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ABSTRACT 

An extensive database including more than 1,900 PCDDIF test 
runs at different types of waste combustors was assembled and 
analyzed. A series of increasingly sophisticated statistical tech
niques found that for the vast majority of the data sets, the effect 
of feed chlorine content on PCDDIF emissions cruUlot be difier
entiated from normal variability. TIle small number of data sets 
that showed an effect displayed conflicting results. TIle quantity 
of PCDDIF increased in some cases and decreased in others. 
Whatever effect chlorine feed rate has on PCDDIF in the 
products of combustion, it is not discemible against the 
background. Consequently, mandatory chlorine reduction 
programs are unlikely to produce any measurable reduction in 
the quality or qll3Jltity of PCDDIF emissions from commercial 
scale waste combustors. 

INTRODUCTION 

Since polychlorinated dibenzo-p-dioxins and dibenzo tilrans 
[PCDDIF) are organochlorides, they clearly caJUlot be found in 
the products of combustion when there is no chlorine. On the 
other hand, atmospheric measurements demonstrate that air con
tains enough chlorine to produce about 2,500 ngldsm3 of 2,3,7,8 
TCOO and laboratory experience indicates that intrinsic 
PCOOIF might pass through the l1ame zone under poor combus
tion conditions or be fonned throughout the combustion system 
via a complex series of interacting gas phase, surface catalyzed 
and solid phase reactions. Laboratory work also shows that 
PCOOIF formation is strongly inl1uenced by combustor design 
and operating conditions. TIlis leads to the question, which ef
fects predominate PCOOIF emissions at conunercial scale fa
cilities? Is a change--discemible in some laboratory experi
ments-a meaningtill factor in tilll scale system operation? 
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FOCUS & LIMITATIONS 

TIlis paper sununarizes some of the key findings of the effort 
directed by the Subcommittee on The Relationship between 
Chlorine in Waste Streams and Dioxin Emissions from Combus
tors of the ASME Research COllunittee on Industrial and Mu
nicipal Waste to examine the impact of waste feed chlorine con
tent on PCDDIF emissions from waste combustion systems. The 
effort focused primarily on the acquisition, review Wld analysis 
of stack emissions data from the mlmicipal, medical, hazardous 
ruld agricultural (biomass) commercial waste management seg
ments. Seminal data from laboratory, pilot Wld small-scale test 
facilities were used to provide understanding of mechanisms Wld 
provide a frrunework for examining full-scale facility perform
ance. 

TIle full report (Rigo, Chandler & Lanier, 1995) provides an 
analysis of the data, a discussion of the statistical teclmiques 
employed, and a standardized listing of the pertinent data so that 
others may perfonn independent analyses. TIlere is a wealth of 
intonnation in the main body of the report and Appendix D that 
can be used to address other PCDDIF fonnation questions Wld 
assess air pollution control system [APCS) performance. Others 
are encouraged to use this reference work as a starting point to 

verify the tollowing conclusions and observations and to extend 
the assessment to address other questions. 

Neither this paper nor the underlying study, however, address 
changes in the PCOOIF characteristics of residues and liquid 
ellluents leaving conunercial scale waste combustion facilities. 
TIlis limitation does not seriously reduce the utility of the effort 
since multipathway health risk assessments find stack emissions 
predominating the PCODIF risk contribution; the other effiuents 
have a negligible etlect. TIlis is not surprising since testing at 
Stapeltetd, Gennany (1985) and Montgomery County, Ohio 
(Radian, 1989) found little PCDDIF in scmbber effiuents and 
routine TCLP testing finds that whatever PCDDIF is in combus
tor residue, it is not leached. TIlis study properly emphasized 
the area where an enviroJUnentally significant relationship is 
most likely to be found. 
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APPROACH 

Oata Acquisition 

Infonnation in Rigo & Rigo Associates, Inc.'s proprietary 
emissions database and the emissions database assembled by 
Energy & Environmental Research Corp. lEER) in support of the 
Combustion Emissions TeclUlology Resource Docwnent (EPA, 
1994) was augmented by data gleaned primarily from complete 
emissions test reports and occasionally from swrunary reports 
obtained from plant owners, researchers and regulators predomi
nantly in the United States, Canada and Europe. Previously Ull
published results were provided and utilized. In total, more than 
1,900 PCDDIF measurements taken along waste combustion 
system gas paths were databased and utilized. The data were 
assembled along with facility characteristics, test methods, plant 
operating data and an indication of chlorine feed rate (e.g., Ull
controlled HCI measurements in the flue gas or an indication of 
waste composition). 

Standard USEPA regulatory units-PPMdv for gases, such as 
HCl; mg/dsm3 for particulates; and ng/dsm3 for PCDDIF conge
ners and homologues-were used. TIle data were standardized to 
20°C, 762 mm Hg, dry and 7% Ch conditions. 

Data quality was assessed for each data set (i.e., test report or 
publication). In addition to verifying that the tests used standard 
test procedures and adhered to an established QAlQC protocol, 
the data were reviewed to identify data that did not meet QA 
requirements and outliers. Apparent outliers were traced back 
and, where errors were found, the appropriate .. corrections were 
made. Remaining outliers were tlagged so that the elTect of 
possibly aberrant data could be considered during interpretation. 

Oata Analysis 

TIle overall question of wht:ther chlorine alTects PCDDIF stack 
emissions was broken down into a set of testable questions so 
that objective statistical methods could be consistently used to 
detennine if there is a discemible clTect of waste leed chlorine 
content on PCDDIF emissions at conunercial waste combustion 
facilities. Two questions were used to ascertain if there is an 
effect since ch\lnges in chlorine teed rate might at1ect either: 

1. the composition, or 
2. the quantity of PCDDIF emissions. 

The composition question was addressed by detennining if the 
PCDDIF profile measured at various locations within a facility, 
or between facilities, was more different than experimental vari
ability could explain. TIle quantity question was addressed us
ing a number of correlation based tools and Analysis of Variance 
IANOVA) teclUliques. If no relationship was lound between 
chlorine and either composition or quantity of PCDDlFs in the 
gases, then it was concluded that there was no overall et1ect. 

Many ways of characterizing PCDDIF protiles have been pro
posed and utilized. TIlis ellort compared as many of the tollow
ing three descriptor sets as could be computed using the avail
able infonnation: 

• the fraction congener, dclined as the ratio of the 2,3,7,8 
Substituted Congeners grouped by equal lntemational 
Toxicity Equivalence Factor [lIEF) within a homologue 
to the sum of all 2,3,7,8 Substituted Congeners (A-J); 

70 

• the fraction homologue, defined as the ratio of each 
homologue total to the Total PCDDIF (K); and 

• the 2,3,7,8 Ratio, defined as the swn of all 2,3,7,8 
Substituted Congeners to the Total PCDDIF (L-U). 

Each of the above was calculated on a molar rather than on a 
mass basis to avoid camouflaging changes induced by substitut
ing a few molecules of heavier congeners for more molecules of 
lighter, more toxic congeners. Figure I displays the signatures 
deVeloped for several types of waste combustors using complete 
data sets (e.g., sets that did not include below detection limits 
[BDL) data points). 
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FiGURE l(CONT'D). PCDDIF PROFILES FOR SEVERAL 

COMMERCIAL WASTE COMBUSTION SYSTEMS. 

First, for individual facilities and subsequently facility aver
ages, cluster analysis was used to compare the relative congener 
and homologue signatures. Cluster analysis is a tec1U1ique that 
compares entire pattems. TIle Squared Euclidean Distance is 
the sum of the squares of the ditTerences between each signature 
component (shown graphically in Figure 2). It was used to make 
this comparison since it could be compared to the imprecision of 
the PCDDIF measurement methods to distinguish real signature 
ditTerences from happenstance. A statistically significant dif
ference at the 95 percent confidence level is likely to be found 5 
percent of the time when the comparisons are made from a 
common data set due to data noise alone. Since this etlort in
volves analyzing more than 1,900 sets of PCDDIF results, the 
number of false conclusions likely to be lound by not starting 
with method imprecision is in excess of 2 million due to chance. 
The number of false positives was minimized in this et10rt by 
using multiple means comparison tec1U1iques such as using the 
Studentized Maxim Modulus statistic instead of the t-statistic 
when developing critical values lor dit1i!rences'. 

I Another teclmique is to simply use the Bonilorini 
approximation and do all comparisons at the aIk statistical 
significance level instead of the a level when k comparisons are 
being made. For example, when 4 averages are compared, six 
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FIGURE 2. DIFFERENCES BETWEEN SIGNATURE 
COMPONENTS USED TO ESTIMATE THE SQUARED 

EUCLIDIAN DISTANCE. 

Other clustering teclmiques could have been chosen, but 
method imprecision would not have been as cleanly addressed. 
A Criterion to distinguish Squared Euclidean Distances that ex
ceed PCDDIF measurement method imprecision from normal 
data variability was developed by combining the expected signa
tures in Figure I with estimated method imprecision estimates 
for individual isomers (Rugenthaler, 1994) in a Monte Carlo 
simulation. If the Squared Euclidean Distance is less then the 
Criterion, then the individual signatures are the same and 
changes in chlorine feed rate could not have had a measurable 
elTec\. Also, if the signatures are the same, then a summary 
quantity measure like total PCDDIF concentration can be used to 
assess quantity changes since changes in the swrunary statistic 
and each individual component are related with observed 
ditTerences being less than method variability. Hence, these 
dilTerences and are attributable to chance. 

TIle database includes 87 variables for each of the more than 
1,900 PCDDIF mns recorded. It is dillicult to meaningfully in
spect such extensive data and identify and separate systematic 
variations from data noise. Correlation methods, including 
principal component analysis [PCAI, canonical correlation and 
scatter plots of one variable against another with linear regres
sion line overlays provide a quick way to identify potentially 
meaningful relationships, but camwt accOlUlt for collinear and 
confounding factors. Designed experiments that purposely var
ied operating parameters (parametric tests), coli ineari ty 
(variables responding together like a scmbber lowering the flue 
gas temperature) and conlounding factors (ditTerent sampling 
locations or combining data from ditTerent units or time frames) 
howewr, are readily handled using regression based ANOVA 
teclmiques. Continuous variables, like nue gas temperature and 
oxygen content, can be combined with discrete blocking vari
ables, which take on a valut! of I wht!n a condition is true (a 5% 

unique paired comparisons will be made (k). So, if the 95 
percent statistical confidence level is desired, tabulated values 
tor 1-.05/6 or 99.2 (say 99) percent confidence level should be 
used. Obviously, larger ditTerences are needed to identify 
signilicant dit1i!rences, but this is a natural consequence of using 
a data set to do more than one comparison. 



PVC spike, for example) and a value of 0 when it is false 
(normal MSW being burned) in an ordinary least squares or ro
bust least median square regression. Statistically significant 
regression coefficients indicate that the continuous variable or 
the condition represented by the blocking variable has an effect; 
otherwise, they do not. ANOVA enables identification of sig
nificant discrete effects and tile sorting out of complex industrial 
experiments where several tIlings are changed simultaneously. 

A combination of all these teclmiques, applied in a consistent 
manner to all tlle available data, is required to identify which 
data sets contain differences. Further statistical and technical 
data analysis is tllen used to detennine whetIler changes in feed 
chlorine affected tlle composition of tlle emitted PCDDlFs (e.g., 
did tlle changes induce shifts in tlle congener and homologue 
distributions?) or tile amount of PCDDIF emitted. If tlle answer 
to botIl of tIlese questions is no-chlorine changed neitIler tlle 
character nor tlle amount of the PCDDIF emissions-it is con
cluded that there is no ell't:ct of changes in chlorine l't:ed rate on 
PCDDIF emissions. If a change is noted, it is compared to other 
experiments and tests with positive results. TIle same ell't:ct 
must be found in the majority of similar experiments to assign 
causality because even with the application of teclUliques de
signed to minimize the number of chance lindings in multiple 
comparisons, happenstance can still produce a l't:w significant 
results when there is really nothing there. 

FINDINGS 

Municipal Waste Combustors [MWCl 

Data from 59 MWC facilities, taken at various points through
out the system, were used in this portion of the study. Parametric 
tests were conducted at several facilities to address the signili
cance of potential PCDDIF fonnation mechanisms. Further
more, spiking tests were perlonned where lime, mixed plastics, 
PVC and salt were added to or removed from the nonnal feed to 
detennine the relationship between PCDDIF concentrations and 
chlorine. Many of these tests included some measurement of 
chlorine feed rate. For spiking tests without measured uncon
trolled HCI concentrations (i.e., HCI data before the acid gas 
control system), the parametric changes in feed composition 
were used in the analysis. 

Comparison of the individual signatures obtained from each 
facility found that some test mns apparently dilrer from the bulk 
of the test mns by more than nominal method imprecision. 
TIlese differences were usually caused by a large number of be
low detection limits rBDLI isomer results which means that the 
signature was rel1ecting method limitations rather than actual 
composition inlonnation. TIlt: remaining signatun: dilTen:nces 
are associated with varying sampling location (i.e., boiler outlet, 
stack, etc.). After accounting for these differences, there is no 
indication that either the nonnal range of operating conditions or 
wide variations ill feed material, including spiking mns with ele
vated or depressed chlorine content, cause any measurable 
change in PCDDIF signatures. 

Parametric and spiking studies are helpful in examining the ef
fect of varying feed chlorine content on the quantity of PCDDlFs 
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emitted by MWC facilities. Figure 3 displays tlle aggregated 
stack test results witll each facility represented by a unique sym
bol (see Rigo, Chandler & Lanier, 1995, for specific plant char
acteristics and identification). The data from major emissions 
inventory efforts in Denmark and tlle Netllerlands have been 
aggregated to develop predictive equations tllat include HC\. 
When the modeling was repeated using tlle logarithmic form of 
the chemical kinetic equations and accounting for tlle collinear 
effect of scrubbers on HCI concentrations and air pollution con
trol system operating temperatures, tile HCI effect disappeared. 
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TIle importance of accounting lor APCS operating temperature 
is indicated by the relationship between the log of PCDDIF con
centration and temperature. As the APCS temperature increases 
(inverse temperature decreases), stack gas PCDDIF concentra
tions increase. While there are many variables affecting 
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PCDDIF emissions wi,thin an individual facility and between 
similar facilities, APCS operating temperature is a predominant 
lactor. 



Statistical analyses were conducted on the data from 18 facili
ties where parameters were intentionally varied to determine 
which, if any, had a significant effect. A full scale study was 
conducted at the state-of-the-art waste burning facility located in 
WOnburg, Germany (Marlc, 1994). No difference was found 
between either the PCDDIF isomer profile or concentration 
when burning only MSW and burning MSW augmented with 
either 7.5 or 15 percent mixed plastics enriched to \0% PVC. 

The Pittsfield experiment (MRl, 1987) is anoUler study Ulat 
loolced for a relationship between feed PVC content and 
PCDDIF emissions. The combustion of PVC-Hfree" material 
produced the same PCDDIF levels as combustion of regular 
waste, PVC-spiked waste and PVC-Hfree" waste. It should be 
noted, however, that careful attention has to be paid to tile de
sign of the Pittsfield test since a simple plot of PCDDIF concen
tration versus measured HCI indicates correlation. This correla
tion, however, is the result of hidden variables-the parametric 
changes in incinerator operating conditions. Once these effects 
are accounted for, no chlorine effect remains. TIlis points out 
Ule importance of considering all the variables in a designed ex
periment where each of the variables is intended to produce a 
PCDDIF response. Each variable must be considered, along 
with other confounders that come to light after the experiment is 
conducted, to produce a proper interpretation. 

Trial bums using three types of densified Refuse Derived Fu
els [dRDF] were perfonned at Sioux Center, Iowa (Pacilic 
EnvirolUnental Services, 1989). TIl en: was no difierence in 
PCDDIF emissions between fuel types even though the dRDF's 
ranged from plastics free through MSW to plastics augmented 
fuels. 

In the Horsholm study (Miljoministeriet, 1989), PVC, salt and 
lime were spiked in a statistically designed, fractional factorial 
experiment. Analysis of the data revealed that too little time 
was allowed between experimental conditions. Consequently, 
each measurement is a complex mixture of the previous and in
tended experimental condition. Typical test days were 12 hours 
long during which 3 tests were mn belore the unit was restored 
to buming nonnal MSW lor the next 12 hours. TIlere was a gap 
in testing while the boiler was cleaned. The next two It:st days 
apparently had 4 and 5 mns each. The balance of testing then 
retumed to the 3 nm-per day patten!. Unlortunately, time series 
tec\miques cmmot be applied to these data to compensate lor the 
lagged etlect since the mns were not conducted unilonnly 
throughout the test period. Any conclusions drawn from this 
experiment are, therefore, unsupported by the data set. When 
the first runs of each day are considered (mns that should have 
minimum cross condition contamination), no etlcct of two levels 
of PVC spiking, one level of salt spiking or one level of lime 
addition can be discemed. 

Neither nonnally observed changes in feed chlorine content 
nor intentionally induced increases or decreases (via adjusting 
the mixed plastics content of MSW, spiking with PVC and salt 
additions) significantly afiected the PCDDIF concentrations in 
MWC flue gas. Since few chlorine-induced changes in either 
PCDDIF composition or quantity were found, spiking tests failed 
to illuminate a relationship and there is no consistent relation
ship between chlorine and PCDDIF in MWCs; the requirements 
for probable causality have not been met. Changes in chlorine 
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content did not induce discemible changes in PCDDIF emissions 
fromMWCs. 

Medical Waste Incinerators [MWIJ 

The signatures were generally the same at individual sampling 
locations (uncontrolled secondary chamber outlet, air pollution 
control system [APCS] inlet and outlet) witllin each of tlle 24 
MWI facilities in tlle database. The signatures before and after 
tlle air pollution control equipment were sometimes different; 
however, tlle changes were not related to changes in chlorine 
content of the feed. 

No relationship was found between chlorine and PCDDIF 
stack concentrations at most MWIs as shown in Figure 5. One 
facility displayed an increase and one a decrease; tlle balance 
displayed no change. When the data from all MWIs in tlle data
base is combined using blocking variables to account for facility 
and sampling location differences, a statistically significant 
negative relationship is found between uncontrolled HCI concen
trations and the natural logaritlun of molar PCDDIF concentra
tion. If this relationship is tme, increasing tlle chlorine fed to 
MWIs would decrease PCDDIF emissions. TIlis negative re
lationship may be a data artifact and not a real effect, since cur
rent PCDDIF fonnation theories do not provide a scientifically 
defensible explanation for this linding. 

TIlis study found no statistically significant relationship be
tween the composition or amount of PCDDIF emitted from 
MWls and the level of chlorine in the waste feed 
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Hazardous Waste Combustors [HWCl 

The complete dioxin signatures are essential\y the same for al\ 
Hazardous Waste Incinerators [HWIsJ regardless of design, the 
APCS employed, or the chlorine concentration in the incinerator 
leed. Chlorine Iced concentrations in the waste ranged from 
virtual\y zero to about 80 percent. 

A le\� signatures are ditlerent. TIlese differences are mostly 
attributable to ditlerent numbers of congeners with BDL values 



in individual signatures and represent characteristic method 
limitations rather than real infonnation about the isomer distri
bution. There was no relationship fowld between chlorine and 
arrangement of signatures Olat differed by more than meOlod 
variability. 

Scatter plots with regression overlays were used to display the 
relationship between total moles of dioxins emitted and percent 
chlorine in the feed. The overall plot (Figure 6) shows the vari
able behavior found for each combustor: 17 of 32 facilities dis
play no relationship; 5 facilities show an increase in PCDDIF 
concentration with increased chlorine in the feed; and 5 facilities 
show a decrease with increasing feed chlorine concentration. 
Overall, the data suggests a decrease in PCDDIF concentration 
with increasing chlorine feed. TIlese results point out Ole com
plexity of the PCDDIF:chlorine question. 
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Signatures for the four hazardous waste fired boiler units 
[HWB) in the database were separated by plant. Since these 
boilers range from modified package boilers liring only hazard
ous waste to a pulverized coal-lired boiler with 10 percent liquid 
hazardous waste co-firing, the separation is probably the n:sult 
of combustor design dill'erences. Figure 7 is a scatter plot of the 
natural logaritlun of molar PCDDIF concentration versus percent 
chlorine in the feed. It displays a statistically signilicant de
crease in PCDDIF with chlorine in the feed. Given the dil1'er
ences in boiler design, this is probably a data artifact as there is 
presently no PCDDIF fonnation or destmction theory to cxplaill 
this behavior. 
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Method 26 cmmot be used to accurately estimate HCl concen
trations for cement kilns [CK) because sufficient ammonium and 
cations penetrate the lilter and are caught in the impingers to 
account for the measured chlorides. Because chlorine cycles 
within cement kilns-volatilized metal chlorides condense on the 
counter current l'eed and are reintroduced into the very hot 
buming zone where they again volatilize- the chlorine feed can
not equal the gas phase chlorine under steady state conditions. 
However, it is proportional. TIle relative chlorine feed rate, 
pounds chlorine per ton of clinker produced, was used to charac
terize chlorine t'eed rate to CK. TIle signatures for some differ
ent CK iypes are separated by a greater Squared Euclidean Dis
tance coellicient than method imprecision explains indicating 
that there may be dill'erent fundamental PCDDIF fonnation 
mechanisms involved in dillerent types of CK. CK generally 
display a negative relationship, as shown in Figure 8, 

..... 5 
0 
. .' r· 
E 4 
v 
VI '" 
<; .3 
Cl. 

lL '-, 0 u 2 
u Q. 
VI ., 

(j 
E " 0 .� 
u. 

m 

.3 _1 

... : 
.a� 

�[I) 
�B 0 f 00 0 
, 0% DO 

.. rt% 
• 

C 

! 
0 
0 
0 0 

• 
� .. • • • 

0 0 • • 

2 :\ 4 5 6 
F'ERCEtJT CHLORINE IN FEED 

FIGURE 8. SCA TTER PLOT SHOWING THE RELA

TIONSHIP BETWEEN PCDD/F CON CENTRA nONS 

AND CHLORINE FEED RATE IN CK 



between relative chlorine feed rate and dioxin emissions. The 
one plant that showed any chlorine effect displayed a statistically 
significant reduction in PCDDIF concentration wiUl increasing 
relative chlorine feed rate. 

HWCs generally show no relationship between PCDDIF and 
chlorine, but some individual HWI facilities display either an 
increase or decrease with increased chlorine in Ule feed. HWBs 
show a decrease in PCDDIF wiUl increased chlorine which may 
be due to boiler design differences rather than a real phenome
non. CKs display either no relationship or decreasing PCDDIF 
with increasing chlorine. 

Biomass Combustors [BMC] 

The limited BMC data in the database show that neither 
PCDDIF composition nor concentration are related to chlorine 
content in the feed. Deliberately spiking with Pentachlorophe
nol [PCP) at Northwood, B.C. produced only two detectable 
PCDDIF homologues at the highest spiking levels. At Elk FallS, 
when salt laden wood chip was augmented with even higher 
chlorine content pulp mill sludge, PCDDIF emissions decreased. 
Data from the other BMCs show comparable PCDDIF emission 
levels; however, neither the chlorine content of Ule biomass lilel 
nor HCI was measured. No finn conclusions can, therelore, be 
drawn Irom these tests. 

OVERALL FINDINGS 

TIlis efiort brought together much of the available infonnation 
on PCDDlFs and chlorine in waste combustion systems. It was 
assembled in a database in consistent units and analyzed in a 
consistent, statistically and teclmically valid loshion. TIlis effort 
evaluated Ule relationship between PCDDIF concentrations in 
flue gas streams with feed chlorine concentration. It was not 
designed to address the relationship between chlorine and 
PCDDIF in liquid effiuents like residue quench waters and wet 
scmbber blowdown or solid residues leaving facilities. TIlese 
questions could be addressed to detennine if removal processes 
explain the lack of an observed relationship in the gas streams. 

Drastic changes in waste stream and flue gas chlorine content 
only produced a few differences in PCDDIF composition that 
exceeded measurement method imprecision. TIlese dilTerences 
were generally explained by sample location or number of BDL 
values in the signature. Quantity dillerences were uncovered, 
but they were so inconsistent and contradictory that it is impos
sible to conclude that increasing chlorine content is associated 
with increasing PCDDIF concentrations in commercial lacilities. 
In lact, given that the scientilic method relies on counter exam
ples to disprove theories, the lailure to lind simultaneous in
creases in most cases and the linding of inverse relationships in 
a few indicates that any efiect chlorine has on PCDDIF emis
sions is smaller than the inlluence of other causative lactors. 
TIlat is, whatever elTect chlorine has on PCDDIF in conunercial 
scale system gaseous combustion products is masked by the ef
fect of APCS temperature, ash chemistry, combustion conditions 
including localized !low stratification, and measurement impre
cision. Changing the amount of chlorine in waste streams did 
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not have a discernible impact on PCDDIF emissions from waste 
combustors. 
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