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Abstract	

The	 objective	 of	 this	 thesis	 was	 to	 assess	 the	 environmental	 fate	 and	 transport	 of	
chemicals	emitted	from	consumer	products	through	the	development	and	application	of	
modelling	tools.	The	following	hypotheses	were	tested:	i)	Multimedia	fate	models	can	be	
applied	 in	 a	 multistage	 assessment	 process	 to	 emerging	 chemicals	 when	 limited	
knowledge	exists	to	identify	the	likely	environmental	fate	and	to	direct	further	research;	
ii)	 the	 indoor	 environment	 acts	 as	 a	 source	 of	 anthropogenic	 substances	 in	 consumer	
products	to	the	outdoor	environment;	and	iii)	chemical	removal	pathways	in	the	indoor	
environment	are	important	for	the	fate	of	organic	chemicals	in	densely	populated	areas.	

The	thesis	shows	that	a	structured	chemical	fate	assessment	strategy	can	and	should	be	
applied	at	early	stages	of	the	evaluation	of	emerging	chemicals	to	assess	their	fate	and	to	
direct	 further	 research.	 Multimedia	 fate	 models	 play	 a	 key	 role	 in	 this	 strategy.	 The	
three‐solubility	 approach	 is	 a	 simple,	 rapid	 method	 that	 can	 be	 used	 to	 estimate	
physical‐chemical	properties	for	use	in	early	stage	evaluation	(Paper	I).	Emissions	in	the	
indoor	environment	affect	the	urban	fate	of	hydrophobic	organic	chemicals	by	providing	
additional	removal	pathways	and	prolonging	urban	chemical	residence	times	compared	
to	outdoor	emissions	(Paper	 III).	Emissions	of	BDE	209,	DINP	and	DEHP	to	Stockholm	
indoor	air	were	estimated	to	be	0.1,	3.4	and	290	mg/capita	year,	respectively	(Paper	IV).	
The	 contribution	 of	 emissions	 indoors	 to	 outdoor	 air	 pollution	 varies	 between	
substances.	For	BDE	209,	emissions	in	the	indoor	environment	added	38	%	to	the	mass	
entering	 Stockholm	 city	with	 inflowing	 air.	 For	 Sweden,	 the	 indoor	 environment	was	
estimated	to	account	for	80	%	of	BDE	209	emissions	to	outdoor	air	(Papers	II	and	IV).	
For	 the	 phthalates,	 outdoor	 emissions	 and/or	 background	 inflow	 are	 the	 dominant	
sources	 to	 outdoor	 air	 pollution	 in	 Stockholm	 and	 the	 influence	 of	 the	 indoor	
environment	is	limited	(Paper	IV).  	
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Svensk	sammanfattning	

Målet	 med	 denna	 avhandling	 var	 att	 bedöma	 spridning	 och	 fördelning	 i	 miljön	 av	
kemikalier	 som	släpps	ut	 från	konsumentprodukter	genom	utveckling	och	 tillämpning	
av	 modelleringsverktyg.	 Följande	 hypoteser	 testades:	 i)	 Multimediamodeller	 kan	
tillämpas	i	en	stegvis	bedömning	av	nya	kemikalier	där	begränsade	kunskaper	finns,	för	
att	 identifiera	hur	ämnena	fördelas	och	transporteras	 i	miljön,	samt	ge	anvisningar	till	
ytterligare	 forskning,	 ii)	 inomhusmiljön	 fungerar	 som	 en	 källa	 till	 utemiljön	 för	
antropogena	 ämnen	 som	 används	 i	 konsumentprodukter,	 och	 iii)	 aktiviteter	 som	
avlägsnar	 kemkalier	 i	 inomhusmiljön	 har	 betydelse	 för	 hur	 icke‐flyktiga,	 svårlösliga	
ämnen	rör	sig	i	den	urbana	miljön.	

Avhandlingen	 visar	 att	 en	 strukturerad	 strategi	 för	 kemikaliebedömning	 kan	 och	 bör	
tillämpas	 på	 ett	 tidigt	 stadium	 i	 utvärderingsprocessen	 av	 nya	 kemikalier	 för	 att	 ge	
kunskap	om	hur	dessa	sannolikt	sprids	och	fördelas	i	miljön	och	för	att	ge	anvisningar	
för	vidare	forskning.	Multimediamodeller	har	en	viktig	roll	i	denna	strategi.	En	enkel	och	
effektiv	metod	(”three‐solubility	approach”)	som	kan	användas	i	ett	tidigt	skede	för	att	
uppskatta	 fysikalisk‐kemiska	egenskaper	för	nya	ämnen,	 illustreras	 i	Paper	I.	Utsläpp	i	
inomhusmiljön	påverkar	den	urbana	 spridningen	och	 transporten	av	 svårlösliga,	 icke‐
flyktiga	organiska	ämnen	genom	att	aktiviteter	 i	 inomhusmiljön	 leder	till	bortförsel	av	
kemikalier	 och	 genom	 att	 uppehållstiden	 i	 den	 urbana	 miljön	 förlängs	 jämfört	 med	
utsläpp	 till	 utomhusluft	 (Paper	 III).	 Utsläppen	 av	 BDE	 209,	 DINP	 och	 DEHP	 till	
Stockholms	 inomhusluft	 uppskattades	 till	 0,1,	 3,4	 och	 290	 mg/capita	 år	 (Paper	 IV).	
Inomhusmiljöns	 betydelse	 för	 utomhusmiljön	 varierar	 mellan	 ämnen.	 För	 BDE	 209,	
uppskattas	 inomhusmiljön	 tillföra	38	%	 till	 den	mängd	 som	kommer	 in	 till	 Stockholm	
med	 inströmmande	 luft.	På	Sverige‐nivå	uppskattas	 inomhusmiljön	stå	 för	ca	80	%	av	
utsläppen	 av	 BDE	 209	 till	 uteluft	 (Paper	 II	 och	 IV).	 För	 ftalater	 är	 utsläppskällor	
utomhus	och/eller	inflödet	med	bakgrundsluft	viktigare	än	bidraget	från	inomhusmiljön	
för	förekomsten	i	urban	luft	(Paper	IV).		
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Objectives	
The	 overriding	 objectives	 of	 this	 thesis	 were	 to	 assess	 the	 environmental	 fate	 and	
transport	of	chemicals	emitted	 from	consumer	products	 through	the	development	and	
application	of	modelling	tools.	This	was	performed	by	testing	the	following	hypotheses:	
i)	 Multimedia	 fate	 models	 can	 be	 applied	 in	 a	 multistage	 assessment	 process	 to	
emerging	chemicals	where	limited	knowledge	exists,	to	identify	the	likely	environmental	
fate	 and	 to	 direct	 further	 research;	 ii)	 the	 indoor	 environment	 acts	 as	 a	 source	 of	
anthropogenic	substances	employed	in	consumer	products	to	the	outdoor	environment;	
and	iii)	chemical	removal	pathways	in	the	indoor	environment	are	important	for	the	fate	
of	organic	chemicals	in	densely	populated	areas.	

The	specific	objectives	of	papers	I	‐	IV	were:	

Paper	I	

The	main	purpose	of	this	paper	was	to	demonstrate	a	six‐stage	assessment	process	for	
evaluation	of	 chemicals	of	 emerging	 concern.	The	approach	was	demonstrated	 for	 the	
polybrominated	 diphenyl	 ethers	 (PBDEs),	 a	 class	 of	 chemical	 substances	 extensively	
used	 in	 consumer	products,	 for	which	 the	 knowledge	 on	properties,	 sources,	 fate	 and	
effects	at	the	time	of	writing	(2001)	was	limited.	

Paper	II		

The	main	 objective	 of	 this	 paper	was	 to	 investigate	 the	 importance	 of	 indoor	 air	 as	 a	
source	of	PBDEs	to	urban	outdoor	air.	

Paper	III	

The	 main	 objective	 of	 this	 paper	 was	 to	 evaluate	 the	 influence	 of	 the	 indoor	
environment	on	the	fate	of	organic	chemicals	in	densely	populated	areas	by	developing	a	
modelling	tool	which	incorporates	the	indoor	environment	as	a	constituent	of	the	urban	
environment.	The	objective	was	also	to	identify	key	transport	pathways	and	to	study	the	
conditions	under	which	these	pathways	are	important.	

Paper	IV	

The	main	objective	of	this	paper	was	to	apply	the	model	developed	in	Paper	III	to	assess	
whether	realistic,	measurement	based	emission	estimates	to	indoor	air	can	explain	the	
occurrence	 of	 BDE	 209	 and	 two	 phthalate	 esters	 in	 the	 indoor	 environment	 and	 to	
assess	how	such	emissions	contribute	to	urban	outdoor	air	pollution.	
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1 Introduction	

1.1 Human	exposure	to	environmental	pollutants	–	historical	background	
Historically,	organic	chemicals	were	released	from	industrial	processes	without	further	
treatment	of	air	exhausts	or	wastewater	effluents	 (dioxins,	PAHs,	PCBs,	biocides).	The	
adverse	 environmental	 impact	 was	 sometimes	 immediate	 and	 obvious.	 This	 led	 to	
extensive	 regulatory	 measures,	 eventually	 resulting	 in	 the	 strict	 control	 programs	 of	
industrial	 chemical	 emissions	 that	we	 see	 today.	 In	 addition,	 specific	 substances	were	
also	 banned	 or	 severely	 regulated.	 For	 example,	 as	 a	 result	 of	 their	 persistence,	
bioaccumulation,	and	long‐range	transport	potential,	chemicals	such	as	PCBs,	DDT	and	
HCH	are	 today	 listed	 for	 a	 global	 restriction/ban	under	 the	Stockholm	Convention	 for	
Persistent	Organic	Pollutants	(Hagen	and	Walls,	2005).		

Regulatory	 actions	 to	 reduce	 emissions	 may	 affect	 human	 exposure	 to	 industrial	
chemicals.	 Swedish	 biomonitoring	 studies	 using	 human	 milk	 show	 declining	 trends	
since	the	early	70’s	of	industrial	semivolatile	organic	chemicals	(SVOCs)	that	have	been	
subject	 to	 strict	 regulations.	 Examples	 of	 such	 SVOCs	 are	 polychlorinated	 biphenyls	
(PCBs),	 dioxins	 and	 some	 pesticides.	 Meanwhile,	 levels	 of	 others,	 e.g.	 the	
polybrominated	diphenyl	ethers	(PBDEs),	increased	until	the	late	90’s	(Fängström	et	al.,	
2008;	 Solomon	 and	Weiss,	 2002).	 Since	 2000,	 the	 levels	 of	 lower	 brominated	 PBDEs	
appear	 to	 have	 declined	 whereas	 higher	 brominated	 congeners	 continued	 to	 rise	
(Fängström	 et	 al.,	 2008).	 This	 is	 possibly	 a	 result	 of	 the	 European	 ban	 of	 lower	
brominated	 BDEs.	 In	 2005,	 the	World	Wildlife	 Fund	 published	 a	 biomonitoring	 study	
where	women’s	blood	from	three	generations	of	13	families	across	Europe	was	analyzed	
for	 107	 different	 industrial	 chemicals	 (WWF,	 2005).	 This	 study	 observed	 a	 changing	
chemical	 pattern	 from	 old	 to	 young,	 where	 the	 blood	 of	 the	 younger	 generation	was	
contaminated	 with	 “modern”	 chemicals	 commonly	 applied	 in	 everyday	 consumer	
products.	The	blood	of	the	older	generation	contained	a	larger	number	of	chemicals,	but	
mainly	restricted	or	banned	substances,	such	as	PCBs,	DDTs	etc.	It	was	striking	that	the	
children’s	blood	was	also	contaminated	with	PCBs,	although	they	were	born	years	after	
the	ban	was	introduced.	Since	1999,	the	U.S.	National	Health	and	Nutrition	Examination	
Survey	(NHANES)	have	regularly	monitored	environmental	pollutants	in	human	tissues	
in	 the	 North	 American	 population.	 These	 surveys	 indicate	 widespread	 occurrence	 of	
industrial	 organic	 chemicals	 (e.g.	 PBDEs,	 bisphenol	 A	 and	 PFOA)	 across	 the	 North	
American	 population.	 Altogether,	 these	 biomonitoring	 studies	 show	 that	 despite	 our	
efforts	 to,	 sometimes	 effectively,	minimize	 chemical	 pollution	 from	 industrial	 sources	
and	 regulate	 the	use	of	problematic	 substances,	human	exposure	 to	 industrial	organic	
chemicals	still	occurs.		

1.2 Urban	chemical	accumulation	
One	explanation	for	the	continued	exposure	to	industrial	organic	chemicals	is	that	–	in	
line	with	 technical	 development	 and	material	 refinement	 –	more	 synthetic	 functional	
chemicals	 have	 come	 into	 use.	 The	 increased	 economic	 well‐being	 in	 modern	 and	
developing	societies	has	led	to	an	increasing	demand	for	modern	electronic	equipment,	
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plastic	polymers,	 clothing,	 and	building	materials.	 For	example,	 the	global	demand	 for	
polymers	for	electrical	and	electronic	applications	 is	expected	to	 increase	at	an	annual	
growth	 rate	 of	 6.9%	 from	 15.6	 Mtons	 in	 2011	 to	 over	 23	 Mtons	 in	 2017	
(www.plastemart.com).	This	has	resulted	in	production	and	application	of	thousands	of	
new	chemicals	which	are	incorporated	in	everyday	consumer	articles.	As	humans	tend	
to	cluster	in	cities,	consumer	articles	and	thereby	chemicals	incorporated	in	them	tend	
to	also	accumulate	in	these	areas.	Many	of	the	chemicals	occur	in	the	articles	as	residues	
or	 additives,	 and	 may	 be	 released	 from	 these	 throughout	 the	 product	 lifetime.	 As	 a	
result,	exposure	to	such	chemicals	may	not	primarily	occur	at	the	industrial	site	where	
they	are	produced,	but	rather	where	they	are	used.	Exposure	may	also	occur	indirectly	
through	contact	with	or	ingestion	of	e.g.	indoor	dust	or	biological	matrices	where	these	
chemicals	 have	 ended	 up.	 The	 exposure	 to	 organic	 chemicals	 of	 anthropogenic	 origin	
may	be	of	particularly	high	concern	in	urban	areas	because	of	the	higher	concentration	
of	products	and	goods.			

Ultimately,	exposure	of	humans	and	wildlife	to	anthropogenic	substances	with	potential	
negative	 health	 effects	 should	 be	 avoided.	 Biomonitoring	 studies	 are	 helpful	 in	
measuring	exposure	that	has	already	taken	place,	but	other	tools	are	needed	to	assess	
future	 exposure	 as	 well	 as	 exposure	 that	 cannot	 be	 readily	 measured.	 An	 integrated	
analysis	 of	 the	 implications	 for	 human	 exposure	 of	 chemical	 release	 pathways,	
properties	 and	 partitioning	 behaviour	 as	 well	 as	 environmental	 properties	 requires	
instruments	 that	 take	 all	 these	 aspects	 into	 consideration.	 This	 has	 led	 to	 the	
development	 of	 multimedia	 fate	 models	 (MFMs)	 (Mackay,	 2001;	 Wania	 and	 Mackay,	
1999),	which	have	now	been	in	use	for	more	than	30	years	(Buser	et	al.,	2012).	

1.3 Multimedia	Fate	Models	as	tools	for	assessing	chemical	fate	
MFMs	are	computer	based	tools	that	utilise	knowledge	of	chemical	properties,	releases,	
transport	pathways,	and	environmental	properties	to	calculate	concentrations	in	target	
environmental	media.	These	can	be	used	in	a	chemical	exposure	and/or	risk	assessment.	
MFMs	have	been	used	for	decades	to	estimate	chemical	transport	and	fate	on	different	
geographical	 scales	 to	 assist	 in	 decision	 making	 and	 risk	 assessment,	 to	 identify	
vulnerable	risk	groups,	and	to	prioritize	chemicals	for	regional	monitoring	or	regulatory	
measures.	 MFMs	 strive	 to	 mimic	 the	 nature	 of	 a	 defined	 environmental	 system	 in	 a	
simplified	 manner	 but	 with	 enough	 complexity	 to	 produce	 realistic	 estimates	 of	
environmental	 concentrations.	MFMs	can	also	be	used	 to	predict	 chemical	persistence	
and	 response	 time	 to	 changes	 in	 release	 and/or	 environmental	 conditions.	
Compartments	usually	included	in	MFMs	are	air,	water,	soil,	and	sediment,	but	also	sub‐
compartments	such	as	particles,	 interstitial	water,	or	air	may	also	be	defined	(Mackay,	
2001).	 Depending	 on	 the	 purpose	 of	 the	 model,	 some	 MFMs	 include	 multiple	
compartment	 layers	 and/or	 vegetation	 (e.g.	 Bennett	 et	 al.	 (1998);	 Cahill	 and	Mackay	
(2003);	McKone	and	Bennett	(2003)).	 	MFMs	have	also	been	developed	specifically	for	
urban	environments,	one	of	 the	major	differences	 to	 the	generic	environmental	MFMs	
being	the	incorporation	of	impervious	surfaces	(Diamond	et	al.,	2001;	Prevedouros	et	al.,	
2008).	More	 recently,	 indoor	 chemical	 fate	models	 have	 been	 developed	 to	 study	 the	
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indoor	fate	of	pesticides	(Bennett	and	Furtaw,	2004)	and	PBDEs	(Zhang	et	al.,	2009)	and	
the	 resulting	 implications	 for	 human	 exposure,	 thus	 providing	 a	 first	 step	 towards	
indoor	MFMs	for	application	to	chemicals	used	 in	consumer	products.	However,	 few	if	
any	attempts	have	been	made	to	specifically	address	the	linkage	between	the	indoor	and	
the	urban	outdoor	environment,	and	its	implications	for	chemical	fate	and	exposure.			

1.4 Challenges	in	assessing	the	fate	of	chemicals	released	from	consumer	
products	

Assessing	the	fate	and	exposure	of	chemicals	 in	consumer	products	poses	a	number	of	
challenges	 to	 the	environmental	modeller.	This	 is	especially	 true	at	early	stages	 in	 the	
assessment	process,	when	limited	knowledge	exists	regarding	properties	and	emissions,	
and	 for	 chemicals	 with	 no	 clear	 “point	 sources”.	 Three	 main	 challenges	 are	 outlined	
below:	

1) Physical‐chemical	properties.	Emerging	chemicals	incorporated	in	new	consumer	
products	 are	 often	 poorly	 characterised	 regarding	 their	 physical‐chemical	
properties.	 In	 some	 cases	 where	 the	 knowledge	 exists,	 it	 may	 be	 restricted	 to	
producing	companies	that	do	not	disclose	 it	to	the	general	public.	This	can	be	a	
major	hindrance	to	independent	exposure	assessment.		

2) Quantification	of	 emissions.	Emission	 sources	 of	 chemicals	 applied	 in	 consumer	
products	are	often	multiple	and	diffuse	and	thus	difficult	to	quantify.	As	pointed	
out	by	Wania	and	Mackay	(1999),	even	the	best	emission	estimates	of	chemicals	
with	limited	and	specific	applications,	such	as	pesticides,	are	highly	uncertain	and	
can	 vary	 by	 orders	 of	magnitude.	 For	 chemicals	 that	 have	multiple	 and	 varied	
uses,	this	is	naturally	even	more	difficult.	If	the	chemical	is	“new”	on	the	market,	
the	 actual	 emission	 sources	 may	 also	 be	 poorly	 identified.	 Furthermore,	 in	
today’s	 age	 of	 global	 trade,	 chemicals	 are	 usually	 imported,	 and	 they	 are	 often	
already	 incorporated	 in	 finished	articles.	The	volumes	of	 chemicals	 in	products	
entering	a	certain	region	are	often	unknown,	 limiting	the	possibility	to	quantify	
chemical	stocks	and	emissions.		

3) Release	 and	 transport	 pathways.	 Many	 modern	 chemicals	 are	 applied	 in	 and	
potentially	 released	 from	 articles	 used	 in	 the	 indoor	 environment,	 leading	 to	
human	exposure	and/or	 further	 transport	 to	 the	outdoor	 environment.	 Studies	
addressing	indoor/outdoor	concentration	ratios	have	indicated	a	potential	of	the	
indoor	environment	to	act	as	a	source	to	the	local	outdoor	environment	(Butt	et	
al.,	 2003;	 Jamshidi	 et	 al.,	 2007;	 Shoeib	 et	 al.,	 2004;	 Shoeib	 et	 al.,	 2005).	
Subsequent	 transport	 from	 the	 local	 to	 the	 regional	 environment	 has	 been	
illustrated	in	studies	measuring	urban‐rural‐gradients	of	SVOCs	(Butt	et	al.,	2003;	
Gouin	 et	 al.,	 2005;	Harner	 et	 al.,	 2004;	Wong	 et	 al.,	 2009).	 Detailed	 knowledge	
about	 the	 chemical’s	 uses	 is	 therefore	 needed	 to	 properly	 determine	 the	
dominant	release	and	transport	pathways.		

The	 state‐of	 the‐art	 in	 local	 and	 regional	 scale	 chemical	 risk	 assessment	 is	 to	 assign	
emissions	 to	 air,	 water	 or	 soil	 (ECB,	 2002;	 ECB,	 2003;	 ECB,	 2008a;	 ECB,	 2008b).	
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Emissions	indoors	have	previously	been	used	to	estimate	human	exposure,	but	this	has	
been	 largely	 limited	 to	 volatile	 organic	 chemicals	 (VOCs)	 (Destaillats	 et	 al.,	 2008;	
Mendell,	 2007;	 Yu	 and	 Crump,	 1998)	 and	 only	 in	 rare	 cases	 SVOCs	 (Destaillats	 et	 al.,	
2008).	 The	 indoor	 environment	 has	 not	 yet	 been	 studied	 as	 a	 primary	 recipient	 and	
potential	mediator	of	transport	of	SVOCs	to	the	outdoor	environment.	Instead,	emissions	
of	SVOCs	during	the	service	life	of	articles	have	traditionally	been	regarded	as	emissions	
to	“air”	(i.e.	outdoor	air).	This	may	be	misleading,	since	the	indoor	environment	contains	
multiple	 surfaces	with	 the	 potential	 to	 store	 chemicals	 for	 longer	 or	 shorter	 periods,	
which	 may	 alter	 their	 fate	 and	 transport	 and	 thus	 the	 potential	 for	 exposure	 in	 the	
indoor	and	outdoor	environments.		The	indoor	and	outdoor	environments	are	naturally	
linked	 to	 one	 another.	 Chemicals	 may	 be	 transported	 from	 the	 indoor	 to	 the	 urban	
outdoor	 environment	 via	 ventilation	 systems,	 but	 also	 through	 sewage	 systems	 or	
otherwise	be	 released	via	 the	waste	handling	system.	This	 is	 then	 followed	by	 further	
transport	to	the	regional	environment	(Figure	1).	

	

Figure 1. Schematic illustration of the coupling between indoor, urban, and regional environments. 

   



15 
 

2 Methods	

2.1 Study	substances	
This	 thesis	 is	 largely	 process‐oriented,	 i.e.	 the	 models	 and	 methods	 presented	 are	
general	and	not	chemical	specific,	but	can	conceivably	be	applied	to	most	organic,	non‐
ionic	 substances.	 The	 chemicals	 selected	 as	 study	 substances	 are	 the	 polybrominated	
diphenyl	ethers	(PBDEs)	(Papers	I‐IV)	and	two	phthalate	esters,	diethylhexylphthalate	
(DEHP)	 and	 diisononylphthalate	 (DINP)	 (Papers	 III‐IV).	 	 PBDEs	 and	 phthalate	 esters	
are	examples	of	organic,	non‐polar	chemicals	commonly	applied	in	consumer	products	
such	as	plastics,	building	materials,	textiles	as	well	as	electrical	and	electronic	products.	
Because	 of	 the	wide	 and	 diffuse	 use,	 their	 emission	 sources	 are	multiple	 and	 diffuse.	
Their	use	 in	consumer	products	makes	 them	relevant	 for	urban‐scale	 fate	assessment.	
At	 the	 time	 of	 writing	 Paper	 I,	 the	 knowledge	 about	 properties,	 emissions	 and	
environmental	occurrence	of	PBDEs	was	fairly	limited	and	therefore	they	were	suitable	
to	illustrate	an	initial,	evaluative	fate	assessment,	which	provides	a	sound	base	for	future	
assessments.	 Paper	 III	 includes	 two	 additional	 substances;	 formaldehyde	 and	 2,4,6‐
tribromophenol,	which	were	 selected	 to	 illustrate	 the	effect	 of	 indoor	 fate	on	outdoor	
environmental	pollution	for	chemicals	with	a	wider	range	of	properties.	Table	1	shows	
the	chemical	structures	of	the	substances	addressed	in	this	thesis.		

Table 1.	Chemical structures of study substances treated in this thesis.		

BDE	209	 BDE	47*	

	

DEHP	 DINP	

2,4,6‐TBP	
Form‐
aldehyde 

 

 

*	other	PBDE	congeners	were	also	studied	

2.2 The	six‐stage	strategy	
Common	 difficulties	 facing	 environmental	 assessors	 of	 emerging	 chemicals	 are	 the	
general	 absence	 of	 measured	 physical‐chemical	 properties	 as	 well	 as	 quantitative	
information	about	emissions.	Data	on	concentrations	of	the	chemical	in	the	environment	
that	 are	 needed	 for	 evaluation	 of	model	 results	 are	 often	missing.	 Still,	 it	 is	 useful	 to	
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perform	 early	 assessments	 with	 limited	 information,	 as	 they	 can	 identify	 key	
weaknesses	 in	 the	knowledge	base	and	give	 important	directions	 to	 further	studies	 to	
strengthen	 it.	Paper	I	 illustrates	a	six‐stage	strategy	 to	do	 this,	originally	proposed	by	
Mackay	 and	 co‐workers	 (Mackay	 et	 al.,	 1996a;	 Mackay	 et	 al.,	 1996b;	 Mackay	 et	 al.,	
1996c;	MacLeod	and	Mackay,	1999),	by	applying	it	 to	the	PBDEs,	which,	at	 the	time	of	
publishing	 were	 fairly	 “new”	 in	 an	 environmental	 context.	 The	 six	 assessment	 stages	
include:	

1) Chemical	classification	and	determination	of	properties	
2) Acquisition	of	discharge	or	emission	data	and	environmental	concentrations	
3) Evaluative	assessment	of	the	likely	behaviour	of	the	chemical	in	the	environment	
4) Regional	or	“far‐field”	evaluation	of	fate,	to	estimate	regional	fate	and	

concentrations,	with	validation	where	possible	
5) Local	or	near‐field	evaluation	of	fate,	to	establish	behaviour	and	concentrations	

in	highly	exposed	localities,	again	with	validation	where	possible;	and	
6) Comparison	of	these	estimated	and	observed	concentrations	with	effect	or	no‐

effect	levels.	

The	work	presented	in	this	thesis	focussed	on	the	first	five	stages,	which	are	addressed	
to	various	extents	throughout	the	thesis.	

2.3 Estimating	physical‐chemical	properties	of	emerging	chemicals	
Physical‐chemical	 properties	 of	 emerging	 pollutants	 are	 seldom	 reported	 in	 the	
literature,	 and	 lack	 of	 pure	 compounds	 may	 hinder	 property	 determination.	 For	
chemicals	 belonging	 to	 a	 homologue	 series,	 such	 as	 the	 PBDEs	 and	 phthalate	 esters,	
property	data	 reported	 for	 some	of	 the	 substances	within	 the	 series	 can	be	used	 as	 a	
basis	 to	 estimate	 properties	 for	 other	 substances	 within	 the	 same	 group.	 This	 is	
achieved	 through	 the	 application	 of	 a	 quantitative	 structure‐property	 relationship	
(QSPR)	method.	The	so‐called	“three	solubility	approach”	provides	a	systematic	scheme	
where	 QSPRs	 are	 used	 to	 relate	 physical‐chemical	 properties	 to	 environmental	
partitioning	 and	 to	 generate	 internally	 consistent	 estimates	 of	 key	 partitioning	
parameters.	 It	 was	 originally	 developed	 and	 applied	 to	 the	 chlorobenzenes	 (Cole	 and	
Mackay,	2000)	and	later	to	the	phthalate	esters	(Cousins	and	Mackay,	2000).	In	Paper	I,	
it	was	applied	to	the	PBDEs.	

In	 brief,	 the	 three	 solubilities	 (mol/m3):	 SA	 in	 air,	 SW	 in	 water	 and	 SO	 in	 octanol	 are	
calculated	as	follows:	

SA	=	PSL/RT;	 		 	 	 	 (1)	 	
SW	=	WS/MF;		 	 	 	 (2)	
SO	=	KOWSW		 	 	 	 	 (3)	

Here	R	is	the	gas	constant	(8.314	Pa	m3/K	mol),	T	is	the	temperature	(K),	WS	is	the	solid	
solubility	 in	 water	 (g/m3),	 M	 is	 molar	 mass	 (g/mol)	 and	 KOW	 is	 the	 octanol‐water	
partition	coefficient.	F	in	equation	2	is	the	fugacity	ratio,	which	is	estimated	from		
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Log	F	=	‐6.79(TM‐T)/(2.303T)		 	 	 (4)	

where	TM	is	the	melting	point	and	T	is	the	temperature	of	the	system	(Mackay,	2001).	PSL	
in	 equation	 1	 is	 the	 sub‐cooled	 liquid	 vapor	 pressure	 (Pa),	which	 is	 derived	 from	 the	
solid	vapor	pressure	PSS	(Pa)	and	the	fugacity	ratio	F	through		

PSL	=	PSs/F	 	 	 	 	 (5)	

By	 calculating	 solubilities	 based	 on	 all	 available	 reported	 data	 and	 correlating	 them	
against	a	molecular	descriptor,	in	this	case	the	Le	Bas	molar	volume	(Reid	et	al.,	1987),	
best‐estimates	 of	 the	 three	 solubilities	 can	 be	 derived	 for	 the	 entire	 chemical	 group.	
From	these,	the	key	partition	coefficients	KOW,	KAW	and	KOA	were	derived.	

2.4 Estimating	emissions	of	chemicals	released	from	consumer	products	
Emission	 estimates	 have	 been	 a	major	 question	 throughout	 this	 thesis.	 Four	 different	
methods	were	applied:	

a) Population‐based	extrapolation	of	a	national	substance‐flow	analysis	(SFA)	study	
combined	 with	 industrial	 and	 technical	 information	 for	 homologue‐specific	
release	estimates	(PBDEs,	Paper	I).		

b) Region‐specific	 SFA	 calculations	 (PBDEs,	 Paper	 II).	 This	 usually	 considers	
emissions	from	products	as	well	as	potential	industrial	sources.	

c) Inverse	 multimedia	 fate	 modelling,	 i.e.	 tuning	 emissions	 to	 fit	 the	 model’s	
predictions	 of	 concentrations	 in	 environmental	 media	 to	 environmental	
monitoring	data	(PBDEs	+	phthalate	esters,	Paper	IV)	

d) Experimental	measurements	of	source‐specific	release	rates	(PBDEs	+	phthalate	
esters	Paper	II	and	IV).	This	method	can	be	used	on	its	own	or	as	a	component	in	
method	b.	

In	 Paper	 I,	 emissions	 of	 PBDEs	 were	 estimated	 based	 on	 a	 Danish	 substance	 flow	
analysis	of	brominated	flame	retardants	as	a	group	(Lassen	et	al.,	1999).	No	emissions	of	
technical	products	or	specific	congeners	were	presented	in	the	Danish	study.	Technical	
and	industry	information	on	market	shares	of	different	BFR	products	were	sought	and	
the	 general	 congener	 composition	 of	 these	 products	 was	 used	 to	 estimate	 per	 capita	
emissions	 to	 air,	 water	 and	 soil.	 In	Paper	 II,	 a	 region‐specific	 SFA	 was	 employed	 to	
calculate	 emissions	 of	 PBDEs	 to	 outdoor	 air.	 This	was	 combined	with	 new,	 empirical	
measurements	of	releases	from	the	indoor	environment.	The	literature	was	searched	for	
additional	potential	emission	sources	and	measured	emission	rates	and	the	occurrence	
of	 such	 sources	 in	 Sweden	 was	 investigated.	 One	 chemical	 for	 which	 emissions	 from	
products	(i.e.	PVC)	has	been	investigated	in	a	number	of	studies	is	DEHP	(Afshari	et	al.,	
2004;	Clausen	et	al.,	2004;	Clausen	et	al.,	2011;	Clausen	et	al.,	2010;	Clausen	et	al.,	2007).	
In	Paper	IV,	similar	measurements	were	conducted	for	DINP.	
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2.5 Evaluative	fate	assessment	
When	a	chemical	is	first	discovered	in	environmental	samples,	 it	 is	beneficial	to	assess	
its	 general	 transport	 and	 fate.	 By	 conducting	 such	 an	 evaluative	 fate	 assessment,	 a	
“benchmark”	environmental	profile	can	be	generated	and	compared	to	the	fate	of	other	
chemicals	 in	 the	 same	 evaluative	 environment.	 In	Paper	 I,	 the	 EQuilibrium	 Criterion	
(EQC)	 model	 (Mackay	 et	 al.,	 1996a)	 was	 applied	 to	 assess	 the	 likely	 fate	 of	 PBDEs,	
corresponding	to	Stage	3	under	the	six‐stage	strategy	presented	above.	The	EQC	model	
is	 an	 evaluative	 fate	 model	 with	 generic	 environmental	 properties.	 The	 long‐range	
transport	 potential	 of	 the	 PBDEs	 was	 assessed	 using	 the	 TaPL3	 model	 (Beyer	 et	 al.,	
2000),	 which	 is	 based	 on	 the	 EQC	 model,	 but	 without	 advective	 losses.	 It	 is	 used	 to	
calculate	the	characteristic	travel	distance	(CTD),	mainly	for	comparative	purposes.	

2.6 	Regional	and	local	–	scale	fate	assessment	
The	aim	of	stage	4	 in	 the	multi‐stage	strategy	 is	 to	reconcile	estimated	emissions	with	
observed	monitoring	data	on	the	regional	scale.	This	is	to	ascertain	that	all	emissions	are	
fully	 accounted	 for	 and	 to	 determine	 if	 the	 key	 fate	 processes	 are	 in	 accordance	with	
model	predictions.	In	Paper	I,	preliminary	emission	estimates	were	used	as	input	to	the	
regional	assessment	tool	SimpleBox	2.0	(Brandes	et	al.,	1996).	SimpleBox	was	selected	
since	 it	 is	 a	 recognized	 regulatory	 tool	 and	 the	 preferred	 modelling	 tool	 for	 risk	
assessment	 within	 the	 European	 Union.	 The	 results	 were	 compared	 to	 available	
monitoring	data.	

Urban	areas	are	believed	 to	be	of	 special	 interest	 for	 chemicals	 in	 consumer	products	
such	 as	 PBDEs	 and	 phthalate	 esters,	 for	 reasons	 outlined	 in	 section	 1.2.	 Urban	 areas	
were	also	 recommended	as	 study	areas	 for	 local‐scale	 fate	 assessment	 (stage	5	 in	 the	
multi‐stage	 strategy)	 of	 PBDEs	 in	 Paper	 I.	 The	 Stockholm	 Multimedia	 URban	 Fate	
(SMURF)	model	 (Figure	 2)	 is	 a	 local‐scale	MFM	 parameterized	 to	 the	municipality	 of	
Stockholm,	developed	in	Paper	III.	It	was	applied	to	four	organic	chemicals	to	illustrate	
the	 impact	 of	 emissions	 indoors	 on	 the	 overall	 urban	 fate	 of	 chemicals	with	 different	
properties.		
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Figure 2. Illustration of the compartments in the SMURF model and the processes considered (Paper 
III).  

An	 important	part	of	 the	 local‐scale	 assessment	 is	 to	 evaluate	how	well	 emissions	 fed	
into	 the	 model	 generate	 concentrations	 that	 can	 be	 reconciled	 with	 measured	
concentrations.	 Site‐specific	 emissions	 and	 monitoring	 data	 are	 thus	 crucial	 for	
conducting	 a	 thorough	 local‐scale	 assessment.	 In	 Paper	 II,	 sampling	 and	 analysis	 of	
PBDEs	 in	 air	 and	 dust	 in	 Stockholm	 indoor	 environments	 were	 performed,	 which	
generated	 a	 substantial	 amount	 of	 data	 used	 for	 comparison	 with	 model	 predicted	
concentrations	of	BDE	209	in	Paper	IV.	
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3 Overall	results	and	discussion	

3.1 Physical‐chemical	properties	
One	 of	 the	 innovative	 elements	 of	 Paper	 I	 was	 the	 application	 of	 the	 three‐solubility	
approach	 to	 estimate	 the	 physical‐chemical	 properties	 of	 the	 PBDEs.	 Using	 the	
information	available	 in	 the	 literature,	correlations	between	the	solubilities	 in	air	 (SA),	
water	(SW),	and	octanol	(SO)	(mol/m3)	on	the	one	hand	and	the	Le	Bas	molar	volumes	(V,	
cm3/mol)	on	the	other	were	obtained:	

log	(SA)	=	3.5737	–	0.035V,		r2	=	0.84,	SE=	0.64	 	 (6)	

log	(SW)	=	7.9418	–	0.044V,	r2	=	0.95,	SE=	0.45	 	 (7)	

log	(SO)	=	5.4075	–	0.012V,		r2	=	0.36,	SE=	0.67	 	 (8)	

From	equations	(6)	to	(8)	the	equations	for	the	partition	coefficients	were	derived:	

log	KOW	=	log	(SO)	–	log	(SW)	=	‐2.5343	+	0.032V	 	 (9)	

log	KAW	=	log	(SA)	–	log	(SW)	=	‐4.3681	+	0.009V	 	 (10)	

log	KOA	=log	(SO)	–	log	(SA)	=	1.8338	+	0.023V	 	 (11)	

where	 KOW,	 KAW	 and	 KOA	 are	 the	 octanol‐water,	 air‐water	 and	 octanol‐air	 partition	
coefficients,	respectively.		

These	 preliminary	 property	 correlations	 in	Paper	 I	have	 stood	 up	well	 to	 the	 test	 of	
time,	 as	 the	 later	 discussion	 will	 show.	 Some	 of	 the	 uncertainties	 were	 due	 to	 the	
necessity	 of	 using	 property	 estimates	 derived	 from	 commercially	 available	 software	
tools,	 because	 of	 the	 scarcity	 of	 experimental	 data.	 Estimated	 properties	 sometimes	
differed	 considerably	 from	 experimental	 values.	 This	 was	 particularly	 the	 case	 for	
melting	points	used	 to	calculate	 fugacity	ratios.	 In	addition,	 the	 few	experimental	data	
available	 were	 often	 in	 conflict.	 Uncertainties	 associated	 with	 solubilities	 in	 air	 and	
octanol	propagated	through	to	the	estimates	of	partitioning	coefficients.		

In	 the	 10	 years	 that	 followed	 after	 the	 publication	 of	 Paper	 I,	 more	 data	 and	 more	
refined	 methods	 have	 become	 available.	 A	 comparison	 between	 the	 estimated	
properties	 derived	 from	 the	 equations	 in	 Paper	 I	 and	 three	 more	 recent	 studies	 is	
shown	in	Figure	3	and	discussed	below.	

More	 measured	 data	 became	 available	 already	 at	 the	 time	 of	 or	 shortly	 after	 the	
publication	of	Paper	I	(e.g.	Braekevelt	et	al.	(2003);	Tittlemier	and	Tomy	(2001)).	These	
were	 used	 to	 update	 the	 initial	 estimates,	 whereby	 the	 majority	 of	 the	 software	
generated	data	were	excluded	(Cousins	and	Palm,	2003).	The	updated	calculations	of	the	
sub‐cooled	liquid	vapour	pressure	were	fairly	similar	to	the	original	estimates	in	Paper	
I,	 (see	 Figure	 3a),	 in	 particular	 for	 the	 lower	 brominated	 congeners.	 The	 sub‐cooled	
liquid	solubility	in	water	(Figure	3b)	showed	a	markedly	reduced	decrease	per	bromine	
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added	 relative	 to	 the	 original	 estimates	 (0.49	 compared	 to	 1.03	 log	 units	 in	Paper	 I),	
although	the	decreases	were	comparable	up	to	a	bromine	substitution	level	of	about	4.	
The	KOW	was	predicted	to	increase	by	0.46	log	units	per	added	bromine,	thus	showing	a	
flatter	 slope	 than	 in	 Paper	 I	 (0.75	 log	 units	 per	 bromine	 added).	 The	 observed	
discrepancies	 between	 the	 two	 assessments,	 in	 particular	 for	 solubility	 in	water,	 also	
resulted	in	a	reverse	in	the	slope	of	the	KAW;	from	an	estimated	increase	with	increasing	
substitution	(Figure	3a	in	Paper	I)	to	a	decrease	of	0.35	log	units	per	bromine	added	in	
Cousins	 and	Palm	 (2003).	The	updated	properties	 thus	 imply	 a	decreasing	preference	
for	partitioning	to	air	relative	to	water	with	increasing	substitution,	which	has	also	been	
observed	 for	 other	 homologue	 series	 such	 as	 the	 chlorobenzenes	 (Cole	 and	 Mackay,	
2000)	and	the	PAHs	(de	Maagd	et	al.,	1998).	The	standard	errors	for	the	regression	lines	
were	 improved	by	about	0.1	 log	units	 for	 the	solubilities	 in	air	and	octanol	when	only	
experimental	 data	were	 used,	 but	 they	were	 similar	 to	 the	 original	 regression	 for	 the	
solubility	in	water.	

Wania	 and	 Dugani	 (2003)	 estimated	 the	 properties	 of	 the	 PBDEs	 using	 a	 similar	
approach	 as	 in	 Paper	 I,	 with	 molecular	 weight	 as	 the	 descriptor.	 In	 addition,	 they	
accounted	 for	 the	 apparent	 uncertainty	 in	 the	 reported	 values	 by	 considering	 the	
standard	deviation	of	calculated	averages	as	well	as	measurement	uncertainty.	They	also	
added	 an	 adjustment	 procedure	 (Beyer	 et	 al.,	 2002)	 to	 generate	 internally	 consistent	
properties	 for	 use	 in	 the	 derivation	 of	QSPR	 equations.	 The	 resulting	properties	were	
very	similar	to	the	updated	values	derived	with	the	three	solubility	approach	(Cousins	
and	 Palm,	 2003).	 Consequently,	 the	 discrepancies	 between	 the	 Wania	 and	 Dugani	
estimates	 and	 the	 original	 estimates	 (Paper	 I)	 are	 similar	 to	 those	 described	 in	 the	
previous	paragraph.	

Braekevelt	 et	 al.	 (2003)	 derived	 a	 QSPR	 for	 estimating	 log	 KOW	 for	 PBDEs,	 based	 on	
direct	measurements	of	this	property	(Figure	3c).	These	estimates	showed	an	increasing	
discrepancy	 from	 the	 estimates	 in	 Paper	 I	 with	 increasing	 level	 of	 substitution.	 The	
maximal	difference	of	0.8	log	units	was	observed	for	the	decabrominated	congener.	For	
the	di‐tetra	substituted	congeners,	the	differences	were	less	than	0.4	log	units.	

An	even	more	sophisticated	approach	was	 taken	by	Papa	et	al.	 (2009).	They	used	602	
different	 molecular	 descriptors	 to	 derive	 optimized	 QSPR	 models	 for	 Henry’s	 Law	
constant,	melting	point,	sub‐cooled	liquid	vapour	pressure,	water	solubility,	log	KOA	and	
log	 KOW	 of	 PBDEs.	 The	 trend	 of	 increasing	 vapour	 pressure	 with	 molar	 volume	 was	
similar	to	that	in	Paper	I,	and	in	most	cases	the	calculated	range	of	vapour	pressures	per	
homologue	covered	the	single	value	in	Paper	I	(Figure	3a).	Papa	et	al.	(2009)	found	an	
increase	in	log	KOW	with	increasing	substitution,	the	slope	being	similar	to	that	in	Paper	
I,	with	 a	maximum	discrepancy	of	 1.3	 log	units	 for	BDE	209.	 For	 the	water	 solubility,	
however,	the	average	decrease	per	bromine	added	was	only	0.22	log	units,	compared	to	
1.03	 log	 units	 as	 estimated	 in	Paper	 I.	 In	 addition,	 Papa	 et	 al.	 showed	 a	 considerable	
variability	 in	 properties	 within	 a	 given	 homologue	 (e.g.	 up	 to	 nearly	 four	 orders	 of	
magnitude	difference	in	the	water	solubility	for	different	pentabrominated	isomers).	As	
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pointed	 out	 by	 the	 authors,	 this	 suggests	 that	 single	 descriptors	 such	 as	 molecular	
volume	 or	 molar	 mass	 may	 not	 always	 be	 sufficient,	 since	 such	 relationships	 are	
insensitive	to	responses	related	to	other	structural	properties.	

Altogether,	 these	 comparisons	 suggest	 that	 simple	 QSPR‐methods	 based	 on	 single	
molecular	 descriptors	 should	 be	 calculated	 from	 experimentally	 derived	 properties	
rather	 than	 in	 silico	 estimated	 properties,	 since	 substantial	 discrepancies	 sometimes	
exist	 in	 the	 latter.	 Using	 experimental	 values,	 the	 three‐solubility	 approach	 and	 the	
method	 employed	 by	 Wania	 &	 Dugani	 give	 comparable	 results.	 The	 QSPR	 models	
developed	by	Papa	et	al.	(2009)	showed	much	higher	correlation	coefficients	(r2	=	0.92‐
0.99)	 compared	 to	 the	 three‐solubility	 approach,	 but	 the	 general	 pattern	 of	 change	 in	
key	properties	with	substitution	level	was	similar	to	that	for	the	other	methods.	Papa	et	
al.	 (2009)	 put	 substantial	 effort	 into	 internal	 and	 external	 validation,	 as	 well	 as	
definition	 of	 applicability	 domain,	 and	 showed	 that	 properties	 can	 vary	 by	 several	
orders	of	magnitude	between	different	isomers.	As	shown	in	section	3.3,	however,	these	
refined	 values	 have	 limited	 impact	 on	 evaluative	 fate	 predictions.	 Hydrophobic	 and	
involatile	 organic	 chemicals	 such	 as	 the	 majority	 of	 the	 PBDE	 congeners	 are	 mainly	
associated	with	particles	in	the	environment.	Therefore,	even	fairly	large	adjustments	in	
physical‐chemical	properties	will	not	alter	their	predicted	partitioning	behaviour	as	long	
as	 these	 properties	 still	 result	 in	 them	 being	 primarily	 associated	with	 particles.	 The	
main	 advantage	 with	 the	 three‐solubility	 approach	 is	 that	 it	 is	 a	 simple	 method	 that	
works	well	if	based	on	measured	properties	of	chemicals	undergoing	similar	molecular	
interactions,	e.g.	different	homologues	of	a	homologue	series.	It	can	then	be	successfully	
used	to	evaluate	the	available	data	for	consistency	and	for	getting	reasonable	estimates	
of	 properties	 across	 the	 full	 set	 of	 chemicals.	 However,	 it	 also	 has	 its	 limitations,	 as	
shown	by	the	isomer	specific	estimates	of	water	solubility	(Papa	et	al.,	2009),	which	is	
important	to	keep	in	mind.			
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Figure 3.	Comparison of estimated physical‐chemical properties (Log KOW, Log SW,L and Log PL, the subcooled liquid vapour pressure) of PBDEs in Paper I, to 
the later updated values (Cousins and Palm, 2003; Palm et al., 2004) applied in Paper IV and estimated values by Wania and Dugani (2003), Braekevelt et al. 
(2003) and Papa et al. (2009). 
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3.2 Emissions	
The	 emissions	 estimated	 in	Papers	 I,	 II	and	 IV	were	 converted	 to	 units	 of	mg/capita	
year	and	summarized	in	Figure	4,	together	with	reported	emissions	from	other	studies.	
Only	emissions	to	indoor	and	outdoor	air	are	presented.	Two	of	the	studies	found	in	the	
literature	presented	emission	 figures	 that	were	based	on	 total	estimated	consumption	
and	the	vapour	pressure	or	 the	 log	KOA	of	 the	substance.	These	are	denoted	“property	
based”	in	Figure	4.	The	results	are	discussed	below	in	relation	to	the	different	estimation	
methods	used.	

Figure  4.  Estimated  annual  per  capita  emissions  to  outdoor  air  (“Out”)  and  indoor  air  (“In”)  of 

pentaBDE, BDE 209, DINP and DEHP using different emission estimation methods (these are outlined 

in the text below). 

Method	a	–	combining	SFA	 results	 from	another	country	with	 industry	 information.	 The	
annual	atmospheric	emissions	estimated	using	method	(a)	 (Paper	 I)	were	0.8‐6.3	and	
5.8–46.1	mg/capita	 for	 pentaBDE	 and	BDE	209,	 respectively.	 The	 advantage	with	 this	
method	 is	 that	 it	 allows	 for	 rapid	assessment	of	 approximate	 levels	of	 emissions.	 It	 is	
crucial	 that	 the	 country	 of	 the	 original	 SFA	 has	 a	 similar	 chemical	 use	 pattern	 as	 the	
country	of	 interest.	As	 exemplified	 in	Paper	 I,	 industry	 information	on	market	 shares	
and	the	chemical	composition	of	technical	products	can	improve	such	assessments	when	
the	original	study	does	not	provide	substance	specific	emission	estimates.	 In	this	case,	
emissions	were	reported	for	“total	BFRs”	and	industry	information	was	used	to	calculate	
emissions	 on	 a	 technical	 product	 basis	 and	 down	 to	 the	 congener	 level	 for	 BDE	 209.	
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These	 first	emission	estimates	 lie	somewhere	 in	 the	middle	or	 in	 the	 lower	end	of	 the	
estimates	presented	in	later	studies	(white	bars	in	Figure	4).		

Method	b	–	region‐specific	SFA	studies.	In	Paper	II,	a	region‐specific	SFA	was	conducted	
to	 quantify	 atmospheric	 releases	 of	 PBDEs	 in	 Sweden.	 The	 estimates	 for	 annual	
emissions	 to	 air	 were	 0.35‐11	 and	 0.1‐3.8	 mg/capita	 for	 pentaBDE	 and	 BDE	 209,	
respectively.	 For	 pentaBDE	 this	 range	 was	 of	 a	 similar	 order	 of	 magnitude	 as	 the	
estimate	from	Paper	I,	but	for	BDE	209	it	was	a	factor	of	10‐60	lower.	The	10	years	that	
passed	between	 the	 two	studies	should	not	have	affected	 the	BDE	209	emissions.	The	
emissions	of	BDE	209	are	likely	to	have	peaked	around	2004,	and	should	be	about	the	
same	 order	 of	 magnitude	 in	 2012	 as	 in	 2000	 (Earnshaw	 et	 al.,	 2013).	 PentaBDE	
emissions,	however,	are	expected	to	have	declined	since	the	mid‐90s	(Prevedouros	et	al.,	
2004),	which	is	not	reflected	in	the	two	estimates	of	Papers	I	and	II.		

Turning	to	the	literature,	for	each	chemical	studied	here	there	are	orders	of	magnitude	
differences	between	the	emission	estimates	in	different	studies	that	applied	method	(b)	
(Figure	 4).	 There	 are	 several	 possible	 explanations	 for	 this.	 First,	 the	 European	 risk	
assessments	 (labelled	 EU	 RAR	 in	 Figure	 4)	 were	 conducted	 so	 that	 the	 result	 is	
“conservative”,	 i.e.	 that	 emissions	 are	 rather	 over‐	 than	 underestimated.	 This	 may	
explain	why	 the	 EU	 RAR	 figures	 are	 among	 the	 highest.	 A	 second	 explanation	 is	 that	
emissions	 can	 vary	 between	 different	 geographical	 regions.	 Therefore,	 normalising	 to	
population	may	not	always	be	appropriate.	Even	in	the	absence	of	production	facilities,	
variations	in	activities	such	as	recycling,	waste	treatment,	combustion	and	accumulation	
of	 consumer	 products	 may	 also	 give	 rise	 to	 different	 emission	 patterns.	 Emissions	
generated	for	Sweden	(Paper	II)	may	therefore	not	be	directly	comparable	to	emissions	
generated	for	the	EU	(Earnshaw	et	al.	(2013);	Andersson	et	al.	(2012)),	Japan	(Sakai	et	
al.	 (2006))	or	 Stockholm	 (Jonsson	et	 al.	 (2008)).	A	 third	explanation	 is	 that	 emissions	
may	differ	between	years.	Earnshaw	et	al.	(2013)	addressed	this	by	applying	a	dynamic	
SFA	model	to	enable	assessment	of	changing	emissions	with	time.	It	was	pointed	out	by	
the	 authors	 that	 experimentally	 derived	 emission	 factors	 for	 release	 from	 consumer	
products	 and	waste	were	 still	 lacking,	 rendering	 the	 estimates	 uncertain.	 Fourth	 and	
foremost,	 SFA	 studies	 are	 subjective	 by	 nature.	 They	 include	 multiple	 decisions	 and	
expert	judgements	regarding	the	validity	of	the	underlying	data	used.	A	potential	source	
may	be	suspected	to	be	relevant,	but	due	to	lack	of	information	regarding	emission	rates	
and	 activity,	 that	 source	 may	 be	 excluded	 or	 extrapolated	 from	 data	 sources	 of	 high	
uncertainty.	Hence	different	 scientists	provided	with	 the	 same	 information	 for	an	SFA	
can	obtain	different	results.	

Method	 c	 –	 Inverse	 modelling.	 This	 method	 relates	 to	 the	 regional	 and	 local‐scale	
assessment	in	the	six‐stage	strategy.	The	idea	is	to	use	an	appropriate	multimedia	fate	
model	 parameterized	 to	 the	 region	 of	 interest,	 and	 back‐calculate	 the	 emissions	 by	
fitting	model	predicted	concentrations	to	observed	concentrations	in	relevant	matrices.	
In	 Paper	 IV,	 we	 used	 the	 SMURF	 model	 developed	 in	 Paper	 III	 to	 back‐calculate	
emissions	to	indoor	air	in	the	city	of	Stockholm	from	measured	concentrations	in	indoor	
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air	and	dust.	On	a	per	capita	basis,	annual	emissions	of	0.1	mg	for	BDE	209,	290	mg	for	
DEHP	 and	 3.4	 mg	 for	 DINP	 were	 proven	 to	 explain	 the	 observed	 concentrations	 in	
indoor	 air	 and	 dust.	 Most	 other	 studies	 for	 these	 chemicals	 concern	 emissions	 to	
outdoor	 air	 and	 often	 include	 emissions	 from	 products	 or	 indirect	 releases	 from	 the	
indoor	environment.	This	makes	it	difficult	to	compare	the	indoor	emissions	estimated	
in	 Paper	 IV	 to	 outdoor	 emissions	 calculated	 using	 other	 methods	 without	 detailed	
information	about	the	sources	included	in	these	other	studies.		

A	more	general	picture	of	the	urban	emission	signal	of	chemicals	in	consumer	products	
can	 be	 obtained	 by	 fitting	 an	 urban	model	 to	 outdoor	 air	 concentrations,	 as	 done	 in	
Moeckel	 et	 al.	 (2010).	 They	 used	 a	modelling	 approach	 to	 back‐calculate	 atmospheric	
PBDE	emissions	 for	 the	 city	of	Zürich,	 Switzerland,	based	on	 the	diel	pattern	of	PBDE	
concentrations	in	ambient	air.	In	their	model	they	assumed	a	variable	“PBDE	pool	area”	
as	 the	 pure	 volatilization	 source	 in	 the	 city	 and	 varied	 the	 area	 until	 reconciliation	 of	
model	predicted	PBDE	concentrations	in	ambient	air	with	observed	concentrations	was	
obtained.	The	resulting	per	capita	emissions	for	the	sum	of	four	PBDE	congeners	in	the	
penta	mixture	are	within	about	a	factor	of	10	of	the	other	estimates	and	only	a	factor	of	
6	 different	 than	 the	 original	 estimate	 in	 Paper	 I.	 Furthermore,	 the	 Moeckel	 et	 al.	
estimates	agree	with	the	estimates	of	emissions	to	indoor	air	by	Andersson	et	al.	(2012)	
for	the	EU	(Figure	4).	If	one	assumes	that	emissions	of	PBDEs	to	indoor	air	are	similar	to	
the	overall	emissions	to	urban	air	(which	is	supported	by	Paper	II,	where	releases	from	
the	indoor	environment	were	estimated	to	contribute	80	%	of	total	emissions	to	outdoor	
air	 of	 pentaBDE),	 then	 these	 two	 studies	 are	 very	 consistent	 with	 each	 other.	 Both	
Paper	 IV	 and	Moeckel	 et	 al.	 illustrate	 the	 necessity	 of	 having	 a	 relevant,	 site‐specific	
modelling	tool	and	high‐quality	monitoring	data	to	obtain	a	good	quantitative	estimate	
of	emissions	using	method	(c).		

Method	d	–	Source‐specific	emission	measurements.	 In	Papers	II	and	IV,	source–specific	
emission	rates	of	DINP	and	BDE	209	were	measured	and	used	to	derive	emission	rates.	
The	 results	 from	 Paper	 II	 were	 used	 as	 a	 component	 in	 the	 regional	 SFA	 and	 are	
discussed	 above.	 In	 Paper	 IV,	 previously	 measured	 emission	 rates	 of	 DEHP	 (see	
references	 in	Paper	 IV)	were	 re‐calculated	 for	Swedish	 conditions	and	used	 to	derive	
emission	rates	from	PVC.	Combined	with	industry	information	on	total	PVC	surface	area	
sold	per	year,	annual	emissions	were	calculated	to	be	3	and	58	mg/capita	for	DINP	and	
DEHP,	 respectively.	 The	 emissions	 obtained	 for	 DINP	 were	 in	 good	 agreement	 with	
emissions	calculated	using	method	c	as	presented	above,	but	the	estimated	emissions	of	
DEHP	differed	by	a	factor	of	5	compared	to	those	obtained	using	method	(c).	Pettersson	
et	al.	(2012)	estimated	BDE	209	indoor	emissions	to	be	0.004	mg/capita	year	based	on	
measured	release	rates	 from	personal	computers	and	statistical	 information	on	PCs	 in	
use.	These	were	a	factor	of	30	lower	than	the	figures	obtained	with	method	(c)	(Paper	
IV),	 suggesting	 that	 number	 of	 PCs	were	 underestimated	 by	 Pettersson	 et	 al.,	 or	 that	
emission	rates	were	not	representative.	It	could	also	be	that	additional	sources	exist	in	
the	 indoor	 environment,	 for	 which	 there	 is	 some	 evidence	 (de	Wit	 et	 al.,	 2012).	 One	
limitation	 of	method	 (d)	 is	 the	 difficulty	 in	 obtaining	 representative	 conditions	 in	 the	
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experimental	 set‐up.	 For	 example,	 volatilization	 of	 chemicals	 is	 dependent	 on	 factors	
such	as	 temperature	and	wind	speed	or	ventilation	rate	and	 it	may	thus	be	difficult	 to	
generate	emission	factors	that	are	generally	applicable.	

Based	on	the	discrepancy	in	the	emission	estimates	obtained	with	the	different	methods,	
it	 is	 difficult	 to	 recommend	 one	method	 as	 better	 than	 another.	 Each	method	 has	 its	
strengths	 and	 weaknesses	 as	 discussed	 above.	 They	 can	 rather	 be	 seen	 as	 being	
complementary	to	each	other.	None	of	the	methods	above	can	by	itself	provide	reliable	
emissions	estimates	across	 large	spatial	and	 temporal	 scales.	To	gain	confidence	 in	an	
emission	estimate,	it	is	important	to	cross‐check	it	with	alternative	methods,	rather	than	
to	repeat	the	same	method.	It	is	encouraging	that	the	first	emission	estimates	of	PBDEs	
(Paper	I)	are	in	the	middle	of	the	range	of	later	estimates.	This	illustrates	the	usefulness	
of	the	early	assessment	method	(a)	to	provide	first	estimates	that	can	serve	as	a	basis	for	
later	and	more	refined	estimates.	The	region‐specific	SFA	method	(b)	 is	 limited	by	the	
fact	 that	 it	 usually	 relies	 on	 existing	 data	 (sometimes	 complemented	 with	 new	
measurements,	as	in	Paper	II).	The	completeness	of	the	emission	inventory	depends	on	
the	availability	of	such	data.	Therefore,	method	(d)	is	an	essential	element	of	method	(b).		
The	advantage	with	 the	SFA	methodology	 is	 that	 it	 can	generate	an	understanding	 for	
the	likelihood	that	a	certain	emission	source	is	important	and	also	point	out	where	more	
data	 are	 needed.	 Estimating	 emissions	 from	 consumer	 products	 is	 particularly	 tricky	
since	it	requires	careful	mapping	of	all	the	products	where	the	chemical	is	applied,	and	
ideally	 a	 large	 database	 of	 measured	 releases	 from	 these	 products	 (d),	 including	
information	on	the	environmental	conditions	under	which	these	emissions	occur.	Such	
databases	are	rarely	available.	In	these	cases,	method	(c)	may	be	the	most	appropriate	
to	achieve	an	understanding	of	the	emission	strength.	Method	(c)	can	be	conducted	on	
the	urban	scale	as	 in	Moeckel	et	al.	 (2010)	 if	 a	general	picture	of	 the	 regional	 to	 local	
scale	 emission	 strength	 is	 desired,	 or	 closer	 to	 the	 suspected	 sources	 as	 done	 for	 the	
indoor	environment	in	Paper	IV.	

3.3 Evaluative	fate	assessment	
An	evaluative	fate	assessment	was	conducted	for	the	PBDEs	in	Paper	I	using	the	generic	
environmental	 fate	model	EQC.	Long‐range	 transport	potential	was	assessed	using	 the	
TaPL3	model.	The	assessment	indicated	a	preference	to	partition	to	organic	carbon	rich	
matrices	 for	 all	 of	 the	modelled	 congeners,	 and	high	bioaccumulation	potential.	These	
initial	 conclusions	 have	 been	 verified	 in	 many	 studies	 since	 then,	 and	 PBDEs	 are	
commonly	found	in	high	concentrations	in	aquatic	biota	and	sediment,	and	only	at	low	
concentrations	in	water	(de	Wit	et	al.,	2010).		

Paper	 I	 also	 suggested	 that	 long‐range	 transport	 of	 the	 highly	 brominated	 congeners	
would	 be	 limited,	 a	 conclusion	 that	 was	 also	 drawn	 by	 Wania	 and	 Dugani	 (2003).	
However,	there	is	now	strong	evidence	showing	that	even	the	decabrominated	congener	
is	transported	to	remote	regions	and	that	atmospheric	levels	in	the	Arctic	are	increasing	
(de	Wit	et	al.,	2010;	Hung	et	al.,	2010;	Su	et	al.,	2007).	These	contradictory	observations	
have	 led	 to	 new	 insights	 into	 how	 hydrophobic	 chemicals	 are	 transported	 in	 the	
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atmosphere.	The	highly	brominated	BDEs	are	transported	primarily	in	association	with	
particles	(e.g.	Gouin	et	al.	(2006)).	Chemical	 fate	models	that	assume	that	particles	are	
continually	being	removed	from	the	atmosphere	via	wet	deposition	(as	the	TaPL3)	may	
underestimate	the	 long	range	transport	potential	of	chemicals	 in	 the	particulate	phase	
(Breivik	 et	 al.	 (2006)).	 In	 reality,	 wet	 deposition	 is	 intermittent,	 not	 continuous,	 and	
during	 periods	 with	 no	 deposition	 these	 chemicals	 can	 be	 transported	 over	 long	
distances.			

As	shown	in	section	3.1,	 the	physical‐chemical	properties	of	PBDEs	derived	in	Paper	I	
were	 later	 refined	with	 the	 help	 of	 updated	 and/or	more	 sophisticated	QSPR	models.	
The	greatest	discrepancies	between	the	early	estimates	and	the	later	and	more	refined	
estimates	were	observed	for	BDE	209,	but	differences	were	also	observed	for	the	lower	
brominated	 congeners.	 It	 is	 interesting	 to	 evaluate	 if	 these	 differences	 would	 have	
influenced	 the	 general	 conclusions	 about	 the	 environmental	 fate	 of	 PBDEs	 made	 in	
Paper	 I,	 had	 they	been	known	at	 the	 time	of	 that	 first	assessment.	Therefore,	BDE	47	
and	BDE	209	were	run	through	the	EQC	model	(i.e.	as	done	in	Paper	I)	using	the	refined	
properties	 (Table	2).	 For	 simplicity,	 uniform	values	of	 the	 fugacity	 ratio	 F	 (F=0.28	 for	
BDE	47	and	0.0019	for	BDE	209)	were	used	to	convert	liquid	phase	properties	to	solid	
phase	properties	(equations	2	and	5	in	section	2.3).	The	assumed	degradation	half‐lives	
were	 the	 same	 as	 in	 Paper	 I.	 Emissions	 were	 assigned	 to	 air,	 water	 and	 soil	
simultaneously	with	the	illustrative	emission	rate	of	1000	kg/h.	

The	EQC	model	outputs	are	similar	for	the	four	different	property	combinations	(Table	
3).	In	fact,	for	BDE	209,	the	predicted	percentage	partitioning	is	identical	for	all	sets	of	
properties.	The	reason	for	this	is	that	the	extremely	hydrophobic	and	involatile	nature	of	
BDE	209	means	 that	 the	chemical	will	be	more	or	 less	exclusively	associated	with	 the	
solid	phase	in	the	different	compartments,	and	this	will	not	change	as	a	result	of	altered	
physical‐chemical	 properties	within	 the	 range	 given	 in	 Table	 2.	 The	 evaluative	 fate	 is	
instead	 entirely	 controlled	 by	 the	 assumed	 degradation	 rates.	 For	 BDE	 47,	 slight	
differences	 are	 observed	 in	 the	 percentage	 partitioning,	 but	 the	 general	 pattern	 is	
similar	 for	 all	 property	 combinations;	 limited	 partitioning	 to	 air	 and	 water,	
approximately	 equal	 distribution	 between	 soil	 and	 sediment,	 and	 an	 environmental	
residence	time	of	about	7‐8	months.	

This	 exercise	 shows	 that	 the	 three‐solubility	 approach,	 even	 at	 a	 very	 early	 stage,	
produced	property	estimates	that	were	fully	adequate	to	assess	the	evaluative	fate	of	the	
PBDEs	(Paper	 I).	 Improvement	 in	QSPR‐predictions	regarding	basic	physical‐chemical	
properties	 does	 not	 appear	 to	 have	 a	 significant	 impact	 on	 the	 environmental	 fate	
assessment	 for	 very	 hydrophobic	 and	 involatile	 chemicals	 such	 as	 BDE	 209.	 Instead,	
focus	 should	 be	 put	 on	 understanding	 degradation	 rates.	 For	 the	 lower	 halogenated	
BDEs,	 the	original	property	estimates	were	 similar	 to	 the	 refined	properties,	 and	 thus	
the	 conclusion	 regarding	 the	 environmental	 fate	 of	 these	 chemicals	 did	 not	 change.	
Assessing	the	impact	on	model	output	of	different	model	input	parameters	such	as	the	
physical‐chemical	properties	can	and	should	also	be	addressed	in	each	modelling	study	
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by	conducting	a	sensitivity	and/or	uncertainty	analysis,	as	was	done	in	Papers	III	and	
IV.	

In	 conclusion,	 Paper	 I	 suggests	 that	 evaluative	 fate	 modelling	 can	 and	 should	 be	
performed	at	early	stages	in	the	chemical	assessment	process,	even	if	only	few	data	are	
available	and	emissions	are	poorly	quantified.	It	illustrates	how	early	stage	assessment	
can	 identify	 the	 likely	 fate	of	a	chemical	or	a	group	of	chemicals	and	 identify	key	data	
gaps.	 In	 Paper	 I,	 the	 PBDEs	 were	 confirmed	 to	 be	 of	 environmental	 concern,	 and	
especially	the	tetra‐and	pentabrominated	compounds	were	highlighted	as	problematic.	
Later	 on,	 the	 European	 risk	 assessment	 came	 to	 the	 same	 conclusion,	 leading	 to	 a	
European	 ban	 of	 pentaBDE	 and	 octaBDE	 in	 2004	 (EU,	 2003)	 and	 of	 decaBDE	 in	
electronical	products	 in	2008	 (EU,	2008).	PBDEs	were	also	 included	 in	 the	Stockholm	
Convention	on	Persistent	Organic	Pollutants	in	2009	(UNEP,	2009).		
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Table 2. Refined properties of BDE 47 and BDE 209 used in evaluative fate modelling with the EQC model. 

	

*Derived	from	the	sub‐cooled	properties	through	equations	2	and	5	using	a	fugacity	ratio	of	0.28	(BDE	47)	and	0.0019	(BDE	209).		
**	The	estimated	melting	point	was	reported	to	be	outside	of	the	QSPR	model	applicability	domain	

Table 3. Percentage distribution and residence times of BDE 47 and BDE 209 from Level III calculations in the EQC model region as predicted in Paper I, and 
as a result of applying refined physical‐chemical properties from Cousins and Palm (2003), Wania and Dugani (2003) and Papa et al. (2009). 

  BDE 47  BDE 209 

Paper I  Cousins & 
Palm, 2003 

Wania & 
Dugani, 2003 

Papa et al., 
2009 

Paper I  Cousins & 
Palm, 2003 

Wania & 
Dugani, 2003 

Papa et al. 2009 

Air  (%)  0.26  0.29 0.25 0.37 0.12  0.12  0.12  0.12 

Water (%)  1.48  2.01 1.89 1.72 1.09  1.09  1.09  1.09 

Soil (%)  39.7  41.7 41.9 48.1 41.8  41.8  41.8  41.8 

Sediment (%)  58.6  56 55.9 49.8 57  57  57  57 

Residence time (h)  5986  5593 5786 5166 6926  6925  6924  6930 

   BDE 47  BDE 209 

Cousins & 
Palm, 2003 

Wania & 
Dugani, 2003 

Papa et al. 
2009 

Cousins & 
Palm, 2003 

Wania & Dugani, 
2003 

Papa et al. 
2009 

MW  485.8  485.8 485.8 959.2 959.2 959.2

WSOL (g/m
3)*  5.6×10‐2  6.9×10‐2 6.6×10‐4 4.0×10‐7 5.4×10‐7 5.9×10‐4

PS (Pa)*  9.7×10‐5  6.8×10‐5 8.5×10‐5 6.0×10‐12 9.6×10‐12 1.2×10‐11

LogKOW  6.23  6.29 6.27 9.0 8.7 9.8

TM (C)  80.5  80.5 87.85 300 300 261.8**

Half‐lives (h)   

Air  256  256 256 7620 7620 7620

Water  3600  3600 3600 3600 3600 3600

Soil  3600  3600 3600 3600 3600 3600

Sediment  14400  14400 14400 14400 14400 14400
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3.4 Regional	and	local‐scale	fate	assessment	
The	 regional	 scale	 assessment	 conducted	with	 the	 SimpleBox	 2.0	 regional	 scenario	 in	
Paper	I	resulted	in	predicted	air	concentrations	that	were	within	the	observed	ranges.	
This	 implies	 that	 the	 assigned	 emissions	 to	 air	 had	 the	 right	 order	 of	magnitude.	 The	
conclusion	is	strengthened	by	Figure	4,	which	shows	that	the	early	emission	estimates	
are	in	the	middle	of	the	range	of	the	later	estimates,	as	discussed	previously.	The	need	
for	representative	monitoring	data	in	soils	and	sediments	to	strengthen	the	assessment	
was	also	highlighted.		

A	 local‐scale	 assessment	 is	 an	 important	 part	 of	 a	 human	 risk	 assessment.	 Once	
adequate	 certainty	 has	 been	 gained	 in	 emission	 estimates	 by	 cross‐checking	 using	
alternative	 methods,	 the	 local‐scale	 fate	 model	 is	 an	 appropriate	 tool	 to	 predict	
environmental	 concentrations	 to	 use	 for	 estimating	 exposure.	 As	 discussed	 in	 the	
previous	 section,	 local‐scale	assessment	 in	 itself	 can	be	used	 to	estimate	emissions	by	
fitting	observed	environmental	concentrations	to	model	predictions,	and	it	can	be	used	
to	better	 characterize	 suspected	 sources	 and	 to	 assess	 their	 relative	 contributions.	An	
increasing	amount	of	 literature	has	pointed	towards	urban	environments	as	important	
source	 areas	 of	 PBDEs	 and	 other	 consumer	 chemicals	 (Butt	 et	 al.,	 2003;	 Harrad	 and	
Hunter,	 2006).	 This	 led	 to	 the	 hypothesis	 that	 the	 indoor	 environment	 may	 play	 an	
important	role	as	a	source	to	the	outdoor	environment.		

3.4.1 Influence	of	the	indoor	environment	on	chemical	fate	in	urban	centres	
The	impact	of	chemical	emissions	from	consumer	products	to	indoor	air	on	the	levels	of	
the	chemicals	 in	 the	outdoor	environment	was	addressed	 in	Papers	 II‐IV.	 In	Paper	 II	
chemical	 concentrations	 in	 air	 and	 dust	 were	 monitored	 in	 different	 Swedish	
microenvironments.	Median	10PBDE	concentrations	in	indoor	air	(93‐3700	pg/m3)	for	
different	building	 types	 corresponded	well	 to	 the	 concentrations	 in	ventilation	outlets	
(92‐4700	pg/m3).	BDE	209	was	the	most	abundant	PBDE	congener	in	indoor	air	as	well	
as	in	ventilation	outlets.	This	shows	that	despite	the	high	log	KOA	this	chemical	may	still	
be	released	from	consumer	products	in	the	indoor	environment	and	be	transported	out	
of	the	buildings	in	substantial	amounts	attached	to	very	fine	particles.	Once	outdoors,	it	
may	 be	 subject	 to	 atmospheric	 dilution	 and	 long‐range	 transport.	 Observed	
concentrations	 in	 Stockholm	 ventilation	 outlets	 were	 used	 to	 estimate	 the	 annual	
outflow	rates	of	PBDEs	from	private	and	public	 indoor	environments	to	outdoor	air	 in	
Sweden.	The	annual	outflow	of	pentaBDE	 (sum	of	 congeners	28,	47,	99	and	153)	was	
estimated	to	be	0.28‐9.6	kg/year	and	the	outflow	of	BDE	209	was	estimated	to	be	0.84‐
32	 kg/year.	 These	 flows	 were	 compared	 to	 estimated	 emissions	 to	 outdoor	 air	 from	
other	sources	(Paper	II)	and	it	was	concluded	that	indoor	air	may	contribute	as	much	as	
81‐82	%	and	84‐87	%	of	 total	 emissions	 to	 outdoor	 air	 of	 pentaBDE	 and	BDE	209	 in	
Sweden.		

The	model	study	in	Paper	III	showed	that	the	indoor	environment	contains	additional	
chemical	removal	mechanisms	that	are	not	accounted	for	in	traditional	MFM	modelling,	
and	that	this	affects	the	urban	fate	of	hydrophobic	substances.	Hydrophobic	chemicals	
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with	 a	 high	 tendency	 to	 partition	 to	 indoor	 surfaces	 and	 dust	 (log	 KOA	 >	 9)	 are	
particularly	susceptible	to	removal	in	the	indoor	environment.	The	nested	character	of	
the	 indoor	environment	within	the	outdoor	environment	also	 leads	to	 longer	chemical	
residence	times,	not	just	for	hydrophobic	chemicals	but	also	for	more	volatile	and	water	
soluble	species,	such	as	formaldehyde	and	2,4,6‐tribromophenol	(Paper	I).			

In	Paper	IV,	the	SMURF	model	was	used	to	reconcile	emissions	of	DINP,	DEHP	and	BDE	
209	with	measured	indoor	concentrations	and	to	assess	the	impact	of	emissions	indoors	
on	 urban	 air	 quality.	 For	 urban	 Stockholm,	 inflowing	 air	was	 shown	 to	 dominate	 the	
chemical	mass	balance	of	the	atmosphere	for	the	studied	substances.	For	BDE	209,	the	
indoor	emissions	added	38%	to	the	mass	entering	the	city	with	inflowing	air.	While	this	
appears	 to	be	 in	contradiction	of	 the	 finding	 in	Paper	 II	 that	 the	majority	of	BDE	209	
emissions	 to	 outdoor	 air	 come	 from	 indoor	 air,	 this	 may	 simply	 be	 evidence	 that	
advective	 transport	 into	 Stockholm/Sweden	 is	 relatively	 more	 important	 than	 the	
internal	emissions.	The	BDE	209	advected	 into	Stockholm	may	also	have	originated	 in	
indoor	 environments	 in	 other	 regions.	 For	 the	 phthalates,	Paper	 IV	 showed	 that	 the	
assumed	uncertainty	 in	background	concentrations	 in	 inflowing	air	contributed	nearly	
100%	to	the	modelled	variance	in	outdoor	air	concentrations,	whereas	the	contribution	
of	the	assumed	uncertainty	in	indoor	emissions	had	negligible	impact	on	the	outdoor	air	
concentration.	 The	 model	 predicted	 much	 lower	 concentrations	 of	 phthalates	 in	
Stockholm	air	than	observations,	indicating	that	the	impact	of	emissions	from	indoor	air	
could	be	even	less	significant.	

The	 finding	 that	 indoor	 air	 may	 be	 an	 important	 source	 to	 outdoor	 air	 pollution	 for	
PBDEs	 raised	 questions	 about	 the	 validity	 of	 current	 exposure	 assessment	 methods,	
where	the	environmental	fate	is	usually	assessed	by	assuming	emissions	to	outdoor	air,	
water	and	soil.	Because	of	the	different	character	of	the	indoor	environment,	chemicals	
released	 indoors	 may	 follow	 different	 transport	 pathways	 that	 should	 be	 taken	 into	
account	 to	 achieve	 a	 sound	description	 of	 chemical	 fate,	 especially	 in	 urban	 areas.	 An	
integrated	 indoor	 –	 outdoor	model	 such	 as	 the	 SMURF	model	 allows	 for	 a	 combined	
indoor‐outdoor	exposure	assessment.	Also,	 to	achieve	a	wider	understanding	of	urban	
chemical	 flows	such	as	releases	to	the	wastewater	system,	 it	may	be	necessary	to	take	
the	indoor	environment	into	account.					

4 Conclusions	

The	most	important	contributions	from	the	work	presented	in	this	thesis	are:	

 A	structured	 chemical	 fate	 assessment	 strategy	 can	and	 should	be	 applied	at	 early	
stages	of	the	evaluation	of	emerging	chemicals	to	assess	their	likely	fate	and	to	direct	
further	 research,	 even	 if	 data	 availability	 is	 limited.	 Evaluative	 multimedia	 fate	
models	play	a	central	role	in	this	strategy	(Paper	I).	
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 The	three‐solubility	approach	is	a	simple	and	rapid	QSPR‐method	that	can	be	used	at	
early	 stages	of	 the	 evaluation	of	 emerging	 chemicals	 to	 estimate	physical‐chemical	
properties,	even	if	only	 limited	experimental	data	are	available	(Paper	I;	summary	
section	3.3)	

	
 Emissions	of	BDE	209,	DINP	and	DEHP	to	Stockholm	indoor	air	are	estimated	to	be	

0.1,	3.4	and	290	mg/capita	and	year,	respectively	(Paper	IV).			
	

 The	indoor	environment	is	a	significant	source	of	PBDEs	to	outdoor	air.	For	BDE	209,	
it	added	38	%	to	the	BDE	209	mass	entering	Stockholm	city	with	inflowing	air.	For	
Sweden	as	a	whole,	the	indoor	environment	was	estimated	to	account	for	ca	80	%	of	
all	BDE	209	emissions	to	outdoor	air	(Papers	II	and	IV).	

	
 For	 the	phthalates,	outdoor	emissions	and/or	background	 inflow	are	 the	dominant	

sources	 of	 outdoor	 air	 pollution	 in	 Stockholm;	 the	 influence	 of	 the	 indoor	
environment	is	limited	(Paper	IV).		

	
 Compared	 to	 emissions	 to	outdoor	 air,	 emissions	 in	 the	 indoor	environment	 affect	

the	 urban	 fate	 of	 hydrophobic	 organic	 chemicals	 by	 providing	 additional	 removal	
pathways	and	by	prolonging	urban	chemical	residence	times	(Paper	III).		

	
 Emissions	 of	 chemicals	 from	 consumer	 products	 are	 best	 assessed	 by	 combining	

different	 estimation	 methods	 and	 should	 be	 cross‐checked	 through	 fitting	
multimedia	 fate	 models	 against	 empirical	 monitoring	 data.	 As	 a	 first	 approach,	
substance	flow	analysis	methodology	may	be	applied	and	scaled	using	population,	as	
long	as	the	information	used	is	valid	for	the	context	of	the	SFA	(Papers	I,	II	and	IV).	

5 Future	challenges	

This	 thesis	 provides	 valuable	 insights	 into	 the	 use	 of	 modelling	 tools	 to	 assess	 the	
environmental	fate	and	behaviour	of	chemicals	released	from	consumer	products.	It	was	
shown	that	current	emission	estimates	of	phthalate	esters	to	indoor	air	cannot	explain	
the	observed	concentrations	in	Stockholm	outdoor	air.	It	would	therefore	be	valuable	to	
conduct	an	urban	upwind‐downwind	monitoring	study	of	phthalate	esters	 in	 the	area,	
where	concentrations	are	measured	over	a	longer	period	of	time.	This	could	be	used	to	
estimate	 the	 atmospheric	 emissions	 of	 the	 phthalates	 on	 the	 urban	 scale	 by	 fitting	
concentrations	 predicted	 with	 an	 environmental	 fate	 model	 to	 the	 observed	
concentrations.	This	would	give	 important	 information	about	 the	relative	contribution	
from	 other	 local	 sources	 relative	 to	 the	 influence	 of	 regional	 background	 inflow	 and	
generate	improved	understanding	of	the	emissions	of	phthalate	esters	in	urban	areas.	

The	 thesis	 also	 highlights	 the	 high	 potential	 of	 indoor	 surfaces	 to	 store	 hydrophobic	
chemicals,	 which	 affects	 their	 urban	 residence	 time	 and	 has	 implications	 for	 their	



34 
 

environmental	 fate	 as	 well	 as	 for	 human	 exposure.	 An	 improved	 characterization	 of	
indoor	surfaces,	as	well	as	chemical	removal	processes	in	the	indoor	environment	would	
help	improving	future	modelling	studies	on	the	indoor	fate	of	hydrophobic	substances.	
For	 example,	 it	 would	 be	 valuable	 to	 investigate	 the	 occurrence	 and	 thickness	 of	 the	
organic	film	on	different	types	of	indoor	surfaces,	as	well	as	to	perform	a	multi‐building	
inventory	 on	 the	 occurrence	 of	 hard	 and	 soft	 surfaces,	 since	 these	 have	 presumably	
different	partitioning	properties.	A	controlled	study	especially	targeting	indoor	removal	
processes	 (e.g.	dust	 removal	 through	vacuuming	and	wet	mopping,	 sorption	 to	 indoor	
materials	etc.)	could	provide	valuable	contribution	 to	 the	understanding	of	 the	overall	
mass	balance	of	organic	contaminants	indoors.	

This	 thesis	 has	 mainly	 focussed	 on	 the	 contribution	 of	 indoor	 chemical	 releases	 to	
outdoor	air	pollution	through	transport	via	the	ventilation	system.	There	are,	however,	
alternative	release	pathways	from	the	indoor	to	the	outdoor	environment.	For	example,	
various	cleaning	and	washing	activities	may	generate	substantial	chemical	transport	to	
the	wastewater	 treatment	 system	 that	may	be	 of	 relevance	 for	 outflow	 to	 the	 aquatic	
environment.	This	is	a	topic	that	would	be	of	interest	to	address	in	future	studies.	

Finally,	 the	 assessment	 strategy	 illustrated	 in	Paper	 I	 should	 be	 applied	 to	 emerging	
chemicals	 for	 which	 current	 knowledge	 is	 limited,	 such	 as	 for	 example	 the	 siloxanes,	
novel	BFRs,	or	other	chemical	groups	 listed	 in	 the	recent	review	by	Howard	and	Muir	
(2010).		
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