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Abstrad 

This paper presented a series of regression analysis for the verification of the 
formation mechanism of PCDDs/PCDFs in municipal incinerators. Such analysis is 
significant in several areas regarding to the evaluation of new combustion criteria, 
public regulations, and risk assessments in the incineration projeds. 

1. Introduction 

The emissions of a full range of polychlorinated dibenzo-p-dioxins and furans 
(PCDDs/PCDFs) have become the most controversial issue in siting and building 
new municipal incinerators. Until last decade, several emission tests of municipal 
solid waste incineration were conducted. Besides, formation mechanism of 
PCDDs/PCDFs, new combustion criteria, public regulations, and risk assessments 
regarding to waste combustion have been widely discussed and excessively 
documented in the literature. However, only a few analyses of statistical prediction 
and control have been established, but none of them addressed statistical 
relationship directly associated with the proposed formation mechanism of 
PCDDs/PCDFs and related compounds. This paper presented a series of 
regression analysis, using the approach of single equation model or simultaneous 
equations system to statistically verify the proposed PCDDs/PCDFs formation 
mechanism for several types of incinerators. 

The database used in this regression analysis was integrated from the famous 
National Incinerator Testing and Evaluation Program (NITEP), conducted by the 
Environment Canada during the period of 1984 and 1990. SAS® computer package 
was employed as a computer solver. Based on these regression results, further 
evaluation of emission prediction, combustion criteria, public regulations, and 
environmental and health risk assessment can then be expected. 

2. Formation Mechanism 
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It is noted that the factors influencing dioxin formation in combustion include the 
presence of precursor, the low combustion temperature, wet refuse, large or 
discontinuous influxes of refuse, insufficient or too much oxygen, insufficient mixing, 
and insufficient residence time. It also appears that as particulate emissions 
increase there is a general increase in the total emissions of PCDDs/PCDFs. But the 
true influential fadors regarding to the formation mechanism(s) of PCDDs/PCDFs in 
the incineration process are still unknown. At least four dioxin formation theores 
exist in literature : (a) emitted PCDDs/PCDFs enter the system as PCDDs/PCDFs; (b) 
emitted PCDDs/PCDFs formed from chlorinated precursors such as PVC, PCB's, and 
chlorophenols; (c) emitted PCDDs/PCDFs are formed from appropriate orga.nic 
species which become chlorinated, such as lignin; or (d) PCDDs/PCDFs are formed 
as a result of incomplete combustion; the formation of PCDDs/PCDFs from 
condensation of organics and chlorine atoms on the surface of the particulates; is 
catalyzed by heavy metals, possibly copper, in low temperature zone before the inlet 
of particulate removal process^''^^ Several kinetic studies of PCDDs/PCDFs 
formation were established and shown in literature^'. In general, the fourth 
mechanism regarding to the low temperature formation of PCDDs/PCDFs is 
relatively acceptable than the others and also raises much interesting in the current 
scientific community. Hence, the US Good Combustion Practice (GCP) criteria*''''''^' 
and Japan's incineration standards^' have suggested the minimum flue ()as 
temperature at the inlet of fabric filter (FF) or eledrostatic precipitator (ESP). 

3. Statistical Verification 

Many test programs were conducted in the Europe and North America^ '̂'̂ ' in which 
several statistical regression analyses have been developed to detect the 
relationships between PCDDs/PCDFs emission prediction/control and its related 
design/operating parameters in the system^'*''"'-'"''"''^*''^^*'^"*'''*'^*''^^'-''''^'*'^'. But the 
direct connections between the proposed formation mechanism of PCDDs/PCDFs 
and a specific statistical structure have not been explored yet. This multivariate 
statistical analysis covers several fundional forms including single equation model, 
recursive equations system, and seemingly unrelated regression (SUR) systenfi in 
order to verify the fourth formation mechanism of PCDDs/PCDFs in the literature. 
BASE and ETS subroutines in the SAS® computer package were combined as a 
computer solver. The data set obtained in the NITEP associated with different types 
of incinerators, including mass burn waterwall, modular, and refused-derived-"uel 
incinerators, were integrated as the regression database in this statistical 
analysis'^*-^''"''^'". All the data sets have to be normalized to the same basis of 8% O2 
standard condition at dry basis before the regression analysis was pertormed. 

Since different types of incinerators and air pollution control systems may 
have totally different feature in forming PCDDs/PCDFs, independent regression 
analysis was needed for different types of incinerators. Each type of incinerator may 
present different statistical formulation due to the limitation of data availability and the 
performance in the regression results. Focus has been placed upon the 
chemometric association of PCDDs/PCDFs concentrations (i.e., dependent variable), 
measured at the inlet of electrostatic precipitator or spray dryer plus fabric filter 
process, with the suspected chemical species, such as possible precursor, heavy 
metal, particulate, and flue gas or combustion temperature, as delineated in the 
literature. The functional forms of single equation model, recursive equations 
system, and seemingly unrelated regression (SUR) system were then generated by 
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using selected independent variables. These independent variables were added 
stepwise in an attempt to improve the model fitting according to the response of the 
coefficient of determination (R^ values), F values, t-ratios, and sign convention of 
each estimator. The final choice of the best-fit model were based on the professional 
judgement of the authors. 

After a series of separate statistical runs, the best regression results of 
watenwall, modular, and RDF incinerators were diredly listed as follows: 

a) mass burn watenwall incinerator at Quebec city (single equation model): 

PCDDs/PCDFs= 29344 - 0.85CU -75.43TEMP1+2018.97TSP-34.75HCI 
(30.895) (-42.591) (-26.277) (33.873) (-26.459) R2=0 .9996 

PCB= 1341.01 - 14.86TEMP1+7.19HCI 
(0.365) (-1.054) (1.634) R2=0 .4835 

PAH= 520534 -1494.96TEMP1+14915TSP-418.28HCI 
(1.684) (-1.544) (0.957) (-1.146) R 2 = 0 . 7 1 1 2 

b) mass burn modular incinerator at Prince Edward Island (P.E.I.) (recursive 
equations system): 

PCDDs/PCDFs= 211.28 + 0.083PAH +0.046PCB 
(1.341) (0.726) (0.430) R 2 = 0 . 3 9 1 6 

PCB= -11384 +0.259PAH+13.599CU 
(-0.507) (0.497) (0.531) R2=0 .2328 

PAH= 58354-45.627TEMP3 
(3.523) (-2.792) R2=0.7958 

c) Refused-derived-fuel (RDF) incinerator at Mid-connecticu,t Hartford (recursive 
equations system): 

PCDDs/PCDFs= 1515.917 + 0.009PAH -2.053PCB - 7.338TEMP1 
(1.019) (2.248) (-0.110) (-0.755) R2=0 .8388 

PCB= -86.999 -0.00006PAH+0.327HCI-t-0.007CU-0.009TSP 
(-2.294) (-0.941) (3.460) (1.236) (-2.162) R2=0 .9523 

PAH= 499370+118.846CO-45.627TEMP3 
(2.167) (6.356) (-2.137) R2=0.9136 

where : 

•TSP (mg/Nm3) = the concentration of total suspended solid in the flue gas before 
Tne inlet of FF or ESP. 

•CU (|ig/Nm3) = the concentration of copper in the flue gas before the inlet of FF or 

ESP. 
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»C0 (ppmv) = the concenfration of carbon monoxide in the flue gas before the inl(3f 

of FF or ESP. 
•TEMPI and TEMPS (°C)= flue gas temperature before the inlet of FF or ESP, and 

combustion temperature in the furnace, respectively. 
•PCDDs/PCDFs (ng/Nm3) = the concentration of dioxins and furans before the inlet 

of FF or ESP. 
•PCB (ng/Nm3) = the concentration of PCB before the inlet of FF or ESP. 
•PAH (ng/Nm3) = the concentration of PAH before the inlet of FF or ESP. 

The units used in this analysis are all metric units. The statistical regression 
results for the interpretation of PCDDs/PCDFs production before the inlet of air 
pollution control devices show that single equation model is most suitable for tfie 
mass burn waterwall incinerators while the recursive equations system is a better 
choice for both the mass burn modular and refused-derived-fuel incinerators. In tfie 
latter case by solving the recursive equations system, two stage least square (2SLS) 
method was selected as the solution procedure, and the statistical formulation of 
recursive strudure presumes that PCDDs/PCDFs formation is majorly dependent on 
the formation of PAH and PCB simultaneously while the formation of PCB is 
dependent on the formation of PAH and other related parameters. The numbers in 
these parenthesis as shown below each regression estimate are t-ratios in statistics. 

A couple of observations can be made as follows: 

•It is shown that the fourth proposed formation mechanism of PCDDs/PCDFs is 
verified in the cases of mass burn watenwall and RDF incinerators statistically. But 
the regression results in the case of mass burn modular incinerator are generally 
worse than the others probably due to the limited number of data sets available 
(i.e., only four data sets are colleded in the NITEP reports in this case). 

•Part of the t-ratios pass the inference test of the 5% level of significance in the 
cases of mass burn wa 
good in several cases. 
cases of mass burn watenwall and RDF incinerators. R , R , and F values are fairly 

•Sign convention of each estimator in the first regression equation for mass bLirn 
waterwall incinerators reveals that the higher the concentrations of HCl and 
copper appear in the flue gas, the lower the possibility of copper attached in the 
particle surface reacts with free radical of related chlorinated hydrocarbon 
compounds in the low temperature environment. But it is not true in the case of 
RDF incinerator. 

•Sign convention of each estimator in all of the three analyses reveals that the lowrer 
the temperature of flue gas and/or combustion temperature, the higher the 
concentrations of PCDDs/PCDFs, PCB, and PAH exist in the flue gas. 

4. Conclusions 
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This Study showed a statistical analysis of the proposed formation mechanism 
regarding to the production of the major chlorinating agents, including 
PCDDs/PCDFs, PCB, and PAH, in a low temperature environment associated with 
metal-catalyzed reaction of HCl in an excess oxygen condition in the flue gas. The 
formation mechanism in the downstream environment is partially verified in the mass 
burn waterwall and RDF incinerators. It can be concluded that the formation 
mechanisms of PCDDs/PCDFs, PCB, and PAH probably are different in different 
types of incinerators. Based on the regression results in this analytical framework, 
not only PCDDs/PCDFs but also PCB and PAH concentrations at the inlet of 
particulate removal process can be estimated for different types of incinerators. 
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