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ABSTRACT: To define consistent strategies for managing the
environmental sustainability of chemicals, it is important to
quantify the magnitude of their emissions and their associated
impacts. Not all countries monitor and report emissions related
to their activities. This is particularly the case for chemical
emissions, whose toxic impacts on human health and ecosystems
cannot be readily determined because of gaps in the available
data. Emission data that can be retrieved from publicly available
databases are typically restricted to a limited number of toxic
substances, for a few countries, or for aggregated regions.
Extrapolation strategies are thus needed to fill in those data gaps
and to move from the consideration of single countries or regions
to the world scale. Little is known about how effective these
strategies are in extrapolating emissions. With the use of emission
data available in public databases in the world, the current work explores different opportunities to compile representative
inventories of toxic emissions. In this study, we build global and European emission inventories using three extrapolation proxies,
namely the gross domestic product, the emissions of carbon dioxide, and the emissions of mercury. The three proxies are
compared and their efficacies are tested statistically to identify the best performer for specific classes of substances. The potential
impacts associated with the emissions in the European and global inventory are further tested by using an impact system adopted
for the comparative assessment of chemicals in the field of life cycle assessment.

1. INTRODUCTION primary source for building such inventories, although public

In decision- and policy-making for environmental sustainability, reports and scientific literature can also provide useful insights

one key aspect is to know the quantity of a substance emitted
and its associated toxicological impacts on ecosystems, health,
and human health. This data can be used for establishing achieved by only using national emission databases because
regulations for a better management of chemicals in processes emission data (1) are typically_ availabl_e for a limited nu_mber of
and products (e.g., limiting or banning the use of toxicants). At pollutants and (2) are associated with large accounting and

(e.g, as defined in Laurent et al’). In practice, the
completeness of the inventories of chemicals cannot be

the country or continental levels, emission data can be required reporting variations across regions in the world. Addressing
to assess large-scale systems, for example, in the context of point (1) is challenging since it requires estimating the releases
nation footprinting' > and other ongoing footprinting develop- of substances, on which no data exists (see ref 7). Emission
ments as in, for example, those by Sala et al.® Life cycle databases, in fact, typically cover a few dozen, sometimes a few
assessment (LCA), which is a decision-support tool that allows hundred substances, while thousands of chemicals might
for the quantification of potential impacts from a system,** can potentially end up in the environment (e.g,, the EINECS list
also require large-scale inventories of chemicals if normalization
is applied in the assessment.* Received: January 1, 2014

In both types of applications, it is important that the Revised:  April 27, 2014
emission inventories are as complete and representative as Accepted:  April 29, 2014
possible of the actual emissions. Emission databases are the Published: April 29, 2014
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currently contains ca. 100 000 chemicals of potential use on the
European market). Mitigating this limitation is not addressed in
the present study.

With regard to point (2), extrapolations can be performed to
fill in the gaps and to estimate emission inventories in countries
or regions where data are not available. The key in this exercise
is to find out the appropriate extrapolation parameters or
proxies. The appropriateness of a proxy is defined by its
availability for the regions that are considered and its ability to
match the trends in the emissions of given pollutants. Proxies
can be differentiated according to different criteria, for example,
the type of emitted pollutant, the source of the emissions, and
the type of activities.

Until now, very little was known about the appropriateness
of different proxies for building emission inventories. In
previous applications from the field of LCA, most works
related to the building of inventories of chemicals have used the
gross domestic product (GDP) to extrapolate emissions from
one or several countries to a full region or to the entire world,
although other proxies have also been used for specific
substances, for example, a harvested area used as proxy for
pesticide application from one country to another.® In this
study, together with the GDP (reference year 2010°) we test
and compare the validity of the extrapolation of toxic emissions
based on the emissions of carbon dioxide (CO,, reference year
200910), and alternatively, based on the emissions of mercury
(Hg, reference year 2010'"). We aim to address some of these
knowledge gaps and to explore different opportunities to build
comprehensive inventories from the emission data available in
public databases in a selection of countries of the world. The
focus of the study is primarily centered on the generation of a
European and a global inventory of toxic emissions and the
testing of the proxies and assumptions used for the creation of
such inventories. These considerations could broadly be applied
to extrapolations at a country level. The creation of the
European inventory is determined by the greater availability of
data for this region.

In the following section, the procedure for the composition
of the European and global inventories are detailed, together
with the basis for the extrapolation process. The uncertainties
related to the process of the collection of national data and
their extrapolations to the world are discussed with example
substances showing great statistical correlation to a specific
proxy. In the remainder of the study, the results are compared
and discussed, and recommendations are provided to
practitioners and researchers with approaches for building
emission inventories of toxic pollutants.

Regional and global inventories of toxic emissions support
decision-makers, allowing them to improve environmental
regulations and to identify toxic emissions for which control
and limits are needed. A possible use for the created inventories
is to quantify the impacts associated with the emissions
recorded in a certain area. The use of specific sets of
characterization factors elaborated in the field of LCA,
USEtox,'* allows for the calculation of a total impact score
for the inventories obtained for the 27 European countries plus
Switzerland, Norway, Iceland, and Serbia (EU) and the globe.
The process of characterization of the inventory allows us to
check the importance of the inclusion or the exclusion of some
pollutant emissions (e.g, due to lack of data) and to identify
the most contributing substances to the overall impacts.
Incidentally, the resulting impact scores can also be regarded
as normalization references, which are thus directly applicable
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to the normalization practice in LCA studies. Three
extrapolation proxies are investigated in the present study,
namely GDP (reference year 2010°), the emissions of carbon
dioxide (CO,, reference year 2009'%), and the emissions of
mercury (Hg, reference year 2010").

2. MATERIALS AND METHODS: BUILDING THE
INVENTORY, DATA COLLECTION, AND
EXTRAPOLATIONS

The assessment of the quantity of chemicals emitted at the
global scale was based on the development of extrapolation
strategies applied to existing chemical inventories at the country
scale. First, an inventory of toxic emissions for Europe was
developed by enlarging currently available inventories in terms
of the number of chemicals and updating the data to 2010, that
is, the year in which emissions occurred—see section 2.1.
Details on the data sources, necessary extrapolations,
limitations, and uncertainties of the emission data are reported.
Second, additional chemical inventories were collected from
already compiled national registries for the United States,
Canada, Japan, and Australia—see section 2.2. These
inventories were used to extrapolate global emissions using
three different proxies as presented in section 2.3.

2.1. EU Toxic Emissions Inventory. The emission
inventory for Europe primarily covers the EU-27 countries
plus Switzerland, Norway, Iceland, and Serbia (EU). The
inventory covers releases to all emission compartments, that is,
air, water, and soil. In Table 1, the substance groups considered
in the inventory are detailed, with the relative sources of the
data and an estimate of the goodness of the coverage obtained
for each group. A detailed table presenting further uncertainties
and limitations as well as the added value of the present
inventory compared to previous emission inventories is
presented in Table S1 of the Supporting Information.

2.1.1. Airborne Emissions. Data on HM and POPs
emissions were collected from the EMEP/CEIP Centre"
(see Table S2 in the Supporting Information). Only the set of
emissions reporting “Officially reported emission data” was
used. The set of “Emissions as used in the EMEP models”"?
was excluded because of potential inconsistencies between the
two sets of data determined by recalculations and different gap-
filling procedures. The completeness of the official registry
differs from one country to another and from one sector to
another.”® Uncertainties are strongly dependent on the
aggregation level that was used. Since only the totals for the
whole EU region were used, without any further country and
sector disaggregation, these uncertainties are believed to be
negligible.

The total NMVOC emission data were retrieved from the
“Officially reported emission data” reports."> The data were
extracted at the country level and 107 activity sectors were
distinguished. For each country, the sector-specific total
NMVOC emissions were combined with speciation profiles,
that is, distributions of the NMVOC in single substances per
sector of activity, to derive single NMVOC emissions. Details
on the data sources and the methodology for assigning the
speciation profiles to the total NMVOC emissions can be found
in the publication by Laurent and Hauschild (2014).”* The data
on industrial emissions of HMs and organics were taken from
the EMEP database'” and established through Regulation (EC)
No 166/2006 on releases from industries. The database
contains data on the main pollutant releases of about 28 000
industrial facilities across the European Union and EFTA
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Table 1. Overview of Substance Groups, Data Sources, and Coverage Estimates

substance groups

HM

organics (non-NMVOC) (e.g,,
dioxins, PAH, HCB)

NMVOC

data sources

Air Emission
CLTAP/EMEP (EMEP 2013)"*
CLTAP/EMEP (EMEP 2013)3

E-PRTR (EEA 2012)"7
total NMVOC per sector from EMEP/CORINAIR (EMEP 2013)"

coverage estimate®

skskok

##% (EMEP)

## (E-PRTR)
sekok

ok

literature sources (speciation per sectors)
databases + CORINAIR™*?* for sector activity modeling

‘Water Emission

E-PRTR (EEA 2012)"7
waterbase (EEA 2013)"°

industrial releases of HM + organics

urban WWTP (HM + organics)

waterbase (EEA 2013),"* OECD (2013),'* EUROSTAT (2013)°

* (organics)

* (EU covered via extrapolations from
few countries)

Soil Emission

industrial releases (HM, POPs) E-PRTR (E-PRTR 2012)"7

*

sewage sludge (containing organics EEA (2012)"7 + EUROSTAT (2013)"7 for usage wxk (HM)
and metals) EC (2010)" for HM composition
Pistocchi et al. (2011) for dioxins'”
manure FAOSTAT (2013),"” Amlinger et al. (2004),>° Chambers et al. (2001)*' ok
Pesticides
active ingredients (AI) breakdown pesticide usage data: FAO (2012)'* and (F, H, L, O + chemical classes) + ik

EUROSTAT (2013)° for second check
use of extrapolations for Al differentiations
EUROSTAT (2013)*¢ for crop harvested areas

“The values represent the completeness of the background data in terms of geographical coverage in Europe. The coverage of the emission data is
estimated with respect to the countries covered (out of the EU-27) and the substances included (e.g., the number of substances considered) based
on expert judgment. The symbols used in the table are as follows: *** = good coverage; ** = medium coverage; and * = poor coverage. The
following acronyms are used in the table: HM = heavy metals; NMVOC = nonmethane volatile organic compounds; WWTP = wastewater treatment
plants; POPs = persistent organic pollutants; PAH = polycyclic aromatic hydrocarbon; and HCB = hexachlorobenzene.

countries. The available data represent the total annual
emission releases during normal operations and accidents.
The substances identified as not present in the data extracted
from EMEP'® but reported in E-PRTR'® were added to the
inventory (see Table S4 in the Supporting Information).

2.1.2. Water-Borne Emissions. Emissions into water were
assessed by considering the industrial emissions of HMs and
organics and the emissions coming from wastewater treatment
plants. The data available on oil spills were too incomplete to
be added.

The data on water-borne emissions of HMs and organics
were extracted from the E-PRTR database,'® accounting for
90% of water-borne emissions. With regard to water-borne
emissions, the data for 62 substances (9 HMs, 53 organics)
were retrieved; however, large discrepancies in the country
coverage at the EU level occurred as a result of variations in
industrial activities from one country to another or incomplete
reporting for some countries. Table S5 in the Supporting
Information provides an overview of the country coverage per
substance.

The Waterbase'® database was used to estimate the releases
into freshwater of HMs and organics via wastewater, includin.
wastewater releases from industries covered in the E-PRTR."
The risk of double-counting was avoided by a careful analysis of
the data. The data for 2009 were used because they were more
complete than those for the year 2010 at the time of data
collection. The emissions reported in the Waterbase'> were
aggregated at a country level and regarded as profiles, which
were normalized with the population either connected or not to
WWTP. These normalized numbers were used for extrapolat-
ing to unreported countries.
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Data were available mainly for The Netherlands and for a
limited set of other countries, for which complete emission
profiles could typically not be retrieved (e.g, in case of a
population not connected to WWTP). Furthermore, data gaps
regarding the apportionment of different wastewater handling
facilities were identified for a number of countries. Source types
are reported in Tables S6a and S6b of the Supporting
Information. A framework was developed to estimate the
releases from households and institutional or commercial
activities. The framework relies on the assumption that releases
can be defined on a per-capita basis, accounting for a
differentiation of the countries, and the percentage of
population connected to WWTP. The framework is reported
in Figure S1 of the Supporting Information and detailed in ref
16. In Table S7 of the Supporting Information, water emissions
from all other sources included in the inventory are reported,
although their country coverage was limited.

2.1.3. Soil-Borne Emissions. Soil-borne emissions are related
mainly to industrial releases, to the direct application on soil of
sewage sludge (i.e., as soil amendment after specific treatment)
and manure (ie, as fertilizer on agricultural land), and to
pesticide use. For soil-borne industrial emissions, data were
extracted from E-PRTR,'® which reports emissions for 23
substances (8 HMs, 15 organics). Large limitations in the
country coverage were observed due to variations in industrial
activities from one country to another or incomplete reporting
for some countries (Table S8 of the Supporting Information).

Sewage sludge was included in the inventory as a substantial
source of releases of organics and HMs. The data on the use of
sewage slud§e applied to agricultural land was retrieved from
the OECD." Extrapolations of data from one country to

dx.doi.org/10.1021/es405798x | Environ. Sci. Technol. 2014, 48, 5674—5682
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another were performed by coupling the emission data with
average country-specific concentrations of HMs (Zn, Cu, Pb,
Ni, Cr, Hg, Cd) and dioxins."”

For the emissions of HMs present in manure and slurry,
country-specific concentrations were coupled with the
respective national use of manure and slurries. The use of
manure can be a substantial source of HMs in particular
because of the mineral additives present in the feedstock for
animals (e.g, pig manure and slurry is typically associated with
high levels of zinc and copper'”). The data on animal livestock,
obtained from FAOSTAT,"” was matched to the metals
associated with the production of manure per type of living
animal (e.g, mule, goat, or sheep) per year, as reported by
Delahaye et al.>® The soil manure figures are reported as tons of
nitrogen content for nine different animal types (see Table S9
in the Supporting Information). The content of nitrogen was
evaluated per weight of dry matter. The data for solid manure
retrieved from Chambers et al.*' were used for that purpose
and were differentiated according to the nine types of livestock
considered. HM concentrations were extracted from Amlinger
et al.>® When no further specification was available, averages
were assumed to be representative for the other countries.

For the inventory of pesticides, emission data were
disaggregated on a single-substance basis, that is, broken
down into Al. This information is rarely available because of
confidentiality issues and commercial interests from the
chemical-producing companies. The main data source used in
the present study is a report by the EU Commission that
contains detailed information on pesticide usage disaggregated
into EU countries (minus Bulgaria and Romania) and major
types of crops (e.g., cereals, maize).

From the report, the top-five amounts of active ingredients
used and the top-five chemical classes with their associated
average dosage (e.g, in kg Al/ha) were collected for each
country and for each type of crop (year 2003). The top-five
chemical classes with their associated average dosage for each
type of crop and for each of the three major classes of
pesticides, namely fungicides, insecticides, and herbicides were
additionally retrieved (year assumed to be 2003).

The outcome after the gap-filling procedure was the applied
quantity of five active ingredients in 2003 for each country and
crop system. With knowledge of the harvested areas per type of
crops in 2003 and 2010, an extrapolation was performed using
the same AI composition and dosage in 2010 as in 2003.
Several gaps occurred in the data set because of confidentiality
issues related to specific active ingredients that were flagged as
“confidential” in the report with no further data provided. A
gap-filling procedure was therefore developed to derive a
pesticide inventory as complete and consistent as possible—see
the documentation in the Supporting Information.

2.2. Regional Inventories for the United States,
Canada, Australia, and Japan. Only a restricted number
of countries outside the EU provide and organize data on toxic
emissions.””** Public efforts of data collection and reporting
vary in their details across different countries. Only a selected
number of toxic substances are monitored in most countries.
While it was possible to operate an ad hoc compilation of the
inventory combining data from a number of European agencies
at the EU level (see section 2.1), it was possible to use only the
available combined information from national registries for a
few other countries in the world for the chosen reference year.
Of these, the publicly available national pollutant release and
transfer registers (PRTRs) of the United States,” Canada,*
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Japan,®' and Australia®* provided a coherent data set to be
used. Data were collected for the compartments of air,
freshwater, industrial soil, and natural soil (including landfills).

In general, the US-EPA provided the biggest coverage in
terms of number of substances, with detailed information on
emission and disposal of over 650 chemicals from more than 20
000 US. facilities.” The transfer registry collects data on
chemical emissions directly from selected sectors (e.g.,
manufacturing, mining, power generation) with a certain
production throughput of enlisted chemicals (including
pesticides). Emissions are registered per compartment (ie.,
air, water, soil, landfill) on-site and off-site. Information on
recycling and recovery is also available.

Information on the emission of 346 substances from 8096
facilities was obtained from the Canadian NPRL* with details
on emissions, disposal, and recycling. The sectors with the
largest reported emissions were oil and gas extraction;
electricity generation, transmission, and distribution; and
primary metal smelting.

The Australian registry was used to inventory emission
estimates for 93 toxic substances with details on the source and
location of these emissions. The selection conducted by the
registry on the chemical to be reported was conducted based on
a risk score, defined as a function of the environment hazard
and the human health, and the exposure to a certain substance.

In Japan, a total of 354 substances reported by the PRTR
registry” —with data directly recorded from relevant sectors of
the economy—were included in the inventory. For the
Japanese database, it was possible to integrate into the
calculations the percentage of facilities (e.g., a specific chemical
factory in the Honshu region) that reported emissions for each
substance.

Each of the extra-EU data sets was then analyzed and the
emissions were recorded by an automated search using the
unique numerical identifiers assigned by the Chemical Abstracts
Service (CAS). When no CAS number was available, each
substance was searched by name in each different database and
was added consequently. In all cases where no match was found
(e.g, misspelled name or different acronym), substances were
searched by their names and acronyms in the different registers.
For some substances, a greater coverage was available in
registries other than the EU registry. In this case, the relative
name and specifications were added to the original list, and the
relative emissions were recorded.

We refered to the original sources for the details on the
composition of the inventories and the assumptions that were
made in the process. In the Supporting Information, the final
inventories used are reported and are available for consultation.

2.3. Extrapolation of the Regional Inventories to the
Globe. The limited availability of data required us to use
estimation factors or proxies, as recommended by Sleeswijk et
al,® in order to populate the inventory of the world emissions.
In the EU inventory, extrapolations were used to fill gaps due to
limited country coverage, thanks to the information reported by
the consulted registries. Extrapolation strategies were also
applied for the extrapolation from the EU, United States,
Canada, Japan, and Australia to the world. GDP, CO,
emissions, and Hg emissions allowed for the filling of data
gaps and for the quantification of the total emissions.

The use of a GDP-based strategy can be supported by the
fact that emissions of a pollutant may be associated with
economic growth and economic activities of different regions.
Empirical evidence has been available since the early nineties
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and concepts such as the Environmental Kuznets curve (see
Stern®®) may support the use of the GDP as a proxy for filling
data gaps and for the extrapolation of local and regional data to
the entire world, since the measure is related to the magnitude
of industrial production and, thus, to the relative releases of
toxins. In the context of normalization in LCA, GDP has
proven to have a good correlation with emissions of certain
toxic substances, but a correlation not as strong for, for
example, pesticides (see ref 8). As an alternative, a CO,-
emission-based strategy is proposed, which may be more
suitable for certain sectors and substances (Davis and
Caldeira®%). Additionally, the global effort to quantify and
contain anthropogenic emissions of Hg'" provided a solid data
source to test Hg emissions as an extrapolation basis. Hg
emissions were tested as a proxy related to activities in certain
countries for emissions that are difficult to catch using CO,
emissions or the GDP (e.g., small-scale gold mining, treatment
of electronic waste'").
The extrapolations were based on the formula

X = Zin,i X R}';m
' Zj Rj;m

where X;; is the amount of substance i emitted to the region j,
R;,, is the extrapolation factor for the region j with the
extrapolation principle m (i.e, CO,, GDP, Hg), and X, is the
amount of substance i emitted to the world, estimated with the
extrapolation principle m.

At the EU level, the extra details on the country where the
emissions took place allowed us to proceed with a further
extrapolation of the data. For certain substances, large
discrepancies, in fact, in the country coverage occurred because
of variations in industrial activities or the incomplete reporting
of emissions. To fill in the data gaps in the inventory, the GDP
was used to interpolate in space (i.e., across countries) the
available emission data from E-PRTR'® in order to obtain more
representative estimates of the emissions of substances to the
level of the EU region as a whole. For those emissions for
which data were obtained from European statistical data (i.e.,
from EEA, EUROSTAT, EU, EMEP), the countries reporting a
certain emission were used as a proxy for the calculation of the
European region as a whole. Inventories from the regional
registries other than the EU were not subject to extrapolation.
Extrapolations to the world were then conducted based on the
formula provided in the previous section (section 2.3).
Inventories were compiled for the two macroregions, the EU
and the world. For the world, three different global inventories
were defined using the three different extrapolators (i.e., world
extrapolated with CO, emissions, world extrapolated with the
GDP, world extrapolated with Hg emissions). Alternative
compositions of the world inventory are reported in section 3
of the Supporting Information.

3. RESULTS

3.1. Inventories. For the composition of the inventories of
toxic emissions, it was necessary to deal with data from various
sources, all with a different coverage across substance groups
and across countries. Information on the emissions of chemicals
was not equal for all of the countries that were used for the
creation of the global inventory; thus, the highest level of
uncertainty in the process of composing the global inventory
regards the extrapolation to the world of data that refers to a
limited region within a specific economic system.
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In the process of the creation of the global inventory, it is
unrealistically assumed that all emission data have been
collected according to a common standard and to common
selection and validation criteria. However, the sheer differences
in the data collection processes across countries bias the final
results. Some national registries are not reporting monitored or
measured data, but rather the result of a previous process of
data extrapolation and the result of a series of assumptions. The
variability of substance coverage determines unavoidable over-
and under-estimations of substances when data is extrapolated
from one region to the entire world. It is in this sense
significant that the final global quantity of pesticides is mostly
driven by data that was, with few exceptions, elaborated at the
EU level, thus increasing the level of uncertainty of the final
result. Other pesticides were used, or not used, in other regions.
Moreover, as reported in section 2.1, the limited possibility of
obtaining accurate data on active ingredients used in the
pesticides complicated the modeling process because of the lack
of information in EU case, also. Other substance groups may
suffer from the same bias, which needs to be further analyzed.

3.2. Goodness of Fit of the Used Proxies. The
extrapolation proxies used in this paper were selected either
because their correlations with emissions had been already used
and proven by other studies (i.e., the GDP measure and CO,
emission) or because of the presence of an international
coordinated effort to produce a rigorous and complete database
of emissions for a wide set of countries of the world (i.e., the
case of Hg). Other extrapolation parameters may be tested in
the future and used in specific cases (e.g., cultivated crop area
per country as a proxy for the use of pesticides).

To investigate the assumption behind the extrapolation work,
data available for 234 countries relative to the estimators were
crossed to investigate the direct correlation among the factors
used in this paper. A high overall correlation was found at a
global level between the GDP and CO, (Pearson coefficient,
0.8), suggesting that the two predictors (both strongly
correlated to energy production) may both be used
interchangeably in the extrapolation of the data. A significantly
lower correlation was found between emissions of Hg for the
countries analyzed and both the GDP and CO, (Pearson
coefficient, 0.4), suggesting that both predictors may not be the
best possible estimator when used for the extrapolation of Hg
emissions, or, assuming a correlation among heavy metals, they
would not be the best predictors also for other metals. The
comparison of residual errors highlighted the cases of over- or
under-estimation of emissions of Hg, using the GDP or CO, as
a predictor. A country-by-country analysis of the goodness of fit
is shown in Figure 1 below.

The analysis of the prediction suggests that the regions used
in this paper as extrapolation bases were precisely estimated or
slightly overestimated (see, e.g., EU and Australia). The highest
level of underestimation affects countries with a lower GDP
(e.g., central African countries and a number of South American
countries). The pattern seems to correspond to the hypothesis
that for countries in which the extraction of resources (e.g.,
gold'") that are related to mercury release is not conducted
according to controlled standards, GDP and CO, (see Figure
S4 in the Supporting Information) do not function as the best
possible predictors. On the other hand, no strong over-
estimation of Hg was detected in any country. The data
suggests that care should be taken when dealing with
extrapolation strategies for certain substances. The use of
GDP-based and CO,-based strategies can be supported by the

dx.doi.org/10.1021/es405798x | Environ. Sci. Technol. 2014, 48, 5674—5682
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Residuals Hg GDP

Over- Under-

Precise

Figure 1. A map of residuals displaying the goodness of prediction of
Hg emissions (UNEP, 2013) per country when using the GDP
measure. The results shown are based on the residual difference
between a model predicting an Hg emission in a single country using
the GDP measure and the real value of Hg in that country. Following
the color scale, the data in red refers to countries that were
underestimated, the data in blue refers to countries that were
overestimated, and the data in white refers to countries for which the
prediction provides a good fit. Intermediate coloring corresponds to a
variation in fitness (in the range +2.3). No data was available for the
countries shaded in black.

coupling of many pollutant emissions with the economic
activities of a region; however, the Hg-based extrapolation
strategy is recommended for use for those countries with a low
GDP and CO,, but in which some activities poorly correlated
with the GDP and CO, (e.g, mining) are very relevant and
otherwise underestimated.

3.3. Uncertainty. To further analyze the strength of
prediction obtained using the three estimators, a subset of
representative substances, including the top-contributors to the
EU and world impact scores, was selected based on the
availability of sufficient recorded data in the EU and the rest of
the countries accounted for in the composition of the global
inventory. To guide future extrapolations and analyses, the

statistical check was conducted also for a sample of other
substances that did not show up as top-contributors. The data
was analyzed distinguishing between emission to the air, water,
and soil as accounted for by the national registries. Data from
the E-PRTR registry'® for the year 2010 was extracted for the
EU and combined with the other relevant country data.
Emissions were reported for 34 countries of the world. Each of
the three predictors used in the extrapolations were matched to
the reported data, and an analysis of the linear correlation was
conducted. A logarithmic transformation was used before
analyzing the data. Detailed results are presented for each case
in sections S3.1 and S3.2 of the Supporting Information. In
Figure 2, the strength of the predictors was tested for the
emission of zinc to the air as reported by refs 12, 23, and
29—32. The strongest R-squared value (0.7) was obtained when
CO, was used as a predictor. The results of the statistical
analysis for all of the other cases studied are reported in Table 2
below and in the Supporting Information.

In general, it was not possible to define a better predictor for
all substances or groups of substances. Differences were found
at the substance level as well as at the compartment level. In
particular, for the emissions to soil, it was not possible to obtain
strong correlations due to the limited availability of data.
Further estimators need to be tested in future work to verify
case-by-case and for the established top contributors (i.e., HMs
and selected pesticides) for which the estimators are best suited
for the composition of a global inventory.

4. DISCUSSION

4.1. Impact Assessment of the EU and Global
Inventories. The USEtox-based toxic impact categories,'
that is, freshwater ecotoxicity and human toxicity, were used to
characterize the inventories. The impacts (or normalization
references in the context of LCA) were calculated by the
multiplication of each reference intervention within each
geographical system with the compartment-specific character-
ization factors. Tables S10 and S11 in the Supporting
Information provide the results after the characterization of
the inventories (or normalization references in LCA),
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Figure 2. Investigation of the strength of the linear relationship between zinc to the air (EMEP, 2013; and national emission registries for the United
States, Canada, Japan, and Australia) and the GDP, CO,, and Hg (R-squared = 0.5727, p-value = 1.227¢"%; R-squared = 0.7007, p-value = 9.227¢"%;
R-squared = 0.5584, p-value = 1.938¢™%, respectively). The scale is logarithmic, the quantities are in kilograms, and the countries are represented by

ISO 3166-1 alpha-2 country codes.
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Table 2. Investigation of the Strength of the Correlation between the Prediction of a Linear Model Relating the Emitted
Amount of a Substance to Air, Water, and Soil to the Extrapolation Factors

adjusted R-squared value

GDP co, Hg

emission air water soil air water soil air water soil
zinc 0.57 0.59 0.46 0.7 0.7 0.48 0.56 0.7 0.01
mercury 0.48 0.42 0.63 0.69 0.51 0.57 0.82 0.43 0.26
lead 0.15 0.45 0.18 0.37 0.59 0.21 0.43 0.61 0.05
cadmium 0.37 0.36 0.36 0.58 0.48 0.46 0.57 0.63 0.01
chromium 0.27 0.29 0.15 0.49 0.46 0.25 0.69 0.5§ 0.04
arsenic 0.29 0.41 0.32 0.48 0.51 0.37 0.52 0.48 0.1
copper 0.49 0.48 0.36 0.69 0.63 0.45 0.68 0.65 0.19
benzo(a)pyrene 0.17 0.12 027
NMVOC 0.55 0.73 0.54
1,2- dichloroethane 0.04 0.26 0.05 0.01 0.0 0.3
polychlorinated biphenyl 0.23 0.23 0.29 0.3 0.21 0.21

considering the impacts on human toxicity and freshwater
ecotoxicity in the EU geographic system and for the world
system. As in Sleeswijk et al,® an emission total consists of the
summed emissions of a substance to a specific compartment in
one of the geographic systems. The results are reported per
year using the notation suggested by Heijungs.36

The characterization of the inventory by means of an impact
system such as USEtox allows for testing of the inventory and
identifying the effects of the extrapolations on the outcome of
the characterization and the calculation of the impacts. As a
result, under all of the extrapolations the incompleteness of the
data in regions other than the EU is likely to be the cause of a
disproportional emission attributed to the EU compared to the
rest of the world. The composition of the economic systems in
the extrapolation region (ie, the EU plus other available
national registries) influences the final result. The extrapolation
based on the CO, emissions attributed one-third of the global
emissions to the EU region (with the EU accounting for a total
of 36% of the world CO, emissions). The GDP-based
extrapolation provided a weight of the EU compared to the
world emissions in the range of 50% for human toxicity (cancer,
noncancer, and total), and 37% for ecotoxicity, with a global
GDP of the region accounting for about 27% of the world
GDP.’ A limited contribution of the EU to the world was
obtained in the case of the Hg-emissions-based extrapolation
because of the limited share of mercury emissions that the EU
accounts for compared to the rest of the world (i.e, 11%). The
extrapolation of Hg emissions gave also the highest total impact
for the world; an order of magnitude higher than the GDP and
CO, for the impact of human toxicity and one order of
magnitude higher than the GDP for the total impact of
ecotoxicity. As reported by Sleeswijk et al,,® the reliability of the
estimation factors depends on the strength of the correlation
between the emissions and the predictor used to extrapolate
them from a limited geographic extent to the entire globe (or
potentially from a bigger macroregion to a country level).

A list of the top-contributing substances was extracted from
the data (see Table S12 in the Supporting Information). The
comparison of the three strategies did not highlight the
differences in the top-substances that contributed to the totals,
while the share of the contribution was slightly different among
them. This is a logical result from the extrapolation strategy
described in section 3. Logically, the ratios of GDP, CO,
emissions, and Hg emissions in the extrapolation regions and in
the world are identical for all substances; therefore, the
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emission of a substance is transferred from the extrapolation
region to the world based on all predictors geometrically. Slight
differences arise when a particular substance has a different
initial geographical coverage than the other substances. The
nearly perfect matching of the top contributors for the three
predictors (see Table S12 of the Supporting Information) also
reflects the fact that most emissions are driven by energy
processes, which are likely to be the best covered processes
across all databases. Other processes may actually contribute to
toxic emissions without being related to energy processes, in
which case the extrapolations based on Hg emissions would
lead to decoupled results from the ones obtained with CO,
emissions and the GDP. However, such sectors may not be well
covered in national or regional registries. The type of activities
that are related to the emissions of Hg may be more relevant
for other economic systems than for the ones used for the
composition of the global inventory. Such sectors are better
covered in life cycle (LC) inventories, in which a number of
chemical releases are still missing. Similarly, it is possible to
observe a decoupling between the climate footprint and toxic
impacts when using LC inventories (see Laurent et al.>”), which
are in most cases deemed more complete than the national or
regional databases.

4.2. Outlook and Implications. This study provides a
detailed analysis of the process of the compilation of regional
and global inventories of toxic emissions and may be of interest
also for the reverse process of extrapolations from a bigger to a
smaller scale. During the process of building the emission
inventory, the modeler has to deal with a limited international
accounting of emission data and with different standards of
collection (e.g., substance groups reported in one region only).
Extrapolations, thus, were required to fill data gaps. Certain
substances are likely to be underestimated by the process; some
others are likely to be overestimated. Particularly relevant are
the cases of substances that are not necessarily an integral part
of the economic system of developed countries. In these cases,
the extrapolation process is possibly ignoring activities that are
not recorded in those countries but would be relevant on the
global scale (e.g, processing of electronic waste in the
developing world). Of similar importance is the case of
substances that have already been banned in certain countries,
but still used in others, and thus, would not appear in the result
of the extrapolation process.

The three estimators used for the extrapolations, while
convenient for the population of the emission database, were
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not in all cases representative of the global reality that they try
to picture. The analysis of the direct correlation between the
estimators for 234 countries of the world showed that
theoretically the GDP and CO, could be used alternatively as
estimators, while neither the GDP nor CO, would be suitable
to predict Hg emissions. Such a consideration could be
extended to other metals and substances that are emitted in
combination with Hg.

We showed, for a sample of relevant substances, that the
correlation between each estimator and a substance greatly
varies across substances and also across compartments for the
same substance. The theoretical strong correlation between the
GDP and CO, in the country-by-country analysis was not
reproduced by this analysis. The statistical analysis highlighted
that it is not possible to select a single best predictor on the
basis of the correlation between the reported data and the value
of the predictor. A case-by-case analysis may help in the future
to develop more stable predictors for a cluster of substances or
for a cluster of countries with a similar economic structure. A
more in-depth analysis should be conducted to evaluate if ad
hoc extrapolation factors (e.g., crop production area assumed to
be related to pesticide use) are needed for a better coverage of
emissions.

Future work should be oriented to quantifying more accurate
emission inventories for the top-contributors that arise from
different characterization methods. Some other approaches
such as bottom-up data extrapolation using, for example,
technology and energy correction factors or the use of
environmentally extended input—output tables (see in Tukker
et al.*®), where available, could be helpful for extrapolations.
Future work should explore where better correlations might be
found. The EU and global inventories compiled in this study
may be used as a basis for such an analysis. The comparison of
the impacts and the top-contributors should then be used as
guidance for future data collection efforts. Once enough data
has been gathered on a shortlist of top-contributors, the
analysis can move to the remaining ~5—10% contributors in
determining the total impact. This approach would likely
increase the possibility of having valuable results in a short-term
perspective, obviating the slow process of gathering of data by
national and regional authorities, and lowering the risk of
incurring one of the potential biases of the process.
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