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Sammanfattning

P& uppdrag av Naturvardsverket har vi, Lisa Lundin och Stina Jansson, Kemiska Institutionen,
Umed Universitet ombetts att bedoma om det ’behdvs hardare styrning av vilka avfall som
forbranns i kommunala 850-graders avfallsforbrannsanlaggningar, s.k. ASWI -anlaggningar
med avseende pa utslapp av persistenta organiska foreningar s.k. POPs"

Syftet med litteraturstudien var att ge en klarare bild av om mer underlag behdvs for att
bestimma nedbrytningseffektiviteten for nadgra utvalda persistenta organiska foreningar.

De foreningar som ingér i litteraturstudien ar polyklorerade dibenso-p-dioxiner (PCDD),
polyklorerade  dibensofuraner = (PCDF),  polybromerade  difenyletrar ~ (PBDE),
hexabromocyklododekan (HBCD), och perfluoroktansulfonat (PFOS). Uppdraget inkluderade
tre olika typer av forbrdnningsanldggningar 1 vilka avfall kontaminerade med de aktuella
foreningarna kan komma att forbrannas; kommunala 850-graders
avfallsforbranningsanldggningar (ASWI enligt Stockholms konventionen), anlidggningar for
forbranning av farligt avfall (HWI) och forbranningsugnar som anvénds i tillverkning av
cement.

Bakgrund

EU:s forordning 850/2004 om langlivade organiska fororeningar (POPar), “POP-
forordningen”, forbjuder alternativt begrdnsar anvidndningen av 22 dmnen som anses vara
sarskilt problematiska pé grund av sina hélso- och miljofarliga egenskaper. POP-forordningen
ar EU:s verktyg for att implementera Stockholmskonventionen och innehéller bl.a.
bestimmelser om avfallshantering. Enligt artikel 7.2 ska avfall som bestdr av, innehéller eller
fororenats med POPs bortskaffas eller dtervinnas pd ett sdtt som garanterar att &mnena forstors
eller omvandlas pd ett irreversibelt sétt sé att dterstdende avfall och utsldpp inte uppvisar POP-
egenskaper. Destruktionseffektiviteten ska vara > 99,999%, vilket innebér att 99,999% av de
POPar som finns i avfallet ska destrueras for att den aktuella forbranningstekniken ska
godkinnas som behandlingsmetod for avfall kontaminerat med en specifik forening.

Forskning har visat att forbranning vid hog temperatur krivs for att effektivt destruera den hér
typen av foreningar. PCDD, PCDF, PBDE, HBCD och PFOS ér olika stabila vilket gor att olika
forbranningsbetingelser, exempelvis temperatur och uppehallstid, krdvs for att de ska destrueras
vid forbrinning. De tre olika forbrdnningsteknikerna som vi fokuserar pa i1 den hér
litteraturstudien har olika kapacitet att destruera men de skiljer sig dven at vad giller risk for
aterbildning av de aktuella foreningarna i efterforbranningszonen dér rokgaserna kyls ner innan
de sldpps ut genom skorstenen. PCDD och PCDF é&terfinns 1 avfall som fororeningar i ingdende
material, dessa foreningar har inte avsiktligt tillsatts till produkter eller material. Ddremot kan
de ha bildats vid produktion av andra kemikalier och i och med det finnas som fororening i
slutprodukten. PBDE, HBCD och PFOS tillsitts till produkter for att skapa en dnskad egenskap
eller funktion i produkten, alternativt for att forstirka produktens 6nskade egenskaper.



Bildning i férbranningsprocesser

PCDD och PCDF destrueras i forbranningszonen men kan under vissa betingelser bildas igen
ndr rokgaserna kyls ner i efterforbranningszonen. Det &r ocksa viktigt att notera att &ven om
avfallet eller brénslet inte innehaller PCDD och/eller PCDF kan dessa foreningar bildas i
efterforbranningszonen fran mindre bestdndsdelar. Jimfért med PCDD och PCDF ér
kunskaperna om bildningen av PBDE inte lika stor. PBDE ir inte lika molekylért stabila som
PCDD och PCDF och bryts ner snabbare 1 forbranningsprocesser jamfort med PCDD och
PCDF. PBDE har, liksom PCDD/F, pavisats 1 rokgaser vilket tyder pd att en aterbildning 1
efterforbranningszonen ar majlig.

HBCD bryts ner vid forbranning i vid hoga temperaturer (>850°C) och aterbildas inte i
efterforbranningszonen. PFOS bryts ner vid hogre temperaturer &n HBCD. I dagslédget finns det
inget som pekar mot att PFOS skulle dterbildas i efterforbranningszonen.

Emissioner

Forbranning av avfall kan ses som en sénka for olika organiska féreningar om emissionerna till
luft 4r mindre dn vad som fanns i avfallet frdn borjan. For att kunna avgéra om forbrénning av
avfall dr en sénka for en specifik forening behdvs uppgifter pa innehdll i avfallet av den aktuella
foreningen samt i de fasta restprodukterna och i rokgaserna som slépps ut i atmosfaren. Med
den informationen kan en massbalans goras for en specifik forbranningsanldggning.

Det finns ett antal studier ddr massbalanser for PCDD/Fs gjorts och majoriteten av dessa visar
pa att ASWI-anldggningar ar en sinka for PCDD/F. For PBDE hittades bara en studie dir
massbalans gjorts, och denna visar pa att ASWI- och HWI-anldggningar kan ses som sénkor
for PBDE. Inga studier hittades som har genomfort massbalanser for HBCD och PFOS i
forbranningsanlaggningar av typen ASWI, HWI och cementugnar.

Slutsatser

Stockholmskonventionen skiljer pd avsiktligt och oavsiktligt bildade POPar. PBDE, HBCD och
PFOS har avsiktligt tillsatts 1 produkter pd grund av sina kemiska egenskaper for att skapa eller
forstirka egenskaper i produkten till skillnad frén dioxiner (PCDD och PCDF) som ér
oavsiktligt bildade fororeningar. Hanteringen av dessa produkter nér de blir avfall 4&r utmanande
och kraver gott omhéindertagande for att forebygga och minimera utsldpp av ovan ndmnda
foreningar sdvdl som nedbrytningsprodukter och oavsiktligt bildade foreningar under
behandlingsprocessen.

De fa studier pA HBCD som vi hittat i den vetenskapliga litteraturen visar pa att HBCD, om de
finns 1 avfallsstrommen, forstors vid forbrinning i anldggningar avsedda for forbrinning av
hushéllsavfall (ASWI), farligt avfall (HWI) och cementugnar. Trots att dessa studier dragit
slutsatsen att HBCD bryts ner 1 forbranningszonen sa anser vi att det begridnsade antalet studier
inte &dr tillrackligt for att med sdkerhet faststdlla att sd &r fallet. Studier med
massbalansberdkningar behovs for att med hog tillforlitlighet kunna bekrifta en
destruktionseffektivitet pd mer dn 99,999%.

En sammanvigning av den tillgidngliga informationen om destruktion av PBDE i ASWI, HWI
och cementugnar tyder pa att PBDE destrueras i alla tre forbranningsteknikerna. Trots detta s&
anser vi att konfidensnivén i denna bedomning ar 14g pa grund av det begriansade underlaget for
forbranning 1 kommunala forbrinningsanlédggningar.
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Aven studierna av PFOS ir fi. De studier som finns tillgiingliga visar dock att PFOS forstors i
forbranningszonen i ASWI-forbranningsanldggningar och att det inte sker ndgon aterbildning i
efterforbranningszonen dér rokgaserna kyls ner. Vi anser att man kan gora bedémningen att
PFOS bryts ner 1 ASWI-forbranningsanldggningar, men konfidensnivan for detta ar 1ag. Efter
att ha diskuterat fragan med andra experter inom omradet dr det dock var uppfattning att om
PFOS skulle overleva forbranningszonen sa kommer de att fangas upp i rokgasreningen.

Baserat pd den mycket omfattande vetenskapliga litteraturen om PCDD/F i
forbranningsprocesser kan slutsatsen dras att PCDD/F som slédpps ut till luft har bildats da
rokgaserna kylts ner i efterforbranningszonen. I kombination med berdkningar som visar att
den mingd PCDD/F som sldpps ut till luft utgér mindre @n 1% av den méngd PCDD/F som
finns 1 avfallet, gor vi beddmningen att PCDD/F péd ett effektivt sitt destrueras i
forbranningszonen. Den omfattande litteraturen och konsensus i denna gor att vi anser att denna
beddomning kan goras med hog konfidensniva. Det dr dock viktigt att klargora att den hir
bedomningen endast giller destruktion i forbranningszonen av den méngd PCDD/F som finns
i avfallet. Bildning av PCDD/F i efterforbranningszonen dr en separat process, som kan ske
oberoende av om den ingdende méngden PCDD/F forstors eller inte.

Den hir litteraturstudien visar att utsldppen till luft av PCDD, PCDF, PBDE, HBCD och PFOS
generellt sett dr vildigt 14ga frin forbranning i anldggningar avsedda for forbrinning av
hushéllsavfall (ASWI), farligt avfall (HWI) och cementugnar. PCDD/F aterfinns dock i de fasta
restprodukterna fran forbranningsprocessen, bade i flygaskan och i rokgasreningsprodukterna.
Men om méngden koncentrationen dr mindre &n 15ug TEQ/kg klassas materialet inte som
farligt avfall enligt "low POP content limit” som &ir satt av Baselkonventionens tekniska
riktlinjer och dessa behdver ddrmed inte behandlas.

For de andra foreningarna 1 den hir litteraturstudien dr gransvardena i flygaska och
rokgasreningsprodukter satta till:

e PBDE - 50 mg/kg eller 1000 mg/kg fér summan av tetra-, penta-, hexa-, och hepta-
BDE

e HBCD - 100 mg/kg

e PFOS - 50 mg/kg

Koncentrationer av PBDE, HBCD and PFOS pa dessa nivaer &r inte sannolika varken i flygaska
eller rokgasreningsprodukter.

Anvindning av den bista tillgidngliga tekniken for rokgasrening kommer att bedoms vara
tillrackligt for att forhindra att féreningar som bildas oavsiktligt i efterforbranningszonen slépps
ut till luft 1 koncentrationer som &verskrider tilldtna gransvérden.
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Var rekommendation
Sammanfattningsvis gor vi bedomningen att under forutséttning att

1) forbranning sker under optimala forhallanden (framfor allt med avseende pé temperatur och
uppehéllstid), och

2) att avfallet som ska forbrannas dr relativt homogent och utan forhdjda koncentrationer av
ndgon av de berdrda foreningarna i avfallet,

sd anser vi att dven utan utsortering av specifika avfallsstrommar kommer forbranningen att
klara av att bryta ner ingadende fororeningar.

v



Summary

On behalf of the Swedish Environmental Protection Agency, Dr. Lisa Lundin and Dr. Stina
Jansson at the Department of Chemistry, Umeé University, has conducted this desktop study.

The main aim of this desktop study was to provide a compilation of the current state of
knowledge of polychlorinated dibenzo-p-dioxins (PCDD), dibenzofurans (PCDF),
polybrominated diphenylethers (PBDE), hexabromocyclodecane (HBCD), and perfluoroctane
sulphonate (PFOS) with regard to their degradation efficiency in advanced solid waste
incinerators (ASWI). The objective was also to assess if more support is needed to determine
the degradation efficiency of these compounds in ASWIs.

Background

EU Regulation 850/2004 on Persistent Organic Pollutants (POPs) prohibits or limits the use of
22 substances considered to be particularly problematic due to their health and environmental
hazard. According to Article 7 (2), “waste consisting of, containing or contaminated with POPs
must be disposed of or recycled in such a way as to ensure that the substances are destroyed or
converted irreversibly so that residual waste and emissions do not exhibit POP properties”.

To interpret and clarify the requirement of "irreversible destruction" in terms of temperature,
residence times, etc. has long been a difficult issue. To completely degrade POPs requires, for
most POP species, burning at high temperatures. However, according to UNEP is the
knowledge about which or more precise treatment methods that may be considered as approved
unclear. For municipal waste incinerators (advanced solid waste incinerator, ASWI), is reported
to most POPs as unclear, since sufficient information and data to confirm the use of these
technologies are not available.

Formation and degradation of POPs

PCDD, PCDF, and PBDE are degraded in the combustion chamber of ASWI but can under
certain conditions reform from small chlorinated/brominated organic compounds or from
carbon structures in the fly ash particles entrained in the flue gas and deposited on surfaces in
the post-combustion zone. This has been confirmed in several studies included in this desktop
study. Important factors affecting the degradation in the combustion zone are temperature,
turbulence and residence time. For post-combustion formation of PCDD, PCDF, and PBDE the
important factors affecting the formation are temperature, residence time, chlorine/bromine in
the feed, presence of a catalyst and oxygen availability.

Based on the literature found on HBCD degradation in ASWIs, HBCD is destructed in the
combustion chamber and is not reformed in the post-combustion zone. However, brominated
phenols, that can form the brominated analog to PCDD/F, may be present in the flue gases.

The knowledge on how PFOS behaves in combustion processes is scarce, but consensus in the
limited scientific literature is that degradation of PFOS occurs at temperatures above 500°C. A
study show that when perfluoroalkyl substances (PFAS) are burned, PFOS is not formed as a
by-product and that combustion of fluorotelomer-based polymers is not a source of emissions
of PFOS.



Emissions of POPs from combustion processes in ASWI, cement kilns and HWI

Mass balance studies show that PCDD/F present in waste will be destroyed in the combustion
zone in ASWI and HWI. The emissions to the atmosphere through the stack is less than 1% of
the amount feed to the combustor. This was also seen for PBDE in one study.

Mass balance of PCDD/F emissions in a cement kiln suggest that the cement kiln is certainly a
sink process of PCDD/Fs. The material used as fuel in cement plants is not responsible for the
observed low PCDD/F emissions.

No mass balance studies were found for HBCD and PFOS in any of the combustion systems
included in this desktop study.

Conclusions

Based on the number of studies available and if the studies showed conclusive results or not we
conclude that

e HBCD destruction to be confirmed in ASWI with a medium level of confidence.

e PBDE is destroyed in ASWI, and consider the level of confidence for PBDE destruction
in ASWI as low.

e stating that PFOS are destroyed in ASWIs can only be made with a low level of
confidence.

e PCDD/Fs are destroyed in the combustion zone. With the large amount of scientific
literature on formation and emissions of PCDD/F from ASWI, we find that this can be
stated with a high level of confidence.

Our recommendation
In summary, we make the assessment that, provided that

1) Combustion takes place under optimum conditions, especially with respect to
temperature, turbulence and residence time, and

2) The waste to be combusted is relatively homogeneous and without increased
concentrations of any of the POPs in the waste

Then we consider that even without the sorting of specific waste streams, combustion will be
able to degrade the POPs and act as a sink for these compounds.

Start up and shut down of combustion plants is the major source of emissions from the plants
if operated under optimal conditions during normal operation.

Vi
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Introduction

EU Regulation 850/2004 on Persistent Organic Pollutants (POPs)', hereinafter referred to as
the POPs Regulation, prohibits or limits the use of 22 substances considered to be particularly
problematic due to their health and environmental hazard. The POP Regulation is the EU's tool
for implementing the Stockholm Convention?. The POPs Regulation includes provisions on
waste management. According to Article 7 (2), “waste consisting of, containing or
contaminated with POPs must be disposed of or recycled in such a way as to ensure that the
substances are destroyed or converted irreversibly so that residual waste and emissions do not
exhibit POP properties”. The requirement for destruction occurs when the contents of POPs in
a waste tanger or exceed the so-called Low POP Content Limit value, which is specified for
each POP in Annex IV of the POPs Regulation.

To interpret and clarify the POPs Regulation requirement of "irreversible destruction" in terms
of temperature, residence times, etc. has long been a difficult issue. To completely degrade
POPs requires, for most POP species, burning at high temperatures. However, according to
UNERP is the knowledge about which or more precise treatment methods that may be considered
as approved unclear.

The work of guidance to support which methods that are environmentally safe disposal and best
available techniques for irreversible destruction or conversion of POP-containing waste has
been concentrated primarily under the Stockholm and Basel Conventions®. In the technical
guidelines under the Basel Convention, definitions of destruction efficiency (DE) and
destruction removal efficiency (DRE) (see below) are described and used as a decision tool to
determine if a compound can be considered destroyed in a combustion process or not based on
actual measurements in combustion facilities.

Destruction efficiency (DE) is the percentage of originating POPs destroyed or irreversibly transformed by a
particular method or technology.

DE = POP content within waste — POP content within gas, liquid and solid resiual

POP content within waste

Destruction removal efficiency (DRE) only considers emissions to air and is the percentage of original POPs
irreversibly transformed and removed from gaseous emissions.

POP content within waste — POP content within gas residual
POP content within waste

DRE =

L http://eur-lex.europa.eu/legal-content/SV/TXT/HTML/?uri=CELEX:02004R0850-
20151204&qid=1450270037326&from=SV

2 http://chm.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx

3 http://www.basel.int/TheConvention/Overview/TextoftheConvention/tabid/1275/Default.aspx




The status of the respective method and topic is given according to either "Yes", "N.D = not
determined" or "NA = not applicable" by the Basel Convention Technichal Guidelines*. For
example, "Hazardous waste incineration" and “is indicated "Yes" for all substances, i.e. this is
considered as an acceptable destruction method for all POPs.

The status of other methods such as municipal waste incinerators (advanced solid waste
incinerator, ASWI), is reported to most POPs as unclear, since sufficient information and data
to confirm the use of these technologies are not available ("N.D").

On behalf of the Swedish Environmental Protection Agency, Dr. Lisa Lundin and Dr. Stina
Jansson at the Department of Chemistry, Umea University, has conducted this desktop study to
clarify the status of the current state of knowledge. Dr. Lundin and Dr. Jansson both have long
and extensive experience of research on formation, transformation and degradation of persistent
organic pollutants in waste incineration and other thermal processes with high potential for
generating POPs.

* UNEP/CHW/POP-SIWG.2/3



Aim

The main aim of this desktop study was to provide a compilation of the current state of
knowledge of a number of selected persistent organic pollutants with regard to their degradation
efficiency in advanced solid waste incinerators (ASWI). The objective was also to assess if
more support is needed to determine the degradation efficiency in ASWIs, and answering the
following main question:

"Regarding emission of persistent organic pollutants, is there a need for more rigorous
control of what waste is being burned in municipal 850-degree waste incinerators, so called
advanced solid waste incinerators (ASWI) facilities with regard to emissions of persistent
organic pollutants (POPs)? "

The persistent organic pollutants (POPs) included in this desktop study are
polybrominated diphenyl ethers (PBDE),
hexabromocyclododecane (HBCD),

polychlorinated dibenzo-p-dioxins (PCDD),

polychlorinated dibenzofurans (PCDF) and

perfluorooctane sulfonic acid (PFOS).

Previous research has shown that the destruction potential of the above-mentioned POPs varies
between different facilities, and is largely dependent upon conditions in the respective facilities.

In this desktop study, the main emphasis was put on combustion technologies used in
e advanced solid waste incineration (ASWI)
e cement kiln co-incineration, where waste is part of the fuel
e hazardous waste incineration (HWI)

which are defined in the Basel convention guidelines.

To be able to answer the main question stated above, we have formulated the following three
questions and used these as the basis of our study:

1. To what degree are POPs being destroyed in ASWT plants, cement kilns or other
incineration plants, compared to a hazardous waste disposal plant, specifically
designed for such a purpose?

2. What level of destruction could be considered as ”good enough” in this context?
3. How can we ensure that generation of other unintentionally formed substances are

prevented, in our efforts to achieve the specified destruction of the POPs in focus of
this study?



Background

Combustion techniques

The combustion technologies in ASWI, cement kiln co-incineration and HWI differ quite
substantially and the techniques are described below.

The amount of MSW incinerated in Sweden 2015 was 2,3 million tonnes corresponding to
48.6% of the total amount treated MSW (Avfall Sverige, 2016). The corresponding number
for EU was 27%.

More than 90% of the municipal solid waste incineration in Sweden is done in grate-fired mass
burn combustors (Figure 1). In a mass burn combustor, the fuel is fed onto grates, sometimes
movable, and air is introduced in excess from below the grate. It is generally agreed that
combustion temperatures of 850°C and a gas residence time of 2 s or 1000°C with a gas
residence time of 1 s are necessary for destruction (McKay 2002). Grate-fired incinerators are
highly tolerant of variations in the quality of the fuel, which is probably one of the main reasons
for their extensive use in the industry.

Figure 1. Schematic scheme of a grate-fired mass burn combustor.

Less than 10% of the facilities for combustion of municipal solid waste in Sweden uses
fluidized bed combustors (FBCs) (Figure 2). The fuel needs to be crushed prior combustion and
removal of metals is preferred. The fuel is then introduced into and combusted in a bed of inert
material, such as quartz sand or limestone particles. The heat is transferred directly through
conduction between the sand and the walls of the combustion zone. This is a more effective
way to transfer heat, compared to the less efficient convection in the grate-fired combustors,
and thus a lower combustion temperature, 850°C, is sufficient for complete fuel burn out.

Figure 2. Schematic scheme of a fluidized bed combustor



In Sweden, incineration of municipal solid waste is often incorporated in district heating
infrastructure, to as efficiently as possible utilize the generated heat. The system with
economizers in these facilities unfortunately keeps the flue gases in the optimal temperature
region for formation of POPs for an extended time, instead of e.g. as quickly as possible
quenching the flue gases to temperatures below this region (McKay 2002, Aurell et al. 2009).
The heat recovery approach will therefore increase the likelihood of POPs forming in the post-
combustion zone.

Cement kilns (Figure 3) typically consist of a long cylinder of 50—150 meters in length, inclined
slightly from the horizontal (3% to 4% gradient), which is rotated at about 1-4 revolutions per
minute. Raw materials such as limestone, silica, alumina and iron oxides are fed into the upper
or “cold” end of the rotary kiln. The slope and rotation cause the materials to move toward the
lower or “hot” end of the kiln. The kiln is fired at the lower end of the kiln, where material
temperatures reach 1,400°C—1,500°C. The fuel used to heat the rotary kiln have traditionally
been coal, but lately different kinds of waste fractions have been utilized in some plants.

slurry

calcining
sintering | drying

Figure 3. Schematic scheme of a cement kiln

Hazardous waste incineration (HWI) uses controlled flame combustion to degrade organic
contaminants, mainly in rotary kilns (Figure 4). Typically, a process for treatment involves
heating to a temperature greater than 850°C or, if the waste contains more than 1 per cent of
halogenated organic substances, to a temperature greater than 1,100°C, with a residence time
greater than two seconds under conditions that ensure appropriate mixing. Dedicated hazardous
waste incinerators are available in several configurations, including rotary kiln incinerators and
static ovens (for liquids with low contamination). High-efficiency boilers and lightweight
aggregate kilns are also used for the co-incineration of hazardous wastes.
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Figure 4. Schematic scheme of a rotary kiln, mostly used in hazardous waste incinerators,



Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans

Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) (Figure
5) are formed as by-products in combustion processes when the flue gases are cooled in the
post-combustion zone in a combustion plant. PCDD and PCDF have never been intentionally
manufactured and used commercially except for as analytical standards.
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Polychlorinated dibenzo-p-dioxin Paolychlorinated dibenzofuran

Figure 5. The schematic structure of a) PCDD and b) PCDF.

There are several different PCDD and PCDF congeners, depending on the number (1-8) and
position of the chlorine substituents, with varying toxicity. The most toxic congener is ‘“TCDD”’,
or more correctly 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TeCDD), which is substituted in
the lateral (or B-) positions. The mechanism of action involves binding to the aryl hydrocarbon
(Ah-) receptor, and the Ah-receptor mediated response has been used to derive toxic
equivalency factors (TEFs). The TEF value may thus be viewed as a measure of the relative
toxicity of a specific congener. The TEF for the most toxic congener 2,3,7,8-TeCDD has been
set to 1, and by comparing the toxic response of other laterally chlorinated PCDD, PCDF and
PCB congeners with that 0of 2,3,7,8-TeCDD, TEF values have been derived. There exists several
TEF scales and the most commonly used is the International (Kutz et al. 1990) and WHO2005
(Van den Berg et al., 2006) scales, shown in Table 1. The I-TEF scale is still used in some cases
to be able to compare new results with existing results when previous results for each 2,3,7,8
substituted congener is available. The total dioxin-related toxicity is derived by multiplying the
concentrations of each of the 17 PCDD/F and 12 PCB congeners for which TEFs have been
assigned by the corresponding TEF value. Summing the products provides the toxic equivalent
(TEQ) concentration.

The brominated analogs to PCDD and PCDF, PBDD and PBDF, have in bioassays been found
to be equally potent as their chlorinated analogs (Olsman et al 2007). Mixed polychlorinated
and polybrominated dibenzo-p-dioxins (PXDD) and dibenzofurans (PXDF) showed even
higher potencies (Olsman et al 2007). This demonstrates the need for including PBDD/F and
PXDD/F in the TEQ concept and assigning TEF values to the individual congeners. Awaiting
TEF values for PBDD/F and PXDDY/F, researchers are using the TEF values for the chlorinated
analogs to be able to compare and estimate their contribution to the total dioxin-like toxicity.



Table 1. International (Kutz et al 1990) and World Health Organization toxic equivalency
factors (Van den Berg et al. 2006) (I-TEFs and WHO200s-TEFS) for compounds possessing
dioxin-related toxicity.

Compound I-TEF WH02005-TEF Compound WH02005-TEF
2,3,7,8-TeCDD 1 1 3,3',4,4'-TeCB (#77°) 0.0001
1,2,3,7,8-PeCDD 0.5 1 3,4,4',5-TeCB (#81) 0.0003
1,2,3,4,7,8-HxCDD 0.1 0.1 3,3',4,4',5-PeCB (#126) 0.1
1,2,3,6,7,8-HxCDD 0.1 0.1 3,3',4,4',5,5'-HxCB (#169) 0.03
1,2,3,7,8,9-HxCDD 0.1 0.1

1,2,3,4,6,7,8-HpCDD 0.01 0.01

OoCbhD 0.001 0.0003

2,3,7,8-TeCDF 0.1 0.1 2,3,3',4,4'-PeCB (#105) 0.00003
1,2,3,7,8-PeCDF 0.05 0.03 2,3,4,4',5-PeCB (#114) 0.00003
2,3,4,7,8-PeCDF 0.5 0.3 2,3',4,4',5-PeCB (#118) 0.00003
1,2,3,4,7,8-HxCDF 0.1 0.1 2',3,4,4',5-PeCB (#123) 0.00003
1,2,3,6,7,8-HxCDF 0.1 0.1 2,3,3',4,4' 5-HxCB (#156) 0.00003
1,2,3,7,8,9-HxCDF 0.1 0.1 2,3,3',4,4',5'-HxCB (#157) 0.00003
2,3,4,6,7,8-HxCDF 0.1 0.1 2,3',4,4'5,5'-HxCB (#167) 0.00003
1,2,3,4,6,7,8-HpCDF 0.01 0.01 2,3,3',4,4',5,5'-HpCB (#189) 0.00003
1,2,3,4,7,8,9-HpCDF 0.01 0.01

OCDF 0.001 0.0003

Polybrominated diphenylethers

Polybrominated diphenyl ethers (PBDEs) are used as flame retardants in textiles, plastics, and
foams in construction and automotive industries, as well as in electric and electronic equipment
(UNEP 2012). PBDEs are additive flame retardants, which means that they are added to plastics
after polymerization and therefore not chemically bound to the polymers they are added to
(Sjodin et al 2003). PBDEs can therefore potentially leak from products into the environment
(Sjodin et al 2003). The added amounts of PBDEs are considerable. Concentrations may vary
depending on application - in molded carpet padding the concentrations are 2—5%, whereas in
lamination for headline fabric the concentration might be up to 15% (Luedeka et al 2012).

The PBDE molecule consists of two ether-linked, partly or fully brominated phenyls (Figure
6), with 1- 10 bromine atoms. Thereby, PBDEs have ten homologue groups, depending on the
degree of bromination. There are three types of commercial formulations that have been
commonly used: c-penta-BDE, c-octa-BDE and c-deca-BDE. c-penta-BDE is a mixture
consisting of penta-, tetra- and hexa-BDE congeners. c-octa-BDE mixture is composed of octa-
, hepta-, and hexa-BDEs, whereas c-deca-BDE consists mainly of fully brominated BDE-209
(deca-BDE) and a minor fraction of nona-BDEs (LaGuardia et al. 2006).

Figure 6. The schematic structure of the PBDE molecule, where x and y denote the amount of
bromines, x +y = 1-10 bromines.



Low-brominated PBDEs are viscous liquids, whereas more high-brominated PBDEs are solids.
The melting point for commercial c-penta-BDE —mixture is between -3 and -7°C, whereas for
c-deca-BDE it is between 290 and 306°C. PBDEs have low vapour pressure, which means that
they are not particularly volatile. The vapour pressure decreases with increasing number of
bromines; highly brominated PBDEs are consequently less volatile than low-brominated
PBDEs. They are lipophilic, and the lipophilicity increases with the degree of bromination.
Decomposition temperatures usually vary from 200-300°C, and the lower-brominated
congeners decompose in the lower region of this range (Pohl et al 2004).

c-penta- and c-octa-BDE —mixtures were added to the Stockholm Convention’s list of POPs
under Annex A in 2009, but the use and manufacturing of these mixtures was already prohibited
in the EU in August 2004°. However, c-deca-BDE is still used in some countries when
producing plastics and textiles, and in the automotive and construction industries. The use of c-
deca-BDE in electrical and electronic applications was banned in the EU in 2008° by decision
of the European Court of Justice.

The main part of the added PBDE in a product will be left in the product and enter the waste
stream when the product has the reached its end of life. An estimation of c-penta-BDE and c-
octa-BDE contaminated waste made by the European Commission’ showed that around 5,800
t/y (from automotive and upholstery applications) and 700 t/y (from WEEE plastics) was
generated in EU in 2010. The waste stream will contain PBDE for many years ahead due to the
presence of brominated flame retardants in everyday products that has been produced since the
1970’s, and now slowly being phased out as they are discarded.

Hexabromocyclododecane

Hexabromocyclododecane (HBCD) is a non-aromatic, brominated cycloalkane (Figure 7) used
primarily as an additive flame retardant in plastic materials, textiles used in furniture and in cars
and electronics. The technical mixture of HBCD consist mainly of three diasteromers; o, [ and
v-HBCD. HBCD is a substance which is persistent and bioaccumulative and is therefore

classified as a persistent organic pollutant (POP) according to the Stockholm convention since
May 2013.

Br
Br
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Figure 7. The schematic structure of HBCD

> Directive 2003/11/Ec of the European Parliament and of the Council of 6 February 2003 amending for the
24th time Council Directive 76/769/EEC relating to restrictions on the marketing and use of certain dangerous
substances and preparations (pentabromodiphenyl ether, octabromodiphenyl ether).

6 European court of Justice 2008. Judgement of the European Court of Justice on Joint Cases C-14/06 and C-
295/06
7 No. ENV.G.4/FRA/2007/0066



HBCDs melting point has been reported to be between 175 and 195°C, and has a low vapor
pressure. Due to the low vapor pressure, emissions to air are more likely at elevated
temperatures or in processes that generates particles containing HBCD (IVL, 2001). At a
temperature of 240°C HBCD degradation is initiated (Beach et al. 2008).

In 2011 the global production of HBCDs was 31 000 metric tonnes (POPRC, 12) and the use
of HBCD have increased in the European Union since 2011. 90% of HBCD is used in insulation
products and 10% in textiles and electric products. HBCD has to some extent replaced the usage
of PBDEs in several applications and at present HBCD is mainly used in extruded polystyrene
(XPS) which is used as an insulating building material. According to an estimation by the
European Commision in 2011 (No ENV.G.4/FRA/2007/0066) approximately 1,196 t/y of
HBCD was present in waste in the EU. In addition to this, significant amounts of HBCD
(~10,431 t/y in 2010) is incorporated into new products manufactured within the EU, which of
course will end up in waste streams at some point in the future. HBCD-containing waste is
expected to increase from ~30,000 tonnes in 2010 to more than 380,000 tonnes in 2040 (No
ENV.G.4/FRA/2007/0066).

Perfluoroctane sulphonate - PFOS

Perfluoroalkyl substances (PFAS) is a collective name for over 800 industrially produced
chemicals, of which one is perfluoroctane sulphonate (PFOS). They have been used in many
products since the 1950s. PFOS (Figure 4) has been used in fire extinguishing foam and
impregnating agents in a wide range of products such as carpets, furniture, paper, textiles and
leather. Current use of PFOS include metal chrome plating, in the semiconductor industry and
in hydraulic oils in the aviation industry.

Perfluorinated substances are fully fluorinated, i.e. they contain a carbon chain where all
hydrogen atoms have been replaced by a fluorine atom. The carbon-fluorine bond is very strong
and therefore the degradation is very slow in the environment.

FR FR FR F
SO3H

F FF FF FF F
Figure 4. The schematic structure of PFOS.

The total waste amount containing PFOS was estimated by the European Commission in 2011
(No ENV.G.4/FRA/2007/0066) to be over 4000 kt/y, from the four major sources carpets,
leather, metal plating and firefighting foams.



Formation and degradation in combustion processes

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans

Dioxins and dioxin-like compounds detected in flue gases leaving a combustion plant may
originate from the waste and pass through the combustion process intact, or they may be formed
from precursors in the combustion and/or post-combustion zone in ASWI plants. The first
alternative is highly unlikely because combustion zone temperatures exceed temperatures
shown to be sufficient for destruction of PCDDs and PCDFs (Miller et al 1989). In cement kilns
the pre-heater in the kiln may be the main zone for PCDD/F formation, especially for the first
stage of cyclone pre-heater (Iino et al., 1999; Weber and Hagenmaier, 1999; Cunliffe and
Williams, 2009). Zhao et al (2017) identified the preheater, kiln back-end boiler and humidifier
tower, and bag filter at the kiln back end to be the main stages of PCDD/F formation in a cement
kiln.

Important factors affecting the formation of PCDD and PCDF are chlorine in the feed,
combustion temperature, residence time in the temperature window 200-450°C when the flue
gases are cooled down, presence of a catalyst and oxygen availability (McKay 2002).
Concentrations of PCDDs and PCDFs at temperatures above 600°C are low (Vogg and
Stieglitz, 1986) but they increase as the temperature decreases along the post-combustion zone
(Wikstrom and Marklund, 2000; Behrooz et al. 1995). This has also been confirmed by
laboratory-scale reactor studies (Aurell et al 2009a), in which PCDD/Fs were not detected at
650°C. The importance of transient combustion conditions has been studied by numerous
research groups (Wikstrom et al 1999; Oh et al 2007; Blumenstock et al 2000; Leclerc et al
2006; Weber et al 2002; Aurell et al. 2009b). These disturbances do not only occur during
malfunctions in the system, but also during start-ups and shut-downs of the incineration plants.
These transient combustion conditions have been shown to generate a different congener pattern
compared to normal combustion conditions (Neuer-Etscheit et al 2006; Neuer-Etscheit et al
2007). Transient conditions can also cause elevated PCDD/F levels for a time following
disturbances, referred to as memory effects. These elevated PCDD/F levels can be due to either
formation from carbon structures in deposits or to slow mitigation of previously formed
PCDD/F adsorbed to surfaces of tube walls (Weber et al. 2002).

The concentrations of PCDDs and PCDFs in the flue gas are the result of formation as well as
degradation reactions. At high post-combustion zone temperatures these two processes
compete, whereas at lower temperatures formation is favoured (Hagenmaier et al 1987;
Wehrmeier et al 1998) resulting in the observed concentration increase with decreasing
temperatures. The PCDD and PCDF emitted to the atmosphere is a result of formation in the
post combustion zone (Stanmore 2004, Jansson 2009). The quench time profile in the post-
combustion zone is of importance for the resulting yield of PCDD/F as well as the homolog
profile and congener patterns of PCDD/F (Aurell et al 2009). When the residence time in the
formation temperature window is minimized the formation of PCDD/F will decrease.

PCDD and PCDF can form via two different pathways; the precursor pathway and the de novo
synthesis pathway. A wide range of combustion by-products may act as precursors for the
formation of dioxins and dioxin-like compounds. These include aliphatic compounds,
monocyclic aromatics with or without functional groups and bicyclic or polycyclic aromatic
compounds. Precursors may be present in the fuel or may be formed during combustion or in
the post-combustion zone via multi-step reactions. Coupling reactions are believed to proceed
on active sites on fly ash and to be catalyzed by metals and/or metal oxides (Froese et al 1996;
Wehrmeier et al 1998; Gullet et al 1992). The most plausible precursors in formation of PCDDs
and PCDFs are chlorophenols and chlorobenzenes.
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De novo synthesis involves formation of dioxins and dioxin-like compounds from carbon
structures in the fly ash particles entrained in the flue gas and deposited on surfaces in the post-
combustion zone. Even though the distinction between precursor-mediated formation and de
novo synthesis is imprecise and may substantially overlap, a distinct feature for de novo
synthesis is that carbon in a particulate form is considered essential, and formation does not
proceed via gas phase intermediates. According to Stieglitz et al. (1998) two basic reactions are
involved in the de novo synthesis of dioxins from carbon:

e transfer of inorganic chlorine to the macromolecular carbonaceous structure and
formation of carbon-chloride bonds

e oxidative degradation of the structure

Thus, de novo synthesis may be defined as the chlorination and oxidation, although partial, of
particulate carbon structures.

The mechanism of formation of PCDDs and PCDFs from carbon is unclear and alternative
routes have been proposed with wider definitions of de novo synthesis. The alternatives
proposed include: (i) direct release from the carbonaceous structure (suggesting that the
PCDDVF structures already exist in the carbon matrix) (Jay and Stieglitz 1991); (ii) formation
from particulate carbon via surface-bound chlorinated or non-chlorinated aromatic
intermediates such as PAHs or phenolic compounds (Iino et al 1999; Hell et al 2001; Iino et al
1999b); (iii) formation resulting from precursor molecules that are adsorbed or chemisorbed
onto the carbon surface, implying that formation from carbon may be an artefact (Albrecht et
al 1992; Albrecht et al 1995). The de novo synthesis of PCDDs and PCDFs from aromatic
compounds also requires an oxychlorination step, i.e. the decomposition or cleavage of a
polyaromatic structure (Weber et al 2001; Iino et al 1999a).

Degradation can occur via dechlorination/hydrogenation reactions in which one or more
chlorine atom in the molecule are replaced by a hydrogen atom. Oxidation reactions in which
the carbon-oxygen bond is broken and the PCDD and PCDF molecules are degraded to smaller
chlorinated molecules like polychlorinated benzenes (PCBzs), and ultimately CO2, comprise
another degradation pathway. Whether dechlorination precedes degradation of the carbon
structure of PCDD/F or if the two processes occur simultaneously has been addressed
(Hagenmaier et al. 1987) and it has been shown that either of these two possibilities may occur
(Weber at al 2002b).

Fly ash plays an important role in both formation and degradation of PCDD/F, acting as a
catalytic surface in chlorination/dechlorination reactions. Studies on degradation of PCDD/F
has mainly been performed on fly ash and the degradation of PCDD/F has been shown to be
influenced by the composition of the fly ash (Lundin and Marklund 2005, Lundin and Marklund
2007, Lundin et al. 2011), temperature (Hung et al 2013), treatment time (Hung et al 2013) and
atmosphere (Stieglitz and Vogg, 1987; Vogg and Stieglitz, 1986). Temperature is the most
important parameter for degradation of PCDD/F, temperatures around 500°C will ensure
degradation of PCDD/F regardless of the composition of the ash given a suitable treatment time
(Lundin and Marklund 2007).

At lower treatment temperatures (<300°C) dechlorination will first take place in the a-sites
(positions 1, 4, 6 and 9 on the carbon backbone) and if the residence time is not long enough
congeners with higher TEF values will be generated and thus cause an increase in the TEQ
concentration (Hung et al 2013).
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Metals like copper and iron in the fly ash is suggested to be responsible for the dechlorination
of PCDD/Fs while the species causing the alkalinity of the ash are involved in the destruction
of the PCDD/F molecules (Weber et al. 2002).

PCDD have been shown to be more prone to degradation than PCDF (Addink et al. 1995), but
it has also been shown to be dependent on the ash characteristics (Lundin and Marklund 2005).

Polybrominated diphenylethers

Compared to the formation of PCDD and PCDF the formation of PBDE in combustion
processes is far from as well studied. The bromine-carbon bond is less stable than the chlorine-
carbon bond and therefore brominated aromatics can be expected to be destroyed faster in
thermal processes compared to their chlorinated analogues. Complete thermal destruction of
PBDE would result in CO2 and HB1/Br2/metalbromides in fly ash.

A 99.9% decomposition of PBDE was demonstrated in a rotary kiln operating at temperatures
between 500 and 900°C in a study by Sakai and co-workers (2001). However, in a later study,
measurements of PBDE in bottom ashes from combustion of MSW indicated that PBDE is not
completely destroyed (Wang et al 2010) in the combustion chamber. The fly ashes in Wang's
study contained substantially lower concentrations of PBDE than the bottom ash.

PBDEs have a chemical structure that is highly similar to both polychlorinated biphenyls
(PCBs), PCDD and PCDF. In addition to being able to survive the combustion chamber, it has
also been shown that PBDE can reform in the post-combustion zone (Artha et al 2011). Artha’s
study showed that PBDEs were formed when fly ash heated to 650-850°C slowly was allowed
to cool to 400°C and they concluded that the increase in concentration is due to both de novo
synthesis and formation from brominated aromatic precursors.

Under controlled combustion conditions brominated flame retardants (BFR) can be destroyed
with high efficiency and then no precursors for formation of PBDD/F will be present (Vehlow
et al. 2000).

Further, higher brominated PBDE have lower potential to form PBDD/F due to steric hindrance
caused by the larger number of bromine substituents (Weber and Kuch 2003). Therefore, the
debromination/hydrogenation reactions of PBDE plays a key role in the transformation of
decaBDE to PBDD/F. Debromination reactions are generally observed at temperatures above
500°C (Striebich at al. 1991; Luijk et al. 1992).

Under insufficient combustion conditions, the PBDEs are not completely destroyed in the
combustion chamber and may generate polybrominated benzenes (PBBz) and polybrominated
phenols (PBP). These can subsequently act as precursors for PBDD and PBDF similarly to the
way their chlorinated analogues can act as precursors for PCDD and PCDF (Weber and Kuch,
2003).

For other BFRs (e.g. TBBP-A and derivatives, aliphatic BFRs) no significant PBDD/F
formation has been reported.
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Hexabromocyclododecane

Studies on formation and destruction of HBCD in combustion processes are limited. Our
literature search has only generated 7 number of studies on this topic, and these conclude that
since HBCD degrades at 240°C it will be efficiently destroyed when combusted in temperatures
over 850°C.

Takigami et al (2014) could not detect any HBCD in the bottom or fly ashes (<0.0002 mg/kg)
from combustion in a rotary kiln, well below the Basel guidelines on low POPs waste (50
mg/kg). HCBD levels in the flue gases after air pollution control devices were similar to those
found in indoor air in the US (Covaci et al. 2006), Europe (Covaci et al. 2006) and Japan
(Takigami et al. 2009). DE of 99.9999% was obtained which suggests that incineration with
best available techniques (BAT) is an appropriate treatment of waste containing HBCDs. All
the three isomers (o—, - and y—) of HBCD showed the same destruction behavior.

An increase in PBDD/F concentration was observed directly after the primary combustion zone,
but the levels after APC were well below the detection limit.

Mark et al (2015) has shown that HBCD is destroyed with a DE of 99.999% when combusted
at temperatures over 900°C in a ASWI. PCDD/F were increased in the raw flue gases due to
the presence of Br in the system but APC could handle the increased levels and the emissions
were below 0.1 ng I-TEQ/m? as required. Dioxins and furans with both chlorine and bromine
(PXDD/F) increased in the raw flue gases as the PCDD/F did, but were below the detection
limit in the stack gas.

HBCD is generally not considered to be a likely source of brominated aromatic compounds in
combustion processes, because of its aliphatic nature. Barontini et al. (2001) studied thermal
decomposition products of HBCD and showed that HBCD is thermally instable at 230°C and
that the main decomposition product is HBr. Desmet et al (2005) concluded that no
bromophenols were produced from combustion of HBCD-containing plastics at high
temperatures (900°C). At 700°C however, mono-brominated phenols could be detected.
PBDD/F can be formed from these phenols, but the yield is low (Evans and Dellinger 2003).

Perfluoroctane sulphonate - PFOS

Complete combustion of PFOS/PFAS would result in CO2, H20 and HF, however as with all
other combustion processes this puts quite high demands on the process conditions. The strong
C-F bonds in the molecules requires high energy input to break the bonds.

The knowledge on how PFAS behaves in combustion processes is scarce, but consensus in the
limited scientific literature is that degradation of PFOS occurs at temperatures above 500°C.
However fluorinated by-products are formed, which in themselves may have undesired
properties. A study conducted by the United States Environmental Protection Agency and 3M
states that degradation of PFOS occurs at temperatures above 600°C, and the main degradation
products are the potent greenhouse gases CF4 and C2Fs (Taylor et al 2003). It has however been
shown that thermally treated PFOS-contaminated sludge with an addition of Ca(OH)2 (Wang
et al 2011; Wang et al. 2013) has reduced the emissions of CF4 and C2Fs in favor of e.g. CF3H
but, above all, formation of solid CaF2 and Cas(POa)sF.

Thermal treatment of textile treated with a fluorotelomer-based acrylic polymer (Yamada et al
2005) showed that at 725°C the material had been broken down to 99.9%, while the acrylic
polymer as an individual substance was broken down to 99.9% at 1000°C and that PFOS could
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not be detected in the residues. In another study conducted by the same research group, it was
found that when PFAS is burned, PFOS is not formed as a by-product and that combustion of
fluorotelomer-based polymers is not a source of emissions of PFOS (Taylor et al 2014).

According to UNEP (United Nations Environment Program), the most appropriate way to
handle waste containing PFOS is combustion in plants equipped to handle halogenated waste
streams®. Combustion is also recommended as disposal method for active carbon filters used in
water purification and firefighting using PFAS. The requirements imposed are the same as for
the incineration of hazardous waste, i.e. at least 1100°C and 2 s residence time.

Sandblom (2014) argued that the emissions of perfluorinated alkyl acids (PFAA) from flue
gases in Sweden would be negligible, advanced air pollution devices in the form of wet
scrubbing while the flue gas condensate levels were low (<0.2 - 9.7 ng/L for individual PFAS).

8 UNEP, “Guidance on Best Available Techniques and Best Environmental Practices for the Use of
Perfluorooctane Sulfonic Acid (PFOS) and Related Chemicals Listed under the Stockholm Convention on
Persistent Organic Pollutants,”
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Emissions from combustion processes in ASWI, cement kilns and HW!|

No mass balance studies were found for HBCD and PFOS in any of the combustion systems
included in this desktop study. Mass balance for PBDE could be found in one study (Van
Caneghem et al 2010a) for ASWIs and HWIs.

Incineration can be considered a sink if the emissions to air is less than what is estimated to be
found in the fuel, in this case waste of different sorts. Depending on whether the load of
pollutants in the solid residues that arises from the combustion process is included or not, the
mass balance of a specific compound can vary. If a sink is established for a compound in a
combustion process, it means that the compound is removed from the consumer product cycle
and can be found in a fraction which can be treated to be destructed.

Emissions from ASWI and HWI

Studies have shown that PCDD/F present in waste will be destroyed in the combustion zone in
ASWI and HWI. However, PCDD/F can be formed in the post-combustion zone when the flue
gases are cooled down.

The conclusion from several studies performing a mass balance of MSW incinerators is that
MSW incinerators can act as PCDD/F sinks (Abad et al 2000; Giuligano et al., 2001, 2002;
Grosso et al., 2007; Van Caneghem et al., 2010b; Zhang et al., 2012) under normal operation
conditions. If incineration of MSW in an ASWI can be considered a sink or not is largely
depending on the estimated PCDD/F concentrations in the waste, on the operating conditions
as well as on the flue gas cleaning techniques used in the incineration plant.

To determine the concentration of PCDD/F, or other POPs for that matter, in a heterogenous
fuel like MSW is complicated (Hedman et al., 2007). The composition of waste is changing
over time and the composition is different in different countries which makes it a challenging
task to get a representative sample for analysis of POPs.

Van Caneghem et al (2010b) concluded that during incineration in a BAT compliant rotary kiln
(hazardous waste incinerator, HWI) and grate furnace (ASWI) less than one per cent of the
POPs output was emitted directly to the environment via the flue gas. The two techniques can
therefore be considered as sinks for PCDD/Fs and PBDEs. However, the study showed that co-
incineration of automobile shredder residues with refuse derived fuel and wastewater treatment
plant sludge in the grate furnace increased formation in the post-combustion zone. Therefore,
depending on the assumptions made on the concentrations in the waste it can be considered a
sink or a source.

Zhang et al (2012) also reported a mass balance of PCDD/F in an ASWI with MSW as fuel
where the input was estimated to 5.38 g [-TEQ/year and the output in ashes and flue gases was
7.62 g I-TEQ/year, giving a net formation of 2.25 g I-TEQ/year of which less than 2% (0.11 g
[-TEQ/year) is released to the atmosphere through the stack.

Start up and shut down is of great importance for the total emissions of PCDD/F from a
combustion plant. Studies show that PCDD/F generated in the post-combustion zone are much
higher than during normal operating conditions for both ASWI (Neuer-Etscheidt et al. 2006)
and HWI (Li et al. 2017)
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Emissions from cement kilns

In general cement kilns operated within the European Union emit very low amounts of PCDD/F
to the atmosphere if operated in normal conditions. In fact, in 2004, most cement plants in 27
EU countries complied with the emission limit of 0.1 ng I-TEQ/Nm? set for incineration and
co-incineration plants (Rivera-Austrui et al., 2014).

Wurst and Prey (2003) and Karstensen (2008) indicated that the material used as fuel in
industrial furnaces was not responsible for the observed dioxin emissions. The conditions of
the furnace (very high temperature, good mixing and excess oxygen) make the cement kiln an
ideal process to get a very efficient combustion. A mass balance of PCDD/F emissions in a
cement kiln was performed by Li et al. (2015), suggesting that the cement kiln is certainly a
sink process of PCDD/Fs.

In a study by Conesa et al (2016) based on long term sampling in a cement plant, emission
factors were reported to be between 2 and 15 ng I-TEQ/ton cement. In addition, Li et al. (2016)
reported that cement plants are sinks for PCDD/Fs with a negative net emission of PCDD/Fs
on a yearly basis.
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Conclusions

The Stockholm convention differentiates between intentionally produced POPs and
unintentionally produced POPs. PBDE, HBCD and PFOS are present in many consumer
products and articles due to the chemical properties that they may bring to the product and are
intentionally added, unlike PCDD and PCDF that may be present in a product as a result of
unintentional formation. In any case, the management of these products and articles when they
reach their end-of-life is challenging. To prevent and minimize releases of the above-mentioned
compounds, as well as degradation products and compounds that may form unintentionally
during the treatment process, demands efficient treatment techniques.

The aim of this desktop study was to answer the following question:

"Regarding emission of persistent organic pollutants, is there a need for more rigorous
control of what waste is being burned in municipal 850-degree waste incinerators, so called
advanced solid waste incinerators (ASWI) facilities with regard to emissions of persistent
organic pollutants (POPs)? "

To do that the following three questions were addressed:

1. How well are POPs being destroyed in co-incineration plants compared to cement
kilns or a specially designed hazardous waste disposal plant?

This under the conditions that the fuel is relatively homogeneous, and that the combustion
conditions are satisfactory with a sufficient high temperature, good turbulence and excess
of oxygen.

According to the few studies that we have been able to find when searching the scientific
literature, HBCD, if present in the waste stream, is destroyed in the incineration furnace in
ASWIs, HWIs and cement kilns. Although these studies seem to agree on the destruction
of HBCD in the incineration furnace, the limited number of studies available on the matter
suggest some caution in concluding that this is actually the case. We therefore consider
HBCD destruction to be confirmed with a medium level of confidence.

Summing up the available information that we have found for PBDE destruction in ASWIs,
HWIs and cement kilns, the data points to the fact that PBDE is destroyed in all three
combustion techniques. However, considering the low number of scientific publications on
PBDE emissions from ASWI facilities we consider the level of confidence for their
destruction in ASWI as low.

Regarding PFOS, the literature indicates that PFOS is destroyed in the combustion zone and
is not reformed in the post-combustion zone. The number of studies and published scientific
articles in peer-reviewed journals are however scarce. Therefore, it is our opinion that
stating that PFOS are destructed in ASWIs can only be made with a low level of confidence.
However, in our opinion, and after consulting with other experts in the field, any PFOS that
survive intact from the combustion zone would be captured in the air pollution control
devices and not emitted to the atmosphere.

The extensive scientific literature on PCDD/Fs from incineration processes concludes that
the PCDD/Fs emitted to the atmosphere via the stack are mainly formed in the cooling
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process of the flue gas. This in combination with the finding that the amount of PCDD/Fs
formed in the post-combustion zone and emitted to the atmosphere via the stack has been
shown to constitute less than 1% of what is assumed to be present in the waste, we conclude
that PCDD/Fs are destructed in the combustion zone. With the large amount of scientific
literature on formation and emissions of PCDD/F from ASWI, we find that this can be stated
with a high level of confidence. Important to note though is that this statement is only valid
for PCDD/Fs being introduced into the furnace. Formation of PCDD/Fs in the post-
combustion zone is a separate process, which may occur even if PCDD/Fs in the waste have
been efficiently degraded.

It should be noted that municipal solid waste typically contains small amounts of heavy
metals, sulphur and chlorine as well as the POPs PCDD/F, PBDE, HBCD and PFOS.
However, as long as the waste is fairly homogeneous it should not be a problem for the
combustion process.

2. What level of destruction is considered to be "’good enough”?

Based on this desktop study it can be concluded that the emissions of PCDD, PCDF, PBDE,
HBCD and PFOS to the atmosphere are generally very low, from ASWIs, HWIs and cement
plants.

PCDD/Fs are mainly found in the solid residues from combustion processes, both in fly
ashes and air pollution control residues. However, if the concentration is below 15ug
TEQ/kg the residues are not classified as hazardous waste according to the so called Low
POP Content Limit value and do not need further treatment.

The low POP content limit, specified in the POPs regulation, for the other compounds in
this desktop study is
e PBDE - 50 mg/kg or 1000 mg/kg as a sum of tetra-, penta-, hexa-, and hepta-BDE
e HBCD - 100 mg/kg
e PFOS - 50 mg/kg

Concentrations of PBDE, HBCD and PFOS in these ranges are unlikely to be found in ashes
or in air pollution control residues.

3. How to ensure that even accidentally/unintentionally formed substances are controlled
for specified destruction?

Using the best available technique for flue gas cleaning will ensure that unwanted by-

products that are formed in the post-combustion zone will not be emitted to the atmosphere
above the regulatory limits.
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To summarize, based on the number of studies available and if the studies showed conclusive
results or not we conclude that

HBCD destruction to be confirmed in ASWI with a medium level of confidence.
PBDE is destroyed in ASWI, and we consider the level of confidence for PBDE
destruction in ASWI as low.

stating that PFOS are destroyed in ASWIs can only be made with a low level of
confidence.

PCDD/Fs are destroyed in the combustion zone. With the large amount of scientific
literature on formation and emissions of PCDD/F from ASWI, we find that this can be
stated with a high level of confidence.

The level of destruction is good enough

Using the best available technique for flue gas cleaning will ensure that unwanted by-
products that are formed in the post-combustion zone will not be emitted to the
atmosphere above the regulatory limits under normal operation of the combustion
plant.

Our recommendation

In summary, we make the assessment that, provided that

1) Combustion takes place under optimum conditions, especially with respect to

temperature, turbulence and residence time, and

2) The waste to be combusted is relatively homogeneous and without increased

concentrations of any of the POPs in the waste

Then we consider that even without the sorting of specific waste streams, combustion will be
able to degrade the POPs and act as a sink for these compounds.

Start up and shut down of combustion plants is the major source of emissions from the plants
if operated under optimal conditions during normal operation.
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