promoted the proliferation of instruments to
deal with these externalities. From an economic point of view, two
main mechanisms have been suggested to limit agricultural nonpoint
pollution: the implementation of pure economic instruments such as
water pricing structures, taxes/subsidies to both output and input,
or the implementation of efluent permit trading (Fisher-Vanden and
Olmstead, 2013; Pearce and Koundouri, 2003b; Shortle, 2017; Shortle
and Horan, 2013). In several cases, economic instruments are accompa-
nied by the implementation of water quality standards and water use
restrictions (command-and-control instruments). The main advantage
in the regulation and implementation of policy instruments in the case
of nutrients is the existence of an adequate regulatory scheme and well-
established upper limits on the concentration levels of these pollutants.
The existence of an extensive body of literature on the impacts of these
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substances allowed for the implementation of efficient policies (Andersen
et al., 2011).

Compared to nutrients, CECs have some distinctive characteristics
that pose new challenges for water economics and policy. To elucidate
the greater or lesser need for action and the type of policies to be
implemented, it is essential to build up economic knowledge on the use
of CECs, how they enter the environment, their resulting impacts, and
the feasibility and costs of their elimination. The areas revolving around
these main points, on which it is necessary to focus research efforts to
achieve an adequate CECs management policy, are presented below.

5.1 Introduction of CECSs into the Environment

First of all, it is necessary to increase the amount of data and knowledge
on the key aspects that affect the occurrence of emerging contaminants
in different countries and regions. Issues such as the structure of the
economy, or the level of economic development will undeniably condition
the appearance and expansion of CECs.

Furthermore, the current problems of CECs will be aggravated
because of the expected climate change impacts that will involve higher
incidences of extreme water events such as an increase in the frequency
and magnitude of drought periods. Reductions in water flows will lead
to an increase in the pollutant concentration and a reduction in dilution
capacity that will threaten the functioning of water bodies (Bunke et al.,
2019). This is an important problem for arid and semiarid regions where
water scarcity is going to increase. On the other hand, the increase
in the incidence of flood events will involve the mobilization of several
pollutants that remain in soils but will be transported to water bodies
(Schiedek et al., 2007; Whitehead et al., 2009). Furthermore, climate
change impacts on food availability and crops yields, together with an
increasing food demand, will trigger agricultural production. In this
regard, the use of pesticides is expected to increase causing an increase
in the risk of insecticide exposure (Kattwinkel et al., 2011), which will
increase the proportion of streams close to farmland that do not comply
with the requirements of good ecological status, for example as in those
defined by the WFD.

In a context of water scarcity, water recycling, by reusing treated
wastewater from municipalities and industries, has become a potential
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solution. Currently, recycled water is in general used for nonpotable uses
such as irrigated agriculture, residential, and urban uses (e.g., gardening,
flushing, car washing, irrigation of public parks, streets cleaning, etc.)
and industrial needs (e.g., cooling applications in power plants). Yet, this
source of freshwater can also be used for the replenishment of depleted
water bodies such as aquifers, reservoirs, and even some ecosystems,
such as wetlands. Therefore, water policies are already including water
reuse as a solution to address water scarcity (Pistocchi et al., 2017).
However, the important amount of emerging contaminants that this
practice can introduce into the environment is still totally ignored
(Snow et al., 2019). If the concentrations of emerging compounds reach
critical levels, the reuse of these resources can be compromised. In order
to reuse water resources, tertiary treatments are required to remove
toxic and potentially harmful compounds (Voulvoulis, 2018). However,
even tertiary treatments are not completely efficient in removing all
possible contaminants and, furthermore, the level of treatment will
largely depend on the overall quality of the water resource. The lack
of information on the costs and benefits of using this resource and the
difficulty in identifying the concentration and occurrence of several
CECs hinders the correct processing of recycled water.

Further, many of the CECs come from consumption activities, so
economic analysis can be essential to identify the most effective economic
instruments according to the characteristics of the demand (Belay and
Jensen, 2020). Economic development is closely linked to changes in
consumption and production patterns, which eventually trigger the
incorporation of new CECs into the supply chain. Moreover, population
growth will exacerbate the generation of pollutants if not managed
properly, for instance, those found in PCPs and medicines.® Other
factors, such as the structure of production or the size of the informal
economy, might also impact CECs emissions. In particular, activities
from the hidden economy are generally not easy to monitor and regulate.
As a result, economies with a larger informal sector tend to have greater

SRobertson et al. (2021) reported notable differences in antibiotic use in the
FEuropean Region; total consumption in 2018 ranged from 8.9 defined daily doses
per 1,000 inhabitants per day in Azerbaijan to 15.5 in Denmark or to 34.1 in Greece.
Moreover, temporal trends diverge between the countries analyzed, illustrating
the variety of surveillance efforts and actions being taken to address antimicrobial
resistance.
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emissions of water pollutants (metals and solvents from industrial work,
pesticides, and fertilizers). For example, in informal mining activities,
the chemicals used to wash the minerals end in wastewater and are
directly dumped into rivers and other water bodies (Bali Swain et al.,
2020). Another illustrative example is illicit cannabis cultivation that
leads to significant impacts on the environment. In the case of outdoor
cultivation, it causes deforestation and extensive irrigation, with an
overuse of fertilizers, pesticides, and rodenticides (Thompson et al.,
2014; Warren, 2015).

In addition, many of the compounds posing significant risks result
from products that are no longer manufactured. For instance, even
though PBDE was banned in 2004, it still forms part of several final
goods such as furniture, mattresses, and electronic devices, which are
still in use (Ward et al., 2008). Besides, technological appliances and
furniture contain multiplicity of other toxicants apart from PBDE (e.g.,
Pb, Cd, Hg, Cr, plastics, and other persistent organic pollutants). Once
these products become obsolete or reach the end of their lifetime, most
of them end up in landfills because of their low cost of disposal. Rainfall
then provokes the leaching of these contaminants into groundwater
(Seeberger et al., 2016). Although the world economy produced a total
of 53.6 million tons of electronic waste in 2019, only a mere 17.4%
was properly collected and recycled. Moreover, e-waste is forecasted to
grow to 74.7 million tons by 2030 (Forti et al., 2020). So, projections
indicate that a great amount of CECs will continue to enter water bodies
in the future through the disposal of these products and subsequent
leachate. Current prohibitions do not prevent them from entering the
environment, and regulations such as quotas or limitations on their use
may not be sufficient. There is, therefore, the need to advance economic
analyses of waste removal.

5.2 Economic Analysis of CECs Impacts

As with the buildup of CECs, their impacts are still not well cataloged
or analyzed. This issue hinders the correct implementation of policy
mechanisms to reduce the concentration of several of these substances
in water bodies. The Safe Drinking Water Act requires the US EPA to
perform cost—benefit analyses (CBA) for establishing its water regula-
tions and maximum concentration thresholds. The WFD also demands
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cost—benefit analyses to design appropriate environmental policies. How-
ever, this is certainly no easy task. While the costs of removing CECs
are not excessively complicated to calculate, their benefits are often
not incorporated or correctly assessed due to the lack of a standard
methodology for their monetary valuation.

Thus, proper economic assessments of the effects of these new sub-
stances such as in Lai (2017) are necessary to evaluate the suitability
of different economic measures such as direct regulations or economic
incentives (Hoel and Karp, 2002). Moreover, economic instruments
will need to be carefully adapted to the characteristics of these new
pollutants. For instance, while policies based on voluntary compliance,
decentralized monitoring, and cooperation between agents could work
to control pollution in certain agricultural settings, they may not be
feasible for pollutants derived from human consumption of plastics,
medicines, and PCPs. Scientific evidence regarding the irreversibility
of the negative effects caused to aquatic organisms should be trans-
lated into more stringent marketing regulations for all these products,
including toxicity analyses and especially applying the precautionary
principle.

Moreover, one of the greatest challenges to CECs management is
to approach it from a global perspective, rather than the common,
fragmented regulatory framework. Most of the literature focuses on
avoiding the impacts of a single pollutant (e.g., nitrogen or phosphorous),
while tens of thousands of new chemicals that are potentially harmful
to the environment are found in personal care and other quotidian
products (Schwarzenbach et al., 2006) and are jointly released into the
environment. Many of these substances have synergistic and additive
effects, which entails that, even though the problems arising from a
particular pollutant may not be significant, the combined effects of
some of them can be of great magnitude (Dulio et al., 2018). For
instance, pollution from CECs has been shown to interact with nutrient
emissions. The antibacterial properties of antibiotics inhibit microbial
activity in aquatic environments, which leads to a reduction in nitrogen
removal rates and a subsequent increase in the formation of NoO, an
intermediate of the nitrate reduction process and greenhouse gas that
contributes to global warming (Xu et al., 2020). Thus, more research
assessing the environmental damage and risks from pollutant mixtures
is of utmost importance.



Contaminants of Emerging Concern 407

5.3 Economic Analysis of CECs Removal

One of the main difficulties of adapting and employing existing policies
resides in the biophysical nature of CECs, which is in general different
from that of nutrients. As discussed in Section 2, most emerging com-
pounds end up in water bodies as a result of the low removal efficiency
of conventional WWTPs with respect to several of the emerging contam-
inants (Margot et al., 2013; Mohapatra and Kirpalani, 2019; Stefanakis
and Becker, 2015). Conventional WWTP technologies are not designed
to detect and/or remove several biological and organic substances com-
ing from products used in everyday life, which are, in a large portion,
part of the household and industry sewage. Technical research has been
focused on improving the capacity of WW'TPs to effectively remove
the occurrence of emerging contaminants, and advances in wastewater
technologies have been achieved (Margot et al., 2013; Mohapatra and
Kirpalani, 2019; Petrovi¢ et al., 2003). However, to date, all existing
technologies involve advantages but also several challenges, limitations
and gaps that should be carefully weighed. An example is the case of
biological processes, which happen to be widely used because of their
low operating costs and high availability, but exhibit low-efficiency rates
when it comes to removing several micropollutants. Another example is
the case of tertiary treatment processes, which are superior compared to
primary and secondary treatments in terms of the removal of CECs from
wastewater (e.g., granular activated carbon adsorption), but involve
higher operational costs and a greater impact in terms of energy use. In
this sense, some studies signal the existence of a “trade-off” in the use
of these technologies, since these are capable of removing CECs, but
also contribute to generating significant COs emissions because of their
intense energy use (Stuart et al., 2011). A high level of cleanliness may
also be inadequate since the large quantity of chemicals used for water
treatment will, ultimately, lead to an increase in the amount of solid
waste generated (Gross and Park, 2018). Additionally, some processes
(e.g., oxidation processes) which are very efficient in the removal of
several pollutants have the disadvantage of creating intermediates sub-
stances that, in some cases, are more toxic than the initial compounds
(Vasilachi et al., 2021).

Based on the above, it is evident that in-depth studies are still
necessary to identify the main challenges related to the development of
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more efficient removal technologies for WWTPs. Technological studies
need to assess the investments required to improve current WWTPs,
their efficiency in removing the most toxic and dangerous contaminants,
and the possible side effects of their implementation. However, the great
need for technical systems that can mitigate the occurrence of CECs
is accompanied by the need for socio-economic studies evaluating the
cost-effectiveness of the different treatment technologies in removing
these substances from the water bodies. There are very few studies
that measure the environmental benefits of CEC removal. Molinos-
Senante et al. (2013) estimate the shadow prices for five substances
(galaxolide, tonalide, sulfamethoxazole, diclofenac, and ethinylestradiol),
which correspond to the environmental benefit that would be generated
if these compounds were removed from wastewaters. Bellver-Domingo
et al. (2018) provide monetary values of not discharging salicylic acid,
methylparaben, and THCOOH into wetlands. Bellver-Domingo et al.
(2017) also estimated shadow prices for the elimination of five pollutants
in different ecosystems (wetlands, rivers, and the sea).

Yet, Gurian et al. (2004) point out the necessity of conducting CBA
of attaining threshold limits for multiple CECs. Since these substances
interact with each other, a treatment process aimed at removing a
particular pollutant may also serve to eliminate other contaminants.
Consequently, the employment of fragmented and disconnected cost—
benefit studies, which take only one pollutant into account, will produce
inaccurate estimates of the cost-efficiency of CEC removal and lead to
erroneous economic policy decisions. Moreover, the economic studies
need to deal with the existence of “trade-offs” and any negative exter-
nalities associated with the improvement of WWTPs. There is a need
to balance environmental tradeoffs and evaluate the optimal mix of
efficient yet energy-consuming source abatement versus environmental
damage of remaining CECs.

Besides improving treatment technologies, upstream ecosystems and
land-use types may also influence water quality and the subsequent costs
of water treatment. Several studies have examined the efficiency of buffer
strips or constructed wetlands for the removal of nitrates (Ghermandi
et al., 2010). Significant results have also been found concerning the
role upstream forests play as filters of Escherichia coli (a pathogen
responsible for disease outbreaks) in downstream waters (Westling et al.,
2020). Thus, existing information should be complemented with the
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assessment of the economic efficiency of the ecosystems to naturally
mitigate the introduction of CECs into drinking water.

5.4 Economics and Policy Design

As the emergence of new substances has multiplied research needs, the
provision of information has become an economic problem. A first-
best policy for the management of CECs would require several steps:
(i) an assessment of current and future exposure to CECs with and
without regulation; (ii) a behavioral model capturing economic agents’
reactions to the true costs of compliance; (iii) dose-response functions to
estimate the link between exposure levels and environmental and health
effects; and (iv) a method for assigning monetary values to changes
in exposures so that benefits can be compared with compliance costs
(Pearce and Koundouri, 2003a). Unfortunately, this procedure requires
a large amount of research, so time constraints and limited research
funding make a first-best approach likely to be unfeasible. Regulators,
therefore, are often compelled to use a second-best framework for policy
design (Lipsey and Lancaster, 1956). For instance, most regulatory
instruments use the action instead of the outcome or result as their base
of compliance. With this in mind, economics could provide information
to establish the link between the compliance base (e.g., polluting action
vs. outcome) and the incentive/regulatory mechanism applied to this
compliance base (economic incentives vs. direct control). Taking the use
of antibiotics in livestock production as an example, economic studies
may help to determine whether it is more cost-effective to act against
the final emissions or against the initial action (on-farm use). In order to
effectively control the action, research should focus on establishing the
relationship between the prevalence of resistant bacteria in an area with
the intensity and timing of this action. This would provide adequate
information to establish effective regulations.

In policy design, a key factor is the way in which agents respond
to implemented regulations. For instance, antibiotics in veterinary
medicine can be seen as a risk-decreasing input, leading to an overuse by
risk-averse farmers to prevent animal diseases. When farmers estimate
potential risks, their evaluations mainly rely on their ability to judge
animal health status and their knowledge about appropriate practices
(Raboisson et al., 2020). However, a policy that increases the availability
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of knowledge about “best practices”, will not necessarily modify farmers’
behavior on antibiotic application. That is, farmers cannot appropriate
from the future benefits of reducing animals’ antimicrobial resistance,
since this is a public good. Thus, they will have low incentives to change
their actions unless they are compensated for their foregone profits, or
there is an increase in the willingness to pay to consume meat from
animals that have received low or no antibiotic treatment (Denver et al.,
2021). Therefore, there is a need to improve our understanding of the
underlying drivers and barriers (e.g., market prices, costs) to adopting
“best practices” with regard to animal health (Fischer et al., 2019; Jones
et al., 2016).

Behavioral changes occur because the implementation of CEC con-
trol measures modify the benefits that economic agents can obtain from
the resources and services of ecosystems (Bennear and Stavins, 2007).
As an example, the United Kingdom and Sweden reduced the use of
trimethoprim and sulfonamide antibiotics to fight against antimicrobial
resistance but the latter was not decreased because of antibiotic replace-
ment processes (Roope et al., 2019). Thus, a reduction or elimination
of a particular compound (e.g., antibiotic, pesticide or herbicide) could
lead to its substitution by a different substance with greater environ-
mental impacts on the same environment (aquatic ecosystem) or on
other resources (air, soil, etc.). As indicated by Pardo and Martinez
(2019), a ban on the use of the herbicide glyphosate in agriculture would
lead to an increase in the use of other chemical herbicides that are less
effective in controlling weeds and involve greater environmental impacts.
In a similar way, Perry and Moschini (2020) found that the introduction
of neonicotinoids has increased the toxicity risk to honeybees but has
significantly lowered the risk to mammals, birds, and fish. They also
found a neonicotinoid ban in US maize would likely induce farmers to
change their insecticide usage patterns and replace them with more
hazardous compounds such as organophosphates and other insecticides
with unintended undesirable consequences. Therefore, taxing or ban-
ning a single chemical may not make sense. In this respect, Pearce and
Koundouri (2003b) state the importance of assessing cross-elasticities
besides own-price elasticities of pesticides, and suggest toxicity weighted
taxes would capture geographic and product variation in damage better
than a single tax. Likewise, eliminating the use of petrochemical plas-
tics or agrochemicals may lead to their replacement by other factors of
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production (i.e., other materials or mechanical techniques), increasing
the use of other resources such as land, water or fossil fuels, which
affect air pollutant emissions (Brizga et al., 2020; Pardo and Martinez,
2019). Thus, it is crucial to take into account the environmental and
biological dimensions in the economic analyses so that the feasibility of
regulations and the substitution effects between different products are
properly assessed in order to design efficient policies.

6 Concluding Remarks

Despite the large impacts CECs have on both ecosystems and human
health (Schwarzenbach et al., 2006), they are still not thoroughly ana-
lyzed and related water regulations are fragmented and inconsistent.
Some examples analyzed in the literature show that, in fact, some
well-intentioned water quality regulation objectives may nevertheless be
economically unfeasible with current technology, generate undesirable
impacts on other resources, or even contribute to climate change. The
development of policies to reduce the risks of CECs and ensure their
control needs to be grounded in sound technical and economic research.
Although the biological, chemical, and other related literatures are still
partial and incomplete, there have been a great deal of effort made in the
formation of technical knowledge on the transport and fate processes of
these contaminants, as well as, on their toxicity and impacts. However,
these studies mostly elude proper economic analyses, thus preventing
an adequate evaluation of the implications of the results. Without this
information, the management of water bodies taking into account the
threats these substances pose is still far from being accomplished.

This paper has reviewed existing technological and economic studies
on CECs to highlight key areas where economic science needs to focus
its attention to guide the design of water policies. In summary, the
previous studies suggest that the changes required for the management
of CECs revolve around various fundamental aspects:

(i) The need for scientific evidence to generate protocols for mea-
suring the presence and eco-toxicity of these contaminants and the way
they are introduced into the environment. Because economic activities
are fundamental drivers of the emergence of CECs, it is essential that
the effects the consumption and production patterns of the economy
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can have on CECs are studied from an integrated perspective. That
is, to take into account the synergies and substitution effects of these
pollutants while also considering the overall life cycle assessment (i.e.,
including the generation of hazard compounds from waste disposal).
Economic studies are crucial to identify and quantify substitution effects,
synergy effects and economic feasibility of achieving emission reduction
targets.

(ii) The importance WWTPs have as the main source of entry of
CECs into the environment and, therefore, the need for greater moni-
toring and control, coupled with the development of new technologies.
Diverse techniques are suggested in the literature to remove the occur-
rence of CECs from wastewater, and all of them differ in the inputs
needed, costs, and removal rates. Thus, it is necessary to balance lower
health and ecosystem impacts resulting from higher removal efficien-
cies with the need for additional materials and/or energy, which could
unavoidably entail other environmental impacts.

(iii) Comprehensive multidisciplinary policy framework that accounts
for CEC impacts through the inclusion of ecosystem services. Economic
studies are also essential in this last area, so that progress can be made
in the design of methods and instruments allowing for the inclusion
of the economic value of the ecosystem services. Reducing all these
harmful effects is a challenge in many aspects of the current water
resource management, since it implies not only changes in production
processes of many sectors (especially in agriculture and livestock), but
also in consumption habits, and even in health and hygienic standards.
Effective solutions require changes in the economic incentives underlying
individual and collective economic behaviors (Shortle, 2017). In addition,
the precautionary principle should be strongly included in the regulation
of chemicals prior to their launch on the market by incorporating
economic evaluation methods such as the quantification of avoided
costs.

The amount of information required to develop a “first best” policy
for an efficient management of CECs makes it a Herculean task. There-
fore, in a second-best (or nth best) world, economic analyses can guide
the research efforts in order to design more efficient and effective policies,
for example, by clarifying the link between the basis of compliance and
the regulatory mechanisms applied to it. In this respect, it is important



Contaminants of Emerging Concern 413

the analyses include the unintended changes that regulatory policies
may induce in agents’ behavior.
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