Downloaded viaNORSK INST FOR LUFTFORSKNING on August 29, 2019 at 12:22:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

copying and redistribution of the article or any adaptations for non-commercial purposes.

This is an open access article published under an ACS AuthorChoice License, which permits @

ACS AuthorChoice

&II !ﬁcue&mec n UIUHUL @ Cite This: Environ. Sci. Technol. 2019, 53, 6330-6340

pubs.acs.org/est

Global Historical Stocks and Emissions of PBDEs

Golnoush Abbasi,**® Li Li,’® and Knut Breivik"*

¥Norwegian Institute for Air Research, Box 100, NO-2027 Kjeller, Norway
TDepartment of Physical and Environmental Sciences, University of Toronto Scarborough, 1265 Military Trail, Toronto, Ontario,

Canada M1C 1A4

*Department of Chemistry, University of Oslo, Box 1033, NO-0315 Oslo, Norway

O Supporting Information

ABSTRACT: The first spatially and temporally resolved inventory of BDE28, 47,
99, 153, 183, and 209 in the anthroposphere and environment is presented here.
The stock and emissions of PBDE congeners were estimated using a dynamic
substance flow analysis model, CiP-CAFE. To evaluate our results, the emission
estimates were used as input to the BETR-Global model. Estimated concentrations
were compared with observed concentrations in air from background areas. The
global (a) in-use and (b) waste stocks of > BDE(28, 47, 99, 153, 183) and
BDE209 are estimated to be (a) ~25 and 400 kt and (b) 13 and 100 kt,

Polybrominated diphenyl ethers (PBDES)

[Ya )

respectively, in 2018. A total of 6 (0.3—13) and 10.5 (9—12) kt of > ;BDE and

BDE209, respectively, has been emitted to the atmosphere by 2018. More than 70% of PBDE emissions during production and
use occurred in the industrialized regions, while more than 70% of the emissions during waste disposal occurred in the less
industrialized regions. A total of 70 kt of )" ;BDE and BDE209 was recycled within products since 1970. As recycling rates are
expected to increase under the circular economy, an additional 45 kt of PBDEs (mainly BDE209) may reappear in new

products.

B INTRODUCTION

Globalization has connected countries worldwide and
facilitated the global flow of resources, goods, and services.
Despite all benefits, the environmental impacts due to chemical
pollution are recognized as a detrimental aspect of global-
ization. Since the 1980s, the geographical relocation of heavy
polluting industries from more industrialized to less industrial-
ized countries, including chemical manufacturing, has con-
tributed to the decrease of environmental burdens in more
industrialized countries and its increase in the less industrial-
ized countries." In the wake of globalization and policy shifts
toward a “free market”, the consumption in more industrialized
countries is a key driver of pollution, while the less
industrialized countries serve as constant suppliers of raw
materials and semifinished goods to meet the global demands.
Unequal economic integration between industrialized and less
industrialized countries has also created an ongoing market for
used and waste products (both durable and nondurable) in the
less industrialized regions.” Challenges of this trade are
intricate when it comes to chemicals in products (CiPs), as
some chemicals may not be significantly emitted into the
environment before the associated products reach their end of
life. Countries lacking stringent regulations and environ-
mentally sound management of waste are therefore at
particular risk for enhanced end-of-life emissions. At the
international level, these end-ofllife products may not be
classified as hazardous products and, thus, fall in the loopholes
of international treaties on hazardous waste, such as the Basel
Convention. The lack of appropriate handling of waste
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products represents a potential risk to the environment and
human health.>* Thus, emissions and exposure to harmful
chemicals in long-lived products may, therefore, be dis-
connected in both space and time from the areas where
relevant products were initially produced and/or used.

Polybrominated diphenyl ethers (PBDEs), brominated
flame retardants used in products to meet the fire safety
requirements mostly in North America and Europe,” are an
example of CiPs of concern. These compounds have been used
since the 1970s, until their harmful characteristics brought
them under the radar of environmental authorities (e.g, the
European REACH regulation and Stockholm Convention) in
the early 2000s,° which led to the termination in the
production of the commercial penta and octaBDE mixtures
in 2004 and the commercial decaBDE mixture by 2014 in
North America.” Penta and octaBDE were listed in Annex A of
the Stockholm Convention in 2009, and decaBDE was listed in
2017.° Despite these efforts, differences in spatial and temporal
trends of PBDEs in various environmental media"”~'* and
biota'>'* raise concern regarding the effectiveness of control
measures and regulations on a global scale.

Recently, Li and Wania'® illustrated that the emission profile
of most synthetic chemicals follows a bell-shaped curve that
rises with increasing production followed by a gradual decline
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Figure 1. Schematic illustration of employed methodology.
as detrimental effects of chemicals become eminent and their B METHODS
production eventually ceases. The peak in emission could also Stocks and emissions of PBDEs are modeled using the CiP-
be inﬂu-enced by the stock of in-use a-nd/or waste -products, CAFE model, described in detail by Li and Wania.'® In
depending on the use and properties of chemicals and summary, CiP-CAFE (Figure S1) splits the world into seven
associated products. Evidently, planning effective measures to geographic regions (RE1: mainland China, RE2: Japan, South
reduce emissions of problematic CiPs must consider their Korea, and Oceania, RE3: rest of Asia, RE4: Russia and
entire lifecycle and contribution of each lifecycle stage to their Eastern Europe, RES: Western Europe, RE6: North America,
overall global emission. In this attempt, Li and Wania*® RE7: rest of the world) based on (i) development of chemical
introduced a global-scale dynamic substance flow analysis industry, (ll) the status of sound management of chemicals and
model, named “Chemical in Products — Comprehensive solid waste, and (ii) majoF intfernational tlTafle of' chemical-
Anthropospheric Fate Estimation” (CiP-CAFE), to track the }'elated products. Each.reglon is further divided into ‘Fh'ree
long-term fate of CiPs in the global human socioeconomic interconnected Phases (ie., the llfecy'cle ofp.roducts containing
« »\ 16 . ) PBDEs, waste disposal, and the physical environment) to track
system (termed “anthroposphere”).”® By coupling their . o
. . . the movement of CiPs throughout their lifecycle and the
anthropospheric fate model with a temporally and spatially . . . .
o : environment. The schematic illustration of the methodology is
explicit environmental fate model (e.g, BETR-Global), they -
) ) i presented in Figure 1.
provided reliable and comprehensive knowledge on the The starting point of a CiP-CAFE simulation is the annual
transport, transformation, and accumulation of selected CiPs production rates of the commercial PBDE mixtures in
in the global physical environment."’ ™" individual regions as well as inter-regional trade of PBDEs
The overall goal of this study is to better understand the as a commercial substance and within PBDE-containing
relationship between emission sources and the environmental products and waste. In the absence of accurate documented
occurrence of PBDEs and possible spatial and temporal data on the production of PBDEs, a top-down approach based
variation by developing and evaluating a global historical on the production of bromine and market demand of BFR and
emission inventory of PBDEs. Specifically, feeding the CiP- PBDEs was used to estimate and cross-check the global
CAFE model with collected information on annual regional historicallproduction rates of the commercial.PBDE mixtu.res
productions of major PBDE congeners (BDE28, 47, 99, 153, (Supportmg Information (SI) Text SI1.1). Regional production
. . . rates of the commercial PBDE mixtures were estimated based
183, and 209), we generate a comprehensive picture of their . : U :
. : o on the best available data provided by individual countries (SI
global fate in the anthroposphere, including in-use and waste .

o e . Text S1.2). A bottom-up approach based on national PBDE
stocks and emissions from 1970 to 2050. Emission estimates ion f h ided he Stockhol
derived from the CiP-CAFE model were used as inputs to the consumption. for €ach country providec to the Stocxhoim

erve _ P _ Convention was used to estimate the regional consumption of

BET['R.-.Glok.)al model to simulate the tem.poral and spatllal the commercial PBDE mixtures (SI Text S1.3).
variability in the global atmosphere. Predicted atmospheric Subsequently, estimates of production and consumption of
concentrations of PBDE congeners are compared with the commercial mixtures were used as indicators to estimate
literature-reported measurements to evaluate our emission the trade of PBDEs as commercial mixtures between regions
estimates. (SI Text S1.4). In addition, inter-regional movement of PBDEs
6331 DOI: 10.1021/acs.est.8b07032
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Figure 2. Estimated temporal trends in global and regional production and consumption of PBDE mixtures; (a) total PBDE production, (b)
consumption of DecaBDE mixture, (c) consumption of OctaBDE mixture, (d) consumption of PentaBDE.

through the trade of final PBDE-containing products and
corresponding waste was estimated based on the fraction of
import and export of PBDE-containing products (SI Text
S1.4).

To investigate the fate of BDE28, 47, 99, 153, and 183
(hereafter ) ;PBDEs) and BDE209, the final estimates of
production and trade of the commercial PBDE mixtures are
broken down into a congener basis using the mass fraction of
each congener in the commercial mixtures (adopted from La
Guardia et al.”’ and provided in Table S1). On the basis of
these data, the sum of BDE47, 99, and 153 accounted for 80%
of the commercial pentaBDE mixture, whereas BDE153 and
183 together accounted for 30% of the commercial octaBDE
mixture. BDE209 was assumed to account for 100% of the
commercial decaBDE mixture in this study.

We consider the distribution of PBDE consumption among
five major applications: electronics (AP1), foam and carpet
(AP2), construction (AP3), transportation (AP4), and textiles
(APS). Percentages of commercial mixtures of PBDEs used in
various applications and the average lifespans of product types
are summarized in Table S2. The in-use stock of PBDEs and
their flow to waste stream were characterized based on annual
consumption and lifespan distribution of each product type for
each region. At the end of lifespan, PBDE-containing products
are treated as general municipal solid waste (e.g, entering
landfills, dumpsites, incineration facilities) except for the
fractions subject to inappropriate waste treatment (IWT),
such as open burning of e-waste, and environmentally sound
management (ESM), such as destruction or irreversible
transformation. For definitions and terminologies of the
lifecycle stages and waste disposal options, please see Li and
Wania.'® Available data on the treatment of municipal solid
waste for different countries were used to account for
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differences in waste management practices for each region
(SI Text S1.5).

Emission factors for PBDEs from various processes
during lifecycle of PBDEs were obtained from the literature (SI
Text S1.6). Because empirical emission factors remain scarce, a
range of emission factors were explored and used to develop
two alternative global historical emission scenarios: a high
emission scenario is based on the highest emission factors at
each stage, whereas a low emission scenario reflects the lowest
available emission factors.

The median estimates of high and low emission scenarios for
each year were used to predict time-variant atmospheric
concentrations using the BETR-Global model. The BETR-
Global model predicts concentrations of chemicals in seven
different environmental media in 288 interconnected grid cells
(15 x 15°) worldwide based on their emissions within each
grid.**** The CiP-CAFE-derived regional emission estimates
are geographically allocated into individual BETR-Global grid
cells, using surrogate data including the production capacities
and locations of the main BFR producers in the world (for
emissions from the production stage), gross domestic product
(GDP, for emissions from industrial activities), population
density (for emissions from in-use and waste stocks), and the
reciprocal GDP per capita (for emissions from inappropriate
waste disposal).lé Other model inputs include partition
coeflicients between octanol, water, and air phases, and
degradation halflives were taken from Schenker et al.”
The predicted concentrations in air (concentrations based on
the high and low emission scenarios and their medians) were
compared with available empirical measurements to help assess
confidence in the emission scenarios. The model evaluation is
deliberately restricted to atmospheric concentrations for the
following reasons. First, atmospheric concentrations are likely
to be relatively homogeneous and well mixed in background

21,22
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Figure 3. Global in-use and waste stock of PBDEs; (a) in-use stock of Y sPBDEs (BDE28, 47, 99, 153, and 183), (b) waste stock of ) ,sPBDEs, (c)

in-use and waste stocks of BDE209.

air. Second, atmospheric concentrations are likely to respond
faster to changes in primary emissions in comparison to other
environmental media. Finally, this facilitates an evaluation of
potential differences in source—receptor relationships by long-
range atmospheric transport versus long-range anthropogenic
transports as CiPs.

B RESULTS AND DISCUSSION

Production and Consumption of Commercial PBDE
Mixtures. Figure 2 demonstrates the estimated temporal trend
in the global and regional production (panel a) and
consumption (panels b—d) of commercial PBDE mixtures.
The cumulative historical productions of commercial penta,
octa, and decaBDE mixtures were estimated to be ~175, 130,
and 1600 kilotonnes (kt), respectively. The total historical
production of commercial mixtures of penta and octaBDE was
previously estimated to be around 100 kt each, whereas the
historical production of the commercial mixture of decaBDE
was reported to be around 1100 kt by 2005.°° The annual
production of total PBDEs peaked around 85 kt/yr in 2003
(Figure 2a). Prior to 1995, the US and Israel were the main
manufacturers of PBDEs. China started the production of
PBDEs (mainly decaBDE) in the 1980s. By 2000, China was
one of the main manufacturers of decaBDE. Bans and
restrictions on the use of penta and octaBDE in the late
1990s led to a reduction in PBDE production in Japan and
Europe, where historical production was less than 10% of the
total PBDEs manufactured.

The global historical production of each commercial mixture
was assumed to represent the total consumption of PBDEs
(Table S3). The global annual consumption of decaBDE
peaked at ~75 kt/yr in 2003 with more than 80% of the total
decaBDE used in North America and Asia (Figure 2b). The
annual consumption of decaBDE declined in Europe and Japan
in the late 1990s. The global annual consumption of the
commercial octaBDE mixture peaked at ~8.5 kt/yr in 1997
with its primary use in North America followed by Asia (Figure
2¢). Because of the higher percentage of octaBDE mixture used
in Japan and Europe compared to other PBDE mixtures, the
peak in the total consumption of octaBDE occurred earlier
than that of other mixtures. The global consumption of the
commercial mixture of pentaBDE peaked at ~12 kt/yr in 2003
with its primary use occurring in North America in
polyurethane foam (PUF). Thus, the voluntary phase-out of
pentaBDE by chemical industries in the U.S. resulted in a
sharp decline in global consumption of pentaBDE (Figure 2d).
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Fate of PBDEs in the Anthroposphere. Figure 3
demonstrates the estimated temporal evolution in global in-
use and waste stocks of PBDE congeners () ;PBDEs and
BDE209). The total in-use stock of ) ;PBDEs peaked at ~85
kt in 2004, with BDE47 and 99 being the main constituents of
the estimated total stock (Figure 3a). BDE183 (the main
congener of the commercial octaBDE mixture) peaked a few
years earlier compared to other congeners, which may reflect
the shorter overall lifespan of products containing octaBDE
(mainly electronics, Table S2) and earlier cessation of
octaBDE consumption in Japan and Europe. The regional
temporal trends demonstrate the highest stock of ) ;PBDEs
occurred in more industrialized regions, especially in North
America (Figure SS). The global waste stock of ) ;PBDEs
peaked at ~22 kt in 2009. The in-use stock of Y ;PBDEs will
dissipate by the mid-2030s; however, the waste stock of
Y sPBDEs continues until 2050 (Figure 3b). The global in-use
and waste stocks of BDE209 are estimated to have peaked at
~550 and 120 kt in 2010 and 2012, respectively (Figure 3c).

In terms of the geographic distribution, a large portion of the
in-use stock of PBDEs historically resided in industrialized
regions (RE2, RES, RE6), whereas the in-use stock in less
industrialized regions (RE1, RE3, RE4, and RE7) is anticipated
to dominate the global in-use stock in the future. For example,
the regional temporal trend of BDE209 stocks demonstrates
that the in-use stock of BDE209 started to increase in
industrialized regions in the 1980s, while the increase in the in-
use stock in less industrialized regions did not occur until late
1990s (Figure SSc). The time lag among regions might be
attributed to the discontinuation of PBDE use in new products
in more industrialized regions in concert with a growing
economy and market demand for electronic products in less
industrialized regions in the late 1990s." Following 2030, the
in-use stock of BDE209 in less industrialized regions is
estimated to account for ~80% of the global in-use stock. By
2050, a total of S kt of BDE209 will still be in use, mainly in
less industrialized regions. From 1970 to 2018, the regional
evolution of ) PBDEs and BDE209 in waste stock
demonstrates that the bulk of the global waste stock
accumulated in North America (>60%), followed by the EU
(15%) (Figure S6). The global waste stock of six PBDE
congeners disposed of in landfills and dumpsites peaked at 140
kt in 2011 with BDE209 accounting for ~120 kt of the total
stock. By 2018, about 60% of the global waste stock ended up
in controlled landfills in industrialized countries, while 30 and
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10% of the global waste stock in less industrialized countries
ended up in simple landfills and dumpsites, respectively.

Our estimates of the in-use stocks in various regions
compare favorably with previously estimated regional stocks of
PBDEs. The in-use stock of penta and octaBDE mixtures in all
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applications except construction materials was previously
estimated to peak at ~22 kt in North America in 2004.”
Here, the estimated in-use stock of ) ;PBDEs peaked at ~40
kt in all applications in North America in 2004. The peak in in-
use stock of BDE209 was estimated to be at ~90 kt in North
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America (excluding the stock in the construction materials) in
2017,”” while we estimated the current stock of BDE209 is
about 130 kt in all applications. Our estimate of BDE209 stock
in Europe in 2017 is ~55 kt, which is within, but closer to, the
upper boundary range of S to 60 kt estimated by Earnshaw et
al.”® Sakai et al.”” estimated the stock of BDE209 to be 60 kt in
2002 in Japan, while we estimated the total of ~70 kt for RE2
in 2002.

The overall global anthropospheric fate of PBDEs up to the
year 2018 is presented in Figure 4. From the totals of 180 and
1600 kt of > sPBDEs and BDE209, respectively, about 25 and
400 kt of ) ;PBDEs and BDE209 are still present within the
in-use stock, while 155 and 1190 kt entered the waste stream
from 1970 to 2018. Globally, about 80% of PBDEs in waste
have been destined to both controlled and uncontrolled
landfills (dumpsites and simple landfills) accounting for 70 and
10% of the total PBDE in waste, respectively. Approximately, 6
and 5% of the total waste was subject to inappropriate waste
treatment and inadvertent recycling, respectively, mainly in less
industrialized regions. Minor fractions of PBDEs in waste were
destroyed through incineration (5%) and wastewater treatment
(4%). If no further control measures are in place by 2050, an
additional 40 kt of BDE209 will enter inappropriate waste
treatment and recycling processes. As a result of various
emission processes, we estimated that in total, up to 6 (0.3—
13) kt of Y ;PBDEs and 10.5 (9—12) kt of BDE209 have been
emitted to the environment by 2018. This accounted for
approximately 3 and 0.7% of the cumulative ) ;PBDEs and
BDE209 productions, respectively.

Environmental Fate of PBDEs. Atmospheric Emissions.
The estimated ranges in global atmospheric emissions for
selected PBDE congeners from 1970 to 2050 under high (the
upper bound) and low (the lower bound) emission scenarios
are shown in Figure 5. The peak in global atmospheric
emissions of ) PBDEs occurred around 2004, dominated by
BDE47 (with a peak at ~100 (10—330) t/yr) and BDE99
(with a peak at ~20 (1—30) t/yr). The peak in BDE209
emission occurred at ~145 (50—900) t/yr in 2008.

The regional atmospheric emission profiles of ) ;PBDEs
and BDE209, from all processes and phases included in this
study, are presented in Figure S7. The in-use stock of
Y sPBDEs was the main source of ) ;PBDEs emissions in all
regions. In less industrialized regions, the inappropriate waste
treatment was the second largest source of Y PBDEs
emissions, whereas in more industrialized regions where
manufacturers were located, the production of Y (PBDEs
was the second most important source of emission. For
BDE209, the in-use stock was the primary source of emission
in all regions except RE1 (China) and RE7. In China, the total
BDE209 emission was dominated by the emission during the
production phase, possibly because most of BDE209
manufactured in China was subject to export within products
to other regions (see SI S1.2). In RE7, the emissions from
inappropriate waste treatment were estimated to be the main
source of BDE209 emission. On the global scale, the total
emission of ) ;PBDEs and BDE209 was dominated by the in-
use stock, followed by production and then inappropriate
waste treatment.

The emission profiles of individual PBDE congeners exhibit
a “composite single peak”, which refers to those chemicals that
their total emission consists of emissions from individual stages
of their lifecycle (production, in-use stock, and waste
processes)'> (Figure S7a). Although the emission profile of
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PBDEs shows great variation among congeners in different
regions, such a composite single peak was observed in all
regions. The regional profile of atmospheric emission reveals
that a large portion (>70%) of emissions of PBDEs from
production and in-use stock occurred mainly in industrialized
regions prior to 2030 (Figure S8a). As the emission declines
from dissipation of in-use stock of PBDEs in more
industrialized regions, it increases in less industrialized regions
mainly because of inappropriate waste treatment (RE1, RE3,
and RE7) (Figure S8b).

Since the 1980s, waste containing PBDEs (mainly BDE209
in e-waste and vehicles) from more industrialized regions have
been transported to less industrialized regions to be reused or
disposed of using extremely primitive techniques (e.g., open
burning), which could result in increasing emission of PBDEs
and other contaminants in receiving regions, and by extension,
in the world.” To account for the extent of such an increase in
emission resulting from the transboundary shipment of waste,
we additionally ran the model assuming no waste trade among
different regions under the high emission scenario. Our results
suggest that, compared with the assumed no-waste-trade
scenario, waste trade increased the global annual emission of
BDE209 by 20 to 40% from the late 1970s to 2010 and S to
15% following 2010 (Figure S9). The increase is particularly
notable for RE1 (mainland China). Although no significant
changes in BDE209 emission are estimated in industrialized
regions, BDE209 emission increased between 20 and 50% in
less industrialized regions (RE1 and RE7) as a result of the
transboundary movement of waste. These findings are in line
with those of Breivik et al,® who estimated that the global
emission of semivolatile organic contaminants would increase
when accounting for the international trade of e-waste.

The estimated emissions in this study are in reasonable
agreement with previous estimates of PBDE emissions. For
Y sPBDEs, the peak in annual emission of selected pentaBDE
congeners (47, 99, 153) in Europe under various emission
scenarios was estimated to range between 0.3 and 30 t/yr,‘?'l
whereas our estimated emission of ) ;PBDEs under the default
scenario peaked at ~12 (t/yr) (Figure S7). The peak in annual
emission of penta and octaBDE mixtures based on the in-use
stock was estimated to range from 0.8 to 8 t/yr in the U.S. and
Canada.”” We estimated that the emission of Y ;PBDEs from
in-use stock in RE6 (North America) peaked at ~25 t/yr. The
higher estimated emission in our study reflects the inclusion of
more applications and of PBDEs that stay in use for a longer
period of time (e.g., construction materials).

The emission of BDE209 in Japan (in RE2) from in-use
stock and industrial processes was estimated to range between
~0.2 and 2 t/yr in 2002, which is smaller than, but close to,
the emission in the entire RE2 (~10 t/yr). The emission of
BDE209 in China®* was previously estimated to peak at ~30 t/
yr, while we estimated that the peak occurred at ~40 t/yr.
Earnshaw et al.”* estimated that the peak in the emission of
BDE209 occurred at ~10 t/yr in Europe, whereas we
estimated a peak in the emission of BDE209 was at ~16 t/
yr. Our higher estimated range of BDE209 in North America
(10—130 t/yr) in comparison with a previous study (0.3S to
3.5 t/yr)” reflects the inclusion of more application and
emission sources (production and waste) of BDE209 in our
study.

From Emission to Concentrations in Air. Since atmos-
pheric concentrations of pollutants are strongly responsive to
changes in primary emissions, the estimated emissions of
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PBDE congeners to air were used to calculate the atmospheric
concentrations of each PBDE congener using the BETR-
Global model.”* The BETR-Global model has a coarse spatial
resolution (15° latitude X 15° longitude cells). It is therefore
not suitable for resolving concentration gradients from “hot
spots” (e.g., urban centers) toward remote background regions.
Thus, the comparison between our model predictions and
observations is restricted to atmospheric concentrations
measured in rural and remote areas. The comparison of
predicted and measured values (Table S9) of PBDE congeners
at different geographical locations in a specific year of sampling
demonstrates that more than 95% of data points fall within 2
orders of magnitude (dashed line) of perfect agreement (solid
line) (Figure 6). The predicted values represent the median of
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Figure 6. Comparison between estimated modeled and measured
concentrations of selected PBDE congeners for a given year in rural or
remote regions reported previously in the literature (see Supporting
Information for cited references) (Table S9). The dots represent the
concentrations under the default emission scenario. The upper and
lower caps of the error bars represent the calculated concentrations
under the high and low emission scenarios, respectively.

two scenarios with error bars indicating the highest and lowest
predicted values under different scenarios. The measured
values represent the median values with the minimum and
maximum ranges available in the literature. The agreement is
generally better for lighter congeners of BDE47 and 99 than
BDE153, 183, and 209. A poor agreement for BDE28 could be
a result of (i) marginal content of BDE28 in pentaBDE
commercial mixture, which could be highly uncertain, (ii)
difficulties in chemical analysis of BDE28 because of coelution
with BDE33,” and (iii) degradation of higher brominated
congeners to BDE28.” The fair agreement between modeled
and measured values for BDE209 depicts that the model
provided realistic results driven by the emission scenarios
developed in this study.

To explore which stage of the lifecycle drives the estimated
total emission in remote areas within an Arctic zone, we ran
the model for BDE209 with emissions separately from
industrial processes and in-use stock. Our results demonstrated
that the overall atmospheric trend in the Arctic follows the
same trend as the emission from the global in-use stock. In
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industrial zones (e.g, cells 79 (in RE6) and 91 (in RE1))
where PBDE manufacturers were assumed to be located, the
overall air concentration mainly followed the emissions during
the production phase while in less industrial zones (e.g., cells
132 and 133 in RE7) where PBDEs in e-waste are
inappropriately handled, the emission from waste treatment
processes was the contributor to the overall PBDE atmospheric
concentrations (Figure S10).

PBDE Emissions and Global Environmental Trends.
Since the first discovery of PBDE congeners in fish in
Sweden,* their elevated concentrations have been reported
widely in various environmental media and biota.”*™>’ Our
results suggest that BDE209 concentration in air in the Arctic
increased between the 1990s and 2008, with a doubling time of
S to 10 years (Figure S10). This result is in good agreement
with an observation where PBDE concentrations increase with
a doubling time of 3.5 years for BDE209 and 6 to 28 years for
main congeners of penta and octaBDE mixtures between 1993
and 2006.”® The observed trends in PBDE concentrations in
sediment cores across the globe mirror the estimated trends of
PBDE stocks and emissions in our study. The concentrations
of pentaBDE congeners increased from the early-1970s until
the late 1990s in European®” and until the early 2000s in
North American sediment cores.** In China, the concen-
trations of penta and octaBDE congeners in sediment cores
increased from the 1960s to 2010, while decaBDE congeners
increased sharply from the 1980s to 2010 (the most recently
dated sediment samples)."

We estimated that the global in-use stock of PBDEs in
industrialized regions increased with doubling times from 7 to
12 years from the late 1970s to early 2000s. Likewise, a meta-
analysis of the total PBDE concentrations in humans from
Japan, Europe, and North America demonstrated an
exponential increase with a doubling time of ~§ years from
the 1970s to 2005,'*" corresponding to an increase in human
tissues by a factor of 100 over 30 years.*” The exponential
increase of PBDEs from 1975 to 2000 in Swedish mothers’
breast milk** was an instrumental study for the implementation
of regulations on the use of PBDEs, especially in Europe.** Not
too long after the phase-out, PBDE concentrations in
environmental media and biota declined in North America
and Europe.* In Europe, concentrations in air declined up to
50% from 2000 to 2008,*° which is in concert with an
estimated decline rate of European PBDE in-use stocks in this
study (Figure SS). A decreasing trend with estimated half-lives
of 2 to 17 years was reported for penta and octaBDE congeners
with higher declining rates at sites closer to the urban sites than
rural sites adjacent to the Great Lake in Canada by mid-
2010s.” The declining trend in biota in urban*’ and rural
areas'” seemed to follow declining trends of PBDE stocks and
emission. The concentrations of pentaBDE congeners in breast
milk had also reached a plateau or started to decrease by 2005
in Europe,48_50 whereas BDE209 was still increasing in 2009.%°
In the US and Canada, following a sharp increase in the 1990s,
the total concentrations of PBDEs in the breast milk reached a
plateau by 2005.°"

Conflicting patterns in environmental trends of PBDEs
raised concern regarding the management of ongoing sources
of PBDEs. Recently, an increasing trend in BDE209
concentration in air was reported in Spain from 2008 to
2015." In the US, an increasing trend with a doubling time of
7 to 11 years and/or a leveling off trend was observed for penta
and octaBDE congeners at remote sites adjacent to the Great
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Lakes.'”** The temporal trend of BDE209 concentration in
air was decreasing at one of the urban sites with a halving time
of 5.9 years, while no significant changes were observed at
other remote sites.”” In contrast, Shunthirasingham et al’?
found a faster declining trend at remote areas than urban sites
in Canada.

In less industrialized regions (e.g, RE1 and RE7), the
booming of manufacturing industries, growing economy and
higher consumption,1 and inappropriate waste management
practicess‘ % have caused increasing PBDE concentrations in
the environment and human tissues in some Asian and African
countries in recent years.”’ "% In addition, the transboundary
movement of e-waste contributes to further emissions of
PBDEs and other pollutants in the less industrialized countries
and countries in transition.’

Evaluation of Estimates. Our results could successfully
portray the overall environmental trends of PBDEs and a lag
time in the occurrence of PBDE emissions between the
industrialized and less industrialized countries. Yet, the
importance of anomalous sources at each region, which
might not have been included due to the abstraction and
simplification of the model, must be considered to formulate
effective control measures. For instance, the high concen-
trations of decaBDE in Canadian Arctic predatory birds was
attributed to the presence of open landfills in Canadian
Arctic,'* or electronic waste recycling in industrialized
countries could still act as ongoing emission sources of
PBDEs to their surrounding environments.®!

We performed a sensitivity analysis to examine which input
parameter(s) are more influential on our model outputs. It
shows that our model outputs are sensitive to input parameters
in the following order: annual production rate > lifespans of
associated products > fraction of regional waste treatment
processes > emission factors during use > distribution ratio of
the technical PBDE mixtures between applications > emission
from inappropriate waste treatment > emission factors during
industrial processes. The sensitivity of the model to PBDE
production and application data emphasizes the importance of
these parameters in understanding the overall fate of PBDEs
and therefore devising proper control strategies. Despite the
discontinuation of PBDE production “supposedly” by 2014,
data on their production and consumption is still scarce. As
such, predicting their environmental fate requires extrapolation
of these data from available sources, which are subject to large
uncertainties. Data on the use and application of PBDEs
provided by each country to the Stockholm Convention are
inconsistent and bear considerable uncertainty. Moreover, it is
still not clear when the total ban on exempted products (e.g.,
military equipment and medical devices) will occur and
whether their productions will be discontinued globally. Given
the in-use stock is the main contributor to the overall PBDE
emission, more accurate data on the emission factors, usage,
and lifespan of PBDE-containing products could significantly
improve the reliability of our results. Emission factors from
industrial processes at the beginning and end of lifecycles of
products bear considerable uncertainty due to the heteroge-
neous nature of these processes, both locally and globally. For
instance, emission factors estimated from recycling facilities in
Japan were applied for all regions, which might have resulted in
an underestimation of PBDE emissions through these
processes on the global scale. It should also be mentioned
that despite the applied range of emission factors, emissions
from products could be influenced by various environmental

6337

and anthropogenic factors that might not be taken into
consideration in our estimates. As such, we defined high and
low emission scenarios to account for inevitable uncertainties
in our assumptions. As a result of limited data and information
on the fate of associated products and possible waste
management processes in less industrialized countries, any
available data for a few countries were extrapolated to describe
the entire regions. Given the anticipated transition in emissions
toward such regions in time, further research associated with
emission from informal waste and recycling processes may be
informative. In addition, estimating the quantity of PBDEs in
waste vehicles, electronics, and textiles that have been
transported to less industrialized countries remains uncertain,
largely because of the illicit nature of transboundary move-
ments of waste products. Finally, the unintentional formation
of PBDEs from various industrial processes was not included
here, as this study was deliberately restricted to CiPs.

Implications and Future Perspectives. This study
presented the first spatially and temporally resolved overview
of the fates of PBDE congeners in both the anthroposphere
and the environment. Our results demonstrated that the long
residence of PBDEs in the anthroposphere leads to continuous
emission of PBDEs to the environment, despite restrictions on
their new use in the past decade, especially in more
industrialized countries. In addition, a thorough examination
of the fate of PBDEs on a regional scale provides a
comprehensive overview of their global fate. The fire safety
requirements mainly in North America and Europe resulted in
the ubiquitous presence of PBDEs. As the demand of PBDE-
containing products declined in more industrialized countries,
their use increased in the less industrialized countries because
of economic growth. Moreover, the export of associated waste
products to less industrialized countries or countries in
transition contributed to their global emissions. This will also
be applicable for other flame retardants and CiPs, which
emphasizes the need for holistic approaches to better
investigate the unequal flows of contaminants between
industrialized and less industrialized regions.

While our emission scenarios are subject to uncertainties,
the fair agreement between model predictions and observa-
tions suggests that the emission inventory may serve as a
valuable starting point to help decipher the spatial and
temporal trends of PBDEs in both the anthroposphere and the
environment. In particular, the established trends of PBDE
stocks and emissions in this study systematically portray the
existing lags in time and space in current chemical manage-
ment practices. On the one hand, despite the phase-out of
PBDEs, the emission of PBDEs from in-use and waste stocks
will continue until 2050. Such a delay between the
discontinued production and emission reflects a “time lag”.
As demonstrated here, PBDE emissions from production
declined in immediate response to restrictions on the
production and new use of PBDEs in regions where the
production took place. However, emission from the wide-
spread stock of PBDEs continued for a longer period of time.
In fact, atmospheric concentrations of PBDE in the Arctic and
other remote regions appear largely dictated by the temporal
trends in emissions from in-use stock. Moreover, such a
decadal time lag between the discontinued production and
emission seems common for a wide array of chemicals in
products, such as polychlorinated biphenyls,®* hexabromocy-
clododecane,'’ perfluoroalkyl substances,”> and short-chain
chlorinated paraffins.”* As such, future chemical management
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policies should regulate not only the production and new use
of these chemicals but also possible future emissions from their
long-term in-use and waste stocks.

On the other hand, the transition of emission sources from
one region to the other has also created a “space lag”. The
global market demand for PBDEs doubled in the 1990s
because of the enforcement of fire safety codes and increasing
demand for associated products in North America and Europe.
Almost 20 years later when PBDEs have been recognized as
ubiquitous environmental contaminants in more industrialized
regions, their consumption peaked in less industrialized
countries and/or countries in transition. In particular, the
trade of waste containing PBDEs resulted in minor changes in
their emission in the industrialized countries, while it resulted
in a significant increase in the less industrialized countries.
Consequently, PBDE contaminations in less industrialized
countries are becoming a pressing environmental problem. As
it was also illustrated previously by Breivik et al,” the export of
e-waste to warmer regions could preclude the objective of
emission reduction strategies of the Stockholm Convention at
the global scale because of enhanced emission of semivolatile
organic contaminants from informal waste and disposal
activities.

In the context of the global environment, our work confirms
that stopping production of CiPs, after decades of use, will not
adequately address and quickly solve their long-term environ-
mental impacts.'”*° Additionally, we estimated that a
significant amount of PBDEs (about 70 kt) was subject to
inadvertent recycling, which could lead to undesirable
reappearance of PBDEs and possibly other legacy contami-
nants in new products including children toys.” In the context
of the circular economy, if no further efforts will be taken to
efficiently divert PBDEs from the waste stream, an additional
45 kt of PBDEs are expected to be recycled and reappear in
plastic products. In the context of the “Clean Planet, Healthy
People” that aims to achieve global health for people and the
environment, regulations must provide more stringent guide-
lines on the new use of alternative chemicals prior to their
application in consumer products to prevent their wide
distribution and the potential long-term risk of harmful CiPs
to environmental and human health on a global scale.
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