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Co-combustion of building insulation foams with municipal solid waste

1 INTRODUCTION

),

=

Insulation foams in the building and construction industry can be manufac-
tured from different polymers including polyurethane (PUR) and extruded as
well as expanded polystyrene (XPS and EPS). The disposal of such low density
foam through co-combustion in a state-of-the-art Municipal Solid Waste
Combustor is the preferred option of the industry based on a total eco-impact
approach assessment. This report focusses on PUR and XPS. Results are also
valid for EPS, because of the close chemical similarity to XPS.

Until recently, these rigid foams for thermal insulation were blown with
chlorofluorocarbons (CFC's). CFC 11 was the most commonly used blowing .
agent for PUR since it stayed trapped in the closed cells of the foam. It served
at the same time as a thermal insulating gas. Over the last 2-3 years voluntary
reductions have taken place and ozone depleting CFC's have been replaced by
partially halogenated compounds (HCFC's, HFC's), hydrocarbons (pentanes) or

carbon dioxide.

Prior to 1988, XPS foams contained approx. 6 wt. % of CFC 12 (dichlorodi-
fluoromethane), an extremely stable compound known for its destruction of
stratospheric ozone. Its ozone depleting potential (ODP) is as high as that of
the trichlorofluoromethane (CFC 11). For this reason, it has been replaced in
foams produced today by partially halogenated compounds, such as chlorodiflu-
oromethane (HCFC 22) and 1-chloro-1,1-difluoroethane (HCFC 142b). These
are both far less stable and thus contribute less to the depletion of the ozone
layer (ODP 0.055(22), ODP 0.065(142b)) [German Bundestag 1989].

However, waste foams still contain substantial amounts of CFC's. Disposal by
landfill is not advisable because of the large volume occupied by a low density
foam (approximately 30 kg/m?). Crushing or compressing the foam, to reduce
its density is a problem due to the ozone depleting blowing agents released
during the process. Also, several countries in Western Europe have already
limited or are about to limit landfill to >’earth like® mineral substances, i.e.
those having a very low content of organic material.

In order to comply with fire safety standards these foams contain flame
retardants. Hexabromocyclododecane (HBCD) was used for XPS. PUR foams
are usaally flame retarded on the basis of phosphorous and chlorine, but may
contain bromine as well. Therefore, the PUR foams tested were formulated
with P, Cl and Br (from a brominated polyol).

This summary has been written to cover both of these very important
insulation foam types. For the sake of brevity, certain chapters cover only the
results for one of the foams as the data are very similar.

Objectives:

Although at present there is no major problem with the final disposal of
these foams due to the small quantities in question, in the future, larger
amounts of foams will appear in demolition debris which will have to be dealt
with. The objectives of the PUR & XPS foam tests were to study:
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* efficiency of destruction of CFC-12 versus CFC-11

* changes occurring to HCl, HF and HBr in the flue gas and their neutralisa-
tion efficiency in a two stage wet scrubbing system

* the volatilisation of heavy metals caused by the increased levels of chlorine in
the feed and

* the potential additional formatioﬁ of brominated and/or mixed halogenated
dibenzo-p-dioxins and dibenzofurans.

This last effect has already been reported in the co-combustion of electronic
waste where increased levels of polychlorinated dibenzo-p-dioxins (PCDD) and
dibenzofurans (PCDF) are said to have been found [Lahl 1991].

For the XPS trials more emphasis was placed on (H)CFC destruction. Whereas,
for the PUR tests in-depth analytical interlab uniformity testmg on mixed halo-
genated dioxins/furans was a major aspect.

Organisation:

In order to obtain sound information on the real effects of foam
co-combustion APME, EXIBA, ISOPA, and the Forschungszentrum Karlsruhe
(FZK) launched two test campaigns in the test incinerator TAMARA in 1993 and
1994 for XPS and PUR respectively.

The test matrix was somewhat different for the XPS and the PUR materials.
This was due to the knowledge gained from the first series of tests on XPS,
which looked at the effect of temperature. A *high’ temperature, 950 °C, was
chosen to represent the typical higher combustion temperature in 2 modern MSW
incinerator. A low temperature, 850 °C, was chosen, because many regulations,
such as the German emission directive for MSW incineration [Bundesministerium
1990] defines 850 °C as the minimum temperature for waste being burnt in a
combustion chamber.

The XPS foam and granulate was supplied by EXIBA member companies in a
form compatible with their market specifications. The PUR rigid foams were
supplied by a BING (The Federation of European Rigid Polyurethane Foam
Associations) member company. These were formulated to represent the expected
»European average composition” of PUR insulating foam and contained the
CFC11 blowing agent and a mix of flame retardants based on phosphorous,
chlorine and bromine.

Sampling and analysis of the dioxin and furan-like compounds during the
EXIBA test campaign was performed by Dr. Brenner, BASE and are described in
a separate report [Brenner 1995]. Sarnplmg and analysis of the same compounds
during the ISOPA test campaign have been performed by the certified laborato-
ries: GfA in Miinster, as well as MPU in Saarbrucken (sampling) and ITU in
Berlin (analysis).
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3 TEST PERFORMANCE AND MATERIALS

The test incinerator TAMARA, built for FZK during
1985/87, is a mass burner with a nominal throughput of
250 kg/h of precondiﬁonéd waste [Merz 1989]. A sche-

matic drawing of this incinerator is given in Fig. 1.

The design of the raw gas ducts upstream from the
boiler causes the separation of a substantial amount of
particulate matter at high temperatures. This material will
hereafter be referred to as coarse fly ash. Flue gas can
pass once or twice through the horizontal tube boiler
thus allowing the boiler outlet temperature to be adjust-
ed. During these trials the outlet gas temperature was in

the order of 220 °C.

The de-dusting was berformed using a fabric filter
(PTFE fabric tubes coated by a GORETEX® membrane}.
TAMARA is also equipped with a two-stage wet air pol-
Intion control {APC) system.

isokinetic
fly ash El ’l’
4 ash sampling 5]
= ; gas sampling e

4

combustion air

fabric filter quench

afr preheater

3.1 TesT PROGRAMME

The test programme for XP5S and PUR was orga-
nised to last a total of three complete weeks of
TAMARA operation. The respective test conditions were
always established a pumber of hours before the

sampling of all input and residue streams, in order to

. achieve stable conditions for testing. This was of parti-

cular importance for the factors controlling the forma-

tion of micro organics in the fiue gas system.

The foam, which was delivered as cubes of 5 cm
lateral length, was added manually directly into the feed-
ing hopper of TAMARA, The exact test sequence of the
campaigns and all other data can be found in the
detailed reports from FZK on XPS and PUR (Vehlow
1994 and 1995) and is shown in Tables 1a and 1b.

scrubber

1>

acid neutrat

Fig 1: Schematic drawing of the test incinerator TAMARA
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test runs feed plastic additien T element | compostable RDF basic fuel
with XPS kg kg/h G fraction
ref. 1 215+ 6 0 8725 4102 70 275 30 390 + 30
ref. 2 203 £ 23 0 845 =15 6 970 = 820 3 150 = 506 6 870 = 500
granulate 170 = 27 S 4.9:01 B49x 25 €l 5 570 = 300 6 700 + 800 5 960 + 350
CFC 12 1781 5.2x0.1 849 x4 K 6500+2600 | 38701300 ! 58502000
HGFC Ca (40000 +4000 | 20900 = 6.200 { 35 200 £ 3 500
169+ 5 49+81 841 =6 -
22/142h Ti 1320+ 80 790 + 200 1160 + 60
ref. 1 26+ 1 0 850+ 7 Cr 235 + 30 133 £ 29 215+ 30
ref. 2 241 2 16 0 839 + 12 Mn 330+ B5 136 = 30 297+ 35
granulate 211 =1 6.1£01 852 + & Fe 7870 + 440 4 860 x 520 6 870 = 450
CGFC 12 201 £ 34 58:0.1 849 + 26 Ni 155 + 43 603 M2x7
HCFC L Cu 180 £ 17 1735 17815
216 =1 6.3+ 0.1 978:6
221428 Zn 641 = 26 - 541 + 20 613:25
Table 1a: Table of TAMARA test campaign_for XPS Foam Combustion As 1522 124 1343
Br 247 = 44 256 =7 250+ 40
test runs basic feed PUR T td 50225 2522 45+2
with PUR ka/h ka/h C Sn 443 415 42+ 4
rel. 1.1 217 + 46 0 857 = 29 St 22 LEL 164
rel. 1.2 295 2 2 0 385 = 12 Ba 490 = 130 384 +10 470 + 100
PURAII. | 212:3 2.120.1 906 = 10 Ph 406 = 35 4902130 | 5225
PUR A.1.2. 2083 212041 W01=x8 Table 2: Analysis of 19 elements in the organic and RDFﬁaction of
ref. 2.1, 215+ 12 D 899 x 12 the TAMARA fuel (calcwlated from the actual data per run and av-
ref.2.2. 2171 3 907 = 13 eraged, all data in mg/kg)
ref.3.1. 2223 0 887 = 11
16f.3.2. 218 + 6 0 904 £ 11 The table contains the mean values of all samples.
PUR A.2.1. 108 = 2 3.9+01 901 = 10 On the basis of these data the respective concentrations
PUR A.2.2. 196+ 4 3.9+01 a2 = 15 of the basic fuel can be caleulated.
PUR B.1.1. 202 =1 21201 914 =10 :
PURB1Z. PP 7 1o81 YD 3.3 CoMPOSITION OF THE FOAM MATERIALS
el A1, 1971 o 899 = 10 Table 3 shows concentrations of the same 19 elements
1ol 4.2, 107 £ 1 0 390 = § analysed in the components of the basic fuel for the three
different XPS types : the granulate and the two foams.

Table 1b:Table of TAMARA test campaign for PUR Foam Combustion

3.2 Basic FUEL QUALITY

The firel burnt in TAMARA is a homogenised mixture
of the fine fraction of household waste. This is mainly
organic kind of raw
enriched with 25 % Refuse Derived Fuel (RIDF). The mean
chlorine and heavy metal contents of this mix is slightly
lower than that of standard European MSW. During the

from a compost,

matier

TAMARA experiments representative samples of the
compostable waste fraction and the RDF were analysed.
The results from the XPS trials are shown in Table 2.

The F and Cl concentrations in the foams could not be
analysed directly due to losses during the dissolution of
the foam. In these cases the (H)CFC content was meas-
ured and the respective concentrations of the pure
elements were calculated on the basis of these data. The
CFC 12 blown foam contained 6 wt. % of CFC 12 and
03 wt. % of C,HCL The second foam contained
6.3 wt.-% of HCFC 142b and 3.3 wt.-% of HCFC 22

Table 4 summarizes the ahalysis of the two PUR

foams, containing CFC 11.
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Table 3 : Analysis of 19 elements of the different XPS types used as
co-fuel during the combustion tests (all data in mg/kg *= caleulated
using (H}CFC concentrations in the foams)

Tables 2, 3 and 4 give an indication of high addition-

al inputs of E Cl, and Br if these materials are added to
the basic waste stream. The foam in all cases was of a

better fuel quality than the base waste fuel.

Table 4 compiles the data of the PUR foams as
analysed during the experiments in Karlsruhe. It was
found that the data on F and Cl did not totally comply
with that provided by the raw material supplier. For
example, the F figures found in the Karlsruhe analysis are
approx. 0.3 wt.-% lower and for Cl approx. 1 wt.-% lower.
This may be an indication of a loss of blowing agent with
time, but a more likely reason for these differences is loss
occurring during sampling and dissolution of the foams
in Karlsruhe. The main components of PUR foams co-
combusted in TAMARA, analysed by BASF/Elastogran
(before PUR foam delivery), were as follows for PUR A
(2 wtts Br): N - 6wt%, F - L.iwt%, P - 0.7wt%, Cl -
8.7wt% and Br - 2.0wt%. This was compatible with FZK
data. The PUR B (4 wt% Br) differs from PUR A in that
it has a content of Cl - 8.0wt% and Br - 4.0wt%.

&

glement - | granulate XPS XP§ element PUR A { 2 wt% Br) PUR B (4 wi% Br)
{CFC 12 hlown}| (HCFC 22/i42 blown) F 7 700 + 1 000 6 850 + 1 000
F 10010 | 18960 45 330 * P 7120« 1 000 5 820 = 1 000
$ <100 <1on* “0"* ¢l 76 000 = 5 080 72 000 + 5 000
c 43 = 10 37 800 36 750 K 6 820 = 600 7 650 + 600
K 355 » 25 < 300 361+ 11
" Ca 277+95 | 220:71 215 = 110 Ca 375 = 50 300 + 60
Ti 140:120 | 340+ 150 <150 n 822 T2
er 76 + 10 85+ 18 B8 + 15 Fe 805 375
" Mn 29+ 10 <20 43+ 20 Ni 251 23«1
Fe 142 £ 15 173 = 10 183 + 33 Cu 1.5x0.5 15205
Ni " 5822 103 = 15 88+ 13 In 8513 9s3
Cu 30 x4 49111 53+ 7 Br 22 208 = 2 000 41700 = 4 00D
In 62zx6 4511 4113 Pb 241 1.0+ 1
As <18 <10 <10
Br 7 800+ 430 | 25 050 + 280 25 560 = 430 Table 4 : Analysis of 12 elements of the PUR foam used as co-
cd <5 <5 <5 fuel during the combustion tests (all data in mg/kg)
sn <10 <10 <10
So <10 <18 <10 3.4 PEEDING SYSTEMS AND INPUT DATA
Ba <100 750 = 450 450 = 100 The organic fraction of the fuel was stored in a bunker
Pb <1d <18 <10
- and fed into TAMARA by means of a conveyor belt and

belt scale. This allows for a high degree of accuracy to
be achieved. The RDF is supplied in big bags and fed
directly into the feeding chute by a special weighing
system. Each of the foam materials were put into the
feeding hopper. The desired mass stream could be set
digitally and was accurate to within 1 - 3 %.

fraction of XPS foam in wt. %

| s 3 gim? g 7 iome |

Fig. 2: Increase in feed volume by addition of low density foams

Fig. 2 demonstrates the influence that increasing the -
propertion of foams has on the volume of the total feed.
The uvpper line represents the addition of the lighter
weight material, the lower line that of the slightly heavier
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one. Feeding of 3 wt. % of foam increased the volume
by approx. 35 %. It is obvious that the technieal limit
for the co-combustion of foams in a MSWC will be close
to this fraction.

3.5 SAMPLING AND ANALYSIS OF THE RESIDUE
STREAMS

TAMARA is noted for its variety of control devices and

special on-line analytical equipment. Separate collections

were made from each residue stream at selected time

intervals, in order to achieve a complete mass balance,

flue gas samples of O,, CO,, CO, H,0, HCI, SO,, NO,

and N,O were taken for on-line monitoring.

Isokinetic sampling systems were installed at strategic
locations in the flue gas ducts [Vogg 1991]. During each
test run a raw gas sample of about 4 - 5 m® was taken,
The sampling time was at least 4 h during all test runs.
The treatment and analysis of the sample is described in

separate, detailed reports.

For analysis of (H)CFC, gas samples were taken from
the raw gas of TAMARA downstream of the fabric filter.
Only some control samples were taken from the treated
gas as the CFC concentrations are not influenced by the
installed wet APC system. So, analysis was done either
directly (for CFC 12) or after enrichment (for HCFC
22, HCFC 142b) on activated carbon and following
thermo-desorption by GC/ECD or GC/MSD [Ritumeyer
1993). The detection limit for CFC 12 was approximately
0.5 micro g/m3, For both of the FICFC's a detection
limit of 3 micro g/m? was found.

Sampling for HE HCI, and HBr was performed on
the raw gas after the acid scrubber and in the clean gas
using a water cooled condensation step and two gas
impingers filled with 100 ml H,O, each. Raw gas samples
were taken directly upstream of the flue gas scrubbing
system. The clean gas was sampled between APC system
and stack. The analysis was performed out of the aqueous
solution by means of jon chromatography for HF and
HCI and by means of TRXF for HBr. The detection
limit for all species-was (.05 - 0.15 micro g/m3.

4 COMBUSTION CONDITIONS AND
RAW GAS DATA

4.1 GENERAL REMARKS
TAMARA achieved a stable operation in most runs.
But several runs with XPS had severe combuston

control problems. During four of the trials the feeding

_system of the compeostable fraction failed due to blocking

caused by oversize ingredients. In these cases the total
feeding systern was autornatically shut down by the opera-
tion control system. To ‘some extent this blocking was
responsible for a temporary temperature decrease and for
a fairly pronounced formation of CO. All volume data
in this report are based on standardised conditions (0 °C,
1 013 HPa) at the actual O, concentration. Thus, -the
effect of events such as the feeding system breakdown
on the production of different gas components can be

evaluated more easily.

4.2 Raw GAs DATA DURING SINGLE TEST RUNS
TAMARA is eqﬁipped with a number of on-line
detectors monitoring the most significant gas types in the
raw gas directly upstream from the fabric filter. The
following graph depicts the typical total feed, tempera-
ture measured at the end of the first vertical flue gas
duct in the combustion chamber, and a number of major
as well as minor gas components for one single test run.
In all cases the sampling of the mixed halogenated dioxins
and furans was performed during the first four hours of

the shown time interval.
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Fig. 3: Feed, temperature and major gases of the 2nd reference test run at low temperature
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Fig 4: Minor gases of the 2nd reference test run af low temperature

Stable feed and temperature conditions were able to

be established as seen in Fig. 3.

4.3 MEAN VALUES

A more quantitative comparison of the foam resnlts
from the single trials can be obtained by comparing the
mean values of parameters and their variation. This is
shown in Tables 5 a and b and Tables 6 a and b but has
only been done during the time -span used for gas
sampling for PCDD/PCDF analysis.

From the XPS data compiled in these tables it can be
seen that the scattering of O, and CO concentrations are

most indicative of unstable combustion conditions. Thus
three tests;' reference 2, the XPS granulate co-combustion
trials at low temperatare and the XPS/CFC 12 test run at
high temperature in particular have to be looked at critically
for their parameter settings. In all of these trials a substan-
tial amount of CO formation may have encouraged an

inerease in the formation of micro organic compounds.

Temperature and HCI levels were less influenced by
the failure of the feeding system which implies that the
thermal behaviour and the distribution of heavy metals

remained largely unaffected.




4 COMBUSTION

Tuble 5a: Mean data for TAMARA XPS test vuns af low temperature

The stability of the combustion process indicated by
the results of the on-line monitoring in TAMARA is
confirmed by the mean data shown in both of the two
tables for the PUR tests.

On the first day of operation the first reference test
run (refl1) - and to a certain extent the second one
(ref.2) - suffered from a comparatively low combustion
temperature of only (857 + 29) °C compared to approx.
900 °C established during the other test runs. This may

CONDITIONS
test run T feed (dry) | VY (dry) 0, test run T feed {dry) | V {dry) 0,

. °C ka/h m3/h vol.-% °C kg/h m3/h vel.-%
rel. 1 8725 | 1475 [1041210 [10.0+0.3 rel.1 - 95027 | 1671 (t1041=x6 | 9.6x0.9
rel. 2 845:15| 14018 {1048+ 12 |10.8+1.0 ref. 2 93912 | 1703 (1099z15| 95205

gfanulate 849+25| 116219 | 1044211 | 11613 granuiate (952 = 6 1461 (102926 | 9.8=0.3
GFG 12 8494 | 12421 |1058+10 |11.3+8.3 CFG 12 949+ 26 | 131233 (104221 10.7+1.6
HCFC 22/142h| 8416 | 1163 |1080+18 |12.1x0.2 HCFC 22/142b |978 =6 | 149+1 |1083+3 | 9.7x04
G0 HEGI 50, ND G0 HCI 80, NO

mg/m? mg/ms3 mp/m3 mg/m3 mg/m3 mg/ms mo/m3 mg/m?3

ref. 1 0.2+£0.1| 688232 15917 | 1685+ & ref. 2502 875+53 | 173+40 | 161+ 8

ref. 2 1046 | 663=52 | 158+42 | 15414 ref. 2 23=0.1) B25+36 | 138221 | 1575

granulate {48173 | 58057 | 111 £33 | 120+13 granuiate {1.9x01) 69127 | 13315 | 1254
CFC 12 29=11| 754220 | 10714 | 1234 GFG 12 33+180| 755142 | 87+44 | 11419

HCFC 22/142h | 6.7+ 3.2 | 64421 | 6811 100 =5 HCFC 22/142b | 1.6+ 0.1| 833240 | 10018 | 111 =3

Table 55 : Mean data for TAMARA XPS test runs at high temperature

have caused the production of low-volatile organic

micro pollutants such as PCDD/PCDF and will be
discussed later in more detail.

Other parameters which are indicative of the quality
of combustion - such as O, CO, and CO, levels - showed

very constant values in all test runs.
The nitrogen content of PUR is approx. 6 wt.-%.

This adds approx. 10 % to the original N level of the

basic feed and should cause no major changes in the NO

test run T v (dry) 8, co HEI test run co, S0, NO N,0 NH;

°C mé/h vol.-% | mg/m3 [ mg/m? g/md | mg/m? | mg/m3 | mg/m® | mg/md

ref.1.1 |857+20(1045+29,10.6=1.1|0.8x1.0] 745+ 51 ref11 [141:14|229+36 | 9614|1407 | 2127

ref.1.2 |885x12(1042+27 96204 (0501 71322 ref.1.2 (1386 (216219 ] 9927 (1203 |22:1

PURA11|806 +10(1020217 | 97204 (0.1x0.1} 834+ 28 PURA11(158+6 |204=26 (12129 1603 |24=1
PURA1.2|901x8 (1015x17; 98+£0.3| 0x0 |786=25 PURA1.2(155+5 |171 =16 [ 118927 112x0.3 |23=z1

ref21 |899+12/1025+23| 9.8+0.40.1=0.1| 665 =28

ref21 (14827 (16220 | 114+10 1604 | 2421

ref2.2 |907+13|1030x21| 96+0.4| 0x0 |653=24 rel2.2 {1507 16718 |119+10/13=84 | 242
ref.3.1 (88711107428 9.3+0.3|1.7=0.1| 658 =20 ref3.1 [162+5 [176+17 | 1308 |16x1.0|23+8
ref3.2 (90411107228 | 9.5+ 0.4|1.6x0.1| 606 =52 re3.2 |1569=7 (26124 |128+9 |0.9203 |24x2

PURA.2.1/901 =10 (1061 +27 [10.1+0.4(1.520.1) 683 =34

PURA21|t46x6 ;242 +28 (12321018204 | 2522

PURA.2.2(902=15(1055226(10.2+05|1.7=0.2) 763 =80

PURA.2.2|144+8 {315+33 | 1191312204 | 2421

PUR B.1.1(914: 10(1 044 £ 35 | 9.8+ 0.30.2+ D.2{1038 = 20

PURB.1.1 (1444 {222+15|13329 |21£0.8 | 2722

PURB.1.2(904+15(1 063+ 5110.3=0.6 6.5+0.2) 809z 49

PURB.12|133+9 (18627 (135+10({09=20.5 ;2422

rel.4.1 (399101 050 £ 24 |10.0 £ 0.3 |0.1+0.2| 668z 73

ref4l |164x5 (172+24 | 1248 |1121.2 12722

reld.2 (890+8 |1016+29(10.1203{0.7+68.1) 722230

ref4.2 |162:6 (16812 |119+8 15205 ;25x2

Table 6a: Mean data of PUR combustion temperature, flue gas volume,
0,, CO, and HCI in the raw gas

Table 6b: Mean gas concentrations of CQy SO; NO, N,O, and
NH; in the raw gas during the PUR campaign ~




5 ACID GAS
REMOVAL IN
THE TWO-STAGE
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SYSTEM

production or in the formation of other ni&ogen con-
taining gases. The N,O and the NH, concentrations were
monitored on-line during the tests. There seemed to be
an increase in the NO level between the first two refer-
ence tests and the co-combustion iests feeding 1 wt-%
of PUR A. All the following experiments, however,
regérdless of whether PUR was fed in or not, stayed at
about the same level (120 - 130 mg/m?3). The other
nitrogen components also didn't discriminate between the
reference test runs and the PUR. co-combustion. This
finding confirms the results of earlier tests in TAMARA
which showed no increase in NO production with PUR
feeding [Rittmeyer 1994].

The HC] levels in the reference test runs were in the
concentration range of 600 - 750 mg/m?. The scatter-
ing of the results of each test run is within the typical
range of TAMARA experiments. Feeding 1 wt.-% of
PUR. A and P{jR B increased this level, which was
expected as both mpaterials contain chlorine from CFC

11 as well as from 2 flame _retardant. However, if the

dosage of PUR A waj doubled the HC! concentration

detected by the on-line monitor did not increase. This

was due to measuring difficulties.

5 ACID GAS REMOVAL IN THE TWO-STAGE
WET SCRUBBER SYSTEM

5.1 GENERAL REMARKS

TAMARA is equipped with a separate quench followed
by an acid (pH = 1) and a neutral scrubber (pH = 7),
both of which are modified Venturi scrubbers. Between
both scrubbers and downstream from the neuiral serub-
bet, special sampling trains were installed. Test results from
these were combined with those from raw gas concentra-
tions derived from the isokinetic sampling system upstream
of the fabric filter. The efficiency of the wet system for
the different acid gases could then be calculated.

During the entire PUR. test campaign the scrubber
system was operated in a routine way. No optimisation
for the removal of special gas components such as HBr

or Br, took place. Due to temporary Storage problems

10
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the discharge of scrubbing solution of the first scrubber
was set very low and had to be changed slightly in
order to avoid salt precipitation. Despite this, for all three.
of the acid gases ; HCI, HE and HBr, the emission
standards required by Germany could easily be met. No

scrubber performance was monitored during the XPS test

Tuns.

5.2 HCl ABATEMENT

The change in concentrations of HCI while the flue
gas passed through the scrubbiﬁg system is shown in
Fig. 5. Here, all data of the reference runs and the
different co-combustion conditions have been averaged.

The graph reveals that the installation of just an acid

_ scrubber does not guarantee the observance of the

emission lImit of 10 mg/m?® set by the German
17.BImSchV. However, after passing the second scrubber,

reasurements far below 1 mg/m? were easily achieved.

ref

PUR A1
PUR A2
PURB

raw gas

ref

PUR A1
PUR A2
PURB

ref

PUR AA
PUR A.2
PURB

scrub.1

stack

T

0.1 1.0 10.6 100.0 1000.0
concentration in mg/m3

Fig. §: Concentrations of HCl in the raw gas, downstream of the acid

scrubber and in the clean gas

HF Abatement

Measurements of concentrations of HF were performed
the same way as for HCl and the results are shown in
Fig. 6. It is obvious that the efficiency of the first scrubber
was much lower for HF than it was for HClL Never-

theless, in the clean gas, levels of < 0.2 mg/m3 were

- measured, which is well below the 17.BImSchV limit of

1 mg/m3.
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Fig. 6: Concentrations of HF in the raw gas, downstream of the acid

scrubber and in the clean gas

HBr Abatement _

Fig. 7 reveals that, in the same test, removal of HBr
in the first scrubber was better than that of HF but did
not reach the quality of that of HCl. The 17.BImSchV
contains no emission limit for HBr but the German emis-
sion regulation issued in 1986, the "TA Luft 86, sets a
limit of 5 mg/ m?. The respective data found in the clean
gas of TAMARA were well below 0.2 mg/m?.
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Fig 7: Concentrations of HBr in the yaw éas, downstream of the
acid scrubber and in the clean gas
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5.3 SCRUBBER EFFICIENCY

The scrubber efficiency is defined as the fraction of a
component removed by the scrubber, divided by the in-
put. Fig. 8 compiles the removal efficiencies of the first
and second scrubber for HCl, HE and HBr. The values

are averaged for the different combustion conditions.

Approx. 98 % of the raw gas FICl was removed
the first scrubber. After having passed the neutral scrub-
ber almost 100 % of the HCl was absorbed. For HE the
‘removal efficiency in the first scrubber was relatively poor,
reaching only 50 % in the case of the test runs where
the input concentration was low. During the co-
combustion trials, when the F feed was increased, approx.
70 % removal was calculated. The overall efficiency was at -
least 98 Y%. For HBr, an efficiency in the order of 90 %
could be achieved in the first scrubber. With the exception
of the reference tests, with their Jow input, almost 100 %

could be removed by the entire system.

HCI ref
PUR A1
PUR A2

PURB |
HF ref
PUR A1
PUR A2

PURB &
HBr ref Ji
PUR A1

PURB [

0 20 40 60 80
scrubber efficiency in %

[ 58 scrubber 1 I scrubber 2 l

100 .

Fig. 8: Scrubber efficiency for HCl, HF, and HBr
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¢ RESIDUE MASS STREAMS

In this section mass balances of some of the more
interesting elements are discussed in more detail. There
were similtar findings for both PUR and XPS so only
XPS findings will be shown. The generic mass stream
data used for these calculations can be found in Table 7
and Table 8.

testrun  |feed (dry) | botiom | grate sift. | coarse fly| fly ash
ash ash

kgh | kom | kgh | kgh | moms
ref. 1 1475 | 41.8 5.9 1.4 669
ref. 2 14018 | 39.4 5.7 2.2 635
granulate [116=19  30.5 4.2 0.8 579
GFG 12 12421 | 326 43 0.7 639
HGFC 22/142b}116 =3 | 38.8 5.1 0.8 628

Talle 7: Muass streams of residues_for the XPS campaign at low temperature

test run  [feed {dry) | boltom | prate sifl. [ coarse fly | fly ash
ash ash

ko/h kg/h ka/h kg/k | mg/md
ref. 1 167 =1 | 5B.9 6.0 1.2 63e
ref. 2 17023 | 56.3 97 2.2 640
granuiate | 146=1 | 56.B 6.0 1.3 539
GFC 12 13133, 48 6.2 2.0 Fak|
HCFC 22/142h | 1481 | 52 . 5.5 2.6 646

Tuble §: Mass streams of residues for the XPS campaign at high temperature

In the low temperature test runs, the fraction of waste
leaving the MSW incinerator along with the bottom ashes
was (28 % 3) wi-% and for the high temperature test
runs, (36 = 2) wt.-%. The difference in weight percent

reflects a change in waste quality.

During the second XPS test run, performed about 5
weeks after the first, the amount of inert ingredients in
the compostable waste fraction was higher, however, the
mean concentrations of major and minor elements did

not show significant differences.

It mmst be noted that the recorded masses of the
coarse fly ash are characterised by a marked variation

between the different test runs. This may be caused by

12 -
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material falling into the sampling bins which had been
accumulated in the raw gas ducts. There are two factors
that prevent these variations in weight from influencing
the mass balance of most elements. First, the amount of
coarse fly ash is relatively small. Secondly, the material
was separated from the flue gas at high temperatures
meaning that it contained only small amounts of
thermally mobile metals. Mass streams for the PUR cam-
paign tuns were similar to the XPS tests. Therefore the

same conclusions can be drawn for these tests.

7 TOTAL BURNOUT

The parameter “burnout” can be defined in several
ways. In combustion engineering the ratio between CO
and CO, concentrations in the flue gas is used as a meas-
ure of burnout. However, when evaluating the entire
waste combustion process, including residue quality, a
much betrer parameter is the total amount of residual or

incompletely burnt carbon types (TOC).

In Fig. 9 averages of TOC found in the grate ashes.
are given for each PUR test. The graph indicates that
the burnout is improved in cases where plastic material

is added to the basic feed. This was confirined in other

tests where up to 15 wt.-% of post-consumer plastic waste
was burnt together with the basic feed in TAMARA
[Vehlow 1994]. Similar results were achieved with the
XPS foam. '

000 002 004 008 008 0140 042 014
TOC in wt. -%

Fig. 9: TOC in the grate ashes (respective test {ypes have been aver-
aged, cross-hatched arex = reproducibility}




8§ THERMAL BEHAVIOUR OF
INORGANIC SPECIES

8.1 GENERAL REMARKS

In order to get information on the behaviour of
single elements, all residue sireams of TAMARA were
sampled and analysed. The resulting distribution of the
element between the different comparﬁnents means that
the fraction present in the respective residue streams was
always clearly defined in relation to the amount being
burnt. The completion of the mass balance is a reflec-
tion of the accuracy of the total sampling and analysis

programme.

8.2 HALOGENS

Chlorine

The most abundant halogen was Cl with a typical
concentration of 0.7 wt % in municipal solid waste.
Fig. 10 depicts the average proportion of Cl in the re-
spective XPS test runs. All calculations of elements were
based on comparing the total input of the respective ele-
ment with that found in the waste feed. The accuracy

of the CI data seemed very satisfying.

The fraction of Cl staying in the boitom ash in both
the high and low temperature tests was always in the
order of 20 % or below. About the same amount left the
combustion chamber along with the fly ash. Between 60
and 70 % was found as HCl in the gas phase. The HCl
emission measured upstream of the stack was less than
2 mg/m3 during all test trials and thus was well below
the German emission limit of 10 mg/m® [Bundesminis-

terium 1990].

The de-novo foﬁnaﬁon of organochlorine compounds
is due to the Cl concentration in the fly ash. The level of
PCDD/PCDF in fitll scale MSWC filter ash correlates with
the particulate carbon, Cl and Cu concentrations in these
materials [Vogg 1986, Stieglitz 1987, Hagenmaier 1987].
Based on these findings it is often argued that an increase
in Cl input, creates a risk of enhanced PCDD/PCDF pro-

duction in the municipal solid waste incinerator.

8 THERMAL

BEHAVIOUR OF
INORGANIC

SPECIES

850°C ref. {i
gran.
CFC12 |5
HCFC 22/142b |
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Fig. 10: Balance of C1 for all different test conditions with XPS foams
(reference tests have been averaged)

It has been well documented that at elevated combus-
tion temperatures the volatility of thermally mobile ele-
ment types increases [Dalager 1993, Vehlow 1993]. These
elements can exist as pure elements, their oxides or chlo-
rides. This should imply a more distinctive presence of vol-
atile elements in flue gas and fly ash at higher combustion
temperatures. Also, in the case of acid components like
halogen anions, the alkalinity of the fly ash influences the
respective concentration of the species in this residue. Since
the basic fizel was not changed during the experiments this
value should be about the same in all those tests that were
feeding XPS and PUR foam. Indeed the pH value of all
fly ash measured under the conditions of the DEV 54 leach-
ing test procedure {DIN 38 414] - meaning at a Equid-
solid ratio of 10 - was in a narrow range of between 6.4

and 6.7,

Fluorine

The fluorine concentration in the basic fuel of
TAMARA compares to that of typical municipal solid
waste. When (H)CFC blown XPS foams were added into

the system the fluorine (F) concentration increased.

From former experiments in TAMARA as well as in
full scale incinerators it is known that F mass balances can-
not be adequately, completed [Rittmeyer 1993, Rittmeyer
1994]. The most appropriate explanation for this is that F
is lost due to reactions between HF in the flue gas and
the wall material in the combustion chamber or the clad-

dings and ash shells in the hot part of a waste incinerator.

13
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Fig 11 : Balance of F for all different XPS foam test conditions (veference tests have been averaged)

Fig. 11 depicts the additional F masses in the differ-
ent residue streams as a function of the F input per kg of
dry feed. The straight line shows the limit for a completed
mass balance. It is apparent that the F staying in the
bottom ash originated from the basic fuel. Even when the
F content of the fuel was increased by a factor of 5, only

3 small increase in F was detected in the bottom ash.

The additional F is originally bound to the (H)CFC.
The thermal destruction of the (HYCFC and the forma-
tion of HF largely takes place in the gas phase. This
means that the probability of the (H)CFC borne HF
being trapped in the bottom ash is Emited. This was con-
firmed by the results of the experiments at low temper-

ature.

A strong correlation was found between the HF levels
in the gas phase and the F containing fuel feed. The HF
concentration in the raw gas was typically in the range
of 5 - 10 mg/m? for the reference test runs. At high
temperature this number went up to 120 mg/m3. The
emission of HF is regulated in most countries. In
Germany this valze is 1 mg/m? [Bundesministerium

1990]. TAMARA is equipped with a two-stage wet scrub-

14

bing system. During all test trials the clean gas in front
of the stack was sampled and analtysed for E All emis-

sion concentrations found were below 0.2 micro g/m3.

Bromine

According to the lterature [Schneider 1986] the Br
content in waste is in the order of 10 mg/kg of the waste.
In the TAMARA basic fuel, however, apprdx. 250 mg/kg
(XPS) and 170 mg/kg (PUR) was detected. Schneider’s
underestimation of Br levels may be due to problems of

both combustion and analysis.

A recently published paper refers to raw gas concen-

trations of up to 4.6 mg/m’ found in a German full-

“scale MSWC [Kiirzinger 1994]. This is the same order

of magnitude as found during the reference test runs.
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Fig. 12: Distribution of Br for all different XPS foam test conditions (reference tests have been averaged)

Fig. 12 gives the distribution of Br for all test con-

ditions. Apart from the reference and granulate tests runs

at low temperature, where certain losses were observed,

the Br mass balance completed very well.

As already found for E the amount of Br staying in
the bottom ash remained fairly constant as can be seen
in Fig. 12 This shows the absolute distribution between
the different compartments as a function of the Br in-
put. The reason for this is the same as for F : the Br is
bound to the flame retardant which is thermally
degraded in the gas phase of combustion. Again, the
straight line in Fig. 12 symbolises the total input.

As in the case of E there is a strong correlation
between the production of HBr and the Br fed into the
system. Although the raw gas concentration was in-
creased up to a factor of about 20 the absolute concen-
tration stayed moderate. Thus no emission problems are

expected.

The Br distribution was also measured during the
PUR. tests and a similar distribution to XPS can be seen.

The 1986 German air emission ordinance, the 'TA

Luf’, containes an emission Hmit for HBr of 5 mg/m?.
The emission surveillance of the reference test runs
resulted in < 0.2 mg/m?*. During the foam co-combus-

tion the maximum emission level found was 0.8 mg/m3.

The graph in Fig. 12 demonstrates increasing con-
centrations of Br in both the gas phase and in the fly
ashes. The latter is relevant for the formation of brom-

jnated or mixed halogenated organics.
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8.3 Heavy METALS

Copper (Cu)

Of major interest here is the catalytic activity of
copper in terms of its production of organochalogen com-
pounds and its corresponding thermal bebaviour. The
component balance calculated for the XPS foam test runs
at 850 °C is satisfying. However, at the higher temper-

ature a significant surplus of Cu is found in the outlets.

Co-combustion of building insulation foams with municipal solid waste

Fig. 13 shows the amount of Cu transported with the
fly ash out of the combustion chamber as a function of
chiorine input with the fuel. As the graph demonstrates,
there is no detectable influence at a combustion temper-
ature of 850 °C whereas at about 950 °C a slight in-
crease of Cu transfer was noted with increasing Cl input.
This is in accordance with data found in earlier experi-

ments in TAMARA [Vehlow 1994]
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Fig 13: Cu in fly ashes versus Cl input

A more thorough analysis points to the fact that the
bottom ash - and to a lesser extent the grate siftings -
were characterised by a substantial scattering of Cu. This
finding is typical for more noble heavy metals such as
Cu or Pb which appeared in their metallic state in both
residue streams. If a certain amount of metal is present
in a sample this metal is not necessarily homogeneously

distributed in all sub samples by grinding.

Only the concentration of Cu in the particulate
matter found in the offgases is of concern. Although Cu
ranks among the more lithophilic metals, a certain
fraction is volatilised as chlorides. Two stable chlorides
of Cu exist: CuCl {or Cu,Cl,) with a boiling point of
1367 °C and CuCl, with a beiling point of 993 °C.

16

8.4 HEavY METAL VOLATILITY

The volatilisation of heavy metals during waste com-
bustion is controlled by the presence of Cl because
metallic chlorides characteristically exhibit higher vapour
pressures. This is why the mass transfer of a selected
number of potentially thermally mobile elements such as
Cu, As, Cd, and Sb were calculated and correlated with
the Cl feed. In all cases these data were standardised with
the amount of dry waste burnt in TAMARA_

From calculations of the XPS foam low combustion
temperature runs it is evident that at this temperature no
correlation between the metal transfer and the Cl being
fed with the fuel can be found. It is likely that the main
reason for this finding is that the effects are too small to
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be significant. There is only a small difference in the Cl
feed of approx. 6 g/kg in the basic fuel and 7.4 g/kg
in the foam experiments. However, in earlier TAMARA
experiments at 950 °C, a clear correlation with the Cl

input has been revealed and documented.

In conclusion it can be stated that all findings con-
cerning the mass balances and volatility of metals dur-
ing the XPS co-combustion tests compare well with data
already published. [Brunner 1986, Schneider 1986,
Angenend 1990, Dalager 1993]. Similar conclusions can
be made for the PUR co-combustion. It is well known
from experimental results and corroborated theoretical
considerations that the temperature in the fuel bed and
the Cl input in the fuel are the generic controlling fac-
tors of volatilisation of elements in waste incineration

[Vogg 1984, Borchers 1989, Vehlow 1993].

9 THERMAL DESTRUCTION OF {H)CFC

9.1 InpuT DATA

Three different (H)YCFC's were fed into the incin-
erator along with the XPS foam. Table 9 gives an over-
view of the expected levels of (HYCFC with no thermal
destruction taking place. For CFC 12 blown foams a
separate experiment of 2 h was performed at a medium

temperature in a later TAMARA test run.

temperature CFG 12 HCFC 22 HCFC 142b
G mp/m? mg/m?3 mg/m3
850 312 £ 10 150 x8 290 =10
880 - 900 350 =10
950 340 = 10 190 + 10 360 =10

concentration in pg/m?

Table 9 : Theovetical (H)YCFC concentrations in the flue gas calcu-

lated on the assumption that no thermal destruction took place

9.2 DESTRUCTION oF CFC 11 aND oF CFC 12
In earlier extended experiments in TAMARA, as well
as in a full scale MSW combustor, an almost complete
thermal destruction of CFC 11 (in PUR foams) was con-
firmed. At temperatures above 800 °C no temperature

influence could be detected.

Due to its higher chemical stability a different
behaviour in the incinerator could be expected for the

CEC 12.

During the reference test runs the concentration of
CFC 12 was approx. constant at both combustion tem-
peratures as can be seen in Fig. 14. An average CFC.
12 level of (2.6 £ 1.3) micro g/m* was analysed. The
actual values scatter in a range of between 0.8 and 8
micro g/m’. During the co-combustion experiments a
certain influence of the combustion temperature was
found in CFC 12 destruction. At the low temperature
of approx. 850 °C residual concentradons of ap to
1 000 micro g/m? were analysed. At 950 °C remaining
CFEC levels of 10 - 20 micro g/m3 were found. In
order to verify these experimental findings an addi-
tional TAMARA test campaign was used to run some
more experiments at temperaﬁues between 870 and
900 °C. The results from these experiments fit nicely
into the original results. Nevertheless, the destruction
efficiency calculated from the above given concentra-

tions is more than 99.9 % at 900 °C.

0,1 - N 5 :
I B e B e e e e
800 850 900 950 1000
temperature in °C
[ Bl XPS  @eg—@ rof ]

Fig 14: CFC 12 concentrations in the flue gas versus combustion
temperature for the XPS foam.

17




10 HALOGENATED
DIBENZ.O-P-
DIOXINS

9.3 DesTrRUCTION OoF HCFC 22 AND
HCFC 1428

In contrast to CFC 12, the partially halogenated -

HCFC 22 and HCFC 142b were below the detection
limit of 3 micro g/m3 in the flue gas of TAMARA
during all test trials, On the basis of the amounts of
respective HCFC fed into the incinerator (compare Ta-
bles 12 and 3) minimum destruction yields can be cal-
culated for HCFC 22 of 99.9 % and for HCFC 142b
of 99.9 %. As a consequence, the HCFC blown foams
used today can be incinerated in a M3W combustor in

an ecologically beneficial way.

10, HALOGENATED DIBENZO-P-DIOXINS
AND DIBENZOFURANS

10.1.GENERAL REMARKS

If flame retardant foams are incinerated in a MSWC
the possibility of the formation of chlorinated, brom-
inated, and mixed halogenated - Cl and Br substitut-
ed - dibenzo-p-dioxins and dibenzofurans has to be
considered. There is evidence that under ‘de-novo’ con-
ditions the Br : Cl ratio may control the actual amount
and distribution of the different elements [Funcke
1993]. It is also well known that bromine compounds

can promote the effect of chlorination reactions.

Uncontrolled  combusdon  of flame  retar-
ded TV sets with polybrominated diphenylethers [Ze-
linski 1993) and the pyrolysis and mono-combustion of
flame retardants in a laboratory setup [Dumler, 1989}
have been identified as sources of Br containing
dibenzo-p-dioxins and dibenzofurans. Sampling in the
Swedish full scale MSWI resulted in only small amounts
of brominated aromatic compounds being found. Brom-
inated and mixed halogenated dioxins and furans were
always below the detection limit [Oberg 1990]. The
authors conclude that during normal operation of a
MSWI, organcbromine compounds do not create an

environmental risk through uncontrolled air emissions.

The total concentrations of brominated and mixed
halogenated compounds in the raw gas and in the fly

ashes of a MSWI comprise only a small percentage of

8 -
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the PCDD/PCDF levels [Oberg 1989, Donnelly 1950].

Investigations during the co-combustion of elec-
tronic waste (circuit boards), flame retarded with poly-
brominated diphenylethers, in a full scale facility are
reported to have shown a significant increase in
PCDD/PCDEF levels in the flue gas [Lahl 1991]. A crit-
ical review of this paper, however, leaves some ques-
tion as to whether this increase is significant when the
data are compared with the variation of PCDD/PCDF

production during normal operation.

Time Dependent Variation of PCDD/PCDF levels
in TAMARA

TAMARA is a small test facility which needs
several days to reach a stable condition for the produc-
tion of halogenated organic compounds, particularly

PCDD/PCDE  During one
PCDD/PCDF concentrations are higher at the beginning

week of operation
of the week than they are after a couple of days. The
decrease is striking during the first week where a quad-
ratic regression equation can be used to describe the time
dependent variations in concentrations. In the second
week of operation the time influence is less pronounced

and can be approximated by a linear regression.

The time dependency of PCDD/PCDF raw gas levels
found in TAMARA in the first week 6f operation is
illustrated in Fig. 15 which compiles data analysed during
the last test series. All tests were conducted burning basic
feed (reference tests) under similar operation conditions,
the combustion temperature was (900 = 50) °C. The
time scale starts with the first feed of waste into the
combustion chamber. These data can be interpolated

using the following gquadratic regression equations:

‘PCDD
“PCDF

101 - 1.67 time + 0.0078 time? (equ. 1)
125 - 2.15 time + 0.0092 time? (equ. 2)

For approaching the respective data during . the
second week of operation the following linear

regressions are used:

CPCDD = 27 - 0.212 time (equ. 3)
fPCDF = 31 - 0.218 tme (equ. 4)
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DIBENZO-P-
DIOXINS
Concentrations calculated from these equations are Facility PCDD PCDF ' TEQ P—
estimated to be inaccurate by at least £ 30 %. In the " ng/m® ng/ne ng/m?
following chapters (10.2 and 10.3) an evaluation of the TAMARA 8-50 16-60 ; <0.3-2
potential influence of XPS and PUR co-combustion is MSWE, recipr. prate 95 10 Vogg 1990
done. Respective PCDD/PCDF concentrations are MSWC, roller grate; 9 - 60 8-47 0.2-15 | Horsh
compared with a theoretical reference value calculat- par. flow 1991
. . . MSWC, rotler prate 4.7-24 ; Kempin
ed by using the above given equation over exactly the 1904
same time period as for the co-combustion tests. MSWC, reverse  |21.2 - 70.6/96.6 - 155.6 | 2.7- 4.3 | Kerber
acting graie 1904

For evaluating the practical relevance of the results,
the PCDD/PCDF raw gas levels were compared with
the respective values from modern full scale waste
incineration plants. (See Table 10). Such data are rarely
found in literature. The TAMARA results found in the

first day are not taken into consideration.

200

150

100

concentration in ng/m?

[£3]
o

Table 10: PCDD/PCDF !eﬁels in TAMARA and full scale MSWI

The table demonstrates that the PCDD/PCDF raw gas
concentrations in modern MSW may vary substantially.
The levels monitored in TAMARA correspond to the best
data reported for full scale facilities. This confirms the
technical relevance of the TAMARA test results.

100 150

B rcoo

©-9-9 rcor

Fig 15: Time dependent PCDD/PCDF levels in TAMARA during the first week of operation at combustion temperatures of (900 £ 50} °C

Jor reference test conditions
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Polychlorinated Dibenzo-p-Dioxins and Dibenzo-

furans : Gas Sampling, Method Compatison

The sampling of low volatile organic compounds
during the XPS trials was performéd in raw gas, using
two different sampling trains. One being the "long-term
sampler’ LPS, developed by FZK [Vogg 1991] and the
other, the BASF *PU/Impinger-Hi-Vol’ sampling train
[Brenner 1994]. The FZK set-up includes a heated PTFE
plane filter, a condenser-scrubber combination, and an
XAD 2 adsorber. The BASF train consisted of an inten-
sive tube-bundle cooler, PU foam plugs and mult-jet-
Hi-Vol-impingers. Both trains were installed close to each
other in the raw gas duct upstream from the fabric filter
in TAMARA (see Fig. 1.). The sampling methods, clean-
up, and GC/MS analysis will be described in detail in 2
separate EXTBA report [Brenner 1995). In this report
only a summary of the main results will be included.

The sampling during the PUR foam campaign for
low volatile orga.nié compounds was also performed in
raw gas, and by two different analytical laboratories: the
GfA (Gesellschaft fiir Arbeitsplatz- und Umweltanalytik
mbH, Minster) and the MPU (Mess- und Priifstelle
Technischer Umweltschutz GmbH, Saarbriicken). Again,
two different sampling trains were installed at two locations
close to each other in the raw gas duct directly upstream
from the fabric filter in TAMARA (compare Fig. 1).

The GfA train was specially designed to absorb low-
volatile organic compounds in one single sampling phase.
This was done with a combination of quartz wool and
XAD-2 resin [Funcke 1993a]. The method is Imited to
particulate loads < 1 g/m3, Clean-up and analysis were
performed according to GfA’s own protocols [Funcke
1994]. The GfA sampled all test runs and analysed all
samples for chlorinated, brominated, and mixed halog-
enated dibenzo-p-dioxins and dibenzofurans, for poly-
chlorinated biphenyls (PCB), - benzenes (PCBz), and -
phenols (PCP), and for polyaromatic hydrocarbons
(PAH). The analytical results for PCB, PCBz, PCP, and
PAH were, in almost all samples, below detection limit
and will not be discussed in detail.

The MPU used a sampling train in accordance with
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German pre-standard VDI 3499. This comprises a
dedusting with quartz wool, a high-intensity condensa-
tion followed by a demister, and an absorption on XAD-
2 [VDI 3499]. This method allowed z separate analysis
of compounds present in the gas phase or absorbed in
the fly ash. MPU sampled all test runs. Only samples
from two reference test runs (ref.3.1 and ref4.1) and
from two co-combustion tests (PUR A.2.1 and PUR
B.1.1) were analysed by ITU (Ingenienrgemeinschaft
Technischer Umweltschutz, Berlin) for halogenated
dibenzo-p-dioxins and dibenzofurans.

Polychlorinated Dibenzo-p-Dioxins and Dibenzo-

furans : Gas Sampling Results

The data for PCDD/PCDF obtained through the
different sampling strategies during the XPS foam test
described above were consistent and satisfactory. This is
demonstrated by the following graphs which compare
the respective raw gas concentrations obtained by both

sampling and analysis procedures.

Fig. 16 and 17 display the PCDD results at a com-
bustion temperature of 850 °C. The total concentrations
are well within an error range of = 30 % of the mean.
This is to be expected for two laboratories using total-
ly different methods. The homologue pattern also shows
good conformity and similar conformity is found for the
furans. Taking the total deviation of the mean values into
account, all PCDD raw gas levels at a given tempera-
ture overlap each other in the tests. The distribution of
the different hompologue groups also stayed almost

constant during all experiments.
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Fig. 16 Comparison of PCDD concentrations in the raw gas of TAMARA at 850 °C XPS Runs
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Fig 17 Comparison of PCDF concentrations in the raw gas of TAMARA at 850 °C XPS Runs
Polybrominated and Mixed Halogenated Dibenzo- same was not expected for materials containing bromine.
p-Dioxins and Dibenzofurans The limited separation of different chromatographic peaks
. . and the shortage of certified standards had already caused
Inter-Labovatory Comparison gf Analyiical Results ' ) o ]
: less consistent results in the preliminary inter-laboratory
Whereas the analytical data obtained by GfA and ITU analysis of a dust sample.
showed excellent conformity for PCDD and PCDE the
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Figs. 18 and 19 compare the analytical results of gas containing three bromine atoms together with chlorine
samples during the PUR campaign obtained by both could not be detected by either laboratories.
laboratories. While ITU detected approx. 3 ng/m3 of

monobrominated and less than 0.4 ng/m® of dibromina-

The ITU value of the reference tests revealed 15 - 20

% of the PCDI levels. This seems high compared to data

ted dibenzo-p-dioxins in refi tests, GfA found
© eREOTpreioxing M reierence T e e found in former test campaigns [Vehlow 1995} or in

dioxins others than purely chlorinated ones. Congeners

GfA ref.3.1
PURA.2
PURB.1.1
ref.4.1
ITU ref.3.1
Fig. 18: Comparison of
PURA.2. vesults of monobromo-
. polychlorinated, dibro-
PURB.1.1 mopolychlarinated and
polybrominated dibenzo-
ref.4.1 p-dioxins analysed by
l L3 [ L] i L] I L) I £] I R L T T GfA and ITU
0 2 4 6 8 10 12 14 16 18
concentration in ng/m?
I GricyvoD
GfA ref.3.1
PURA.2.1
PURB.11
ref. 4.1
Ty ref.3.1
Fig. 19: Comparison of
PUR A.2.1 results of sonabromo-
polychlorinated, dibro-
PURB.1.1 mo-polychlorinated and
polybrominated dibenzo-
ref.4.1 furans analysed by GfA
. and ITU
H 3 I 1 T

0 10 20 30
concentration in ng/m3

! BroClyDF

Bl cricvoF
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PCDD

PCDF

literature [Oberg 1989, Donnelly 1990] which were in
the order of only a few percent. In both of the PUR test
runs the bromine feed concentration was almost identi-
cal. This is reflected in the GfA data. However, the ITU
data are a factor of two higher in the PUR B test than
in the PUR A.2 test, almost reaching the PCDD level.

The results of the bromine containing dibenzofurans
show better consistency than those of the dibenzo-p-
dioxins, as can be seem m Fg. 19. The sum of
polybrominated dibenzofurans is the same. Again, ITU
found higher amounts than GfA. All other PBDF's were

below detection Hmits.

These results are a 'good indicator of the order of
magnitude of analytical errors in an advanced field of

investigations.

Taking into account the different sampling and
analytical protocols, the lack of certified standards and

the low concentrations found, the results are satisfactory.

10.2 POLYCHLORINATED DIBENZO-P-DIOXINS AND
DIBENZOFURANS '
Resunlts

The homologue pattern for PCDD/F is shown in

Fig. 20 for the PUR campaign.

ref

PUR A.1
ref.2
ref.3
PLUR A2
PURB
ref.4

ref |

PUR A1
ref.2
ref.3
PURAZ2
PUR B
ref.4

. e e
0 10 20 30 40 50 60 70 80 90 100

percent distribution of homologues

tetra M peniza WER hexa

hepta EEN octa I

Fig. 20. Homologue pattern of PCDD and PCDF from the PUR

campaigi.

Addition of bromine containing PUR foam did not
change the distribution between the tetra and the octa

dioxins and furans when plotted in a normalized form.

The same statement can be made for the addition of
XPS. The final corrected concentrations for the addition
of PUR. foam are shown in Figs. 21 and 22. The values
have been calculated on the basis of regression equations,
using the average time of operation as a base. The cross
hatched areas symbolize the mean error range which was

estimated at +:- 30 %.
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Figs. Nr. 21 and 22: Averaged PCDD and PCDF levels for the
co-combustion with PUR foams. -
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PXDD/PXDF in ng/m?®

For all tests the error range of the reference tests
overlap with the values of the co-combustion tests, From
the results it can be concluded that there is no correla-
tion between the addition of foam and the formation of

chlorinated dioxins and furans.

10.3 POLYBROMINATED & MIXED HALOGENATED
DIBENZO-P-DIOXINS AND DIBENZOFURANS

Results
Effects of the PUR Co-Combustion

The raw gas concentrations of chlorinated, brominat-
ed and mixed halogenated dibe.nzo-p-dio:vdns are shown
in Fig. 23. During the reference tests no mixed halog-
enated substances were found. However, the graph
reveals the formation of {mono-} brominated-chlorinated
dibenzo-p-dioxins as the flame retarded foams were
added. The total concentrations were approx. 1ng/m? for
the 'low-bromine’ and 2 -3 ng/m?3 for the *high-bromine’
experiments. During the latter experiments approx. 15

- 20 % of the PCDD levels were reached.

120
100
80
&80
40
20
0 - B,
2 200 400 800 800 1000 1200
Br in mg/kg of dry fuel
s PCOD mumn PGDF mume BraClyDD
mmm BrxClyDF #iwi TAMARA range of PCDD/PCDF

Fig 23: Chlorinated and Brominated and mixed halogenated
dibenzo-p-dioxins in all PUR test trials

Fig. 23 also displays Br containing dibenzofurans.
Small amounts of these compounds had already been
found during the reference test runs. Again, an increase
in the concentrations could be detected with the
increase in Br feed during the co-combustion tests.
Given an analytical uncertainty of at Ieés’c * 30 %, all
data obtained during the co-combustion trials stayed

around this range.
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Effects of the XPS Co-Combustion

Simifar results are shown below for XPS foam co-
combustion. Brominated congeners are present in extremely
low concentrations of approx. 1-5 pg/m? for the PBDD and
0.1 - 2 ng/m? for the PBDE Out of the large number of
mixed brominated and chlorinated elements only those con-

taining 1 or 2 Br atoms were analysed.

The bar plots in Fig. 24 and Fig. 25 compile the sum
concentrations of dibenzo-p-dioxins and dibenzofurans
broken down inio pure chlorinated, pure brominated, and
mixed halogenated compounds. For the reference test runs
modelling the typical low-Br’ residential waste, the graphs
confirm the above cited low share that Br containing homo-
logues, which are present in the order of 1 % [dibenzo—p-
dioxins] or 5 - 10 % [dibenzofurans], add to the levels of

the respective chlorinated compounds.

An additional input of Br into the incinerator promotes
the specific formation of mixed halogenated congeners
sipnificantly. In order to evaluate the relevance of these
increases, the total concentration of all halogenated
substances of both compound classes needs to be compared
with the typical range of PCDD/PCDF concentrations in
TAMARA (see Table 10). This is presented as a grey area

in each graph.
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Fig. 24: Chlorinated, brominated, and mixed halogenated dibenzo-p-dioxins (XPS)
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Fig. 25: Chlorinated, brominated, and mixed halogenated dibenzo-p-furans

This visualisation indicates that, in general, the levels of
all halogenated dibenzo-p-dioxins and dibenzofurans for
both foams stayed well within the band width of PCDD
and PCDF concentrations found in TAMARA. Outstand-
ing results are noted for the test run of CFC 12 blown
- XPS foam as the co-fuel at 950 °C. This test has
its

already been discussed with respect to poor

combustion conditions and the consequences for the
PCDF concentrations in the flue gas. Whilst the lack of
in the of
compounds only promoted the formation of PCDE for

combustion control case chlorinated
materials containing Br, both the levels of dibenzo-p-
dioxins and dibenzofurans were affected. The furans,

however, responded more sensitively.
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Effects of Bromine on PXDD/F

In Fig. 26 the totals of all Br containing dibenzo-p~

dioxins and dibenzofurans are plotted against the Br input
into the combustor. This is calculated as the sum of Br
analysed in all residue streams. The dioxins seem to cor-
relate with the increase in Br feed whereas the furans
tend to plateau at concentrations exceeding 400 mg/kg
Br in the feed. To obtain more detailed information
further experiments, particularly those covering the feed

range below 500 mg/kg, would need to be considered.

The correlation of dioxins at low Br levels and the
platean of furans at higher Br levels may be explained
by the view that the same de novo synthesis found for
the PCDD/PCDF [Vogg 1986, Stieglitz 1987, Hagen-
maier 1987, Schwarz 1990} is responsible for the forma-
tion of the brominated and mixed halogenated
compounds. In this case the bromide 'éoncentration in
the fly ash could play 2 major role in this formation, The
concentration of Br in the fly ash correlates with the Br
feed. The reference test runs resulted in bromide con-
centrations below 2 wt.-%. This is far less than the typical
concentration range of chlorides in fly ash from Europe-
an full scale MSWC which covers approx. 3 - 6 wt.-%
or even more in modern facilities. The Cl loads in the

fly ash of the TAMARA were in most cases above 20

Co-combustion of building insulation foams with municipal solid waste

wt.~%. During co-combustion, the Br concentration in

the fly ash was pushed up to more than 12 wt.-%.

It is considered that the concentration range for Cl
typically found in fly ash from modern mass burn systems
reaches a state of ‘saturation’ where the Cl is no longer
able to control the formation of PCDD/PCDE This is
the reason why almost all attempts to verify the popu-
lar hypothesis of the dioxin promoting potential of PVC
in waste combustion have failed. It has been proven that
a relatively small addition of chlorides on top of high
levels already preseni: in the fly ash does not increase the
formation of PCDD and PCDF significantly [Kerber

1994, Vehlow 1994, Chandler 1995].

However, from zero to the concentration at which this
level of saturation is reached there is some kind of corre-
lation between the concentration of the respective halo-
gen in the fly ash and the PCDD/PCDF levels in the raw
gas. Recently pub]ished results from small scale experi-
ments modelling the influence of PVC on PCDD/PCDF
formation in the raw gas of a fluidised bed combustor,

seern to support this hypothesis [Wikstrom 1995].

The same type of infliences as those outlined for Cl can
be expected between the bromine level and the formation

of Br containing dibenzo-p-dioxins and dibenzofurans.

BrxClyDID/BrxClyDF in ng/m3

!
0 200 400

! T
800 1000 1200
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Fig. 26: Sum of brominated and mixed halogenated dibenzo-p-divxins and dibenzofurans versus Br feed
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In Fig. 27 the total concentrations of all Br contain-
ing dibenzofurans are depicted as a function of the Br

concentration in the filter ash.

For comparative reasons results achieved during the
co-combustion of flame retarded XPS foams have been
included into this graph. It should be noted that the sam-

pling and analysis during the XPS co-combustion was

performed by BASF using a different sampling and clean-
up method [Brenner 1995].

For the XPS co-combustion, the Br concentrations
in the fly ash were increased from 0.5 to 5 wt.-%. The
PUR tests resulted in higher Br levels, reaching almost
13 wt.-% in the fly ash. These differences may be attrib-
uted to operating conditions as well as to sampling and
analytical error ranges. Nevertheless, both test results sup-
port the same conclusions. The results seemed to be more

consistent for the furans than they were for the dioxins.

In both cases the Br presence i the fly ash did sighty
influence the amount of bromine containing dibenzo-p-
dioxins, whereas the impact on the formation of dibenzo-
furans was more pronounced. The combination of results for
both XPS and PUR. supports the reasoning for the poten-
tial influences of halogens on the formation of halogenated

dibenzo-p-dioxins and dibenzofurans discussed above.

With low concentrations of Br in the fly ash there
appeared to be a good correlation with the raw gas con~
centration of Br containing dibenzo-p-dioxins and diben-
zofurans. At levels between 4 and 8 wt.-% of Br in the
fly ash a platean was reached and a further increase in

Br feed no longer increased the level of these compounds.

The maximum addition of foam during the TAMARA
experiments (3 wt.-%) reflects more or less the limits of
techmical feasibility. The low density of PUR and XPS
foams prevents a higher fraction of these materials
beihg added to a full scale MSWC.

For that reason it can be concluded that flamne retarded
XPS or PUR foams which are combusted together with
residential waste in a full scale MSWC will not enhance
the total level of halogenated dibenzo-p-dioxins and
dibenzofurans in the raw gas to a greater extent than
that found in TAMARA.

If we assume that the toxicity of brominated or mixed
halogenated dibenzofuran
congeners is close to that of the respective PCDD/PCDF

dibenzo-p-dioxin - and

then we can conclude that the raw gas is not signifi-
cantly altered by the addition of bromine containing XPS
or PUR. foams. This implies that there is no risk at all
in the emission of these compounds as long as an effective

air pollution control system is installed.

BrxClyDF in ng/m?3

Br in fiy ash in wt-%

[foamed material: E-HE PUR

&-¢-8 XS |

Fig. 27: Brominated and wixed halogenated dibenzo-p-dioxins in the flue gas versus Br in the fly ashes
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11 CONCLUSIONS

The main objectives of these foam combustion trials
were to establish iformation on :
o the thermal destruction of the blowing agents CFC 12
and HCFC 22, 142b _
« the thermal destruction of flame retardants and
« the distribution of addiﬁonﬂ F and Br fed with the foam.

In addition, the in-depth review of the potential in-
fluence of co-combustion on the formation of chlorina~
ted, brominated, and mixed halogenated dibenzo-p dioxins

and dibenzofurans lead to these most important results :

The overall burnout, particularly in the bottom ash
and fly ash, was excellent during all test trials. The burn-
out correlated with the combustion temperature and the
calorific heat value of the waste fuel. It was not negatively
influenced by the addition of XPS granulates or PUR and
XPS foam.

The tested foam materials added substantially to the
Br content in the incinerator. An increase by a maximum
factor of 6 was attained. The Br levels in the bottom ash
stayed almost constant during all experiments and the ad-
ditional Br load was more or less totally released into the
flue gas. This indicates that the bromine containing flame
retardant is first released from the foam and then burnt
in the gas phase. The formation of HBr and Br concen-
trations in the fly ash thus show a strong correlation with

the Br in the feed.

During the foam exferimen:s considerable amounts
of F were also introduced into the combustor which caused
an increase in the F content by a factor of about 6 for
XPS and 1.5 for PUR. The fluorine balance suffered
. losses, presumably due to reactions with silicate matter.
Most of the additional ¥ in the feed was found as HF in
the flue gas. This fraction increased with increasing com-
bustion temperature. The fly ash transported only a small
percentage of F even though its concentration in this sam-
ple correlated with the F input. F concentration in the

bottom ash was little affected.

The Cl level in the feed was only increased by about
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20 to 25 % when the CFC 11 blown PUR. and the (H)CFC
blown XPS foams were added. The Cl, nevertheless,
promoted the volatilisation of some thermally mobile
elements such as K, Cu, Zn, As, Cd, Sn, and Pb at the
higher combustion temperature. At 850 °C only minor
effects could be observed. The mobilisation of such metals
prevents them from forming water soluble compounds in
the bottom ashes which is beneficial to co-combustion in

terms of bottom ash quality.

The enhanced levels of acid gases do not challenge a
state-of-the-art air pollution control system such as a two-
stage wet scrubber. The HCI does not exceed typical raw
gas concentrations excessively and the HC] emissions were
always < 2 mg/m3. HBr was present in low concentra-
tions as was HE The emission values measured for HF
were < 0.2 and those for HBr < 0.8 mg/m3. All these
valies comply well with the most stringent air emission

regnlations and create no poliution problem at all.

The CFC 12 used in former years as a blowing agent
for foams is quite a stable compound. At a combustion
temperature of around 900 °C over 99.9 % thermal
destruction is achieved for CFC 12. CFC 11 is already
destroyed at lower temperatures. The partly halogenated
HCFC 22 and 142b were never detected in the flue gas
of TAMARA. The calculated destruction efficiency is far
better than 99.99 % even at 850 °C.

The sampling and analysis of chlorinated, brominated
and mixed halogenated dibenzo-p-dioxins and dibenzo-
furans was performed by different experienced analytical
laboratories for each campaign. The compatbility of
results for the PUR caﬁpdgn concerning the chlorinated
elements were excellent. The inter-laboratory results for
the brominated and mixed halogenated species were not
in such close agreement but in view of the complex
spectra, lack of standards and frequently low concen-

trations, they must be considered satisfactory.

No significant increase in PCDD and PCDF raw gas
levels in connection with the co-combustion of PUR or

XPS could be detected.

_The brominated compounds PBDD and PBDF were




generated at very low levels of some pg/m® in the case
of PBDD and typically < 1 ng/m? for PBDE These con-~
centrations are close to the detection limit and allow no
clear-cut information on whether there is a correlaton
with the Br input. The production of mono- and dibrom-
inated mixed halogenated dibenzo-p-dioxins, and diben-
could also be

concentrations.

zofurans detected, at very low

There is an apparent linear correlation between the
specific formation of mixed brominated congeners in the
raw gas and Br input. The increase, however, is moder-
ate and amounts to a concentration level of approx. 20 %
of PCDD or 50 % of PCDF if the Br input is increased
‘by a factor of 6 as in the case of XPS foam. A saturation
effect can be seen in excess of 5-10 wt% Br in the fly
ash. Although rigid polystyrene foams (15-30 kg / m?)
produced ftom expandable polystyrene (EPS) beads were

not included in these studies, it could be generally assumed

11 CONCLUSIONS

that such a study “;ith flame retarded EPS foams would
have resulted in similar emissions of HBr and halogenated
dibenzodioxins and dibenzofurans, as supported by the
results from the XPS granulate.

Recommendations : _

Assuming that Br containing congeners exhibit the same
degree of toxicity as chlorinated ones and that abatement
technologies work at a comparable efficiency. It can be con-
cluded that the brominated and mixed halogenated dibenzo-
p-dioxins and dibenzofurans neither add substantially to the
overall hazard of the raw gas of a MSWC, nor to that of air
emmission.

An assessment of all the results clearly states that co-
combustion in a modern MSWC is an environmentally
recommended option for the disposal of foams. The dispo- -
sal strategy is simple, makes full use of the energy of the
plastic material, and offers an overall environmental benefit

compared with other disposal options.
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