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A risk assessment strategy considering the impact of chemicals on the whole ecosystem has been developed
in order to create a sound and useful method for quantifying and comparing the global risk posed by the
main different hazardous chemicals found in the environment. This index, called Environmental Risk Index
for Chemical Assessment (ERICA), merges in a single number the environmental assessment, the human
health risk assessment and the uncertainty due to missing or uncertain data. ERICA uses a dedicated scoring
system with parameters for the main characteristics of the pollutants. The main advantage is that it preserves
a simple approach by condensing in this single value an analysis of the risk for the area under observation.
ERICA quantifies and compares the global risk posed by hazardous chemicals found in the environment and
can be considered a diagnostic and prognostic method for environmental contaminants in critical and
potentially dangerous sites, such as incinerators, landfills and industrial areas or in broader geographical
areas. The application of the proposed integrated index provides a preliminary quantitative analysis of
possible environmental alert due to the presence of one or some pollutants in the investigated site.
This paper presents the method and the equations behind the index and a first case study based on the
Italian legislation and a pilot study located on the Italian seacoast.
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1. Introduction

Many risk indicators, priority systems and schemes to screen
chemicals for potential adverse effects once released into the
environment have been published. Several indicators have been
applied in various countries, with different goals and methods
(DEFRA, 2006; SCRAM (Snyder et al., 2000); Senese et al., 2010). A
number of research organizations started exploring the state of the
art of risk indicators, in particular for pesticide risks, to examine the
outcome and limitations of different approaches and harmonize the
use of these indicators internationally (USEPA, 1989, 1997, 2004,
2005; Huijbregts et al., 2000; RIVM, 2003; EUSES, 2008; USEtox,
2008; OECD, 2009). However, at present these global indices are not
able to produce a single value for the potential risk of compounds to
humans and the environment on a local scale for each individual
ecological compartment (water, soil, sediment and air).

The need is first of all to provide clear information to regulators
and population about the possible hazards in a site and the relative
effects on the health status. The challenge is that a global index must
cover every environmental compartment and must be based on
detailed scientific meaning behind each hazard calculation. To face
this challenge we have developed the Environmental Risk Index for
Chemical Assessment (ERICA). Each element that composes ERICA
has a sound scientific basis derived from updated guidelines and
scientific data, merged in a single value within an innovative
relationship. The main idea behind ERICA is to get a comprehensible
picture of the general situation of a critical area; this is useful for
detailed risk analysis of potentially dangerous compounds and for
comparisons in time and space. ERICA starts from an evaluation of
the single compound overall risk (SRI, Substance Risk Index) (see
Fig. 1), extends it to all compounds and then assesses the entire
chemical load for a specific territory. In the context of risk
assessment, ERICA can be considered as a diagnostic and prognostic
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Fig. 1. Information from environmental sampling and analyses are used to evaluate the
impact on human (HTI and HCR) and ecological (EQI) targets. Then the integrated
results provide an overall evaluation of the risk due to the exposure to a single
pollutant.

Table 1
Information for each compound contained in the excel data file.

Identifier Physico-
chemical
properties

Distribution
parameters

Ecotoxicological
data

Toxicological
data

Chemical
ID, Name,
CAS number,
SMILES

MW, solubility,
biodegradation
(Biowin
model), Koa,
Kow, Kaw, Koc,
vapor
pressure, BCF,
BAF

Mackay
model level
I, Mackay
model level
III—fugacity
model

Acute inhalatory
toxicity, acute
oral toxicity,
acute water
toxicity

Class of
carcinogenicity,
ingestion
reference dose
and slope
factor,
inhalation
reference dose
and slope
factor.
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method for environmental contaminants in critical and potentially
dangerous sites, for instance because of the vicinity of incinerators,
landfills or industries.

The index also includes “fate” parameters like bioaccumulation
indicators, persistency and degradation (EFI=Environmental Fate
and Transport Index), calculated on the basis of intrinsic properties of
the compound (volatility, mobility in soil, solubility, persistence, and
bioaccumulation). The EFI is fundamental to assess future toxicity
likely to be long-lasting. In this factor, used as a multiplicative
parameter, the “cost” of persistence and bioaccumulation in the
environment is considered as an aggravation for a possible future risk
due to the presence of one or more persistent pollutants.

2. Materials and methods

2.1. Database structure

The ERICA database currently contains data on 186 chemicals
including their toxicity and physico-chemical properties from
referenced experimental data or reliable predictive methods.
The list of potentially dangerous compounds in the database
focuses on these main chemical classes: polycyclic aromatic
hydrocarbons (PAHs), chlorobenzenes, nitrobenzenes, phenols,
chlorophenols, halogenated aliphatic hydrocarbons, polychlorinated
dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
polychlorinated biphenyls (PCBs), pesticides, hydrocarbons and
inorganic compounds (i.e. metals, ozone, carbon monoxide). Other
compounds will be added whenever data about their physico-
chemical properties and toxicological profiles will be available
from international databases, peer-reviewed literature or from
QSAR applications.

Using the molecular names and/or CAS (Chemical Abstract
Service) numbers, the two dimensional (2D) chemical structures for
each compound were checked in five online databases (HSDB
TOXNET, CHEM ID Plus, ChemFinder, PubChem, Safe Nite).

14 substances that are also required in regulatory risk assessments
like fluorurate classes or particulate matter (PM10, PM2.5), are
mixtures of chemicals. Thus, it has not been possible to define a single
structure and the properties from the literature were directly reported
in the database, while for the other cases the relative structure is
indicated. This fact also allowed using predictive models where
experimental data were missing or unreliable.
A structure-data file (.sdf) containing various information related
to the substances (ID, SMILES, CAS number, 2D structures, physico-
chemical main properties) was created for modeling purposes.

In addition, an excel data file containing the groups of information
for each compound was created (Table 1).

2.2. The minimum scenario

19 priority substances have been selected for their toxicological
profiling, frequent environmental occurrence or common presence
in anthropic emissions. Recent prioritization systems from authorities
(e.g. Stockholm convention on persistent organic pollutants, Toxic
Chemical Release list (USEPA, 2006)) were taken into account in
choosing these compounds.

They reflect a minimum, heterogeneous scenario that covers all
four environmental compartments (water, soil, sediment and air)
considered in ERICA, and are well spread out.

The selected pollutants (As, Cd, Cr, Hg, Ni, Pb, benzene, PAHs as
benzo(a)pyrene equivalent, PCDD/PCDFs as 2,3,7,8-TCDD equivalent,
PCBs as 2,3,7,8-TCDD equivalent, NO2, SO2, CO, O3, PM10, PM2.5, DDT,
atrazine and hexachlorobenzene) represent the minimum scenario to
be considered for each compartment and endpoint while calculating
the index for a case study.

For scenarios where some experimental data are missing the
hazard limits are used instead. The minimum scenario is useful to get
a general idea of the status of a considered area with a comparable
representation for different plants or situations.

The proposed scenario should be extended with other com-
pounds depending on the preliminary characterization of the
investigated site. To define a more detailed risk scenario it is
necessary to account for possible sources of contamination, the
exposed receptors (human and ecological) and the environmental
levels of the added pollutants. The addiction of new pollutants could
better describe the environmental analysis but requires that data
about their relative physico-chemical and toxicological properties
are defined. These data can be derived from peer-reviewed
literature, international databases, experimental values or predicted
using quantitative structure–activity relationship (QSAR) models.
Whenever a pollutant is fundamental to define the environmental
quality but its profile is incomplete, the inclusion can be done in a
conservative way using:

– The maximum score for the lacking physico-chemicals properties
(e.g., solubility, persistence, BCF, environmental distribution);

– The risk threshold in the case of undefined reference dose (PNEC,
RfD or slope factor).

However, it is advisable to avoid the inclusion of a compound with
an incomplete set of information to prevent boost of uncertainty.
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2.3. Ecotoxicological and toxicological values

We used Predicted No-Effect Concentration ecotoxicological
values (PNECs), physico-chemical properties and environmental
fate parameters from peer-reviewed databases like ECOTOX (USEPA,
2007), TOXNET (HSDB, 2009), INERIS (INERIS, 2009), RAIS (RAIS,
2009), Chem ID Plus (Chem ID Plus, 2009), RTECS® (CCOHS, 2009),
HazDat (ATSDR, 2001) and specific reviews for some critical
compounds.

If different ecotoxicological data exist for the same compound,
values were selected by applying the rules in the Risk Assessment
Technical Guidance (European Community, 2003), updated within
the REACH legislation in 2006 (European Community, 2006). These
rules are summarized here with other criteria from peer-reviewed
documents:

• most sensitive species;
• typical standard tests are preferred as reported in the guidelines
(e.g. OECD 305 test for bioconcentration factor (OECD, 1996);

• peer-reviewed and official papers.

The applied safety factors are: median effect or lethal concentra-
tion (EC50or LC50) divided by 1000 in case of data of acute toxicity
(short-term, e.g. 4 days for fish), by 100 for sub-acute toxicity data
(No Observed Effect Level, medium term, e.g. 21 days for fish) and
divided by 10 for sub-acute toxicity data (Chronic=long term, e.g.
30 days for fish).

The Human Quality Index (HQ) and Cancer Risk Index (CR) are
calculated using the toxic and carcinogenetic parameters for human
risk assessment (e.g. Reference Dose, Slope Factor, Chronic Daily
Intake) from updated, reliable guidelines such as the Risk assessment
Guidance for Superfund (USEPA, 1989), Environmental and Human
Italian Protection Agency (APAT, 2008) and Guidelines for Carcinogen
Risk Assessment (USEPA, 2005). Toxicological values for the selected
pollutants were obtained from ISS/ISPESL and IRIS databases (ISS/
ISPESL, 2009; USEPA, 2009a).

2.4. Predictive software and modelling resources

Freely available software was used for ERICA in case of missing or
unreliable experimental data. The main QSAR programs used to
predict values were EPI Suite v. 4.0, ACD v. 10, DEMETRA, CAESAR,
SPARC. The latest versions of these models were used to calculate
missing indicators such as solubility, LogP (logarithm of the octanol–
water partition coefficient) and Koc (soil adsorption coefficient) as
listed in Table 2.

The predictive abilities of the models selected for populating the
ERICA database were evaluated. For each model, particular attention
Table 2
Overview of the software applied and relative endpoints.

Software Environmental endpointsa,b,c Physico chemical propertiesd F

DRAGON x x x
DEMETRA x
EPI Suite x x x
CAESAR x
ACD x x x

a Water endpoints: Fish LC50 96 h, Fathead Minnow LC50, Daphnia EC50.
b Soil endpoints: bird Acute oral toxicity LD50 14-day exposure, rat oral LD50.
c Air endpoints: probability inhalation acute toxicity on rat, probability inhalation acute
d MW, Log KOA, Log Kow, water solubility, melting point, boiling point, vapour pressure o
e BCF, BAF, Henry's Law constant, aerobic and anaerobic biodegradabilities of organic chem

air, soil, sediment and water under steady state conditions, biodegradation half-life for com
f Classification models, probability female/male mouse, probability female/male rat, weig
g Classification models.
h Classification models, Ames mutagenicity.
was paid to the evaluation of the applicability domain, transparency
and model reproducibility (Eriksson et al., 2003). For example, in
case of missing data the predicted acute toxicity for rainbow trout
(Oncorhynchus mykiss) was calculated with the DEMETRA free and
validated models. DEMETRA models evaluate the ecotoxicity of
pesticides addressing the Directive 91/414 on pesticides, but they are
also appropriate for other environmental pollutants (Benfenati,
2007; Benfenati et al., 2007).

We also used CAESAR QSARmodels, specifically built for use under
REACH legislation, in case of missing or unreliable data for the
following endpoints: bioconcentration factor, mutagenicity, and
carcinogenicity.

To calculate the time scale for distribution of the pollutant in the
environmental compartment we used the Level III Fugacity Model
EPI Suite (Level III MACKAY) (USEPA, 2010) with the environmental
parameters described in Mackay et al. (1992) as default values. We
selected thismodel for its ability to predict the partitioning of an organic
compound in a representative environment (Mackay et al., 1996). The
Level III model in EPI Suite assumes steady state but not equilibrium
conditions and allows predictions for partitioning between air, soil,
sediment and water using a combination of default parameters and
various input parameters that may be defined or estimated by other
programs within EPI Suite (USEPA, 2010).
2.5. Scoring systems

The scoring system is an important point in the structure of ERICA
because it allows the management and the integration of the
proposed parameters characterized by different units of measure-
ments. In our Index, the use of an objective scoring systems is also
useful to include the environmental properties (mobility, persis-
tence, water solubility, volatility and bioaccumulation tendency) of
selected compounds into a single parameter (EFcompound) used to
describe the environmental fate of the pollutants.

All the adopted scoring systems for ecotoxicological, toxicological
and physico-chemical parameters are reported in the Supporting
Information (SI).
2.6. Case study

In order to validate the ERICA approach and evaluate its
robustness, we applied it on a dedicated scenario based on Italian
legal limits and quality objectives for environmental matrices (air,
water and soil).

Furthermore a pilot case was set up on the surrounding area of a
landfill sited nearby the Italian seacoast.
ate Parameterse Carcinogenicityf Skin sensitisationg Mutagenicityh

x x x

toxicity on mouse.
f organic chemicals.
icals, level III multimedia fugacity model and predicts partitioning of chemicals among
pounds containing only carbon and hydrogen.
ht of evidence carcinogenicity.
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3. Theory and calculation

ERICA is a tiered index for environmental risk evaluation based on
a triad approach including ecotoxicological risk evaluation, human
risk assessment and environmental fate and transport (see Fig. 2).
These three main components are integrated into a single value using
a dedicated scoring system that takes into account the different
physico-chemical properties and toxicological profiles of the toxi-
cants. The physico-chemical properties are included in the environ-
mental fate and transport component together with the criteria to
define a substance Persistent, Bioaccumulative and Toxic (PBT)
derived from the last guidelines of the Environmental Chemical
Agency (ECHA, 2008). The toxicological information is integrated in
ecotoxicological or human risk assessment indices considering the
risk threshold and quantifying the numbers and the extent of values in
excess.

We will explain below how the ERICA index is obtained. Briefly,
the final equations (Eq. (21)) identify the amount of threshold
exceeded and the possible impact on human and ecological
healthiness. For this purpose we will define an index to quantify
the global exceeding values (ERIE, Eq. (19)), based on the indices for
the health effect (SRI, Eq. (8)) and for environmental behavior (EFI,
Eq. (13)) of each pollutant.
Fig. 2. ERICA integrated flowchart: ERICA has three main parts: A Human Risk Index (c
An Environmental Toxicological Index (EQI) and the Environmental Fate and transport Index
The overall Substance Risk Index (SRI) is a balanced addition of these indices. Risk limit is us
each selected pollutant is shown in the upper part while in the lowest part the integration
3.1. Ecotoxicological risk assessment

The component of ecotoxicological risk assessment used in ERICA
includes the traditional risk procedures and the environmental
distribution of the selected toxicants. Results from chemical analysis
of the environmental matrices are used to calculate the Ecological
Quality index (EQ) (Eq. (1)) as PEC values:

EQ = PEC = PNEC ð1Þ

where

PEC Predicted Environmental Concentration for a selected
compound;

PNEC Predicted No-Effect Concentration for a selected compound.
When EQ≥1 there is a possible risk. Results from EQ are rated
using a scoring system inspired by Finizio et al. (2001) [see SI for
all the references to the score system].
onsisting of HTI: Human Toxicological Index and HCR: Human Carcinogenic Index),
(EFI). The environmental risk index (ERI) is weighted from the EFI for each compound.
ed for the compounds without data on environmental concentrations. The approach for
process for the overall effects is reported.
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EQ values are calculated for each environmental matrix (air, soil,
sediment and water) and translated in the relative dedicated score
(see SI). The scores are integrated with the information about
environmental distribution (D) of the compound (see below). The
Integrated index, called Ecotoxicological Quality Index (EQI) (Eq. (2)),
is obtained using the following formula:

EQI = sEQsoil × Dsoilð Þ + sEQwater + sediment × Dwater + sediment
� �

+ sEQair × Dairð Þ
ð2Þ

where

EQI Ecotoxicological Quality Index [unitless] [see SI];
Dsoil, water or air score for distribution of the compound into

environmental compartments (calculated using Level III
Fugacity Model—EPI Suite v. 4.00);

sEQsoil, water or air score for environmental effects due to the toxicant
in soil, water, sediment or air. sEQ range is 0.5–32 (see SI).

D takes into account the percentage distribution of the compound
derived from the fugacity model, using the following equation (Eq. (3)):

D = 1 + 9:5*distribution %ð Þ= 100½ � ð3Þ

where

D environmental distribution of toxicant [unitless]. D range is
1–10.5;

9.5 adjustment factor to parameterize the score;
Distribution % percentage of distribution of the toxicant in the

selected matrix.

3.2. Toxicological risk assessment for human health

The human risk assessment comprises two modules investigating
toxic (non-carcinogenic) and carcinogenic effects. Data on pollutant
levels in the environmentalmatrices are used to calculate the Chronic
Daily Intake (CDI) of toxicants due to the exposure of the human
target receptors to the environmental matrix. CDI can be calculated
with specific risk assessment software or using the procedures
described in international guidelines [see SI].

The ERICA input parameters for the human target has been set on a
residential child [see SI, Eq. A–E]. We consider this as the most
conservative scenario and it gives a sensitive output for human risk
assessment.

Other settings can be based on international guidelines, if the users
want to apply ERICA for different scenario such as occupational
assessment.

CDI is then used to calculate the Human Quality Index (HQ) and
the Human Cancer Risk (CR), the two components of the human risk
assessment index.

HQ (Eq. (4)) is the part of the overall index used to quantify the
possible toxic effects on human receptors. It compares the calculated
CDI with an estimated daily oral exposure of the human population
(including sensitive subgroups) without an appreciable risk of adverse
effects during a lifetime (Reference Dose, Rfd). The HQ can be calculated
with the formula:

HQ = CDI = RfD ð4Þ
where

HQ estimated toxic effects of the substance [unitless];
CDI chronic daily intake [mg(kg d)−1];
RfD reference dose [mg(kg d)−1].

This relationship indicates how much the exposure from the
environment exceeds the tolerable dose.
The CR (Eq. (5)), instead, describes the increase in tumor
probability due to exposure to carcinogenic substances in habitual
living conditions. The estimated carcinogenic effect is calculated by
multiplying the CDI by the cancer risk associated with a unit dose of a
carcinogen, using the following equation:

CR = CDI × SF ð5Þ

where

CR estimated carcinogenic effect of the toxicant [unitless];
CDI Chronic Daily Intake [mg(kg d)−1];
SF slope factor [ mg−1 kg d].

Results about toxic and carcinogenic effects are translated into
comparable values using a dedicated scoring system [see SI, Tab. 2 and
3], then integrated, respectively, in the Human Toxicological Index
(HTI) and in the Human Cancer Risk (HCR). These two parameters
take into account the adverse effects on target receptors and the
environmental distribution of the selected compound.

HTI (Eq. (6)) and HCR (Eq. (7)) are obtained applying these
equations:

HTI = sHQsoil × Dsoilð Þ + sHQwater + sediment × Dwater + sediment
� �

+ sHQair × Dairð Þ
ð6Þ

HCR = sCRsoil × Dsoilð Þ + sCRwater + sediment × Dwater + sediment
� �

+ sCRair × Dairð Þ
ð7Þ

where

HTI human toxicological index to estimate the toxic effects on
human receptors [unitless];

HCR human cancer risk for estimating of carcinogenic effects in
human populations [unitless];

sHQsoil, water or air score for human toxic effects due to the toxicant in
soil, water, sediment or air [unitless] (see SI);

sCRsoil, water or air score for human carcinogenic effects due to
the toxicant in soil, water, sediment or air [unitless] (see SI);

Dsoil, water or air environmental distribution of toxicants (see Eq. (3)).

3.3. Integration of human and ecological assessment

Human risk assessment (HTI and HCR) and ecotoxicological risk
assessment (EQI) must be done for each pollutant and the results
are combined to define the Substance Risk Index (SRI), used to
describe the overall effects of a compound on human populations and
ecological organisms (plants and animals).

Concerning the strict relationship between human health and
environmental quality, to define the SRI we assigned an equal “weight”
to the effects on ecological and human targets (see Fig. 1). In this way
the evaluation of pollutant impact on both kinds of receptors is
balanced: a multiplying factor of 0.25 was assigned to each part of the
human risk assessment (HTI and HCR) in order to equally counterbal-
ance the weight (0.5) of ecotoxicological risk assessment. So SRI is
defined by the formula (Eq. (8)):

SRI = 0:5 × EQIð Þ + 0:25 × HTIð Þ + 0:25 × HCRð Þ ð8Þ

The SRI is one of the components of the Environmental Risk Index
(ERI) and quantifies the adverse effects on receptors also considering
the environmental fate of the toxicant.



670 E. Boriani et al. / Environment International 36 (2010) 665–674
ERI (Eq. (9)) is obtained using the formula:

ERI = SRI × EFI ð9Þ

where

ERI environmental risk index [unitless];
EFI environmental fate index [unitless], describing the envi-

ronmental fate and transport of the toxicants.

The EFI indicates the potential danger of exposure on a time scale.
It is based on the fate and environmental properties (mobility,
persistence, water solubility, volatility and bioaccumulation tendency).
This measure shows if the levels of a compound could rise over time,
becoming a matter of concern for the future.

The EFI relationship (Eq. (10)) has the following equation:

EFI = 1 + EFcompound−EFmin

� �
= EFmax

h i
ð10Þ

where

EFcompound environmental fate of the compound [unitless] (Eq. (11))
(see below and the SI);

EFmin minimum EF value for an ideal compound (=2.67); (see
the SI);

EFmax maximum EF value for an ideal compound (=25) (see SI);

The Environmental Fate of the toxicant (EFcompound) is related to
the physico-chemical properties of the pollutants (Eq. (11)). It
quantifies the most important properties influencing the behavior of
the xenobiotic in the environmental matrix. The formula to calculate
EF compound is the following:

EFcompound = S + Mð Þ= V + BCF + P ð11Þ

where

S score for thewater solubility of the compound [see SI, Tab. 4];
M score for the mobility of the compound, based on Koc value

[see SI, Tab. 5];
V score for the volatility of the pollutants, based on its vapor

pressure [see SI, Tab. 6];
BCF score for the bioconcentration property, expressed as the

logarithm of compound's BCF or BAF [see SI, Tab. 7];
P score for the persistence of the pollutant, described as

degradation time [see SI, Tab. 8].

Other physico-chemical properties might be added to the
definition of the EF subindex following future developments and
data availability. For example, data on photolysis could be useful to
describe the stability of a pollutant when it is released into an
environmental matrix.

3.4. ERICA for macropollutants

A large number of studies have been done on the toxicity of
macropollutants such as ozone, particulate matter (PM10 and PM2.5),
carbon monoxide, nitrogen dioxide and sulfur dioxide (Council
Directive 96/62/EC). In 1999, USEPA released the Air Quality Index
(AQI), a simplifiedmethod to evaluate the probability of adverse effects
in human and environmental target exposed to this group of substances
(USEPA, 1999a). The AQI is a daily index for reporting air quality and
focuses on health and environmental effects due to exposure to polluted
air. USEPA calculates theAQI for the sixmajor air pollutants regulated by
the Clean Air Act. Under this act, USEPA has established the National
Ambient Air Quality Standards (NAAQS) that can be used as reference
doses to protect public health (Primary Standards) and theenvironment
(Secondary Standard) (USEPA, 1999b). These values are periodically
revised on the basis of epidemiological studies.

We created the specific approach for macropollutants based on the
AQI approach because it is scientifically based but easily understand-
able. We used differentmethods to calculate AQI for the assessment of
human health (Eq. (12)) and for the environment (Eq. (13)).

The AQI equation for human targets is

AQI = IHi−ILoð Þ= BPCHi−BPCLoð Þ½ � × C�BPCLoð Þ + ILo ð12Þ

where

AQI Air Quality Index for the selected pollutant [unitless];
IHi AQI values corresponding to BPCHi [unitless];
ILo AQI values corresponding to BPCLo [unitless];
BPCHi breaking point concentration equal or greater than C for the

selected pollutant [mg m−3];
BPCLo breaking point concentration less than C for the selected

compound [mg m−3];
C concentration of the selected pollutant [mg m−3].

Breaking point concentrations are based on NAAQS and are
reported in AQI technical guidance (USEPA, 2009b).

For environmental risk assessment the AQI formula is:

AQI = 100 × Cð Þ =NAAQS ð13Þ

where

AQI Air Quality Index for the selected pollutant [unitless];
C concentration of the selected pollutant [mg m−3];
NAAQS secondary standard from NAAQS for investigated com-

pound [mg m−3].

An AQI value of 100 corresponds to the NAAQS for the pollutant,
which is the safety level set by USEPA to protect public health and the
environment. AQI values below 100 are satisfactory but when they are
above 100 the air quality is considered unhealthy, first for certain
sensitive groups of people, then for everyone.

AQI is fully referenced and transparent and it was added to ERICA for
macroinorganic toxicants [see SI, Tab. 9] using adedicated scoring system.
AQI values are directly integrated into ERI using the following equation:

ERI = 0:5 × sAQIecoð Þ + 0:5 × sAQIhumð Þ ð14Þ

where

ERI Substance Risk Index for a selected macropollutant
[unitless];

sAQIeco score corresponding to the AQI data for the ecological
target;

sAQIhum score referred to the AQI value for human health.

3.5. Managing toxicants exceeding the risk threshold

An increased probability of adverse effect on human and
environmental targets is linked to the exceeding of the risk threshold
by a substance.

For each priority pollutant, the SRI is compared with a risk
threshold to verify if pollutant's effect exceeds the safety level. The
Pollutant Risk Index, PI (Eq. (15)) is described by the equation:

PI = SRItoxicant = SRIthreshold ð15Þ

The number of toxicants with pollutant risk N1 must be noted
down as the number of pollutants exceeding risk threshold (NEP) and



Fig. 3. The eight levels of concern describing the health status of a territory with ERICA.
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it will be successively used to calculate the percentage of toxicants that
exceed risk threshold (Eq. (17)). For each exceeding value, the
Exceeding Risk (ER) (Eq. (16)) is calculated as follow:

ExceedingRisk = Pollutant Risk−1 ð16Þ

Wedecided to enhance the possible hazard due to exceeding of risk
threshold introducing a set of additional parameters for pollutants that
exceed the risk threshold (as previously described by Eqs. (15)
and (16)).

Wemay have cases where there aremany of toxicants exceeding the
risk threshold or caseswhere there is a single pollutantwith a high value.
These two situationshave tobe considered separately asbelow indicated.

First of all, the number of these compounds (Number of Exceeding
Pollutant, NEP) is used to obtain their percentage by the formula:

%E = NEP =NICð Þ × 100 ð17Þ

where

%E percentage of toxicants that exceed the risk threshold [%]
range 0–1;

NEP number of pollutants exceeding the risk threshold [unitless];
NIC number of investigated priority compounds [unitless].

Then, the average and the maximum of ER, average exceeding
(AE), and the maximum exceeding (ME), are calculated. These last
two factors are used to obtain the Integrated Threshold Exceeding
(ITE) using the formula:

ITE = 1 + AE × MEð Þ ð18Þ

3.6. Final integrations

The ERI must be calculated for each priority pollutant and the
results are analyzed to obtain the average ERI for the investigated
scenario (Eq. (19)):

bERIN = ERI1 + ERI2 + ERI3 + … + ERIxð Þ= x ð19Þ

ERI is an important parameter to describe the global situation of an
investigated area and it is integrated with the previously defined
number of pollutants exceeding the risk threshold. The integrated
parameter is called the Environmental Risk Index and Exceeding value
(ERIE) and takes into account the percentage of toxicants above the risk
threshold and the average ERI values for the investigated scenario.

ERIE is obtained as follows:

ERIE = 1 + %Eð Þ × bERIN ð20Þ

where

ERIE Environmental Risk Index and Exceeding value [unitless];
%E percentage of toxicants that exceed risk threshold (see

Eq. (17)).

Finally, ERICA can be calculated (Fig. 2). This final index integrates
data from human and ecotoxicological risk assessment, physico-
chemical-based environmental fate and data on risk threshold
excesses. The equation used to derive ERICA is:

ERICA = ERIE × 100ð Þ= ERIErisk threshold½ � × ITE ð21Þ

where

ERICA environmental risk index for chemical assessment [unitless];
ERIErisk threshold ERIE value corresponding to risk threshold [unitless];
ITE Integrate Threshold Exceeding (see Eq. (18)).
The ERICA final value is used to define the Environmental Quality
by a tiered classification similar to the “Air Quality Index” (USEPA,
1999a). It is divided into eight categories from “very good” to
“hazardous”. Each category corresponds to a different level of
environmental health concern.

The eight levels (see Fig. 3) are:

• “Very good”: ERICA is 0–b25, the environmental health quality is
satisfactory and pollution poses no risk for human and ecological
receptors;

• “Good”: ERICA is 25–49, the environmental health quality is
satisfactory and pollution causes little risk;

• “Moderate”: ERICA is 50–99 the environmental health quality is
acceptable but there may be a moderate health concern for some
pollutants;

• “Unhealthy for sensitive groups”: ERICA is 100–149, human and
ecological targets are not affected by risk but the most sensitive
receptors (e.g. people with heart and lung disease, children and
older adults) start to be affected by risk;

• “Unhealthy”: ERICA is 150–199, every target may begin to
experience some adverse effects and most sensitive ones may be
subject to risk;

• “Very Unhealthy”: ERICA is 200–299; this category could trigger
health or environmental alert because all receptors could be affected
by risks;

• “Dangerous”: ERICA is 300–399, and targets are in danger with
substantial risks;

• “Hazardous”: ERICA is N400, corresponding to emergency condi-
tions because all the receptors are affected by serious adverse risks.

Following the USEPA approach, we selected a color for each ERICA
category to make the results easy to understand to the audience.

4. Results

To validate ERICA and evaluate its robustness we applied it on a dedicated scenario
based on Italian legal limits and quality objectives for environmental matrices.
Moreover, this paper presents a case study concerning an Italian seacoast site where a
landfill is present.

In case of missing input data (no set limits for some pollutant) we set SRI equal to
the risk threshold (=1), as previously described.

Sub-indexes and final ERICA values for both case studies are reported in Table 3.
ERICA gives a score of 147.4 for the Italian limit scenario, corresponding to an

”unhealthy for sensitive groups” classification while for the pilot case, where data on
pollutants’ environmental levels are available, ERICA gives a score of 116 corresponding
to an “Unhealthy for sensitive groups” scenario (Fig. 4).



Table 3
Sub-indexes and final ERICA values for the pilot case and for the law limit case. In case of missing input data we set SRI equal to the risk threshold (=1), as previously described.

Case study Pollutants Soil Water Air EQI HQI HCR SRI SRi limit PI EF EFI ERI bERIN ERIE ERICA

sEQ sHQ sHC D sEQ sHQ sHC D sEQ sHQ sHC D

Law Limit Case Arsenic 16 32 32 4.17 4 4 32 4.17 0.5 1 16 4.17 85.42 154.17 333.33 164.58 100.00 1.65 19.00 1.65 272.09
Cadmium 16 32 0 4.17 16 4 0 4.17 0.5 2 4 4.17 135.42 158.33 16.67 111.46 83.33 1.34 19.00 1.65 184.26
Chromium 2 32 0 4.17 0.5 1 0 4.17 8 8 0 4.17 43.75 170.83 0.00 64.58 75.00 0.86 13.00 1.41 91.27
Mercury 2 32 0 4.17 16 4 0 4.17 8 8 0 4.17 108.33 183.33 0.00 100.00 75.00 1.33 15.00 1.49 149.32
Nichel 16 32 0 4.17 4 2 0 4.17 0.5 0.5 4 4.17 85.42 143.75 16.67 82.81 83.33 0.99 19.00 1.65 136.91
Lead 16 32 0 4.17 16 4 0 4.17 0.5 2 0 4.17 135.42 158.33 0.00 107.29 75.00 1.43 15.00 1.49 160.21
Benzene 1 16 32 3.54 2 1 2 4.94 0.5 2 16 4.02 15.43 69.57 187.35 71.95 99.98 0.72 9.33 1.27 91.13
PAHs 0.5 0.5 2 4.59 16 8 2 6.91 0.5 0.5 2 1.00 113.30 58.05 25.00 77.41 100.01 0.77 12.00 1.37 106.30
Dioxins 4 4 32 7.37 4 0.5 4 4.12 8 8 8 1.01 54.02 39.60 260.24 101.97 99.96 1.02 14.00 1.45 148.18
PCBs 8 8 32 7.37 4 8 8 4.12 8 8 8 1.01 83.48 99.96 276.72 135.91 99.96 1.36 14.00 1.45 197.50 146.70 223.92 147.40
HCB 1 32 32 9.90 0.5 0.5 2 1.46 8 8 8 1.14 19.76 326.70 328.89 173.78 100.02 1.74 13.00 1.41 245.58
DDT 4 16 32 6.70 32 1 2 4.77 8 8 8 1.02 187.73 120.15 232.13 181.93 99.97 1.82 12.00 1.37 249.83
Atrazine 4 2 32 9.28 32 0.5 2 2.21 8 8 8 1.00 115.98 27.68 309.52 142.29 99.99 1.42 14.00 1.45 206.78
NOx 12 12 12.0 139 0.1 12.00
SOx 12 70 41.0 139 0.3 41.00
CO 605 70 337.5 139 2.4 337.50
03 70 70 70.0 139 0.5 70.00
PM10 12 12 12.0 139 0.1 12.00
PM2.5 139 12 75.5 139 0.5 75.50

Case Study Arsenic 4 32 32 4.17 8 8 8 4.17 0.5 0.5 2 4.17 52.1 168.8 175.0 112.0 100.0 1.1 19.0 1.65 185.12
Cadmium 16 32 0 4.17 8 8 0 4.17 0.5 1 4 4.17 102.1 170.8 16.7 97.9 83.3 1.2 19.0 1.65 161.88
Chromium 4 16 0 4.17 8 8 0 4.17 1 0.5 0 4.17 54.2 102.1 0.0 52.6 75.0 0.7 13.0 1.41 74.34
Mercury 2 32 0 4.17 8 8 0 4.17 0.5 1 0 4.17 43.8 170.8 0.0 64.6 75.0 0.9 15.0 1.49 96.44
Nichel 4 32 0 4.17 8 8 0 4.17 0.5 0.5 4 4.17 52.1 168.8 16.7 72.4 83.3 0.9 19.0 1.65 119.68
Lead 16 32 0 4.17 8 8 0 4.17 0.5 1 0 4.17 102.1 170.8 0.0 93.8 75.0 1.3 15.0 1.49 139.99
Benzene 8 8 8 3.54 8 8 8 4.94 0.5 0.5 1 4.02 69.8 69.8 71.8 70.3 100.0 0.7 9.3 1.27 89.07
PAHs 0.5 0.5 32 4.59 8 8 8 6.91 0.5 0.5 2 1.00 58.0 58.0 204.2 94.6 100.0 0.9 12.0 1.37 129.87
Dioxins 4 2 32 7.37 8 8 8 412 05 1 2 1.01 62.9 48.7 270.7 111.3 100.0 1.1 14.0 1.45 161.74
PCBs 4 2 32 7.37 8 8 8 4.12 0.5 1 2 1.01 62.9 48.7 270.7 111.3 100.0 1.1 14.0 1.45 161.74 122.73 187.32 116.00
HCB 8 8 8 9.90 8 8 8 1.46 8 8 8 1.14 100.0 100.0 100.0 100.0 100.0 1.0 13.0 1.41 141.34
DDT 8 8 8 6.70 8 8 8 4.77 8 8 8 1.02 100.0 100.0 100.0 100.0 100.0 1.0 12.0 1.37 137.27
Atrazine 8 8 8 9.28 8 8 8 2.21 8 8 8 1.00 100.0 100.0 100.0 100.0 100.0 1.0 14.0 1.45 145.31
NOx 12 12 12.0 139.0 0.1 12.0
SOx 12 12 12.0 139.0 0.1 12.0
CO 139 139 139.0 139.0 1.0 139.0
O3 12 12 12.0 139.0 0.1 12.0
PM10 12 70 41.0 139.0 0.3 41.0
PM2.5 605 139 372.0 139.0 2.7 372.0
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Fig. 4. Pilot case and law limit case values in ERICA classification diagram.
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5. Discussion

In the Italian legislation, there are no defined limits for few
pollutants in some environmental compartments. Furthermore the
legal limits derive from many considerations such as toxicology,
politics and recent advances in technology and, in some cases, do not
reflect the application of health and ecological risk limits. Instead, the
overall ERICA depicts a health scenario focused on the health risk limit
for all the environmental compartments.

The high ERICA value using the Italian legal limit reflects the
threshold value for risk for the environmental status considered in its
completeness. As we said previously, we used the risk limit where the
legal limits are missing (PCBs in water, PAHs in water and chromium,
mercury, dioxins, PCBs, HCB, DDT and atrazine in air).

The pilot case is related to an area surrounding a landfill in a
coastal site in Italy. A detailed risk evaluation analysis was conducted
in our laboratories to define the environmental and toxic risks related
to the landfill emissions. The compounds exceeding the Italian law
limit were: PM10, Ni, Cd, Sn in air and soil samples monitored during
3 months in different areas. The detailed risk analysis showed possible
risks for sensitive groups related to the dermal contact within the soil.
Furthermore the values of PM2.5, Sb, Cd, Pb and V show a possible risk
for sensitive groups and environment.

ERICA condensed value defines in a unique number the possible
risks for sensitive groups and the single values of SRI of each
compounds well identify the risks reported in Table 3.

6. Conclusions

A risk assessment strategy considering the impact of chemicals on
the whole ecosystem has been developed, taking into consideration
the physico-chemical, toxicological and ecotoxicological properties
related to various species and environmental compartments.

The condensed information provided by ERICA makes it easy to
classify the health of a territory even following time variations. Our
approach is general and flexible. Additional information like new
alternative chemicals of interest (such as pharmaceuticals) and new
toxicological characteristics may be added, on condition that added
information is complete and available also for the compounds of the
minimum scenario. Furthermore, the model can be easily extended
with additional information from different assays (ecotoxicological,
endocrine disruptors or in vitro tests) or from epidemiological and
socio-economic studies.

ERICA considers the site-specific chemical loads and can be further
analyzed to define a single chemical change and the inherent toxicity
or to group the overall chemical impact and potential effect in a given
area.

ERICA is intended as a tool for those deciding on environmental
policy because it is concise and transparent:

1) It takes into account how far the healthiness of the investigated
site is from the risk threshold, so it is not only an acceptable or not-
binary classification;

2) It takes into account the overall mixture of pollutants assessing
their toxicological and ecotoxicological weights and giving a
picture of their impact;

3) It can manage cases with little data, thanks to predictive methods;
4) It allows an impartial judgment on the health of a territory,

communicating in a straightforward manner;
5) It allows an overall evaluation of the time trend of environmental

impact on a studied location;
6) It can be used to compare spatial situations (in different scales)

which otherwise can be compared with difficulties;
7) ERICA can be a useful tool for the estimation of “toxicity flux”

relayed to the international transport of material, such as waste.

Moreover, ERICA could be a valid answer to the recently described
need of analytic tools for integrated health impact assessment (Bhatia
and Wernham, 2008).
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