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a b s t r a c t

Chemicals in consumer products have become the focus of recent regulatory developments including
California's Safer Consumer Products Act. However, quantifying the amount of chemicals released during
the use and post-use phases of consumer products is challenging, limiting the ability to understand their
impacts. Here we present a comprehensive framework, OrganoRelease, for estimating the release of
organic chemicals from the use and post-use of consumer products given limited information. First, a
novel Chemical Functional Use Classifier estimates functional uses based on chemical structure. Second,
the quantity of chemicals entering different product streams is estimated based on market share data of
the chemical functional uses. Third, chemical releases are estimated based on either chemical product
categories or functional uses by using the Specific Environmental Release Categories and EU Techno-
logical Guidance Documents. OrganoRelease connects 19 unique functional uses and 14 product cate-
gories across 4 data sources and provides multiple pathways for chemical release estimation. Available
user information can be incorporated in the framework at various stages. The Chemical Functional Use
Classifier achieved an average accuracy above 84% for nine functional uses, which enables the Organo-
Release to provide release estimates for the chemical, mostly using only the molecular structure. The
results can be can be used as input for methods estimating environmental fate and exposure.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Concern over health risks of chemicals in consumer products
has been increasing due to human exposure to chemicals released
both indoors and outdoors (Trudel et al., 2008, 2011; Zota et al.,
2014). Release of chemicals to the general environment from con-
sumer products is also a concern for the health of the ecosystem
especially for chemicals that are persistent and induce ecotoxicity,
such as perfluorinated compounds, flame retardants, and certain
antibiotics (Clarke and Smith, 2011; Ezechias et al., 2014; Janecko
et al., 2016; Kunhikrishnan et al., 2015; Ortiz de Garcia et al.,
2014; Rosal et al., 2010). As a result, chemicals contained in con-
sumer products have become the focus of recent regulatory de-
velopments including the Safer Consumer Products Act of
e by Eddy Y. Zeng.

Tao), dli@ucsb.edu (D. Li),
.edu (S. Suh), keller@bren.
California, the Safe Chemical Act of the U.S., and the Registration,
Evaluation, Authorization and Restriction of Chemicals (REACH)
program of the European Union.

A major challenge to minimizing the human and ecological
health risk of chemicals in consumer products is the lack of avail-
able release information on the vast majority of chemicals and the
economical infeasibility of obtaining relevant information for all
chemicals through traditional experimental testing. To determine
release estimates of chemicals from consumer products, one must
first determine the plausible uses of a given chemical. Recently,
Phillips et al. (2017) proposed a methodology to screen out candi-
date chemical alternatives based on functional use similarities and
hazard information by combining quantitative structure-use rela-
tionship models and high-throughput toxicity screening. However,
to assess the human and ecological health risk chemicals may pose,
exposure as well as the fate and transport of the chemicals must be
characterized, which requires estimates of the amount of chemical
released from different products and applications. Traditional
exposure assessments have been done for chemicals in consumer
products (Aronson et al., 2007; Dann and Hontela, 2011; Goebel
et al., 2012; Kienhuis et al., 2015). However, these methods rely
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on measuring the concentrations of chemicals in different envi-
ronmental media, which would be cost prohibitive for evaluating
thousands of chemicals in consumer products. Fate and transport
models for both indoor and outdoor environments can be used to
estimate the concentrations of the chemicals of interest (Garner
et al., 2017; Hollander et al., 2016; Liagkouridis et al., 2015;
Rosenbaum et al., 2011). However, a vital input for these models
is the release information of the chemical(s) to different environ-
mental compartments during and after the use of products that
contain the chemical(s).

Holmgren et al. (2012) presented a generic emission model for
organic chemicals embedded in solid materials but this model is
rather mathematically complex with dozens of parameters for
each chemical, the shape of the consumer product, and the room
characteristics. A less complicated and parsimonious model was
recently developed for the release of volatile organic compounds
encapsulated in products (Huang and Jolliet, 2016) but is limited to
volatile organic compounds. Furthermore, both models (Holmgren
et al., 2012; Huang and Jolliet, 2016) provide release estimates
only for indoor air. Various models to estimate the release of
different types of nanoparticles to multiple environmental com-
partments during the life cycle of various products have been
published (Gottschalk et al., 2010; Gottschalk and Nowack, 2011;
Keller et al., 2013, 2014; Keller and Lazareva, 2013; Sun et al.,
2016). However, such studies do not address the release of
organic chemicals, which make up the majority of both existing
and new chemicals.

Given the current status of research, a systematic methodology
for quantitatively estimating the release of organic chemicals
contained in a wide range of consumer products is needed as input
to models used to characterize potential human and ecosystem
exposure to chemicals. Here we present the OrganoRelease
framework, a methodology to estimate the distribution (as a frac-
tion of the total amount used) of the release of a chemical to
different environmental compartments during the use and post-
use phases of consumer products, when product-specific chemi-
cal release measurements are lacking. Post-use phase is when
chemicals are being transported to wastewater or waste treatment
plants after the direct use of consumer products. OrganoRelease
was designed to accommodate different levels of data availability
for any given organic chemical, with the minimum required input
being the chemical structure alone. To achieve this goal, in Orga-
noRelease we connect the chemical's structure (e.g., topological,
physicochemical properties, etc.), possible functional uses which
are grouped based on the chemical's primary function (e.g., sur-
factant, solvent, etc.), potential product categories (e.g., cosmetics,
paints, etc.), and release factors (as fractions of the chemical of
interest released to indoor or outdoor air, wastewater, soil, and
waste during use and post-use phases). OrganoRelease can provide
rapid screening-level estimates of the release of chemicals con-
tained in a range of consumer products during the use and post-use
phases.

2. Methods

OrganoRelease estimates the distribution (in percent) of the
release of a chemical directly released to indoor air, outdoor air,
wastewater, soil, and waste, without considering any post-release
environmental fate and transport processes. OrganoRelease con-
sists of three components that connect the functional use (defined
as the chemical categories grouped based on their primary func-
tion), product category, and release factors together: 1) a Chemical
Functional Use Classifier that estimates the chemical's functional
use if not known; 2) market share data that links the functional
uses with different product categories to quantify the mass fraction
of chemical(s) entering corresponding product streams; and 3)
release factors, based on functional uses and product categories, to
estimate the initial release of the chemical(s) in products to the
environment. The conceptual framework of OrganoRelease is
shown in Fig. 1.
2.1. Chemical Functional Use Classifier

An artificial neural network (ANN) was employed to develop a
Chemical Functional Use Classifier (“Classifier” for short) that es-
timates chemical functional uses such as solvents and surfactants
based on the molecular structure of the chemical. The molecular
structure information is represented by the molecular descriptors,
including constitutional, topological, chemical properties, and
many other descriptor blocks (Todeschini and Consonni, 2009).
ANNs serve as a nonlinear, universal approximation model to
extract the intrinsic knowledge within a large amount of data
(Hornik et al., 1989).

Pairs of chemical-functional use data points were collected from
Chemical Book (ChemicalBook, 2016) based on chemical functional
useswith availablemarket share data. This included nine functional
uses: aerosol propellants, antibacterial agents, flame retardants,
flavors and fragrances, solvents, surfactants, fungicides, herbicides,
and insecticides, which are the major functional uses in consumer
products. This is to ensure a seamless connection between esti-
mating product use categories and functional uses. Since the mo-
lecular descriptors can only be computed for organic compounds,
we removed mixtures, inorganics, salts, and organometallics. After
the data curation process, we had a total of 2900 pairs of chemical-
functional use to build the Classifier.

Dragon 7 (Dragon 7.0, 2016) was used to generate over 4000
molecular descriptors for each chemical, including constitutional,
topological, chemical properties, and many other descriptor blocks.
In order to reduce the number of molecular descriptors to the
recommended ratio of number of entries to number of variables for
quantitative structure-activity relationship (QSAR) models
(Dearden et al., 2009), a filter-based feature selection algorithmwas
performed to remove the molecular descriptors that have a vari-
ance lower than 15 or a correlation coefficient higher than 0.65
with other descriptors (Dutta et al., 2007; Gramatica, 2007).

The collected dataset was randomly split into training, valida-
tion and test datasets. For each functional use category, 20 chem-
icals were first randomly selected as test dataset. For the rest of the
data points within each functional use, 85% were randomly chosen
as training set and 15% as validation set. The ANNmodels were built
based on the training set, and the validation set was used to select
the best fit model. The test set was applied to evaluate the per-
formance of the final model. The Classifier was built in Python,
using the Scikit-learn package (Pedregosa et al., 2011) for dataset
random selection and final model evaluation. TensorFlow (Abadi
et al., 2016) was implemented to build neural network models. A
combination of grid search and random search methods were
performed for hyperparameter optimization to optimize the set of
parameters in the learning algorithm as well as avoid overfitting
(Bergstra et al., 2013). Fig. 2 illustrates the conceptual diagram of
the Classifier building process.

The performance of the Classifier is measured by its precision,
recall, and F1 score, which are defined in Equations (1)e(3). Pre-
cision indicates the ability of the Classifier to not label a negative
sample as positive, while recall implies the ability of the Classifier
to find all positive samples (Powers, 2011). F1 score represents a
weighted harmonic mean of precision and recall. All three metrics
range from 0 to 1; values closer to 1 indicate better model
performance.



Fig. 1. Conceptual framework of OrganoRelease.

Fig. 2. Conceptual diagram of Chemical Functional Use Classifier module building
process.
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Precision ¼ True Positive
True Positiveþ False Positive

(1)

Recall ¼ True Positive
True Positiveþ False Negative

(2)
F1 ¼ 2� Precision� Recall
Precisionþ Recall

(3)
2.2. Market share data

The use of market share data offers an approach to quantify the
percentages of the functional use(s) of the chemical of interest
entering the corresponding product categories. Grand View
Research (Grand View Research Inc, 2016) (GVR) and The Freedonia
Group (Freedonia Group, 2016) provided market research infor-
mation on global market volumes (in tons) by application,
including aerosol propellants, antibacterials, flame retardants, fla-
vors and fragrances, pesticides, solvents, and surfactants. The three
types of pesticides (fungicides, insecticides, herbicides) were
combined into agricultural chemicals, since the release factors,
even for consumer use, are not differentiated in the database
developed by the European Crop Protection Agency (ECPA, 2013).
The release category of crop protection products (Table S-1) also
includes the use of the three types of pesticides by consumers in
residences and commercial operations. The market volumes were
transformed into percentages to capture the distribution of product
applications for each chemical functional use. The original market
volume data was developed by the consulting companies using
interviews with suppliers, distributors as well as buyers. A certain
level of uncertainty was associated with the market share esti-
mates. To capture the uncertainty, we assumed a variation of ±10%
in the market share percentage estimates based on our communi-
cations with the market research companies. We transformed the
market volume data into market fractions with an uncertainty
range.
2.3. Release factor data sources

Release factors to environmental compartments (indoor air,
outdoor air, wastewater and soil) for chemicals in different prod-
ucts were gathered from the European Union (EU) specific envi-
ronmental release categories (SPERCs) (S€attler et al., 2012). The
scenario specific SPERCs were developed by a variety of European
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trade groups and sector organizations, intending to provide real-
istic yet conservative default release estimates, considering nar-
rower use scenarios and good operational practices. SPERC-based
emission estimates have been incorporated into several environ-
mental exposure assessment tools (CEFIC, 2012), such as CHESAR
(CHEmical Safety Assessment and Reporting Tool) (ECHA, 2016),
ECETOC TRA (European Center for Ecotoxicology and Toxicology of
Chemicals Targeted Risk Assessment) (ECETOC, 2014), and EasyTRA
(Jansen-Systems, 2014). Since we are only interested in consumer
products used in wide dispersive use (also called consumer use) or
professional use, 64 out of 190 SPERCs files were reviewed and
extracted to use as release factors (Table S-1 in the Supplemental
Information (SI)). The industry sector groups and their corre-
sponding websites are shown in Table S-2. The default release
factors in SPERCs consider the application type (e.g., down the
drain, spray), use scenarios (e.g., indoor or outdoor use), and
physicochemical properties, specifically vapor pressures for nine
product sub-categories and water solubility for one product cate-
gory (Table S-1). Among the nine product sub-categories that
consider vapor pressures, four have varying release factors based
on tiered vapor pressure values while the other broadly consider
whether the chemical is solid or volatile. Most of the products in
these categories are used indoors, and would thus result in an in-
door air release. Some categories may be used both indoors and
outdoors, such as paints and cleaning products. Another small
number of categories, such as pesticides and fertilizers, are mainly
used outdoors.

Another major data source for release factor estimates was the
A-table of the European Union Technical Guidance Documents (EU
TGD), specifically, under industrial category number 5 for “per-
sonal/domestic use”, which considers the private use phase in a
chemical life cycle (European Commission, 2003; Vermeire et al.,
2005). There are 55 use categories, and category 55 is designated
as “Other” uses (Table S-3). Three categories in EU TGD have
varying release factors based on the chemical's water solubility and
six categories are based on vapor pressure. Most of these functional
use categories result in release to indoor air since these consumer
products are generally (though not always) used indoors, with the
exception of fertilizers and pesticides. Therefore, the release factors
to air can be assigned to either indoor or outdoor air depending on
the use scenarios.

Since most of the release factors in SPERCs take into account the
values from EU TGD, measured release data, market research data,
and expert judgement via questionnaires (CEFIC, 2012; S€attler et al.,
2012; Umweltbundesamt, 2011), OrganoRelease gives top priority
for the default values in SPERCs. When release factors for certain
product categories are not available, the default values in EU TGDs
are used. For the fraction of chemical that is not released into air,
wastewater, or soil, we assume it would be disposed as waste at the
post-use phase. OrganoRelease does not consider additional po-
tential releases from solid wastemanagement (e.g. landfill leachate,
emissions from incinerators).

2.4. Framework workflow

The workflow of OrganoRelease is shown in Fig. 3. Based on
different levels of knowledge available for a given the chemical, the
framework provides different paths to assess the potential envi-
ronmental release of a chemical during the use and post-use phase
of various consumer products. These release factors can be directly
applied to chemicals for which the consumer product categories
and use amounts (mass) are known (Path 1). When a chemical's
product categories are uncertain but the likely functional uses are
known, which is often the case for upstream chemical producers,
two paths can be applied depending on the availability of market
share data for those functional uses. If the market share data is
available, it will be employed to match the functional use with the
product use categories (Path 2a). If the market share data for a
certain functional use is not available, the release factors will be
generated solely based on functional use (Path 2b). For a chemical
with both product categories and functional uses unknown, the
Chemical Functional Use Classifier will be used to predict the most
probable functional use. The release factors will then be assigned
based on the predicted functional use and the availability of market
share data (Path 3a if market share data available and Path 3b if
not).

The framework workflow can be mathematically represented in
Equations (4) and (5) as shown below:

Path 1:

Mk ¼ Muse

0
@X

j

Fj;k � 4j

1
A (4)

Path 2a/b and Path 3a/b:

Mk ¼ Muse

0
@X

i

X
j

Fi;j;k � 4i;j � Fi

1
A (5)

where Mk is the amount of chemical release into a compartment k
(indoor air, outdoor air, wastewater, soil, or waste), Muse is the
amount of chemical consumed in the use phase, Fi,j,k is the release
factor to compartment k of the chemical used in product category j
of functional use i, Fi is the fraction of chemical used in functional
use i, and 4i,j is the fraction of chemical used in product category j of
functional use i. OrganoRelease can only provide the release frac-
tions of a chemical to various environmental compartments. To
calculate the total amount of a chemical used (Muse in kg) in a
particular location, country or globally, the user needs external
data. For certain chemicals, production amount may serve as a
surrogate of use as shown in a recent study (Shin et al., 2015).

We developed a case study using tertiary-butyl acetate (TBAC)
to demonstrate the workflow of the OrganoRelease framework.
TBAC is a commonly used solvent with wide applications such as
paints, adhesives and cleaners (Geiser, 2015), listed by US EPA as a
high production volume chemical with 5000e25000 metric tons
produced in 2015 (EPA, 2017). Since TBAC is not within our Clas-
sifier's training dataset, we used the Classifier to predict its func-
tional use to demonstrate Paths 3a/b. Paths 1 and 2a/b were also
considered in the demonstration.
3. Results

3.1. Functional uses and product categories considered

Table 1 presents the functional uses included in the Classifier,
with market share data, or with default release factors in EU TGD.
Two lists of product categories with default release factors in EU
TGD and SPERC are also shown in Table 1. The release factors for the
“Others” category in EU TGD depend solely on the chemical's water
solubility and vapor pressure. Currently, the Classifier can estimate
nine functional uses and market share data is available for seven.
Note that the Classifier was developed based on the highest quality
of data we obtained and therefore it differentiated pesticides into
fungicides, herbicides, and insecticides. However, these three
functional uses in the Classifier are indifferently matched to pes-
ticides in the market share data since such differentiation was not
available for the market share data.

All currently published SPERCs that are relevant to consumer



Fig. 3. Workflow of OrganoRelease, depicting the various paths depending on the level of known information available for the chemical(s) of interest. The diamond symbol
represents a decision that needs to be made and the rectangle indicates a process to identify the release factors.

Table 1
Functional uses and product categories in different components of OrganoRelease.

Data Source Type Number of
Types

Description

Classifier Functional
Use

9 Aerosol Propellants, Antibacterials, Flame Retardants, Flavors and Fragrances, Fungicides, Herbicides, Insecticides, Solvents,
Surfactants

Market Share
Data

Functional
Use

7 Aerosol Propellants, Antibacterials, Flame Retardants, Flavors and Fragrances, Pesticides (includes Fungicides, Herbicides,
Insecticides), Solvents, Surfactants

EU TGD Functional
Use

15 Aerosol Propellants, Anti-freezing Agents, Anti-static Agents, Bleaching Agents, Cleaning Agents and Additives, Colorants,
Complexing Agents, Corrosion Inhibitors, Fertilizers, Odor Agents, Pharmaceuticals, Softeners, Solvents, Surfactants, Others

Product
Category

5 Adhesives, Cosmetics, Food and Feedstuff Additives, Lubricants and Additives, Plant Protection Products (Agricultural)

SPERC Product
Category

13 Adhesives and Sealants, Coatings (Automotive), Coatings (Coal), Coatings and Inks and Artist Colors, Construction Chemicals,
Crop Protection Products, Detergents and Cleaners, Metal Treatment Products, Hair and Skin Care Products, Lubricants and
Greases, Paints and Coatings in Metal Packaging, Solvent in different products

M. Tao et al. / Environmental Pollution 234 (2018) 751e761 755
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products were collected from eight industrial sectors (SI Table S-1).
Even though the EU TGD contains 55 categories, only 15 functional
uses and 5 product categories with quantitative release information
were available, including the category of “Others”, which covers
anything outside the categories documented in EU TGD.

3.2. Chemical Functional Use Classifier performance

The performance of the Chemical Functional Use Classifier on
nine functional uses is presented in Table 2. The Classifier achieved
both high precision and recall rate for aerosol propellants, flame
retardants, flavors and fragrances, surfactants, and herbicides, with
F1 scores over 0.89. For other functional uses the F1 scores were
over 0.70 except for fungicides, which had an F1 score of 0.60. A
detailed misclassification table of the Classifier on 180 test chem-
icals (20 test chemicals for each functional use) can be found in SI
Table S-4. The lower precision and recall rates of fungicides and
insecticides is partially due to the high structure similarity between
fungicides and insecticides, which leads to 20% of fungicides being
misclassified as insecticides and 20% of insecticides being mis-
classified as fungicides (SI Table S-4). An alternative model was also
constructed by aggregating fungicides, herbicides, and insecticides
into one category of pesticides while keeping other functional uses.
The overall F1 score for the alternative model is 0.88. SI Table S-5
shows the detailed value of precision, recall, F1 score, and SI
Table S-6 displays the misclassification information for each func-
tional use in the alternative model.

Training data is crucial to develop the Classifier. The Classifier
can incorporate additional functional uses and expand its coverage
as more data becomes available. This will increase the overlap be-
tween functional uses that can be estimated by the Classifier and
included in the EU TGD to improve the connections between these
two components in OrganoRelease.

3.3. Market share data results

Market share data was compiled for nine major functional uses
that are relevant to consumer products, including antibacterial
agents, aerosol propellants, flavors and fragrances, flame re-
tardants, insecticides, herbicides, fungicides, solvents, and surfac-
tants (Freedonia Group, 2016; Grand View Research Inc, 2016).
Insecticides, herbicides and fungicides were combined into pesti-
cides, since their product category is the same, in terms of the
release factors (i.e. release to air and soils, since it is assumed they
are not released to wastewater). Table 3 shows the distribution
structure of each functional use across the product categories along
the year of the data was collected. In some cases, it is possible that
the functional use is assigned to a primary product category and is
not reflected in the final product category (e.g. solvents are used in
paints, which may end up in automotive uses, but are not captured
Table 2
Performance of the Chemical Functional Use Classifier on nine functional uses.

Functional Use Number of Chemicalsa Precision

Aerosol Propellants 68 1
Antibacterials 582 0.77
Flame Retardants 146 1
Flavors and Fragrances 488 0.86
Solvents 188 0.79
Surfactants 195 1
Fungicides 290 0.6
Herbicides 429 0.94
Insecticides 527 0.65
Average/Total 0.85

a Total number of chemicals considered in a given functional use for Classifier.
explicitly). As mentioned in the previous section of this paper, a
factor of ±10% was considered to reflect the uncertainty in market
shares. Under the scenario of unknown chemical product uses, the
market share data provides valuable information on product flows
for every available functional use, which can further improve the
estimation accuracy of chemical releases. The coverage of func-
tional uses and market share data can also be expanded and
updated as additional information becomes available. At this stage
our objective was to demonstrate proof-of-concept.

3.4. Release factor selection

The release factor selection is based on varying degrees of
knowledge for a given functional use and/or product category as
described in the methods section. For the functional use and
product category pairs with matching SPERC document available,
release factors from SPERC documents are selected. For example,
ESVOC SPERC 8.3c.v1 (uses in coatings: consumer) was chosen for
solvents used in paints and coatings; ECPA SPERC 8d (crop pro-
tection products) was chosen for pesticides used as agricultural
chemicals. If the product category (e.g., pharmaceuticals) for a
chemical does not have a SPERC, release factors from EU TGD are
selected to match the functional use (either known or estimated by
the Classifier). Due to the spread in physicochemical properties (e.g.
vapor pressure and water solubility), the release factors can vary
across a wide range since these properties are considered in many
of the SPERCs and EU TGDs. A comprehensive release factor se-
lection table can be found in SI Table S-7. The release estimates may
be applied to all regions, but wastewater collection rate and
treatment efficiency in different regions (summarized in Keller and
Lazareva, 2013) need to be considered to improve the accuracy of
estimates for the fraction released to water. A wastewater treat-
ment plant model, such as the Sewage Treatment Plant (STP)
module in EPI Suite from US EPA, can be used to estimate the
fractions of the chemical removed by various processes (e.g.,
biodegradation, and air stripping), released to the environment as
effluent, or accumulated in biosolids (US EPA, 2012). The data from
SPERC and EU TGD provides a starting point for estimating chem-
ical releases, but product- or use-specific information should be
used in OrganoReleasewhenever available, to improve the accuracy
of the estimates.

3.5. Case study

Tertiary-butyl acetate (TBAC, CAS 540-88-5), a chemical not in
the training dataset of the Chemical Functional Use Classifier, was
selected to showcase the workflow of OrganoRelease. TBAC is
generally used as a solvent in paints (Cooper et al., 2001). It has a
solubility of 8.3 g/L in water (US EPA, 2012) and a vapor pressure of
47mmHg at 25 �C (Pubchem, 2017). For demonstration purposes of
Recall F1 Score Number of Test Chemicals

0.9 0.95 20
0.85 0.81 20
1 1 20
0.95 0.9 20
0.75 0.77 20
0.9 0.95 20
0.6 0.6 20
0.85 0.89 20
0.75 0.7 20
0.84 0.84 180



Table 3
Market share of functional uses across product categories.a

Product Category Functional User

Aerosol Propellantsb Antibacterial Agentsb Flame Retardantsc Flavors and Fragrances c Pesticidesb Solventsb Surfactantsb

Year of data 2014 2014 2013 2011 2014 2013 2014

Adhesives and Sealants 2.5%e3.0%
Agricultural Chemicals 100.0% 3.2%e4.0%
Automotive 12.8%e15.6%
Construction Chemicals 24.2%e29.5% 1.7%e2.1%
Personal Care Products 33.8%e41.4% 16.6%e20.3% 2.5%e3.0% 20.8%e25.4%
Electronics 20.2%e24.7%
Emulsion Polymerization (plastics) 2.8%e3.4%
Foods and Beverages 5.8%e7.0% 21.4%e26.2% 41.7%e51.0% 3.7%e4.5%
Home Care Products 30.5%e37.3% 36.8%e45.0%
Industrial and Institutional Cleaner 37.4%e45.7% 4.4%e5.4%
Oilfield Chemicals 3.3%e4.1%
Others 3.1%e3.7% 9.4%e11.5% 10.9%e13.3% 14.8%e18.1% 9.3%e11.3%
Paints and Coatings 14.0%e17.1% 12.1%e14.8% 54.8%e67.0% 1.9%e2.3%
Pharmaceuticals 2.9%e3.5% 6.8%e8.3%
Printing Inks 8.6%e10.6%
Textiles 3.2%e4.0% 2.0%e2.4%
Water Treatment Chemicals 27.0%e33.0%
Wires and Cables 20.2%e24.7%
Wood Preservatives 12.9%e15.8%

a Each column shows the fraction of each functional use distributed across the product categories based on the market volumes. Pesticides includes fungicides, insecticides
and herbicides.

b Compiled from Grand View Research Inc (2016).
c Compiled from Freedonia Group (2016).
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the various paths of the framework, different levels of knowledge of
the chemical were assumed: 1) TBAC used as solvent (functional
use) only in paints (product category) as known information (Path
1); 2) TBAC used as solvent (functional use) as the only known
information (Path 2a); and 3) no known use information for TBAC
available (Path 3a). Corresponding results are shown in Table 4. The
diagram in Fig. 4 displays the mass flow of TBAC from solvent to
product categories and releases to air, wastewater, soil, and waste
in Path 2a.

The market share data of solvents was utilized to quantify the
mass flow from solvent to various product categories. For each
product category, the default release factors in the corresponding
SPERC and EU TGDwere selected to quantify the releases to various
environmental compartments. In Table 4, the release factors for
Path 2a are ranges instead of point values due to the assumed ±10%
uncertainty in the market share data. In Path 3a, the Classifier
correctly estimated TBAC to be a solvent, so the release factors are
the same as in Path 2a. Path 2b and Path 3b are not applicable as the
market share data of solvent is available. Those two paths would
only be applied when the functional use does not find a match in
the market share data.

Path 1 has the most accurate estimates, since it uses known
information. There is uncertainty in the release factors for Path 1,
given that these are generic values for all chemicals used as sol-
vents in paints, but Path 1 serves as a basis for the comparison. In
Path 2, since the only known information is the functional use,
Table 4
Release factors to various environmental compartments for TBAC assuming different leve
market share data.

Framework Path Release Data Description

Path 1 ESVOC SPERC 8.3c.v1 (solvent uses in coatings: consumer)
Path 2a Solvent market share data; release factors from SPERC and EU TG
Path 2b Not applicable (N/A)
Path 3a The Classifier predicts the chemical to be solvent
Path 3b Not applicable (N/A)
OrganoRelease considers possible product categories that use sol-
vents and the corresponding SPERCs or TGDs, which results in a
wider range of estimates and also a decrease in the estimated
release to air, and a corresponding increase in release towastewater
(from treatment) or waste. For a given calculation, the sum of all
releases must add up to 100% (as shown in Fig. 4), but we present
the range of predicted values. The increase in predicted release to
wastewater and waste is mostly due to the consideration of the use
of TBAC in pharmaceuticals, printing inks and others. If the user has
additional information indicating that a chemical of interest cannot
be used in those product categories, OrganoRelease can be re-run to
obtain more accurate estimates.

In this case study, we explored the use of OrganoRelease for
estimating chemical releases to various environmental compart-
ments. Although more knowledge for the chemical of interest can
reduce the uncertainty of the results, OrganoRelease is able to
provide a starting point for the release estimations based on only
the molecular structure of the chemical with the built-in Classifier
and various databases that work in coordination.

4. Discussion

4.1. Applications of OrganoRelease

The quantitative range of release estimates generated by Orga-
noRelease can be used as input for other environmental models
ls of knowledge. Path 2a and Path 3a have taken into account of ±10% uncertainty in

Release Factor to Environmental Compartment

Indoor Air Outdoor Air Wastewater Soil Waste

98.50% 0% 1.00% 0.50% 0%
D 79.0%e96.5% 0% 5.3%e6.4% 0.68%e0.84% 5.1%e6.2%

N/A N/A N/A N/A N/A
79.0%e96.5% 0% 5.3%e6.4% 0.68%e0.84% 5.1%e6.2%
N/A N/A N/A N/A N/A



Fig. 4. Mass flow (in percent) of TBAC in Path 2a based on solvent market share data, using the midpoint of the range of values. The release factors for each product category are
selected from SPERC and EU TGD.
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answering various questions. The first-tier release factors from
OrganoRelease can be usedwith second tier models such as STP (US
EPA, 2012), to obtain aggregated release information of chemicals
to different environmental compartments and provide the neces-
sary input data for fate and transport models (e.g., Brandes et al.,
1996; Garner et al., 2017; Mackay and Paterson, 1991; Nijhof
et al., 2016), to predict the environmental concentrations of the
chemicals, which can then be used as input to evaluate potential
damages to humans and ecosystems. If the product application is
indoors (e.g. paints, application of cosmetics), the estimated release
to the indoor air environment from OrganoRelease can be used as
an input for indoor air models (Chaudhary and Hellweg, 2014;
Wenger et al., 2012) to calculate human exposure and assess risks.

OrganoRelease can also make contributions to Life Cycle
Assessment (LCA). LCA is a tool to assess the environmental and
human health impacts of a product throughout its entire life cycle,
from raw material extraction, manufacturing, use, to end of life
(Azapagic, 1999; Gavankar et al., 2012; Hellweg and Canals, 2014).
Although emissions of chemicals during the cradle-to-gate phases
(i.e., from raw materials to completion of manufacturing) is sys-
tematically covered by existing life cycle inventory (LCI) databases
(National Renewable Energy Laboratory, 2012; Wernet et al., 2016),
there is great need for similar data on the release information for
the use and post-use phases of chemicals in consumer products to
complete LCA's holistic goal. By integrating OrganoRelease as input
to current life cycle impact assessment (LCIA) methodologies, the
challenge of data gaps in use and post-use releases of chemicals in
consumer products can be addressed with information on the use
amount of chemicals in consumer products. This can potentially
help decision makers understand the relative contributions of im-
pacts to human health and ecosystem quality from the use and
post-use phases of consumer products in the context of their entire
life cycle impacts. Coupledwith regionalized socioeconomic data or
detailed regional market share data for different product
categories, this framework may provide insights on the different
release factors to the environment based on the location where the
products are consumed (Hodges et al., 2014; Keller and Lazareva,
2013). However, it should be noted that OrganoRelease cannot
address near-field exposure related questions such as dermal
contact and ingestion of leachate from packaging materials.
Specialized exposure models such as PiF (Jolliet et al., 2015) and
SHEDS-HT (Isaacs et al., 2014) should be considered to for such
exposure studies. In addition, the release factors estimated by
OrganoRelease may be more conservative due to the methodolo-
gies of SPERC and EU TGD. This is in contrast with the average es-
timates of chemical emissions in current LCI databases. LCA
practitioners should be mindful of this difference when applying
OrganoRelease, compared to other LCI databases.
4.2. Coverage of OrganoRelease and comparison with other studies

Although detailed information of the chemical/product combi-
nation is always preferred, OrganoRelease is applicable even when
minimal information other than the chemical structure is available.
The Chemical Functional Use Classifier is built using machine
learning to increase the applicability of OrganoRelease as more
information becomes available. Machine learning techniques have
been employed recently to solve challenging problems regarding
sustainability of chemicals and consumer products. Isaacs et al.
(2016) developed classifier models to predict chemical functions
and their weight fraction in personal care products using random
forest. Using the same random forest technique, Phillips et al.
(2017) built binary models to predict the functional uses of chem-
icals and combined this information with high-throughput toxicity
screening results to identify alternatives to existing ingredients of
concern within consumer products. The F1 score calculated for the
Classifier measures the model's accuracy of classification and hence
is comparable to the complement of misclassification error
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reported in Phillips et al. (2017), even when our Classifier is mul-
ticlass while the models developed by Phillips are binary. For the
same functional uses covered in both studies (antibacterials, flame
retardants, flavors and fragrances, solvents, and surfactants), the F1
scores of our Classifier are similar to the complements of misclas-
sification errors from Phillips et al. (2017) indicating similar level of
performance for these functional uses. Another distinction between
the OrganoRelease classifier and that of Philips et al. is with regards
to the functional uses covered. The Classifier in this model links
with the market fraction data available in this study so that release
information for a range of chemicals can be estimated. The binary
models built by Phillips et al. would require market fraction data on
several additional functional uses to be compatible with Organo-
Release. In addition, since the binary classifiers were built and
trained with different data and features, the output from each
classifier may not be directly comparable. OrganoRelease's Classi-
fier uses the same features for estimating the probability of all
functional uses, making each probability comparable before
selecting the functional use with the highest probability as output.

The versatility of OrganoRelease, in terms of the amount of in-
formation needed to generate an estimate, can be compared with
other studies on consumer products. Case studies on release of
certain chemicals in specific products exist but cannot easily offer
estimates for other chemical and products combinations (Quadros
et al., 2013; van Wezel et al., 2016). Mechanistic diffusion models
that estimate the release of chemicals from a product to indoor air
are available but generally have high complexity and the limited
availability of parameter values could hinder their application in
screening risk or life-cycle assessments (Huang et al., 2017). The
minimal requirements for OrganoRelease could be useful when
information for a more complex model is not available.

The Consumer Exposure Model developed by US EPA requires
information of the weight fractions of chemicals to complete esti-
mates of release (US EPA, 2015). Obtaining this information can be
challenging, as it is often proprietary knowledge with commercial
value. The predictive model estimating the weight fractions of
chemicals in consumer products developed by Isaacs et al. (2016)
offers an opportunity to address this challenge. However, the
Isaacs model is specialized in the relatively data-rich product
category of personal care products and is not yet applicable to other
products. The Chemical/Product Categories Database (CPCat)
covers a much wider range of product categories, but the infor-
mation it contains is rather general and includes all possible
product applications where a known chemical may be found and all
information is subject to the availability of chemicals already
included in CPCat (Dionisio et al., 2015). In contrast, the Chemical
Functional Use Classifier developed in this study allows Organo-
Release the ability to generate preliminary release estimates using
mostly chemical structure (along with the available market frac-
tion) thus being able to cover more chemicals.

The Chemical Functional Use Classifier developed in this study
may also be useful to explore potential new functional uses of
existing chemicals, using the “misclassification” results. This may
also help in identifying unintended uses of chemicals and resulting
consequences to human health and environment.

4.3. Limitations of OrganoRelease

The final results produced by OrganoRelease largely depend on
the SPERC and EU TGD data. While offering a wide range of
coverage over multiple product categories and functional uses with
some considerations of physicochemical properties, SPERC and EU
TGD data are not chemical specific but generic within each product
category/functional use and should be interpreted as a preliminary
estimate, useful when more specific information is absent. Isaacs
et al. (2014) demonstrated product composition, amount of prod-
uct used, and frequency of product used are among the most sen-
sitive parameters in estimating human exposure in the use phase of
consumer products. Thus, OrganoRelease should be used as a
screening level tool for chemicals when there are major data lim-
itations and not be used when relevant data can be obtained in
more detailed or product oriented studies. It should be noted that
although OrganoRelease seeks to provide accurate release esti-
mates, some of the SPERCs or EU TGD could be conservative in
nature, and may result in conservative release estimates.

Based on the EU TGD data, OrganoRelease considers dermal
application of certain pharmaceuticals, in which case 25% is
released to wastewater; if the pharmaceutical is ingested, the EU
TGD consider that only 5% is released to wastewater. We assume
that the balance of the chemical in a pharmaceutical is absorbed
and metabolized. As indicated before, OrganoRelease is intended
for a generic release estimate; if a manufacturer or user has better
information on the application, it should be used instead. Orga-
noRelease does not account for the possible transformation (e.g.
photodegradation) of a chemical during the use phase, which may
be significant for some chemicals or applications. More specific
models would be needed for those cases.

The market data gathered so far covers nine functional uses.
Although these categories represent a wide range of applications in
different consumer products, there are gaps in linking other func-
tional uses with product categories. Thus, expanding the market
data is among the top priorities for future development of Orga-
noRelease. In addition, several product categories (wood preser-
vative, wires and cable, electronic, automotive, textile, etc.) in the
collected market share data cannot be matched to the SPERC
database. The OrganoRelease framework thus estimates the release
factors based on the functional use, which is less specific.
Depending on the information available, the user may opt to not
consider certain product categories if additional (external) infor-
mation (e.g. toxicity) can be used to determine that a chemical is
not suitable for use in a given product category.

The Chemical Functional Use Classifier predicts the potential
functional uses among the nine developed categories when no
detail information is available. The functional uses that can be
estimated are limited by the amount of training data we were able
to collect. To improve the coverage of the Classifier more training
data with more diverse functional uses are needed. However, the
Classifier estimates only the functional use with highest probabil-
ity. If the user considers only the “most probable” functional use,
then that limits the release to the product categories associated
with that functional use. If the user has additional information on
functional uses, those functional uses can be selected to consider a
broader range of product categories.

Although the uncertainty in classification and market fractions
is quantifiable in OrganoRelease, we were not able to characterize
uncertainty for the SPERC and EU TGD data, since that information
is not available from those databases. However, in some cases it is
clear that the uncertainty is very small, for examplewhen a product
is applied 100% indoors and the release is 100% to indoor air. In
other cases, the likely uncertainty is small (a few percent), for
example when a solvent is use in water treatment chemicals, the
release is 99% to waste water and 1% to air (indoor or outdoor
depending on the point of use). Finally, in other cases the uncer-
tainty may be larger (>10%), for examplewhen a solvent is used in a
product ant the release depends on the solubility and vapor pres-
sure of the compound; matrix effects may result in higher or lower
release than the value available from the EU TGD for that particular
combination of physicochemical properties. The user could
consider a range of values to account for uncertainty in the release
estimates. The performance metrics of the Chemical Functional Use
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Classifier indicate the accuracy and uncertainty of its results.
Without further insights, we refrain from assigning arbitrary un-
certainty values for the SPERC and EU TGD data.

Finally, the nomenclatures for functional uses/product cate-
gories across the Chemical Functional Use Classifier, market share
data, EU TGD data, and SPERC data are not always the same. Despite
our best effort to match relevant nomenclatures in this framework,
there may be discrepancies in connecting different data sources,
which is a common challenge in studies on consumer products
(Dionisio et al., 2015; Goldsmith et al., 2014).

5. Conclusions

This study presents the framework OrganoRelease to addresses
the challenge of data availability of the release information for
chemicals in consumer products during the use and post-use
phases. We have developed a Chemical Functional Use Classifier
and connected it with existing market share data and release factor
estimates to cover 19 unique functional uses and 14 product cate-
gories. The versatility of OrganoRelease enables it to provide
quantitative release estimates based mostly on chemical structure
information, although better results can be obtained if market data
is considered. The release estimates can be used as input for other
models to assess the human exposure and ecological health risks of
chemicals under different scenarios. OrganoRelease can be further
expanded to cover more functional uses and product categories of
chemicals by incorporating additional data as it becomes available.
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