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ABSTRACT

Background Replacing hazardous chemicals with safer alternatives is essential for a toxic-free environment. To avoid
regrettable substitution, a comparison of the entire spectrum of potential impacts of the candidate for substitution
with those of the available alternatives is required. A particular challenge is to also capture yet unknown long-term
impacts of (very) persistent chemicals, including but not limited to PBT and CMR properties.

Results For a flexible and transparent comparative ranking of the impact potential of chemical alternatives, we pro-
pose a concern-based scoring scheme (Scoring scheme for Comparative Ranking of chemical Alternatives, SCoRA).
The approach accounts for hazards due to ecotoxicity in water/sediment and soil, and effects on human health

such as CMR properties and endocrine disruption. This is combined with exposure-related information in terms of
expected environmental pollution stock levels. The SCoRA approach is illustrated with case study chemicals of very
high concern (15 SVHC, mostly PBT, representing different chemical classes with different modes of bioaccumulation
and toxicity). A comparison of PBT substances reveals that SCoRA goes well beyond binary screening criteria (PBT:
yes/no), showing that PBT substances are all of very high concern, although their impact profiles can be substantially
different. Ordinal scores support a detailed characterisation of their potential for long-term impacts. Furthermore,
SCoRA enables a coherent comparative assessment of substances with different primary concerns, for example PBT-
ness and endocrine disruption.

Conclusions SCoRA complements existing and established tools such as comparative risk assessment. It is particu-
larly useful, when, for example, only limited data are available or when risk assessment is not feasible, as in the case
of persistent chemicals. A strength of SCoRA is that the relative contributions of the impact components determin-
ing the concern can be visualised with a heatmap and fingerprints. This facilitates communication among scientists,
regulators, risk managers, stakeholders and the public.

Keywords Alternatives assessment, Prevention of regrettable substitution, Fingerprinting of concerns, Pollution stock
levels representing spatial and temporal dimensions of exposure, REACH, Uncertainties about long-term impacts
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Background

For more than two decades, the European chemicals
policy has been striving for an effective protection of
ecosystems and human health, leading to a toxic-free
environment [1, 2]. Replacing particularly harmful
substances such as chemicals with PBT/vPvB ((very)
persistent, (very) bioaccumulative and toxic) or CMR
(carcinogenic, mutagenic or toxic for reproduction)
properties, endocrine disruptors (ED) or persistent,
mobile and toxic substances (PMT), has highest priority
under the European Chemicals Strategy [3].

Replacing substances of concern with less harmful
alternatives requires comparison of the relative impact
potential of the candidate for substitution with its alter-
natives. All possible hazards should be considered to
ensure that, for example, a persistent substance is not
replaced by a less persistent one but which is an endo-
crine disruptor. Informed decisions about beneficial or
regrettable substitution [4—8] should rely on comparative
risk assessment. If this is not possible, other approaches
are required, such as for (very) persistent chemicals
whose future risks cannot be estimated with sufficient
reliability [9], or for substances with relevant data gaps.

A core concern associated with persistent substances is
their potential to accumulate in organisms and the envi-
ronment over time [10, 11]. Increasing environmental
stocks cause environmental exposure, and thus the like-
lihood of adverse effects on human health and ecosys-
tems, to increase over time. In contrast to non-persistent
chemicals, negative impacts can continue to occur long
after emissions ceased.

Existing frameworks for alternatives assessment [12—
14] have largely relied on hazard criteria, in particular
H-phrases associated with the Globally Harmonized Sys-
tem of Classification and Labelling of Chemicals (GHS)
[15]. H-phrases cover physical hazards (200), health haz-
ards (300) and environmental hazards (400). Physico-
chemical properties, use patterns and exposure pathways
can provide information on relative exposure levels [4,
16]. Typically, a comparison of the critical physicochemi-
cal properties is sufficient to determine whether exposure
is the same, lower or higher for an alternative than for the
target chemical. This does, however, not inform about
a chemical’s expected (long-term) impact or damage
potential, which results from the interplay of its hazard-
ous properties and the (long-term) exposure, influenced
by its emissions and uses as well as its fate in the envi-
ronment [17, 18]. The aim of this paper is, therefore, to
suggest a more holistic approach to comparative alterna-
tives assessment. We introduce the Scoring scheme for
Comparative Ranking of chemical Alternatives, SCoRA,
which builds on the internationally agreed approach for
prioritizing SVHC [19] and combines different aspects
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contributing to a chemical’s impact potential, includ-
ing information about intrinsic properties, emissions
and expected long-term exposure, effects on human
health and ecotoxicity. Our approach extends and com-
plements existing frameworks in several ways. First, in
addition to the commonly used parameters for effects
and exposure [16], we explicitly include information on
the spatial and temporal distribution and accumulation
of chemicals in environmental media. This is important
to capture potential long-term impacts of persistent
substances [1, 10, 17]. Second, SCoRA relies on all avail-
able information for a concern-based comparison across
chemicals and uses. This goes beyond standard regula-
tory triggers such as PBTness, which represent multiple
hazards with only one binary criterion (PBT: yes/no). By
profiling multiple concerns, diverse hazards in relation to
the expected exposure are explicitly considered. Third,
SCoRA allows comparing chemicals and possible alterna-
tives on an ordinal, continuous scale. Compared to exist-
ing approaches, this offers more granular insight into the
relative magnitude of impact potentials to support ben-
eficial substitution decisions. Other elements of alter-
natives assessment, such as technical performance and
feasibility, or economic viability are not considered here.

SCoRA is a flexible, transparent and science-based
framework for comparing the relative impact potential of
different hazardous substances and their alternatives. A
particular strength of SCoRA is that it can also be applied
to very/extremely persistent chemicals for which conven-
tional risk assessment is not possible.

In the following, we describe the concept of SCoRA
and illustrate its applicability with a focus on chemicals
with PBT/vPvB properties. The case study chemicals
include substances with different use and emission pat-
terns (siloxanes, flame retardants, pesticides), substances
with low PBT concern (phenols) and substances with
very high PBT concern (PAH, PFAS). We show that the
multi-dimensionality of SCoRA facilitates the identi-
fication of harmful chemicals. It is thus a tool for com-
paring chemical alternatives, supporting substitution
with safer alternatives while warning against regrettable
substitutions.

Materials and methods
Selection of case study chemicals
We chose 15 relatively data-rich substances of concern,
particularly PBT substances, to represent different chem-
ical classes with different modes of bioaccumulation and
toxicity (Table 1). Three phenols that are SVHC, but not
PBT, were included in the dataset to test the discrimina-
tory power of the scoring scheme.

Note that the case study chemicals are well-assessed
substances, most of which are already regulated. Based
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Table 1 Case study chemicals
Name CAS Chem. class Bioaccumulation Toxicity PBTness References
D4 556-67-2 siloxane BCF.quat Toxic to aquaticand ~ vPvB ECHA [20]
soil biota, CMR
D5 541-02-6 siloxane BCF,quat Toxic to aquaticand ~ vPvB ECHA [20], NIVA [21]
soil biota, indirect
effects via food-
chain
Anthracene 120-12-7 PAH BCF.quat BAFierest  TOXiC to aquaticand  vPvBT NIVA [21], ECHA [22],
soil biota EC [23]
Pyrene 129-00-0 PAH BCFaquav BAFeress  TOXiC to aquaticand  vPVBT NIVA [21], EC [23],
soil biota ECHA [24]
Benzo[a]pyrene 50-32-8 PAH BCFaquav BAFerress  TOXiC to aquaticand  vPVBT NIVA [21], EC [23],
soil biota, indirect ECHA [25]
effects via food-
chain, CMR
Lindane 58-89-9 pesticide BAF /rest Toxic to aquaticand  POP screening NIVA [21], IPCS [26],
soil biota, indirect criteria fulfilled WFD [27], UNEP [28]
effects via food-
chain, CMR
DDT 50-29-3 pesticide BCFaquav BAFerress  TOXiC to aquaticand  Restricted POP NIVA [21], IPCS [29],
soil biota, indirect Mackay et al. [30],
effects via food- EFSA [31], Kemakta
chain, CMR [32]
HBCDD 25637-99-4, 3194~ flame retardant  BCF,q a0 BAFeress  TOXiCto aquaticand  PvBT NIVA [21], ECHA [33]
55-6, 134237-50-6, soil biota, CMR
134237-51-7,
134237-52-8
DecaBDE 1163-19-5 flame retardant  BCF,q a0 BAFeress  TOXiCto aquaticand  PBT/vPvB-forming ECHA [34]
soil biota, CMR substance
Dechlorane Plus 13560-89-9 flame retardant  BCF, ., BAF e ToXic to aquaticand  vPVBT Environment Canada
soil biota, indirect [35], ECHA [36]
effects via food-
chain
PFOA 335-67-1 PFAS BAF 5rotein Toxic to aquaticand ~ PBT NIVA [21], OECD [37],
soil biota, CMR ECHA [38],
PFOS 1763-23-1 PFAS BAF rotein Toxic to aquaticand ~ PBT NIVA [21], UK Environ-
soil biota, CMR ment Agency [39],
EFSA [40], LAWA [41]
Bisphenol A (BPA) 80-05-7 phenol BAF e/rest Toxic to aquaticand  Not PBT NIVA [21], ECHA [42,
soil biota, CMR, ED 43]
Dimethyl-propyl- 80-46-6 phenol BAF e rrest Toxic to aquaticand ~ Not PBT UK Environment
phenol soil biota, ED Agency [44], ECHA
[45]
Nonylphenol 84852-15-3,25154-  phenol BCF.quat BAFieest  TOXiC to aquaticand  Not PBT NIVA [21], UK Environ-
52-3 soil biota, CMR, ED ment Agency [44],
ECHA [45, 46], EC [47]
BCF 4qua: Bioconcentration potential in aquatic organisms and food chains due to log Kow > 4.5; BAF,,.,; Bioaccumulation potential in air-breathing organisms due to

log Kow>2 and log Koa > 5; BAF,,,;, Bioaccumulation potential in organisms related to protein binding

on the available data and current knowledge, these chem-
icals are used to test the concept of SCoRA. It is not our
aim to re-evaluate their harmfulness or to assess the

mutual substitutability of these chemicals.

Properties of case study chemicals
Data were collected from dossiers
ment reports, for example, from ECHA, EFSA, EU

and

competent authorities, and are presented in the Addi-
tional file 1 (Tables S1.1-S1.15). The parameters
include physicochemical properties, partition coef-

ficients (log Kow, log Koa, Koc) and bioaccumulation
factors, reaction half-lives in air, water, soil and sedi-
ment, overall persistence (P,,) and long-range trans-
port potential (LRTP). Toxicological thresholds use

assess-

predicted no effect concentrations (PNEC) for fresh-
water, sediment, soil, secondary poisoning and human
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health via fish consumption, endocrine disruption
potential, tolerable daily intake (TDI) and CMR prop-
erties (H-phrases).

Some data gaps were tentatively filled with estimates
by EpiSuitérM [48]. LRTP and P,, were calculated with
the OECD Pov and LRTP Screening tool [49].

Results

We have developed the SCoRA approach to facili-
tate comparison of the relative impact potential of
chemicals for human health and the environment.
The approach focuses on components that address
gaps in existing methods for assessing chemicals and
their alternatives, in particular (1) the assessment of
environmental pollution stock levels, which accounts
for the spatial and temporal dimensions of environ-
mental exposure; (2) the dual role of persistence as a
major driver of the environmental stocks of pollutants
over time, and as an important source of uncertainty
about future impacts, even after emissions ceased; (3)
a composite bioaccumulation score that covers differ-
ent bioaccumulation metrics for diverse habitats (e.g.
aquatic, terrestrial); and, last but not least, (4) tools for
communicating the impact potential of chemicals with
stakeholders and the public.
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Scoring scheme for Comparative Ranking of the relative
impact potential of chemical Alternatives (SCoRA)

Impact profiles of chemical substances differ due to dif-
ferences in persistence, long-range transport potential,
bioaccumulation, human health effects and ecotoxicity,
according to their different exposure dynamics in water,
sediment, soil and air. In SCoRA, both exposure and
effects contribute to the overall impact potential (Fig. 1).
This makes SCoRA a precautionary approach in which
neither low toxicity can compensate for high exposure,
nor vice versa.

Hazard and exposure information is translated into
ordinal scores of exposure- and effect-related concerns
(Egs. 1 and 2). Weighting factors cover substance- and
scenario-related uncertainties regarding the expected
pollution burden and, due to overall persistence, yet
unknown long-term impacts of substances. The resulting
stock and effect scores are then combined into a compos-
ite score of a chemical’s overall impact potential (Eq. 3).

The stock-pollution approach to characterize exposure-
related concerns is an important and novel component
of SCoRA and is therefore described in more detail here.
The concept of the environmental pollution stock has
been widely used in the context of environmental and
resource management [18, 50-52]. Generally, the envi-
ronmental pollution stock denotes the expected amount
(mass or concentration) of a chemical in different

Input data: Exposure- and effect-
related concerns

* Soil
* Air

Individual scores: Relative ranking
of (very) low to (very) high concern

/ Pollution stock levels \
in the environment
* Water/sediment o

/Environmentaland \
health effects

Aquatic/benthic toxicity

* Terrestrial toxicity

¢ CMR

K'
e

Weighting factors: Substance-and
scenario-related uncertainties

* LRTP
L

Uncertainties about
pollution burden:
* Wide-dispersive use

J * Endocrine disruption
e A
Uncertainties due to

yet unknown
(long-term) effects

Y \ Y,

l l

Stock and effect scores:
Sstocks Seffect (€quations 1, 2)

Exposure-related concerns
(Stock score)

Effect-related concerns
(Effect score)

Overallimpact potental: S;p
(equation 3)

Overall impact potential

Fig. 1 Schematic outline of SCoRA (Scoring scheme for Comparative Ranking of impact potential of chemical Alternatives) based on concerns

related to exposure (stock score) and effects (effect score)
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environmental media. If the emission rate exceeds the
degradation rate of a chemical ((pseudo)persistence), the
environmental stock increases over time, increasing also
the impact potential for ecosystems and humans. Moreo-
ver, the stock can remain in the environment even long
after emissions ceased. While persistence as such is not
a hazard parameter, it is obvious that it drives the envi-
ronmental stock of a chemical, and thus its potential, to
cause harm in the short, medium and long term [10, 18].

The environmental pollution stock can be determined
using multimedia mass-balance modelling, which inte-
grates information about physicochemical properties,
persistence and fate of a chemical and can be applied at
different levels of complexity [53-57]. For this study, we
used a level III model assuming the same emission sig-
nal per period for all chemicals included in the evaluation
(for further details and data see Additional file 1: Sect.
S3). This results in a projection of the expected stock
level in water, soil and biota at steady state [mol], reflect-
ing the expected long-term pollution burden in the envi-
ronment. In this way, differences between the stocks of
chemicals result from differences in their properties and
fate, but are not influenced by differences in their (past)
use, emissions or environmental conditions. While it is in
principle possible to use monitoring data to project the
stock based on an existing ‘background exposure; this
is only meaningful if historic use patterns of the chemi-
cals are similar. If use patterns are different, monitoring
data may lead to erroneous conclusions about impact
potentials and, hence, misleading conclusions on possible
options for substitution.

The stock-score (Eq. 1) captures the concern arising from
the expected pollution stock level in water/sediment, soil
and biota (Sstock (water /sed) Sstock (soily Sstock (bio)) and informs
about the exposure-driven impact potential of a chemical.
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To address uncertainties about expected stock levels that
may be caused by exposure-relevant variables such as the
production volume, wide-dispersive use (WDU) and long-
range-transport potential (LRTP) of a chemical, we apply a

weighting factor (Cvol/WDLI/LRTP)'

Sstock = (Sszock(water/sed) + Sstotk(soil) + Sstock(bio)) * Cvol/W/DU/LRTP
(1)
The effect score (Eq. 2) accounts for direct and indi-
rect (along food chains) effects on aquatic and terrestrial
organisms including humans, based on ecotoxicological
thresholds for water/sediment and soil (Segect(water/sed)
Seffect (soit)), CMR properties (Sygect(cmr)) and endocrine
disruption potential (Sgcs(£p))- Other impacts may be
added, for example, if a comparative assessment includes
chemicals that are allergens or sensitizers. The weighting
factor (Cpyy) captures effect-related uncertainties due to
yet unknown long-term impacts.

Seﬂect :(Seﬂect(water/sed) + Seﬁect(soil) (2)
+Sefect(CMR) + Sefect(ED) + - - - ) * Cpoy

Combining the stock and the effect score (Eq. 3) reveals
a chemical’s overall impact potential, Syp.

Sip = Sstock * Seffect (3)

To demonstrate the practical application of SCoRA, we
present calculations of Sjp for two persistent chemicals,
anthracene and benzo[a]pyrene, in the Additional file 1:
Sect. S2.1.

Scoring relative stocks and effects

The scaling of the scores is based on categories used in
REACH [2], by the US EPA [12] and the GHS for clas-
sification and labelling [15] to represent relative haz-
ards from (very) low to (very) high concern (Table 2). In

Table 2 Scores for relative ranking of concerns about chemicals’exposure (stock score) and effects (effect score)

Level of concern Stock Effect Score
Pollution stock levels in Toxicological threshold  Toxicological CMR properties ED potential
water/sediment* and soil ~ water, sediment * threshold soil [mg/

[mol] [mg/L] kg dwt]

- - - - no no 0

Very low <5 >100 > 1000 - - 1

Low 5-<50 1-<100 100-< 1000 - - 2

Moderate 50-<500 001-<1 1-<100 - low/moderate 3

High 500-<5000 0.0001-<0.01 0.01-<1 H341,H351, H362 - 5

Very high >5000 <0.0001 <0.01 Annex XIl13.2.3 (d) ** high / very high 10

*Pollution stock levels and toxicities in water and sediment may be considered together based on equilibrium partitioning (EqP) [58, 59].

**Criteria for classification as carcinogenic in Category 1A or 1B (H350 or H350i), germ cell mutagenic in Category 1A or 1B (H340), toxic for reproduction in Category
1A, 1B and/or 2 (H360, H360F, H360D, H360FD, H360Fd, H360fD, H361, H361f, H361d or H361fd), specific target organ toxic after repeated dose in Category 1 or 2

(H372 or H373), according to Regulation EC No 1272/2008.
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principle, all relevant hazards should be assessed for the
substances to be compared, e.g. according to GHS [15]. If
a particular hazard is identified for at least one substance,
it should be included in the derivation of an augmented
effect score. The option to expand the hazard portfo-
lio assessed in SCoRA by additional hazard endpoints
makes the approach sufficiently flexible and applicable to
a broad spectrum of chemicals. At the same time, irrel-
evant hazard endpoints can be omitted. This allows to
focus on the critical hazards for the comparative evalu-
ation and ranking. Furthermore, a smaller spectrum of
hazard endpoints can be particularly suitable for tailored
assessments.

Classifying levels of concern on an ordinal scale pro-
vides comparability also between different hazards, such
as PBT and ED. In contrast, this is not possible with
absolute scales of individual endpoints (e.g. 0-100%
effect). The examples of the case studies discussed below
illustrate that comparative ranking can work quite well in
this way.

The stock scores for water/sediment and soil of the case
study chemicals are derived from modelled stock levels
[moles] resulting from unit emissions at steady state. Pol-
lution stock levels in water and sediment are considered
together based on equilibrium partitioning (EqP) [58,
59]. The resulting values are converted into ordinal scores
ranging from 1 to 10 (see Table 2). Note that we assign
equal weight to pollution stock levels in water/sediment
(Sstock (water jsed)) and s0il (Sgrock(soiry)- If other metrics are
used to describe the pollution stocks, e.g. dynamic mod-
elling [18], the scoring scales may need to be adjusted
accordingly.

Stock levels in air are relevant for greenhouse gases and
ozone depleting substances. For most organic chemicals,
the air compartment may be important for long-range
transport, whereas the accumulation of persistent chemi-
cals in air (causing a pollution stock) is not predominant
compared to the other compartments (see also [18]).
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The effect scores of the case study chemicals are
assigned based on long-term/chronic ecotoxicity data in
water/sediment and soil. If compartment-specific toxic-
ity data are available for several relevant endpoints, the
lowest value should be preferred. For instance, toxicity
data on either direct effects on aquatic organisms or from
secondary poisoning of fish-eating predators, includ-
ing humans can be used for the water compartment. For
data-rich substances, a species-sensitivity distribution
can be applied to derive an HC5 value (hazardous con-
centration for 5% of the species) [60]. If data are lacking
for certain compartments, extrapolations of values from
other compartments are feasible using the tools of the
Water Framework Directive (WFD) [59].

CMR properties identified from H-phrases [15] always
trigger (very) high concern. Effects on endocrine systems
may be already considered in the toxicological thresh-
olds. If not, an additional score (Sygct(Ep)) is required,
regarding the range of ED potencies of the chemicals to
be compared [61].

Pollution stocks in biota can be assessed indirectly
based on the bioaccumulation potential of substances.
The bioaccumulation score (Sgock(bio)) combines different
bioaccumulation metrics to cover diverse habitats (e.g.
aquatic biota and terrestrial air-breathing organisms)
and multiple modes of bioaccumulation (e.g. thermody-
namic partitioning, protein binding and membrane bind-
ing). Table 3 shows coherent scores corresponding to the
respective levels of concern for different bioaccumula-
tion metrics. Combining multiple parameters facilitates a
flexible Weight-of-Evidence (WoE) based on all available
information, including BCF, BMF [62, 63], physicochemi-
cal properties such as log Kow and log Koa, chemi-
cal indicators such as perfluorination for accumulation
related to protein binding [64] and elimination half-lives
including metabolic transformation [65]. Information
from (human) biomonitoring is also conceivable here,
but requires a carefully considered scaling of the respec-
tive findings.

Table 3 Bioaccumulation metrics and corresponding scores indicating bioaccumulation potential. The composite bioaccumulation
SCOTe Ssockibio) 1S the average of the scores assigned to the available bioaccumulation metrics

Level of concern BCF BMF Log Kow Log Koa (and Accumulation related Elimination half-life [d] Score
log Kow > 2)* to protein binding** incl. metabolism***

Very low <100 <0.01 <1 <1 no - 1

Low 100-< 1000 0.01-<0.1 1-<2 1-<4 - <70 2

Moderate 1000-< 2000 0.1-<1 2-<3 4-<5 - 3

High 2000-< 5000 1-<2 3-<45 5-<10 - >70 5

Very high >5000 >2 >45 >10 yes - 10

*The log Kow > 2 is a prerequisite for accumulation in air-breathing organismes. If log Kow is < 2, the respective score for log Koa is always 1.

**May be detailed when scales of protein binding related to bioaccumulation will become available.

***According to Goss et al. [65].
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The composite Syqck(bio) is the arithmetic mean of the
scores assigned to available bioaccumulation metrics. It
is therefore much more comprehensive than the current
assessment criteria, which only consider single aspects of
bioaccumulation. This novel approach integrates multiple
dimensions of chemicals’ bioaccumulation. The resulting
level of concern depends on the substances’ mode of bio-
accumulation, where the same chemical may have differ-
ent scores for different parameters, e.g. a PFAS with high
protein binding but low to moderate partitioning into
lipids. To illustrate the procedure for deriving the com-
posite Sk (bioy from different bioaccumulation metrics,
we present an exemplary calculation of the bioaccumu-
lation score for anthracene in the Additional file 1: Sect.
S2.2.

Weighting factors for stock and effect scores
To capture uncertainties about long-term accumulation
of stocks and effects, we introduce weighting factors.
Higher uncertainties lead to higher weighting factors.
The weighting factor for the stock assessment reflects
the relevance of the pollutant stock in water/sediment,
soil and biota and is the mean of four individual scores
related to production volume (Vol), use pattern (WDU),
long-range transport potential (characteristic travel dis-
tance (CTD in km) and transfer efficiency (TE in %))
(Table 4). For C,,; and Cwpy; we use the same criteria
as recommended by ECHA for SVHC [19]. The LRTP
values can be derived using the OECD Pov and LRTP
Screening tool [49].

The environmental presence of persistent substances is
longer than the duration of established testing methods
for environmental and health effects. Uncertainties about
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long-term effects beyond tested periods shall be covered
by a weighting factor based on overall persistence (Cpyy).
It aims to reflect the increasing likelihood of (very) long-
term impacts of (very) persistent substances. Py, can be
calculated from the DT50 in air, water and soil using the
OECD Pov and LRTP Screening tool [49]. The vP crite-
rion (t;,>180 d) is a point of reference for assigning Cp,y
(Table 4).

Level of concern: scaling of the overall impact potential

To compare chemical alternatives, SCoRA offers a scale
for relative ranking of substances based on the overall
impact potential Sjp. Since SCoRA is not a predefined
scaffold, but a flexible framework that can be adapted
to the range of potential impacts of the substances to be
compared, the quantitative (numerical) results of a chem-
ical’s impact potential must always be interpreted relative
to the impact potentials of other chemicals in the sample,
and are specific for any comparative assessment. Thus,
the numerical S;p values are not an absolute measure
and the associated level of concern depends on possible
extensions of Egs. 1 and 2, for example, when additional
human health effects such as respiratory sensitisation are
included. By inserting the score values into the respective
equations used, the respective Sp values can be easily cal-
culated. For illustration purposes, a detailed example for
the calculation of the levels of concern is included in the
Additional file 1 with Table S2.3. Here, for the SCoRA
set-up with the present Egs. 1 and 2 and using the scores
in Tables 2, 3, 4, Eq. 3 results in a minimum Sjp of 6, cor-
responding to very low concern. Higher S;p values mean
more concern:

Table 4 Parameter-related scores for calculating the weighting factors applied to the stock and effect score

Level of uncertainty Weighting factor components for exposure, pollution burden Weighting factor for Score
long-term effects
Production volume WDU LRTP (CTD)* LRTP (TE)* Overall persistence (Poy)**
Very low <10ttty - CTD <5097 km and Py, TE<2.25% and P,, <195d <180d 1
<195d
Low 10-<100 t/y IND - - 180 days—< 365 days 2
Moderate 100-< 1000 t/y PROF CTD<5097 km and P,y TE<225%and Py, >195d  1yr—<5yr 3
>195d TE>2.25% and Py, <195d
CTD>5097 km and P,y
<195d
High 1000-< 10,000 t/y - - - 5yr—-<10yr 4
Very high > 10,000 t/y CONS CTD>5097 km and P, TE>225%and Py, >195d  >10yr 5

>195d

WDU: wide-dispersive use (IND: industrial use, PROF: professional use, CONS: consumer use)

LRTP: long-range transport potential (CTD: characteristic travel distance, TE: transfer efficiency)

*Default criteria [49]
**based on VP criterion (t,,, > 180 days)
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« low concern: S;p between 7 and 96

« moderate concern: S;p between 97 and 729

« high concern: S;p between 730 and 4320

« very high concern: S;p above 4320 up to 30,000

Note that Sjp is the product of Sgocx and Sege; (see
Egs. 1-3). Therefore, a high (low) level of concern can
result even if one of the two has a low (high) value. In
other words: A high environmental exposure of a persis-
tent chemical can trigger a high level of concern even if
hazard properties are of moderate or low concern.

Application of SCoRA to the case study chemicals

The proof-of-concept application aims to test SCoRA
with real substances and to compare different impact
components. Using the substance data in Additional
file 1: Tables S1.1-S1.15, we calculated Sjp using Eqgs. 1-
3. The resulting scores for the case study chemicals are
detailed in the Additional file 1: Table S2.3.

Figure 2 shows the ordinal ranking of the overall impact
potential of the case study chemicals. As expected for
SVHC, all Sjp are high (above 730) indicating a high level
of concern, only D4 has a slightly lower value. The high-
est value is observed for PFOS, followed by PFOA, DDT,
benzo[a]pyrene and dechlorane plus. There are clear dif-
ferences both between and within substance groups. For
these examples with more than tenfold differences in
Sip, we choose the logarithmic scale to highlight similar
level of concern in the graphical representation. For an

Page 8 of 14

alternatives assessment of substances with lower Sip, a
linear scale may be more appropriate.

A heatmap of SCoRA results for the case study chemi-
cals (Fig. 3) shows differences, represented by pattern
and colour intensity, even between substances with
similar Sip. Sorted by Sip (centre column), it shows
that all PBT substances are of high concern; however,
the impact potentials of PBT substances are not all the
same. We see similar rankings in the effect score (right
of centre column), regardless of different contributions
of environmental and health effects. The stock scoring
(left of centre column) reveals a divergent pattern. Often
soil is the major sink of persistent substances, but sedi-
ments are also affected. The weighting factors indicate
high uncertainties about the pollution burden of the case
study chemicals (Cyo;/wpu/Lr7p (Outer left column)). The
uncertainties about long-term effects (Cp,, (outer right
column)) are correlated with the overall impact potential.

Coping with uncertainties

Limited availability and quality of input data, e.g. deg-
radation rates in different media, can cause substance-
related uncertainties. Scenario-related uncertainties
may be due to the spatial and temporal scale for assess-
ing pollution stock levels (e.g. local, regional, conti-
nental or global). As any data-driven scheme, SCoRA
requires sufficient information and consistent coverage
of exposure and impact profiles of the chemicals to be
compared. Incomplete hazard data in alternatives assess-
ment frameworks can be addressed either by using the

10000 very high
concern
high
concern

1000
moderate
Q concern
(V)
100
(very) low
concern
10
> $» ¢ & @ Z Q & > S N S o
M9 & *&o \\&o P Q)("Q 7&0 eq\\‘r Q<<o O @z\}x@(\o&&
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& @ & & S
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Q,(\)\/ Q‘(\-‘(\ ‘(@ \Qk %
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Fig. 2 Overall impact potential S;p of 15 case study chemicals, sorted by chemical class (see Table 1). The horizontal lines indicate level of concern:
(very) low concern: Sjp <96, moderate concern: Sjp <729, high concern: S;p <4320, very high concern: Sjp >4320
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Fig. 3 Heatmap of the individual scores and overall impact potential of 15 case study chemicals, sorted by Sy (for details see Additional file 1:

Table S2.3)

worst case or estimated values [14], the latter for exam-
ple by read across (from one substance to another) or by
extrapolation (from one endpoint to another). Further-
more, ranking with SCoRA remains possible even if one
or more endpoints are omitted due to lack of data for all
the substances, provided the suspected impact potential
is reasonably similar. Another way of dealing with data
gaps was developed with the composite score for bioac-
cumulation. This novel approach allows to derive the
level of concern even if the bioaccumulation metrics for
the chemicals being compared are different or only par-
tially overlapping. For example, on the basis of BCF for
one substance and log Kow and elimination half-life for
another substance, the respective level of concern with
regard to possible accumulation in biota can be deduced
and then compared.

To gain insight how data variability may affect the
impact scores and the ranking of chemicals, we con-
ducted a sensitivity analysis (for details see Additional
file 1: Table S2.4 and Figure S2.4). Even with+50%
variability in input data, the relative ranking remained

unchanged for most chemicals. Where changes in rank-
ing occurred, they were minor (1 or 2 positions). PFOS,
PFOA, dechlorane plus, DDT and benzo[a]pyrene scored
highest in all scenarios. At the other end of the scale, the
scores for D4, D5, bisphenol A and dimethylpropylphe-
nol always remained the lowest. These results indicate
that SCoRA provides a consistent ranking of the overall
impact potential of chemicals based on various concerns.
The robustness of the results is facilitated by the use of
ordinal scores for ranges of input data.

To further improve the comparative ranking of chemi-
cal alternatives, reference chemicals, i.e. substances with
well-known effects, could support the interpretation of
impact profiles. Specifically, substances with low, moder-
ate or high impact, e.g. due to carcinogenicity, endocrine
disruption or persistence, could help to put both the
overall ranking and the impact profile of the substance
to be replaced and its possible alternatives into a broader
context, similar to internal standards in analytical chem-
istry. Especially for substances with poor data status, rep-
resentative reference chemicals would help to improve
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the robustness and reliability of the relative ranking of
impact potential.

Discussion

Substitution of hazardous substances is an effective strat-
egy to reduce their environmental and health impacts
[66]. However, an alternative substance, while technically
and economically suitable, may potentially be even more
harmful than the substance to be replaced [8]. To prevent
regrettable substitution, a comprehensive comparative
assessment of the full spectrum of properties and effects
that contribute to the impact potential of chemical alter-
natives is required.

The SCoRA approach can facilitate beneficial substitu-
tion in several ways. First, ranking chemical substances of
concern based on Sjp offers a profound way to consider
all relevant effects, such as PBT and CMR properties,
based on existing data. This allows to identify substances
with high impact potential that urgently need to be
replaced. Second, SCoRA enables comparative assess-
ment of several substances, such as chemical alterna-
tives. In particular, substances with qualitatively different
concern profiles, e.g. a PBT substance and an endocrine
disruptor, can be ranked in a coherent and transparent
way. Using selected case study chemicals, we show how
fingerprinting of impact profiles allows comparison of
chemical substances. Furthermore, we discuss why con-
sidering estimates of the pollution stock in environmen-
tal compartments is important to address the spatial and
temporal consequences of persistence.

The first example are two persistent organic pollut-
ants with similar overall impact potential, benzola]
pyrene (S;p = 8190) and dechlorane plus (S;p = 7800).
Their impact profiles (Fig. 4 A) show clear differences
in the scores addressing environmental pollution bur-
den (Sstock(water/sed)) Sstock(soil))' Benzol[a]pyrene has very
high stock level in soil and somewhat lower, but still high,
stock level in water/sediment. For dechlorane plus, the
situation is the opposite way, i.e. very high stock level in
water/sediment but lower in soil. Concerns about bioac-
cumulation potential (Sgck(pip) are high for both sub-
stances, though being slightly higher for benzo[a]pyrene.
Maximum scores apply to ecotoxic effects on organisms
in water, sediment and soil (Segect(water/sed)r Seffect (soil))-
In addition, benzo[a]pyrene has CMR properties (H340,
H350, H360FD), but dechlorane plus does not. The com-
parison of benzo[a]pyrene and dechlorane plus illustrates
that the impact profiles of substances with PBT proper-
ties are not uniform due to different relative magnitudes
of P, B and T as well as other concerns such as CMR. The
graphical representation highlights that although PBT
substances are all of very high concern, their impact pro-
files can still be different.

Page 10 of 14

The second example is two SVHC with high overall
impact potential, but different primary concern, namely
nonylphenol (endocrine disruptor, S;p = 4140) and pyr-
ene (VPvBT, S;p = 2580). Their exposure- and hazard-
related concerns contribute differently to the overall
impact potential. This is shown by their impact profiles
(Fig. 4B). For nonylphenol, S.g is dominant due to
endocrine disruption and CMR properties (H361fd) in
addition to ecotoxic effects on organisms in water, sedi-
ment and soil. In comparison, pyrene has larger stock
levels in soil, water/sediment and biota due to greater
persistence. The comparison of nonylphenol and pyrene
illustrates that the SCoRA approach allows for a com-
parative evaluation of different concern categories like
PBTness and endocrine disruption in a coherent and
transparent way. Using ordinal scores, different impacts
that trigger the same level of concern can be compared
and aggregated for the evaluation of the overall impact
potential.

Exposure-related concerns, reflected by the stock
scores, address the spatial and temporal persistence of
chemicals in the environment. Environmental pollution
stocks aggregate past and current emissions and indicate
the pollution burden in different environmental compart-
ments over time. Examples of the relative environmental
distribution pattern of the case study chemicals illustrate
that different compartments may be the most heavily
contaminated (for details and data, see Additional file 1:
Sect. S3.2).

The example of PFOS (S;p = 15,938) and lindane (S;p
= 5940) can be used to illustrate the possibilities of a
comparative exposure assessment based on ordinal stock
scores. Their impact profiles (Fig. 4C) reveal the same
concerns about very high ecotoxicity and CMR proper-
ties. The considerable differences in their overall impact
potential are thus due to different exposure characteris-
tics. Depending on the desired level of detail, either the
individual compartmental scores or the aggregated Sgcx
can be compared. A major advantage of using pollution
stock levels is that both past emissions, from which resi-
dues of persistent chemicals are still present in the envi-
ronment, and current releases are comprehensively taken
into account.

SCoRA has been implemented and tested with a selec-
tion of well-researched chemicals that are known to be
harmful. This proof-of-concept application is, of course,
only a small sample of the large number of harmful
chemicals for which substitution with safer alternatives
is needed. The next step in exploring the applicability of
SCoRA to diverse substitution candidates is therefore
to broaden the range of chemicals, including emerging
substances of concern. Future applications of SCoRA to
chemicals with different impacts and uses, for example in
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Fig. 4 Impact profiles: Fingerprinting of concerns. A Benzo[alpyrene and dechlorane plus show differences in the impact profile of substances of
similar concern with similar overall impact potential (upper diagram). B Nonylphenol and pyrene show different concerns of substances with high
overall impact potential (middle diagram). C PFOS and lindane show same concerns about effects and different exposure characteristics (bottom
diagram)

consumer products, will provide useful insights into the  properties. SCoRA provides a flexible framework that
robustness of the approach. allows to focus on relevant impacts of the chemicals to be
compared. This can contribute to the early detection and
thus prevention of regrettable substitution.
Conclusion SCoRA intends to complement existing and estab-
Based on the available results, SCORA has shown to be lished tools such as comparative risk assessment, when,
a transparent and coherent tool for comparing chemi-  for example, only limited data are available or when con-
cal substances across the full spectrum of their poten-  ventional risk assessment is not feasible, as in the case of
tial effects, including but not limited to PBT and CMR
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persistent substances. A strength of SCoRA is the visu-
alisation of multiple concerns by a heatmap and finger-
prints, which allow a comprehensive comparison of the
potential impacts of different substances. This facilitates
communication among scientists, regulators, risk manag-
ers, stakeholders and the public about the impact poten-
tial of chemicals and their alternatives.

Abbreviations

BAF Bioaccumulation factor

BCF Bioconcentration Factor

BMF Biomagnification factor

BPA Bisphenol A

CMR Carcinogenic, Mutagenic or toxic for Reproduction

cTD Characteristic Travel Distance

D4 Octamethylcyclotetrasiloxane

D5 Decamethylcyclopentasiloxane

DDT Dichlorodiphenyltrichloroethane

DecaBDE  Decabromodiphenyl ether

DT50 Disappearance Time 50%

ED Endocrine Disruption

EqP Equilibrium Partitioning

GHS Globally Harmonized System of Classification and Labelling of
Chemicals

HBCDD Hexabromocyclododecane

HC5 Hazardous Concentration for 5% of the species

log Koa Octanol/Air Partition Coefficient

log Kow  Octanol/Water Partition Coefficient

LRTP Long-Range Transport Potential

PAH Polycyclic Aromatic Hydrocarbons

PBT Persistent, Bioaccumulative and Toxic

PFAS Per- and Polyfluoroalkyl Substances

PFOA Perfluorooctanoic acid

PFOS Perfluorooctanesulfonic acid

PMT Persistent, Mobile and Toxic

PNEC Predicted No Effect Concentration

Pov Overall Persistence

SCoRA Scoring scheme for Comparative Ranking of chemical Alternatives

SVHC Substance of Very High Concern

TDI Tolerable Daily Intake

TE Transfer Efficiency

VvPVB Very Persistent and very Bioaccumulative

WDU Wide-Dispersive Use

WFD Water Framework Directive

WoE Weight-of-Evidence
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