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Abstract: We describe a procedure to quantify emissions of chemicals for environmental protection, assessment, and
management purposes. The procedure uses production and use volumes from registration dossiers and combines these with
Specific Environmental Release Category data. The procedure was applied in a case study. Emission estimations were made
for chemicals registered under the European Union chemicals regulations for industrial chemicals (Registration, Evaluation,
Authorisation and Restriction of Chemicals [REACH]) and for the active ingredients of medicines and crop protection
products. Emissions themselves cannot be validated. Instead, emission estimates were followed by multimedia fate mod-
eling and mixture toxic pressure modeling to arrive at predicted environmental concentrations (PECs) and toxic pressures for
a typical European water body at steady state, which were compared with other such data. The results show that screening-
level assessments could be performed, and yielded estimates of emissions, PECs, and mixture toxic pressures of chemicals
used in Europe. Steady-state PECs agreed fairly well with measured concentrations. The mixture toxic pressure at steady
state suggests the presence of effects in aquatic species assemblages, whereby few compounds dominate the predicted
impact. The study shows that our screening-level emission estimation procedure is sufficiently accurate and precise to serve
as a basis for assessment of chemical pollution in aquatic ecosystems at the scale of river catchments. Given a recognized
societal need to develop methods for realistic, cumulative exposures, the emission assessment procedure can assist in the
prioritization of chemicals in safety policies (such as the European Union REACH regulation), where “possibility to be used
safely” needs to be demonstrated, and environmental quality policies (such as the European Union Water Framework
Directive), where “good environmental quality” needs to be reached. Environ Toxicol Chem 2020;39:1839-1851. © 2020
The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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registered globally (Wang et al. 2020), and numbers and
amounts of chemicals in use are expected to increase (United

INTRODUCTION

Human activity inevitably results in possibly non-negligible
emissions of thousands of chemical substances. A recent in-
ventory showed that more than 350 000 chemicals are currently

Nations Environment Programme 2013; European Chemicals
Agency 2016b; Bernhardt et al. 2017). This resulted in a call for
comprehensive risk assessments, which would require quanti-
fication of emissions, exposures, and risks for large numbers of
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chemicals and their mixtures. Freshwater ecosystems are
among the most human-impacted habitats, and chemical pol-
lution is one of the main drivers of deterioration of freshwater
biodiversity (Vérésmarty et al. 2010). This has triggered the
development of preventive and curative regulatory measures.
In terms of prevention, chemical substances can be registered
and marketed only after an ex ante chemical safety assessment
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has demonstrated the possibility that (the registered tonnage
of) the chemical can be used safely. Under the European Union
Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) regulation (European Commission 2006),
for example, exposure concentrations (predicted environ-
mental concentration [PEC]) are compared with critical effect
concentrations (predicted no-effect concentration [PNEC]); the
quotients (PEC/PNEC) are to remain below 1 for all possible
uses of chemicals, commonly assessed individually.

In the present study, we expand on the ex ante assessment
of net chemical pollution by considering the derivation of PECs
for a large number of compounds from 1) amounts of chemicals
used, and 2) fractions thereof released into the environment.
This enables estimation of PECs by means of multimedia fate
modeling and, subsequently, by a prospective assessment of
the risk of net chemical pollution. The latter results are useful to
evaluate whether the chemical safety policies are sufficient, or
whether the environmental quality is affected by mixtures. For
the aquatic compartment, the European Union Water Frame-
work Directive is the regulatory framework that has been im-
plemented to protect or restore water quality (European
Commission 2000). We used the Water Framework Directive
definition of good water quality status as benchmark to eval-
uate the PECs and the cumulation of risks of chemical pollution.
Calls to account for mixtures for all policy frameworks have
been voiced by scholars and regulatory bodies alike (European
Commission 2017; Kortenkamp and Faust 2018; Drakvik
et al. 2020).

The assessment of emissions is currently the least devel-
oped step in the comprehensive assessment of chemical pol-
lution risks. The main driver for the research of the present
study was to develop a practice-oriented procedure by which
the environmental release rates of large numbers of chemicals
can be estimated, such that they can be used in chemical safety
assessments and environmental quality assessments, for pri—
oritization of risk-preventing and/or curative management ef-
forts. Prospective modeling of ecological impacts of chemical
substances starts with estimating the amounts of chemicals that
are released to the environment as a consequence of pro-
duction and downstream use in the production—-use-waste
chain. Emitted masses, combined with characteristics of the
compounds and the environment (e.g., the breakdown rates
and the volume of environmental compartments, respectively),
result in exposure concentrations, either in steady state (de-
rived from multimedia fate modeling; Mackay 1991) or for local
water bodies (derived from a dedicated model; Kapo
et al. 2016). Combining these data with knowledge of the
toxicities of individual chemicals subsequently allows us to
quantify the impacts of chemicals, alone or in mixtures. The
information gained helps us to prioritize water bodies re-
garding the expected pollution pressures as well as those
chemicals contributing most to the pollution, and to focus
environmental protection and management (Tsakiris 2015;
Boelee et al. 2019).

We developed a new emission estimation procedure by
which release rates (into air, water, and soil) of chemicals are
estimated from registered use volumes, using additional

information submitted by registrants in registration dossiers
(i.e., information about the intended uses and about the
physical and chemical properties of the chemical). Commonly,
available data only provide gross insights in potentially emitted
fractions of chemicals. In a case study, we succeeded in using
those data for 6409 chemicals and we applied further exposure
and impact assessment modeling for the 4757 chemicals with
sufficient data for all analysis steps. We developed an estima-
tion procedure capable of delivering the release rates neces-
sary for comprehensive (and practicable) impact assessments of
chemicals produced and used in Europe. Because predicted
emissions themselves cannot be validated at the European
scale, we tested the resulting release rates for plausibility and
functionality by comparing predicted and observed concen-
trations and toxic pressure data obtained from other studies.

The principal research question addressed in the present
study was whether emission rates of chemicals into the envi-
ronment can be estimated with sufficient accuracy and pre-
cision for environmental risk assessments of chemicals and their
mixtures and for prioritization of chemicals, as a basis for reg-
ulation and management. Our aims were to: 1) describe a
generic emission estimation approach that was developed to
estimate emission rates of chemicals; 2) apply and test this
emission estimation approach in a case study that involves a
large fraction of the chemicals used in the European Union
(REACH chemicals, pesticides, and pharmaceuticals), by com-
paring the outcomes of the emission model with data from
other studies (involving both modeled and monitored data);
3) analyze the outcomes of the case study regarding the issue
of predicted impacts of chemical pollution (as total mixture);
and 4) evaluate the results regarding potential utility for the
prioritization of chemicals for management (chemical and
environmental quality policies).

The results of the use of the outcomes of the present study
for water body-specific chemical pollution assessments and the
implications for water quality protection and management have
been published elsewhere (Posthuma et al. 2019b; Van Gils
et al. 2020).

MATERIALS AND METHODS

The analyses consisted of 3 main steps: 1) emission mod-
eling, starting from data on masses of chemicals in trade
in Europe; 2) exposure modeling, resulting in predicted
mixture exposure concentrations of studied chemicals in a
“typical European Union water body”; and 3) the assessment
of the (mixture) toxic pressure of the predicted exposure
concentrations.

Emission modeling

We developed a new substance-flow estimation procedure
(emission model) that enables accounting for the differences in
release rates patterns covering all possible uses in the entire life
cycle of chemicals. Release rates differ across compounds. That
is, crop protection products used in open field applications are

© 2020 The Authors

wileyonlinelibrary.com/ETC



Emissions and toxic pressure of currently used chemicals—Environmental Toxicology and Chemistry, 2020;39:1839-1851 1841

released almost entirely to crops and soils, “down-the-drain”
household product chemicals find their ways to the environ-
ment via sewage collection and treatment systems, and other
chemicals are made for use as parts of durable products, from
which very variable amounts are released into the environment.

The new emission model is based on the generic emission
estimation method developed in the 1980s by Van der Poel
and Ros (1995). This method was used in the first European
Union System for the Evaluation of Substances (EUSES) model
for regulatory chemical substances evaluation (Vermeire
et al. 1997). It was later reworked into the format of Specific
Environmental Release Category (spERC) tables (European
Chemical Industry Council 2012), which are currently used in
chemical safety assessments under REACH.

The new emission model considers all life stages of a
chemical and the generic characteristics of the stages, coded
and defined as follows.

Life cycle stages | - 1 and | - 2 (production and
transport). Small, but significant amounts of chemical may be
released to air, (waste)water, or soil directly from the first life
cycle stage, during manufacturing or transport, although ex-
ceptions with specific point-source releases may occur (e.g.,
Lindim et al. 2015, 2016a). Manufacturing may or may not take
place in Europe. Fractions of the overall tonnage, manufac-
tured in Europe, were obtained from various dossiers and are
accounted for in the emission estimation.

Life cycle stage | - 3 (processing). Chemicals are rarely used
without further processing. Generally, chemicals are formulated
into products and distributed to other places in or outside
Europe.

Life cycle stage Il (use). During service life, chemicals are
used in different ways and released to different degrees. For
most chemicals, the largest releases take place during
service life.

Life cycle stage lll (recycling). Small but increasing fractions
of chemicals produced and used are recycled; these data were
combined with modeling chemical release from sewage treat-
ment plants for chemicals passing through the plants, as ap-
propriate. Total emission into the environment was thus
modeled as the product of use volume, release fraction, and
fraction not retained in the process of waste treatment, using
literature-based estimated emission fractions (Table 1):

Eijx= Z’_]_ k(UseVol,- x ActCat; ;) X RF;; x Fstpl.lk (1)

where E;j, denotes the European Union-wide emission rate
[M/T] of substance i from use j into environmental medium k,
(UseVol x ActCat; ;) represents the volume of substance i, used
in activity category j [M], RF; s the fraction [-] of this use that is
released into medium k, and Fstp; « [T~"] denotes the fraction of
substance i released to medium k after sewage treatment, as
predicted by the sewage treatment plant model SimpleTreat,
recommended in the REACH Guidance (European Chemicals
Agency 2016a). Equation 1 was initially applied to 14 000*
chemical substances known to be currently used in Europe
(REACH chemicals, pesticides, and pharmaceuticals), but
due to missing data needed to derive PECs, the
environmental-chemical analyses proceeded with 6409 com-
pounds. Even for these relatively data-rich compounds, neither
total amounts used, nor fractions applied in specific uses are
available to allow precise emission estimation according to
Equation 1. Knowledge of amounts produced and used is
generally confidential and unavailable for research. Fractions
applied in specific uses are usually unknown, even to those who
file registration dossiers. Therefore, the full emission model of
Equation 1 could mainly be applied to chemical substances of
which 1) the total amounts produced and used, and 2) the
fractions of this use, applied in specific uses, are known or
assumed, that is, for pharmaceuticals and pesticides. For the
REACH substances it was necessary to categorize the 169
spERCs (Supplemental Data, Table SI-1), claimed to be “best

TABLE 1: Estimated emission fractions (%) in the various uses and life cycle stages of chemicals, based on published and unpublished reports

Activity category Release % To air % To water % To soil %
Stage | Use 1: Manufacturing® 0.4 0.2 95 5
Stage | Use 2: Distribution/formulation® 0.5 60 39 1
Stage | Use 3: Industrial processing® 0.5 59 35 6
Stage Il Use 4: Use in agriculture® 100 15 1 84
Stage I Use 5: Use in medicine® 12 0.0 100 0
Stage Il Use 6: Wide-dispersive use “down-the-drain”? 100 0.0 100 0
Stage |l Use 7: Other wide-dispersive uses® 100 73 1" 16
Stage |l Use 8: Wide-dispersive “low-release” uses® 5 73 1" 16
Stage Il Use 9: Use as fuel® 0.04 96 4 0
Stage |l Use 10: Other stage Il uses® 0.5 45 39 15
Stage |lI Use 11: Treatment/recycling® 5 33 33 33
Stage |lI Use 12: Solid waste disposal® 10 0.0 0.0 100
Use-weighted averages, based on selected SpERCs 25 63 31 6

?European Chemical Industry Council 2012.
BSala et al. 2014, 2015.

“Fent et al. 2006; Van der Aa et al. 2008; International Commission for the Protection of the Rhine against Pollution 2009.

9B. Dmytraz, Conservation of Clean Air and Water in Europe, Brussels, Belgium; confidential information from Chemical Safety Reports submitted to European Chemical
Agency for the purpose of registrating petroleum products under the REACH regulation, personal communication to D. van de Meent 2008.

SPERC = Specific Environmental Release Category. Releases may not sum to 100% due to rounding error.
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possible estimates” (European Chemical Industry Council
2012), into the 12 composite main uses listed in Table 1, and to
assign release-category averages to each chemical that, ac-
cording to our expert judgement, belonged predominantly to
this release category.

Exposure modeling

European Union risk assessment under REACH prescribes
that registrants of new chemicals provide an explicit estimation
of what environmental exposure concentrations are to be ex-
pected after the chemical is brought onto the European Union
market. We have adopted this line of reasoning, including the
use of terminology that comes with it, particularly of the use of
the word “expected.” We use this word in the present study in
its statistical meaning: the (statistical) expectation of the true,
but unknown value that a random variable may take in a spe-
cific situation. In using the word “expected,” we further follow
Aldenberg et al. (2002) who named the outcome of the Van
Straalen-Aldenberg convolution integral of Equation 2 as
"expected risk.” In European Union risk assessment, such
“predictions” or “expectations” relate to standardized emis-
sion/exposure/effect circumstances (termed in the present
study “typical European Union water body”), which is based on
the ‘Unit World’ concept that was introduced in the late 1970s
by Baughman and Lassiter (Mackay and Paterson 1984).
Expected exposure concentrations (PECs) of chemicals in a
typical European Union water body' (sensu REACH) were cal-
culated from estimated emission rates using the multimedia
mass balance model SimpleBoxTreat. Specifically, SimpleBox-
Treat4Solutions was constructed as a simplified (spatially and
temporally invariable) version of the spatially explicit model
for European water bodies as created for the European
Union project SOLUTIONS (Brack et al. 2015; Van Gils
etal. 2019, 2020). It is a combination of the emission estimation
model just described with the environmental fate simulation
models SimpleBox Ver 4 (Hollander et al. 2016) and Simple-
Treat Ver 4 (Struijs et al. 2016; Lautz et al. 2017), and a further
simplification to a 3-compartment (air/water/soil) version as
applied in the KnowSEC decision support system developed at
the German Federal Environment Agency (UBA; Striffler and
Wassermann 2015). We used integrated emission + exposure
modeling to test the usefulness and plausibility of the
outcomes of the emission model.

Using emission estimates (Equation 1), we used Simple-
BoxTreat4Solutions to simulate emissions of chemicals at so-
called local and regional spatial scales, and calculated ex-
pected steady-state concentrations of chemicals in a “generic
receiving environment.” This offered the opportunity to
validate the emission + exposure model results against con-
centrations reported in other studies, because emission esti-
mates themselves cannot be validated directly. Subsequently,
by combination with expected critical effect concentrations,
expected toxic pressures (defined in the following section,
Toxic pressure modeling) were derived, which offered us the
opportunity to validate predicted (mixture) toxic pressures
against such data from other studies.

Toxic pressure modeling

We adopted the method of toxic pressure calculation as
described by Van Straalen (2002) and Aldenberg et al. (2002),
who quantified “toxic pressure” as the probability that ambient
exposure concentrations would exceed concentration levels
that are considered to be “riskful” (Solomon and Takacs 2002).
In the present study, we derived toxic pressure as the proba-
bility that expected concentrations of one or more chemicals in
typical European Union water would be greater than a selected
critical effect concentration. We chose to use the hazardous
concentration for 50% of the tested species (HC50), based on
median effect concentration (EC50) data for tested subsets of
species (i.e., HC50-EC50). This toxic pressure parameter em-
pirically relates to impacts on ecological status in aquatic
ecosystems (Posthuma et al. 2019%a).

Following Van Straalen (2002) and Aldenberg et al. (2002),
we derived toxic pressure from the convolution integral
of 2 distributions, that is, the probability density function
of exposure concentrations (from the exposure modeling)
and the cumulative probability function of critical effect con-
centrations (from Posthuma et al. 2019b), known as the Van
Straalen—-Aldenberg convolution integral:

Toxic pressure = Pr{Cw > EC50} = j:+°° pdf (zCw)

X CDF (zEC50)dz 2)
with:
logCw — av(logEC50)
Cw) = 5
2w sd (logEC50) (3)
and
2(EC50) = (29(ECS0) — av(logECS0) "

sd (logeC50)

where pdf(zCw) and CDF (zEC50) represent the probability
density function of toxicologically standardized exposure con-
centrations (in water) and the cumulative distribution function
of toxicologically standardized acute EC50 values, respectively
(Figure 1).

Values of sd(logEC50), needed in Equation 4, are often not
known with great precision for many chemicals, because of
insufficient numbers of experimental toxicity data (Posthuma
et al. 2019b). Following the practice of Posthuma et al. (2019b),
we assigned the value 0.7 to across-species standard
deviations of all individual chemicals, for the purpose of toxic
pressure calculation.

Case study

The complete model (covering emissions, fate, and mixture
impacts) could be completed for 4757 chemical substances,
representative of the substances currently used in the
European Union as described in Van Gils et al. (2019).

Data on the amounts of substances used were collected
from various sources, as follows.

© 2020 The Authors
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Toxic pressure assessment by the
Straalen-Aldenberg method
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FIGURE 1: Graphical illustration of the Van Straalen-Aldenberg con-
volution integral (Equation 2). Probability of exceedance of critical ef-
fect concentrations in water is obtained by evaluating the product
of the probability density function of exposure concentrations
(dotted line) and the cumulative distribution function of critical effect
concentrations (black line) at all possible values of the standardized
concentration z.

REACH substances. Amounts produced and marketed
to regulatory authorities are part of the obligatory submission
of registration information. The information is confidential,
to be used only for registration purposes (e.g., European
Chemicals Agency 2019). We obtained so-called European
Union tonnages (defined as EUtonnage = Production +
Imports — Exports) from registration dossier data for use as
research data from the registration dossiers (submitted until
April 2015).

Active ingredients of medicines. Amounts of more than
1000 individual pharmaceuticals sold in Sweden and the United
Kingdom were obtained from public sources (combined data
from Boxall et al. 2012 and M. Rahmberg, IVL, Stockholm,
Sweden, personal communication to D. van de Meent 2015).

Additional sales data for a lesser numbers of pharmaceut-
icals, sold in Austria, Switzerland, Germany, France, and the
Netherlands, were obtained from various other public reports
(Fent et al. 2006; Van der Aa et al. 2008; International Com-
mission for the Protection of the Rhine against Pollution 2009).
No more sufficiently detailed or more recent use data were
publicly available for our study.

Active ingredients of crop protection products. Amounts
of active ingredients of crop protection products are monitored
by individual European Union member states and are reported
to the European Statistics Agency EUROSTAT. This agency
combines the confidential original data into main categories of
active ingredients. Original sales data of pesticides could not
be made available for the present study. Instead, estimations
made by the Joint Research Center of the European Commis-
sion by means of the so-called harvested area approach (Sala
et al. 2014, 2015) were used. Use volumes of over 400 active
ingredients of crop protection products, used in different
European Union countries, were thus obtained.

Releases to air, water, and soil were estimated according to
the procedure described previously (in the Toxic pressure
modeling section, Equation 1). Expected exposure concen-
trations in European Union air, water, and soil were modeled
with the exposure model mentioned previously in the Toxic
pressure modeling section. Expected toxic pressures, for each
of the substances and of all substances together, were calcu-
lated with the Van Straalen and Aldenberg's method, as de-
scribed previously (in the Toxic pressure modeling section,
Equations 2-4). Specific steps for the 3 compound groups were
needed, as follows:

REACH substances. Fractions released to air, water, and soil
in the different life cycle stages, aggregated across the
12 composite main uses of Table 1, were calculated by means
of Equation 1, starting with the 12861 compounds registered
until April 2015. Unfortunately, fractions of chemicals used in
the 169 spERC uses are not listed in REACH registration dos-
siers, and cannot be used to estimate emission rates with
Equation 1. For the release assessment, use-volume weighted
average release fractions were therefore assumed for all
REACH substances in all activity categories.

Pharmaceuticals. Pharmaceuticals are assumed to be used
entirely according to stage Il, use 5 (use in medicine). Based on
a publication by Lindim et al. (2016b), who studied releases of
56 pharmaceuticals in Sweden, we have assigned a release
fraction of 12% of the human consumption rate, which is
assumed to be released entirely to sewage treatment plants.

Crop protection products. Pesticides are assumed to be
used entirely according to stage Il, use 4 (use in agriculture).
Based on the studies of Sala et al. (2014, 2015), who applied
the so-called harvested area approach to estimate releases to
air, water, plants, and soil, we assigned the emission fractions
listed in Table 2: 100% release to the environment (of which
15% to air, 1% to water, and 84% to soil), without wastewater
treatment.

In the present case study, (expected) steady-state concen-
trations were modeled for all chemicals (REACH substances,
pharmaceuticals, and pesticides). In the real-world situation,
steady states are not expected for all chemicals (i.e., partic-
ularly not for agriculturally used pesticides). We interpret
steady-state solutions of the multimedia model as predictors of
the usually uncertain (or unknown, even) space- and time-
average value of all possible concentrations in the hypothetical
European Union water body. Finally, the case study results
were compared with data sets for aquatic exposure concen-
trations and for toxic pressure, to evaluate whether the emis-
sion model (which itself can hardly be validated) could provide
useful assessment information.

RESULTS

Overview

The numbers of chemicals in various subgroups, the
amounts of chemicals used and their estimated emission rates,
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TABLE 2: Numbers and volumes of chemical substances used in Europe, and their expected concentrations and per-chemical and mixture toxic

pressures in a “typical European Union water body” at steady state

Unit REACH Pharma Pesticide All
No. of substances — 3940 397 420 4757
European Union-wide use volume Ton yr™' 2.7E+08 2.5E+04 1.8E+05 2.7E4+08
Emission to environment Ton yr™' 5.4E407 3.6E4+03 1.8E+05 5.4E407
Median concentration in European Union water g/’ 1.0E-09 5.0E-12 4.0E-09 1.0E-9
Average acute EC50 g™’ 1.6E-02 7.3E-03 1.7E-03 1.5E-02
Medlian toxic pressure (=Pr{Cw > EC50}) — 7E-25 2E-38 9E-16 7E-25
Mixture pressure (=Pr{Cw > EC50}) — 3.6% 0.0% 0.1% 3.7%
Fraction TP(EC50) < 1.0E-6 — 99.2% 100.0% 96.7% 99.1%
Pareto ratio — 99.6%/0.4% 99.8%/0.2% 98%/2% 99%/1%

Cw = predicted exposure concentration in water at steady state; EC =effect concentration (here median of the EC50s of the tested species); TP =toxic pressure
(multisubstance potentially affected fraction [msPAF]-EC50); REACH = Registration, Evaluation, Authorisation and Restriction of Chemicals.

the expected exposure concentrations, and the expected toxic
pressures are summarized in Table 2 (for further details, see
Supplemental Data, Table SI-2).

European Union-wide emission rates to (continental) air,
water, and soil were estimated for 4757 compounds with
complete data (3940 REACH chemicals, 397 pharmaceuticals,
and 420 pesticides with data for emission, concentration, and
impact modeling). European Union-wide use volumes and ex-
pected emission masses, exposure concentrations in water,
and expected per-chemical toxic pressures on aquatic life in
the typical European Union water body all varied by several
orders of magnitude. The predicted mixture toxic pressure,
expressed as the multisubstance potentially affected fraction
(msPAF)-EC50 was estimated as 3.7% in the typical European
Union water body, with a dominant contribution of the REACH
chemicals (which also represented by far the largest relative
mass). The relative contributions of the different chemicals to
the mixture toxic pressure at the EC50 level were calculated,
and expressed as Pareto ratios for the total mixture and for the
mixtures for each studied compound group. Clearly, for each
group of chemicals (REACH substances, pharmaceuticals, and
pesticides), a relatively small fraction of the chemicals was

(A) Amounts of chemicals used in Europe
2500
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e 2000 | ® Pharma
c
Gg)- O Pesticide
o 1500
w
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0 . ;_‘_.‘_,_‘v-.‘-.l‘,i‘ . 1 ﬂn_
-9 -6 -3 0 3 6 9 12
log tonnage [tpa]

responsible for a large fraction of the toxic pressure. Similar
observations have been made in other fields of science (Muller
2016) and have been termed the 80-20 rule, or (more cor-
rectly), the Pareto principle (Wikipedia 2020).

Amounts used and rates of emission

For reasons of confidentiality, European Union tonnages of
individual chemical substances cannot be shared for REACH
chemicals. Information on amounts of chemicals in trade is
shown in Figure 2A as a histogram. Emission rates were esti-
mated for all chemical substances represented in Figure 2B and
are listed in Supplemental Data, Table SI-2.

REACH substances. According to the REACH registrations
per April 2015, a total mass of 3.14x 10 tons of chemical
substances is marketed annually in the European Union.
European Union tonnages were obtained for 5592 different
chemical substances (representing 2.2 x 10” tons, or 70% of the
European Union total mass). Of these, 3940 substances
(2.7 x 108 tons or 8.5% of European Union total mass) were

=

Amounts of chemical released in Europe
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i
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FIGURE 2: Registered amounts of chemical substances used in Europe (A) and estimated amounts of chemicals emitted to the environment (B).
Black = pharmaceuticals; gray = pesticides; white = monoconstituent organics. Use volumes and releases range over 12 orders of magnitude: from
as little as kg/yr (pharmaceuticals) to over a million tons/yr (monoconstituent organics).
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relatively simple monoconstituent organic substances (in
REACH terminology), of which expected emissions and steady-
state concentrations in a typical European Union water body
could be predicted by means of the combined emission and
exposure model.

Pharmaceuticals. Active ingredients of medicines are pro-
duced and used in much lower numbers and masses compared
with REACH substances. Use volumes of 397 different phar-
maceuticals, representing 2.5 x 10° tons (0.01% of European
Union total mass) were available, and used in the combined
emission and exposure model.

Pesticides. The same (lower numbers and masses compared
with REACH) also holds for active ingredients of crop pro-
tection products. Use volumes for 420 chemicals, representing
1.8 10° tons (0.006% of European Union total mass) were
available, and used in the combined emission and exposure
model.

Predicted emissions encompass narrower tonnage ranges
than use volumes, as shown by comparing Figure 2A and B.
Estimated emission rates span a range of roughly 10 orders of
magnitude: from less than 1 kg/yr to over 1 million tons/yr.

Exposure concentrations

Expected steady-state concentrations for the typical
European Union water body are shown in Figure 3A, together
with the information on species sensitivities (at the level of
acute EC50s) as obtained from Posthuma et al. (2019b) and
shown in Figure 3B. Expected steady-state concentrations in
the European Union water for the studied 4757 compounds
span roughly the same range as emission masses. Apparently,
variance in “fate” (as modeled by multimedia environmental
fate modeling) contributes little to variance in exposure, com-
pared with the contributions of variances in tonnages and
emissions. Expected exposure concentrations range from fem-
tograms/liter to milligrams/liter (Figure 3A). This is in agreement
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with earlier observations of Zijp et al. (2014), who predicted
similar concentration distributions in river Rhine water, and
found these to match available concentration measurements. It
is also in agreement with recent findings from the SOLUTIONS
project (Van Gils et al. 2019, 2020), which reported similar
concentration distributions for currently used organic chemicals
in various other river catchments. Note the small overlap be-
tween the distribution of exposure concentrations in Figure 3A
and the distribution of critical effect concentrations in Figure 3B,
which provides a visual indication of the probability of occur-
rence of harmful concentrations of chemicals.

Toxic pressures

Expected probabilities that critical effect concentrations of
chemicals would be exceeded by concentrations of chemicals
in a typical European Union water body appear to be below
5%, in the present study relating to exceedance of the median
EC50 of tested species (Table 2 and Figure 4).

Earlier referred to as “ecological risk” (Van Straalen 2002) or
"expected risk” (Aldenberg et al. 2002), we refer to this out-
come as “(mixture) toxic pressure,” as suggested by Traas et al.
(2002). Toxic pressure is a metric with which compounds or
water bodies can be ranked regarding toxicity. The mixture
toxic pressure of the typical European water body at steady
state in an exposure assessment that considers approximately
8.5% of the mass of chemicals used in Europe was calculated as
3.7%, that is, the probability that steady-state exposures would
exceed the acute EC50 of a median-sensitive species is 3.7%.
Estimated toxic pressures at steady state are, logically, lower
for separate chemicals, and higher if all chemicals would have
been modeled. Most chemicals have exposure concentrations
in water that result in negligible “expected risk” at the EC50
level. Toxic pressures at the EC50 level of over 99% of the
chemicals tested were below the value of 107° (Table 2): it is
less than 0.0001% probable that concentrations greater than
the EC50 of a median-sensitive species will be found, which is
the same as saying that it is 0.0001% probable to encounter a
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FIGURE 3: Expected steady-state concentrations of chemical substances in a “typical European Union water body,” as defined in European
Chemicals Agency (2016; A, present study), compared with the average aquatic log median effect concentration (EC50; acute) for the studied
chemicals (B, from Posthuma et al. 2019b). Note the small overlap between the 2 types of distributions, as in Figure 1. Black = pharmaceuticals;

gray = pesticides; white = monoconstituent organics.
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Aquatic toxic pressure from chem.s used in Europe
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FIGURE 4: Distribution of expected toxic pressures (TPs) of chemicals
used in Europe, calculated from the overlap of the exposure and
(median effect concentration [EC50]) effect distributions established for
each chemical according to Figure 3. Black = pharmaceuticals; gray =
pesticides; white = monoconstituent organics. msPAF = multisubstance
potentially affected fraction.

species for which the EC50 would be exceeded in the typical
European Union water body. The outcome of the calculations is
that higher toxic pressures at the EC50 level and steady state
are to be expected for less than 1% of the chemicals that are
currently used in the European Union.

It is worth noting that, out of the 4757 chemicals considered,
only 23 individual chemicals (17 REACH chemicals and 6 pes-
ticides) contributed substantially to the 3.7% EC50-based
mixture toxic pressure found in the present case study.
Table 2 lists the associated Pareto ratios found in our study for
REACH chemicals (99.6/0.4), pharmaceuticals (99.8/0.2), and
pesticides (98/2).

DISCUSSION

Overview

The present study is the first to provide an approach to and
an analysis of the emissions of chemical pollutants at the
European scale, evaluated from calculated steady-state con-
centrations in a typical European water body for chemicals
currently in trade. The results are based on a combination of
techniques that are all well founded in the scientific literature
and used in risk assessment practices (spERC data multimedia,
effect, and mixture models). The steps performed resemble
those of regulatory prospective chemical safety assessment
(here, e.g., REACH), and expand on that by attempting to
consider chemical pollution as a whole, as most recently em-
phasized by Wang et al. (2020). The steps can also be ex-
panded with emission locator mapping and hydrological
modeling to predict spatiotemporally explicit compound con-
centrations and (mixture) toxic pressures, like higher tier as-
sessments reported elsewhere (Posthuma et al. 2019b; Van Gils
et al. 2019). Outcomes can help in assessing whether “safe use
of chemicals” (as meant by the European Union REACH

regulation, for example) can be achieved and whether the
environment goal of “good ecological status” (as meant by the
European Union Water Framework Directive) can be main-
tained or reached. We specifically aimed at practical utility for
both types of assessments. We recognize that each model
step, and all required data, can be refined for any individual
chemical and region, as has been done by others for specific
compounds or compound groups (Lindim et al. 2016a, 2016b;
Oldenkamp et al. 2019). The aim of achieving insights into the
chemical pollution problem as a whole called for some sim-
plifying steps, and the use of a relatively simple approach to
emission estimation. Nonetheless, the results allow for some
key observations and some conclusions on various aspects of
our study, as well as some uncertainties that need further
improvements.

Comparing outcomes with regulatory goals

Our case study yielded results of the kind needed for
comprehensive assessment of chemical pollution for a region,
based on a relevant fraction of chemicals used in a region. Such
results allow one to assess the mixture toxic pressure in a
typical European water body, and to rank the chemicals con-
tributing most to such pressure. The results (Table 2) indicate
that the current use of industrial chemicals, plant protection
products, biocides, and pharmaceuticals leads to exposure
concentrations that could cause significant effects on aquatic
ecosystems, because the probability of exceeding the median
EC50 of tested species was 3.7% (msPAF-EC50 = 3.7%, for all
studied chemicals). This is far higher than the toxic pressure
threshold value utilized in chemical safety assessment/chem-
ical, which is defined as msPAF-no-observed-effect concen-
tration = 5% and is used as a science-based threshold to define
the PNEC. Studies by Malaj et al. (2014) and Posthuma et al.
(2019b) confirm that water body- or area-specific exposures of
single chemicals and mixtures indeed suggest that a nontoxic
environment (European Commission 2014; Munthe et al. 2019)
or toxic-free environment (European Commission 2019) seems
far away. Thus, the comprehensive assessment of emissions,
fate, and mixture impacts serves to provide the kinds of outputs
needed to provide a basis for prospective decision support and
prioritization of actions to forward the goal of the zero-pollution
policy ambition. Such an assessment is a potentially valuable
addition to current practices, which often neglect mixtures
(Geiser 2015) even while mixtures form the common real-life
exposure situation in the field (Brack et al. 2019). With the
outcomes in kind being potentially useful, there is still a need
to consider issues such as precision and accuracy, dependent
on the context of use of the outcomes.

Accuracy, precision, and uncertainty in toxic
pressure calculation
Exposure metrics are often used in the practice of chemical

safety assessments, in the format of PECs being compared with
PNECs, as the PEC/PNEC ratio (European Commission 2006) of
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individual chemicals. The accuracy of predicted exposures is
thus key for decisions to allow chemicals on the market. We
acknowledge that emissions cannot be estimated with great
certainty, by virtue of basing the modeling on available prin-
ciples and data, because key information on the uses of
chemicals is unavailable especially in REACH registration dos-
siers. As a result, the precision of the emission estimation is
necessarily poor. However, estimated emission rates may be
accurate, in the sense that the emission model yields outcomes
that are right on average. First, an indirect judgment of emis-
sion model accuracy can be made by comparing predicted with
measured environmental concentrations. Such an assessment
has been made using a much more detailed hydrologic model
by Van Gils et al. (2019), who showed that PECs—obtained with
integrated emission + exposure modeling—were on average
similar to measured environmental concentrations (MECs) for
226 substance/basin combinations for which both PECs and
MECs were available, whereas for 65 and 90% of cases, the
under- or overprediction of PECs for individual substances was
within 1 and 2 orders of magnitude, respectively.

It should be noted that the MECs themselves may not reflect
true (i.e., accurate) exposure due to temporal variability. That
is, the MEC for a chemical in a water body can vary widely when
determined before or after pesticide spraying or before or after
a rain event causing city runoff. The accuracy of the PEC esti-
mation of the present study is further similar to independently
obtained results for pharmaceuticals (Oldenkamp et al. 2018).
Earlier studies (Zijp et al. 2014), and preliminary assessments
with Monte Carlo simulations (data not shown) suggested that
the PECs for individual chemicals may range over nearly 1 order
of magnitude as a result of uncertain emission estimations.
Given the many orders of magnitude difference in exposures
across chemicals (Figure 3), these outcomes show that, al-
though the emission model outcomes are of low precision, they
are accurate enough to serve as a starting point for toxic
pressure calculation.

Second, it is important to note that uncertain emission es-
timation does result in the shown uncertainty in exposure as-
sessment, but not in uncertain (mixture) toxic pressures. When

calculated from overlap of distributions of exposure concen-
trations and critical effect concentrations, as in Equation 2,
decreased precision (i.e., increased uncertainty) of emission
estimation and hence, of expected exposure concentrations,
results in increased toxic pressure, rather than in uncertain toxic
pressure. This can be seen from Figure 1: greater uncertainty in
emissions leads to wider concentration distributions, with en-
hanced probability of having greater-than-average exposure
concentrations. Use of this method of calculation (Equation 2)
directly translates uncertainty in emissions into enhanced
probability of exceeding the EC50, and thus in greater (mix-
ture) toxic pressure. Although neither Van Straalen (2002) nor
Aldenberg et al. (2002) have mentioned this factor in their
studies, the original procedure of toxic pressure calculation
automatically accounts for uncertainty in exposure estimation.

Third, the core aim of environmental protection and
management—a nontoxic or toxic-free environment (European
Commission 2014, 2019)—is the absence of or negligible net
impacts (in the present study, in mixtures). Comparison of
mixture toxic pressures derived from PECs or MECs from other
studies provides another way to indirectly judge the emission
modeling approach. This should be done by acknowledging
the Pareto ratios found in the present study and when based on
MECs (e.g., Backhaus and Karlsson 2014; Vallotton and
Price 2016). That is, considering greater numbers of chemicals
does not always result in finding greater (mixture) toxic pres-
sures. When the Pareto principle is applied, and when the 20%
most important chemicals have been looked at already, not
much additional toxic pressure knowledge is to be expected
from considering the remaining 80%.

Fourth, the outcomes of the present study were compared
with other toxic pressure assessments (Table 3; expressed as
msPAF-EC50; as fraction, varying between 0 and 1). The
present study yielded a mixture toxic pressure for 4757 com-
pounds of 3.7% for a typical European Union water body
(based on msPAF-EC50). That compares well with the mixture
toxic pressures found for Europe and specific European basins,
which are oin the same order of magnitude, or lower when
considering the 95th percentile estimate of daily predicted

TABLE 3: Comparison between mixture toxic pressure for the “typical European Union water body” (present study) and mixture toxic pressures
(msPAF-EC50) reported for large numbers of water bodies in major catchments in Europe (PEC-based) and the same for a set of monitoring data for

Dutch surface waters (MEC-based)

msPAF-EC50 (p values

over sites)
Compounds  Sites
Surface water (system) Exposure (no.) (no.) P5 P50 P95 Reference
Typical European Union  PEC, steady state 4757 1 3,7E-02 Present study
water body
Europe® PEC-local (P95yr) 1806 22728 3,0E-11 2,0E-03 5,3E-02 Van Gils et al. 2019; Posthuma et al. 2019b
Danube? PEC-local (P95yr) 1806 3477 1,0E-07 5,0E-03 6,1E-02 Van Gils et al. 2019; Posthuma et al. 2019b
Rhine?® PEC-local (P95yr) 1806 813 6,0E-05 1,4E-02 1,7E-01 Van Gils et al. 2019; Posthuma et al. 2019b
Spanish basins® PEC-local (P95yr) 1806 696 5,0E-06 2,0E-03 3,2E-02 Van Gils et al. 2019; Posthuma et al. 2019b
The Netherlands MEC 1-263 5939 1,0E-03 1,3E-02 9,4E-02 Posthuma et al. 2016

“Mixture exposures judged on the basis of the local-P95 (95th percentile) of PECs for chemicals as predicted for all days of a year for each site (exposure is higher during
~18d of a year), based on Van Gils et al. 2019.

PEC = predicted environmental concentration; MEC = measured environmental concentration; msPAF = multisubstance potentially affected fraction; P5 = 5th percentile;
P50 =50th percentile; P95 = 95th percentile.
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values over 1yr (i.e., mixture toxic pressures in a basin are
higher than the 50th percentile of msPAF-EC50 over sites for
18 of 365 d). Note that accounting for spatiotemporal variation
also suggests the presence of lower and higher mixture toxic
pressures (Table 3, columns with 5th and 95th percentile of
msPAF-EC50 over sites). The outcomes are also in line with a
large data set of measured environmental concentrations for
the Netherlands, despite the large variability in number of
compounds measured/sample (between 1 and 263). In sum-
mary, the comparison indicates that the emission model is ac-
curate in helping to obtain the necessary insights into the
expected level of the ambient mixture toxic pressure and into
compounds likely contributing the least and the most.

Given the findings summarized in Table 3, it may be
concluded that there is indirect evidence that the emission
estimation procedure helps to provide insights into the
average values of possible real-life emissions and associated
effects. That is, despite large uncertainties in the model and the
input data, it appears that the accuracy of the emission pre-
diction can yet be considered sufficient for screening-level
calculation of mixture toxic pressures of ambient mixtures of
chemicals.

Prioritization of chemicals for management

The key problems of chemical safety assessment policies
have always been 1) how to judge “the universe of chemicals”
(Wang et al. 2020), and 2) how to judge sufficiently safe use of
all chemicals. The former problem was addressed by in-
troducing prioritization principles, where the potentially worst
chemicals are identified, grouped, and tested for hazardous
properties first. The present approach addresses both ques-
tions, and this resulted in a corroboration of the finding of a
suite of other studies in which it was often found that mixture
impacts can commonly be attributed to a relatively low number
of chemicals (see, e.g., Backhaus and Karlsson 2014 for phar-
maceuticals in European coastal waters, Vallotton and
Price 2016 for pesticides in the United States, and Posthuma
et al. 2016 for a suite for chemicals in Dutch surface waters).
Our case study also reconfirms one of the earliest findings of
this kind (Harbers et al. 2006), that generally only small fractions
of the chemicals produced, used, and emitted are responsible
for the larger part of the direct ecological impacts for a par-
ticular situation. The results provide both a signal of insufficient
protection (see preceding discussion) as well as a very “sharp”
prioritization of chemicals regarding potential effects that occur
via direct exposure to species assemblages. As discussed also
by Posthuma et al. (2019b), the prioritization should as yet not
be interpreted as absolute ranking of the 4757 compounds.
Instead, as derived from preliminary Monte Carlo simulations
(data not shown), the absolute rank order of chemicals may vary
in this respect, but chemicals with toxic pressures greater than
107° appear to remain above this negligibility threshold in all
ranking simulations under uncertainty; chemicals with toxic
pressures less than 107¢ appear to be of low priority, regardless
of uncertainty in emission estimations.

The outcome of our study clearly illustrates the Pareto
principle, namely, that few causes often explain a large part of
the result. In toxic pressure calculation, this goes well beyond
the classical Pareto 80-20 rule. We observed Pareto ratios
(Table 2) that were systematically larger: for pesticides a 98-2
rule was found, whereas for the “ordinary” (monoconstituent)
REACH chemicals and the pharmaceuticals, even greater ratios
were found. This pattern should be conceptually expected
from the probability calculation that underlies the toxic pres-
sure derivation by the Van Straalen-Aldenberg integral (over-
laps of tails of distributions). This statistical reason has not been
recognized so far. However, many studies report such findings
for a wide array of contexts (Newman 2005; Muller 2016;
West 2017), and—in hindsight—it would have been surprising
to find nonskewed outcomes. The most unlikely outcome
would be that mixtures in the field would be equitoxic, that is:
composed such that all chemicals contribute equally to the
mixture effect everywhere. For the present results and accuracy
level, we suggest using the outcomes in practice by consid-
ering 3 classes: even despite some uncertainties, the method
can help us to identify a class of chemicals unlikely to pose
harm in the European Union water body, a class for which this is
possible (and depending on circumstances), and a class that
likely poses harm. Such assessments have also been made,
based on different degrees of model focus (e.g., emissions,
hazard) and approaches, and for other endpoints (Ahrens
etal. 2017; Oltmanns et al. 2018; Schulze et al. 2018; Posthuma
et al. 2019b), given that prioritization is key to managing more
than 350000 chemicals (Wang et al. 2020).

Suitability for regulatory decision-making

We found that the kinds of outputs of the emission model
(after combination with exposure and effect models) are suit-
able for 2 regulatory contexts, namely, chemical safety as-
sessment and environmental quality assessment and
management. We conclude from the present study that the
emission estimation procedure is sufficiently accurate and
precise for use in screening-level chemical safety assessments
of substances and their mixtures (as required in REACH and Life
Cycle Impact Assessment) and for screening-level assessment
of mixture toxic pressures at local spatial scales (as needed for
assessment of “good ecological status” under the European
Union Water Framework Directive). Refined approaches may
be developed for chemical safety assessment of the assem-
blage of substances produced and used, or they have already
been developed for environmental quality assessments (Water
Framework Directive; Van Gils et al. 2020), such that more
precise information can be generated for situations where the
screening-level assessment suggest non-negligible exposures,
risks, or impacts. The main finding of the present studly is that it
has demonstrated how uncertain emission estimates for a large
number of chemicals can be used to assess and understand
expected impacts of expected exposure concentrations of
currently used chemicals, with emphasis on the novel insights in
the consequences of mixtures. We emphasize that toxic
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pressure calculation owes this to consequent application of the
Van Straalen-Aldenberg convolution integral, and that the final
interpretation of our results can be understood from 2 con-
siderations: 1) Valerie Forbes' statement (Forbes 2010) that
"although we may be right on average, we may be wrong most
of the time"; and 2) George E.P. Box's teaching (Box 1979) that
“all models are wrong, but some are useful.”

CONCLUSIONS

We developed a new model to estimate emission rates of—
in principle—all chemicals in commerce. We found that appli-
cation of the model to the chemicals typically used in Europe
in sufficient precision and accuracy to derive
screening-level statements on expected impacts of the use of
these chemicals on aquatic ecosystems and on ranking the
relative contributions of individual chemicals to the net ex-
pected impacts. Our study demonstrates how, for the purpose
of environmental risk assessment and management of (mixtures
of) chemicals, one can afford to be “wrong” (not precise)
most of the time, provided that one is “right” (accurate) on
average. The outcomes are useful for screening-level chemical
safety assessment (REACH) and water quality assessment
(Water Framework Directive) purposes at the European scale.
The results provide information to help in prioritizing chemicals
for chemical safety policies, and for water bodies and chemicals
within water bodies for water quality management.
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