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A B S T R A C T   

Polychlorinated dibenzo-p-dioxin and dibenzofurans (PCDD/Fs) emissions from the transient operation of 
municipal solid waste incinerators can reach up to 690 ng/Nm3, as measured in this study. To control the 
extreme emissions to meet the national standard, the formation pathways of PCDD/F were investigated under 
transient operations (cold start-up, hot start-up, and after start-up) and normal operations. Compared with 
normal operations, transient operations facilitate the formation of low-chlorinated congeners rather than highly 
chlorinated congeners. Statistically, for transient operations, strong correlations were found among 
tetrachlorodibenzo-p-dioxin or tetrachlorodibenzofuran isomers. An abundant carbon matrix is an important 
carbon source for PCDD formation. Moreover, the comprehensive study revealed that the oxidation of deposited 
soot is the main source of PCDD/F emissions, relative to de novo synthesis, chlorobenzene-route synthesis, 
chlorophenol-route synthesis, and chlorination of dibenzo-p-dioxin/dibenzofuran. In addition, the optimal start- 
up procedure was constructed by analyzing main formation pathways and operating conditions. The relationship 
between the international toxic quantity (I-TEQ) values (CI-TEQ) and the reaction time can be assigned as CI-TEQ =

11.72t− 0.65 (R2 = 0.97) for the circulating fluidized bed. The relationship of CI-TEQ = 4.61t− 0.59 (R2 = 0.85) was 
also proven on the dataset with a grate furnace. Then, the optimal feeding rate of activated carbon was further 
proposed by the relationship between the reaction time and I-TEQ, and the semi-empirical equation for PCDD/Fs 
adsorption. Finally, the PCDD/Fs emissions can be reduced to 0.1 ng I-TEQ/Nm3 under transient operations 
according to the time since start-up.   

1. Introduction 

Incineration has been the mainstream strategy for managing 
municipal solid waste (MSW) in China owing to its multiple advantages, 
such as excellent volume reduction and energy recovery (Lin et al., 
2020). However, polychlorinated dibenzo-p-dioxins and dibenzofurans 
(PCDD/Fs) are considered to be the most toxic organic pollutants 
released from MSW incineration. The PCDD/Fs emissions from MSW 
incinerators (MSWIs) have an evident influence on the ambient ai 
(Huang et al., 2021), presenting as international toxic equivalent 
quantity (I-TEQ). Nowadays, PCDD/Fs emissions emitted from MSWIs in 
continuous stable operation are significantly low (<0.1 ng I-TEQ/Nm3) 
(Qiu et al., 2020; Xiong et al., 2021) because of the strict national 
standard (0.1 ng I-TEQ/Nm3) and effective reduction technologies 
(Chang et al., 2009; Lu et al., 2021). However, PCDD/F emissions under 

transient operations (start-up, after start-up (after-start), and 
shut-down) were as high as 250 ng I-TEQ/Nm3 which markedly exceeds 
the national standard (Neuer Etscheidt et al., 2006), and has not been 
included in the emission inventories (Li et al., 2017; Lin et al., 2014). 
Despite transient operations occurring once/twice per year for mainte-
nance in most MSWI, PCDD/Fs emissions during transient operations are 
approximately two orders of magnitude higher than those during normal 
operation (temperature of incinerator outlet is higher than 850 ◦C, after 
start-up for more than 1 month). Moreover, the PCDD/Fs emissions 
under transient operations can be up to two-thirds of the annual 
PCDD/Fs emissions from MSWIs (Grosso et al., 2007; Neuer Etscheidt 
et al., 2006). Therefore, PCDD/Fs emissions under transient operations 
have been recognized as an important source of PCDD/Fs emissions 
from MSWIs, in which is a concern for researchers, governments, and 
industrial managers. 

To determine the effect of transient operations on PCDD/Fs, 
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numerous scientific studies have reported the emissions characteristics 
of PCDD/Fs under transient operations (Gass et al., 2002; Wang et al., 
2007a, 2007b). Transient operations can affect the distribution of 
PCDD/Fs homologues (Grosso et al., 2007) and lead to the memory ef-
fect (Syc et al., 2015), wherein PCDD/Fs emissions remain high even 
after the injection of activated carbon (AC) for 18 h (Wang et al., 2007b). 
Moreover, the PCDD/Fs emissions under transient operation were 
mainly formed in the incinerator rather than the post-combustion zone 
(Tejima et al., 2007). The distribution characteristics of PCDD/Fs and 
the relationships between PCDD/Fs, chlorobenzenes (CBzs), and poly-
cyclic aromatic hydrocarbons (PAHs) have been investigated under 
transient conditions (Neuer Etscheidt et al., 2006, 2007; Syc et al., 2015; 
Tejima et al., 2007; Wang et al., 2007b). However, to the best of our 
knowledge, studies on the main formation pathways of PCDD/Fs under 
transient operations have rarely been conducted. Hence, widely appli-
cable reduction strategies for PCDD/Fs in transient operations are 
lacking. 

Optimal reduction strategies under transient operations are an 
important part of controlling PCDD/Fs emissions throughout the year 
during MSW incineration. Several effective measures have been carried 
out for the reduction of PCDD/Fs, including temperature maintenance at 
850 ◦C during start-up and shut-down using auxiliary fuel or natural gas 
(Chen et al., 2017), and optimization of the electrostatic precipitator 
operation (Neuer Etscheidt et al., 2006). Cleaning the accumulated ash 
and shortening the residence time of flue gas can also effectively reduce 
PCDD/Fs emissions (Cheruiyot et al., 2020). However, PCDD/Fs emis-
sions might exceed the legislative limit, even if these measures are 
effectively executed (Chen et al., 2017; Cheruiyot et al., 2020). Acti-
vated carbon injection (ACI) coupled FF has been considered the most 
effective method for abating PCDD/Fs emissions (Giugliano et al., 
2002). Furthermore, a significant influence of the AC feeding rate on the 
reduction of dioxin has been reported (Milligan and Altwicker, 1996a, 
b). Investigating the specific AC feeding rate is critical to accurately 
control PCDD/Fs emissions to meet the legislation limit for MSWIs under 
transient operations but current research is still vague in this regard. 

In the present study, the formation pathways under transient oper-
ations were systematically studied at the individual congener level. 
First, the relationships between macropollutants (CO, HCl, particulate 
matter (PM)), tetrachlorodibenzo-p-dioxin (TeCDD) isomers, and 

tetrachlorodibenzofuran (TeCDF) isomers were investigated by prin-
cipal component analysis (PCA). Then, the chlorophenol (CP)-route 
synthesis, de novo synthesis, CBzs-route synthesis, and the chlorination 
of dibenzo-p-dioxin (DD)/dibenzofuran (DF) were identified by specific 
homolog group. Moreover, the main formation pathway was identified 
by comparing the relative importance and analyzing the relationship 
between the specific homolog group and PCDD/Fs emissions. Finally, 
the optimal start-up procedure was constructed by analyzing the main 
formation pathways and operating conditions, and the optimal feeding 
rate of AC can be estimated to reduce PCDD/Fs emissions under tran-
sient operations. 

2. Materials and methods 

2.1. Basic information of MSWI and experimental procedures 

The study was performed on a continuously operating full-scale 
MSWI consisting of a circulating fluidized bed (CFB) furnace, a post- 
combustion chamber with an energy recovery system, and a system of 
air pollution control devices (APCDs). The system flow diagram of the 
MSWI and a sampling point is shown in Fig. S1. APCDs include a se-
lective non-catalytic reduction (SNCR), a semi-dry spray neutralizer, an 
activated carbon injection (ACI) system, and a fabric filter (FF). Besides, 
the sampling point was at the stack for the PCDD/Fs, CO, PM, and HCl 
measurements. The crude MSW was converted into refuse-derived fuel 
(RDF) before entering the incinerator, and the capacity of the CFB is 
1200 t/d. No other auxiliary fuel was used during normal operation of 
the incinerator. 

As shown in Fig. S2, the start-up procedure included the cold start-up 
(cold-start) and hot start-up (hot-start) operation. During the cold-start 
procedure, diesel was injected to stabilize the incinerator temperature at 
300 ◦C, then biomass and RDF were injected at feeding rate of approx-
imately 15 kg/min to gradually replace diesel while the temperature was 
maintained at 300 ◦C in the incinerator. The PCDD/Fs samples were 
collected after the feeding rate of RDF was 45 kg/min, until the tem-
perature of the incinerator was approximately 800 ◦C. The detailed 
sampling process for PCDD/Fs is described in the supplementary mate-
rial. In addition, before the hot-start procedure, the temperature of the 
incinerator was 400 ◦C. The feeding rate of RDF increased from 15 kg/ 

Nomenclature 

AC activated carbon 
ACI activated carbon injection 
APCDs air pollution control devices 
CBzs chlorobenzenes 
CFB circulating fluidized bed 
CP chlorophenol 
CI-TEQ I-TEQ concentrations (ng I-TEQ/Nm3) 
dc degree of chlorination 
DD dibenzo-p-dioxin 
DF dibenzofuran 
EPA environment protect agency 
f weight percentage of PCDD, PCDF, or PCDD/F congeners 

(wt. %) 
F AC feeding rate (mg/Nm3) 
F/R AC feeding concentration 
FF fabric filter 
HpCDD heptachlorodibenzo-p-dioxin 
HpCDF heptachlorodibenzofuran 
HxCDD hexachlorodibenzo-p-dioxin 
HxCDF hexachlorodibenzofuran 
k reaction constants 

I-TEQ international toxic equivalents 
OCDD octachlorodibenzodioxin 
OCDF octachlorodibenzofuran 
PAHs polycyclic aromatic hydrocarbon 
PCDD polychlorinated dibenzo-p-dioxin 
PCDF polychlorinated dibenzofuran 
PCDD/Fs polychlorinated dibenzo-p-dioxins and -furans 
PeCDD pentachlorodibenzo-p-dioxin 
PeCDF pentachlorodibenzofuran 
PM particulate matter 
MSWIs municipal solid waste incinerators 
MSW municipal solid waste 
ni number of hydrogen atoms substituted by chlorine 
η PCDD/F removal efficiency 
NATO/CCMS North Atlantic Treaty Organization/Committee on the 

Challenges of Modern Society 
r Pearson correlation coefficient 
R flue gas flow rate (Nm3/h) 
RDF refuse-derived fuel 
t reaction time (h or day) 
TeCDD tetrachlorodibenzo-p-dioxin 
TeCDF tetrachlorodibenzofuran  

S. Xiong et al.                                                                                                                                                                                                                                    



Journal of Environmental Management 314 (2022) 114878

3

min to 60 kg/min in 1 h until the temperature was higher than 850 ◦C. 
After the start-up procedure, the feeding rate of RDF was kept constant 
and the incinerator temperature was stabilized for normal operation. 
The oxygen contents under transient and normal operations are listed in 
Table 1. 

Thirty-one PCDD/Fs samples were collected from the stack gas of the 
incinerator under normal and transient operations. Eight samples were 
collected under normal operation within 1 month before the plant shut 
down. The start-up procedure was constructed by collecting nine sam-
ples, including four samples under cold-start (initial temperature of 
incinerator = 200 ◦C) and five samples under hot-start (initial temper-
ature of incinerator = 400 ◦C) operations. Fourteen samples were taken 
three days after the hot-start operation (the operation defined as “after” 
start-up), which was accomplished within two days. The sampling time 
for each flue gas sample during start-up was approximately 1–2 h. 

2.2. Sampling and analytical methods 

Flue gas samples from the stack were collected iso-kinetically uti-
lizing the KNJ23 stationary source flue gas sampler according to the US 
EPA method 23a. Details of the pretreatment and analysis method of 
PCDD/Fs are described in our previous studies (Lin et al., 2020; Yan 
et al., 2006) and supplementary material. The international toxic 
equivalent (I-TEQ) of PCDD/Fs was calculated based on North Atlantic 
Treaty Organization/Committee on the Challenges of Modern Society 
(NATO/CCMS) factors. 

The degree of chlorination of PCDD/Fs is calculated as: 

dc =
∑8

i=4
fi × ni (1)  

where fi is the weight percentage of PCDD and PCDF congeners and ni is 
the number of hydrogen atoms substituted by chlorine. 

Temperature, CO, HCl, and PM were simultaneously detected by the 
flue gas analyzer VarioPlus (MRU GmbH) and soot monitor at the 
sampling point. In this study, CO, HCl, and PM were classified as mac-
ropollutants. The concentrations of the obtained pollutants (PCDD/Fs 
and macropollutants) were converted to the condition at 11 vol% oxy-
gen content, 1.01 × 105 Pa, and 273 K. 

2.3. Statistical analysis 

To describe the evolution of the PCDD/Fs-signatures (proportion of 
specific congeners) under transient operations, the signal intensity of 
individual congeners was derived according to their weight proportion 
(wt.%) within their own homolog groups (Chen et al., 2020). For OCDD 
or OCDF, the contributions were calculated within PCDD or PCDF, 
respectively. To investigate the relationship between PCDD/Fs, macro-
pollutants, and the average weight proportion of the identified forma-
tion pathways, the PCA and Pearson correlation coefficient (r) were 
adopted. Before PCA, the congener and macropollutant concentrations 
were normalized to [0,1] using Equation (2). 

x
′

=
x − xmin

xmax − xmin
(2)  

where x′

i and xi represent the normalized data and raw data, respec-
tively; xmin and xmax represent the minimum of the raw data and 
maximum of the raw data, respectively. 

2.4. PCDD/Fs reduction model by ACI + FF 

AC has been widely applied to adsorb PCDD/Fs emissions from 
MSWIs. Among APCD units, ACI coupled with FF units can contribute 
most to the reduction of PCDD/Fs emissions into the atmosphere, 
including gas-phase PCDD/Fs and solid-phase PCDD/Fs. The PCDD/Fs 
removal efficiency (η) can be described by a simplified model if dC/dt is 
a function of C using the first order (Everaert et al., 2003): 

dC
dt

= kAC (3)  

η= 1 − exp(− kAt) (4)  

where η is defined as 1 − (Cout /Cin), and C is the PCDD/Fs concentration; 
A is a parameter that groups physical characteristics of AC. t is the re-
action time is and k is the adsorption coefficient. The removal efficiency 
of PCDD/Fs reduction by ACI + FF includes the gaseous phase (η1) and 
solid-phase PCDD/Fs (η2). 

To simplify the reduction model, the parameters in Equation (3) 
could be assumed to be a function of the AC feeding rate (F (mg/h)) and 
flue gas flow rate (R (Nm3/h)). The overall removal efficiency is com-
bined with η1 and η2. Therefore, the overall PCDD/F removal efficiency 
is: 

η= 1 − (1 − η1)(1 − η2)= 1 − exp
(
−
(
ka

1t1 + kb
2t2

)
(F /R)

)
(5)  

where k1
a represents k1SA1, and k2

b represents k2fA2. In general, t1 is in the 
order of magnitude of 1–10 s and t2 is 0.01–1 s. If the experimental 
conditions remain constant excluding the AC feeding rate, the parame-
ters are assumed to be reasonably constant. 

η= 1 − exp( − kconst(F /R)) (6)  

where kconst is the apparent constant, which combines the PCDD/Fs 
removal characteristics in the entrained-phase adsorption and cake- 
phase filtration with constants t1 and t2. 

3. Result and discussion 

3.1. PCDD/Fs profiles and macropollutant emissions 

3.1.1. PCDD/Fs profiles 
Table 1 and Fig. 1(a) show the I-TEQ, PCDD, PCDF, and PCDD/Fs 

emissions under transient and normal operations. The order of total 
PCDD/Fs I-TEQ (CI-TEQ) was hot-start (134 ng I-TEQ/Nm3)> cold-start 
(32 ng I-TEQ/Nm3) >after-start (3.97 ng I-TEQ/Nm3) > normal opera-
tion (0.12 ng I-TEQ/Nm3) (Table 1). Furthermore, the PCDD and PCDF 

Table 1 
PCDD/PCDF ratio, chlorination degree (dc), I-TEQ, macropollutant concentrations, and oxygen content under transient and normal operation.  

Operation condition Cold start-up Hot start-up After start-up Normal operation 

Mean RSD Mean RSD Mean RSD Mean RSD 

PCDD/PCDF 2.21 57.4 1.22 9.76 0.91 12.7 0.72 18.4 
dc 4.95 5.76 5.11 0.84 5.31 4.10 5.85 4.52 
I-TEQ (ng/Nm3) 32 63.5 134 41.4 3.97 69.3 0.12 24.9 
CO (mg/m3) 45.0 109 32.1 91.2 10.1 96.0 3.22 44.5 
Dust (mg/m3) 9.6 11.2 11.6 7.48 8.46 15.4 7.77 21.9 
HCl(mg/m3) 18.5 138 9.05 44.3 15.0 12.2 12.1 99.5 
O2 (vol%) 10.5 6.83 8.48 4.23 5.71 1.73 5.89 1.67  

S. Xiong et al.                                                                                                                                                                                                                                    



Journal of Environmental Management 314 (2022) 114878

4

emissions of transient operation were far higher than those of normal 
operation (Fig. 1). The results suggest that the transient operation can 
significantly promote PCDD/Fs formation. These outcomes are consis-
tent with previous findings on start-up operations (Lin et al., 2014). 
Specifically, the PCDD, PCDF, and I-TEQ concentrations under cold-start 
were 200, 70, and 266-foldhigher than those under normal operation. 
These results can be attributed to poor combustion and the temperature 
window (200–600 ◦C) for dioxin formation during the start-up proced-
ure, which remarkably contributes to PCDD/F formation (Addink et al., 
1998; Aurell et al., 2009). The increase in PCDD/Fs emissions under 
transient operations was found to be higher than that reported in pre-
vious studies (Li et al., 2017; Syc et al., 2015). There are two possible 
reasons for this observation. First, the low mass transfer rate between 
oxygen and RDF limits the complete combustion of the carbon matrix 
and soot, owing to the large amount of RDF injected within 1 h. Second, 
poor combustion is more likely to occur during the start-up procedure of 
large-scale incinerators. Moreover, the CI-TEQ of hot-start was four-fold 
higher than that of cold-start (Table 1) (Gullett et al., 2012). However, 
as shown in Fig. 1(a), the total PCDD/Fs concentrations (136 congener 
concentrations) at hot-start are far lower than those at cold-start. These 
results indicate that hot-start operation can promote the formation of 2, 

3,7,8-substituted PCDD/Fs. 
Homolog profiles of PCDD/Fs during the transient and normal op-

erations are shown in Fig. 1(c). The proportion of OCDD under transient 
operations (0.05%, 0.21%, and 0.15% for cold-start, hot-start, and after- 
start operations, respectively) was lower than that under normal oper-
ation (5.85%). Under cold-start operation, the proportion of TeCDD 
(32.5%) was remarkably higher than that under the other operations 
(6.7%, 13.2%, and 4.7% for normal, hot-start, and after-start operation, 
respectively). Fig. 2 shows the fingerprints of PCDD/Fs congeners during 
transient and normal operations. The fingerprints of transient operation 
differ from those of normal operation. Furthermore, the chlorination 
degrees were 4.81, 5.19, and 5.31 under cold-start, hot-start, and after- 
start operations, respectively (Table 1). The chlorination degrees under 
transient operation are lower than those under normal operation (5.85). 
These results indicate that transient operation might facilitate the for-
mation of low-chlorinated congeners rather than high-chlorinated con-
geners. Moreover, the high PCDD/Fs emissions under the after-start 
operation indicate that the memory effect caused by start-up can occur 
in the incinerator without wet scrubbers or aged fabric filters. 

Fig. 1. (a) PCDD/Fs concentrations; (b) degrees of chlorination and ratios of PCDD/PCDF; (c) homolog profiles of PCDD/Fs in normal and transient operations.  
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3.1.2. Macropollutant emissions 
Macropollutants are directly correlated with a carbon (Kaune et al., 

1994; Oh et al., 1999) and chlorine sources for PCDD/Fs formation (Olie 
et al., 1998). Table 1 lists the macropollutant emissions under transient 
and normal operations. Fig. 3(e), (f), (g), and(h) present the concen-
trations of CO, PM, and HCl under transient operation. Under cold-start 
operation, the CO, PM, and HCl concentrations decreased as the incin-
erator temperature increased. As shown in Fig. S3, the CO emissions 
decreased in the following order: cold-start (45.0 mg/Nm3), hot-start 
(32.1 mg/Nm3), after-start (10.1 mg/Nm3), and normal operation 
(3.22 mg/Nm3). The trend of CO emissions was consistent with that of 

PCDD concentrations (Fig. 1(a)). Hence, the abundant carbon matrix 
deduced by high CO concentrations (Kaune et al., 1994; Oh et al., 1999) 
can be an important carbon source for PCDD formation under transient 
operation. Even if the temperature of incinerator exceeds 850 ◦C under 
after-start operation, the CO concentrations can be higher than those 
under the normal operation. This finding indicates that the deposited 
soot can be oxidized to CO and other organic pollutants, such as poly-
chlorinated biphenyl, chlorophenol, and PCDD/Fs, under after-start 
operation (Syc et al., 2015). 

3.2. Evolution of PCDD/F-signatures 

For the main PCDD/Fs emissions from MSWI, three main pathways 
were identified: de novo synthesis (Addink et al., 1998; Hell et al., 
2001a), precursor formation (Ryu et al., 2005b; Shadrack, 2014), and 
chlorination of DD/DF (Tuppurainen et al., 2003). PCDD/Fs are formed 
from organic carbon or PAHs in de novo synthesis through heteroge-
neous reaction (200–400 ◦C) (Hell et al., 2001a). Besides, the main 
precursor formation includes CBzs-route synthesis and CP-route syn-
thesis. Due to the significant importance of 2,3,7,8-substitutions, the 
chlorination of DD/DF was considered. 

3.2.1. Relationship among TeCDD/TeCDF isomers and macropollutants 
The results of the laboratory experiments on the isomer distribution 

of TeCDD formed from chlorinated phenols by gas-phase reactions/py-
rolysis were widely consistent. Thus, several researchers have inferred 
the formation pathways of PCDD/Fs by giving detailed information on 
the TeCDD (Neuer Etscheidt et al., 2007; Swerev and Ballschmiter, 
1989; Wehrmeier et al., 1998). TeCDF isomers are considered important 
congeners because they contribute approximately 20% to PCDD/Fs 
emissions under transient and normal operations (Fig. 1(c)). As shown in 
Fig. 3, PCA was used to investigate the relationship between TeCDD/-
TeCDF isomers and macropolllutants under hot-start, after-start, and 
normal operations. As shown in Figs. 1(a) and Fig. 2, the PCDD/Fs 
emissions and fingerprints of cold-start are nearly consistent with those 
of hot-start operation. Therefore, it is reasonable to only analyze the 
relationship for hot-start operation. Under the normal operations (Fig. 4 
(a) and (b)), the cumulative variance contribution rates of the first two 
factors were only 67.2% and 66.8% for TeCDF and TeCDD, respectively. 
The TeCDD/TeCDF isomers were dispersedly distributed in the first and 
second quadrants. Moreover, the cumulative variance contribution rates 
of the first two factors under transient operations (hot-start: 89.1% and 
88.1%; after-start:92.6% and 89.9% for TeCDF or TeCDD, respectively) 
were higher than those under normal operations. These results suggest a 
strong correlation between TeCDD or TeCDF isomers under transient 
operations. 

For normal operation, there is strong positive correlation among 
1278-(1379-), 2367-(3467-), 2346-(1249-) TeCDF and PM (Fig. 4(a)). In 
addition, 1236-TeCDD was positively correlated with CO and PM con-
centrations (Fig. 3(b)). For the hot-start operation, a positive relation-
ship was found among 1268- and 1234-TeCDD, PM and CO (Fig. 4(c)). 
Other TeCDD isomers were aggregated in the first quadrant, while 1267- 
and 2378-TeCDD were far from the other TeCDD isomers and distributed 
in the second quadrant. Furthermore, 1239-/1236/2378-TeCDF, 
showed a weak correlation with the other TeCDF isomers (Fig. 4(d)). 
Under the after-start operation, all TeCDD/TeCDF isomers aggregated, 
indicating a strong correlation among the vast number of TeCDF/TeCDD 
isomers. Fig. 4(e) and (f) show that CO and PM are negatively correlated 
with the TeCDD/TeCDF isomers. 

As shown in Table 2, the PM has a significantly negative correlation 
coefficient (r = − 0.852) with PCDD/Fs emissions under the after-start 
operation. For after-start operation, the PCDD/Fs emissions are mainly 
due to the memory effect of the aged FF, wet scrubbers, or other APCDs 
(Trivedi and Majumdar, 2013). The results demonstrate that an increase 
in PM can prevent PCDD/Fs from being desorbed from the APCDs. 
Moreover, the HCl concentration was positively correlated with 

Fig. 2. Fingerprints of PCDD/F congeners in transient and normal operations.  
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PCDD/Fs emissions under after-start (r = 0.449). These findings indi-
cated that HCl promoted the formation of PCDD/Fs. 

3.2.2. De novo synthesis and CBzs-route synthesis 
For de novo synthesis, PCDF is easier to form than PCDD (McKay, 

2002), and catalytic metals accelerate the reaction rate of de novo 
synthesis (Olie et al., 1998). In addition, the ratio of PCDD to PCDF is 
similar in CBzs-route synthesis (Shadrack, 2014). Hence, the PCDD/Fs 
emissions from de novo synthesis and CBzs-route synthesis can be 
inferred from the ratio of PCDD/PCDF. 

As shown in Figs. 1(b) and Fig. 3(c), the ratio of PCDD/PCDF was 
2.43, 1.25, 0.91, and 0.72 under cold-start, hot-start, after-start, and 
normal operations, respectively. These results indicate that the PCDD/Fs 
emissions are mainly derived de novo synthesis and CBzs-route synthesis 

under after-start and the normal operation. However, the ratios of 
PCDD/PCDF are larger than 1 under cold-start and hot-start operations, 
aligning well with existing studies on PCDD/Fs emissions under cold- 
start operation (Wang et al., 2007b). Fig. S2 shows the initial inciner-
ator temperature during the start-up period was above 400 ◦C, and the 
average incinerator temperature was approximately 600 ◦C. The tem-
perature was higher than the temperature window (200–400 ◦C) for de 
novo synthesis. Hence, the contribution of de novo synthesis and 
CBzs-route synthesis to PCDD/Fs is low under cold-start and hot-start 
operations. Moreover, our findings are somewhat surprising since the 
ratio of PCDD/PCDF has a highly positive coefficient with PCDD/Fs 
emissions (r = 0.93) under the cold-start operation. This is possibly 
because the dominant PCDD/Fs emissions are PCDD during the 
cold-start period. Moreover, the ratio of PCDD/PCDF had weak 

Fig. 3. Trend of (a) I-TEQ, (b) the relative importance of the CP-route, (c) PCDD/PCDF ratio, (d) the trend of DD signal-intensity (PCDDavr), DF signal-intensity 
(PCDFavr) and average DD/DF signal-intensity (PCDD/Favr), (e) incinerator temperature, (f) CO, (g) PM, (h) HCl concentration under transient operations (cold- 
start, hot-start, and after-start). 
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Fig. 4. Relationship among CO, PM, HCl, and TeCDD or TeCDF isomers in the normal (a) (b), hot-start (c) (d), and after-start (e) (f) operations.  
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correlation with PCDD/Fs emissions for normal operation (r = − 0.21), 
hot-start (r = 0.399), and after-start (r = − 0.007). 

3.2.3. CP-route synthesis 
CPs are considered a rather important precursor as PCDD/Fs can be 

directly formed in CP-route synthesis (Nganai et al., 2009, 2012). In 
addition, CPs were reported to be abundant in MSW incinerators (Weber 
and Hagenmaier, 1999). As shown in Table 3, eight specific PCDD/Fs 
congeners can be identified as typical congeners for CP-route synthesis 
(Chen et al., 2020) owing to their evident proportion. Specific PCDD/Fs 
congeners include 1379-,1368-TeCDD isomers (Mulholland et al., 2001; 
Sidhu et al., 1995), 12468-, 12368-,12379-PeCDD, 123,468-(123,479-) 
HxCDD (Tuppurainen et al., 2003; Zhang et al., 2017), and 2468-, 
1238+-TeCDF (Blaha and Hagenmaier, 1995; Ryu et al., 2005a). 
Further, the relative importance values were used to describe the 
contribution of each congener (%) within its homolog group for each 
sample. The relative importance and details of the CP-route congeners 
are shown in Tables S1-S4. 

The relative importance of the CP-route synthesis under transient 
and normal operations is summarized in Table 3 and Fig. S4, including 
the mean and standard deviation. The relative importance of CP-route 
synthesis increased in the order: cold-start (18.4%), hot-start (18.8%), 
after-start (23.7%), and normal operation (24.0%). The proportion of 
PCDD/Fs synthesized by the CP-route decreased under transient oper-
ation, and the relative importance of the CP-route synthesis under after- 
start condition was close to that under normal operations. Moreover, as 
shown in Fig. 3(a) and (b), the trend of the relative importance of the CP- 
route during the cold-start period is the same as that during the hot-start 
period, first rising and then declining to the level of the after-start 
operation. Therefore, the contribution of CP-route synthesis to PCDD/ 
Fs can be considered consistent for cold-start and hot-start operations. 

Specifically, 123468-HxCDD contributes most to the difference in the 
relative importance of CP-route synthesis between cold-start/hot-start 
and normal operation. The relative importance of the CP-route trend 
is opposed that of the PCDD/Fs concentrations under transient opera-
tions. Furthermore, the CP-route synthesis was negatively correlated 
with PCDD/Fs emissions under transient conditions (r = − 0.791 for 
cold-start, r = − 0.845 for hot-start, and r = − 0.827 for after-start). The 
results indicate that CP-route synthesis contributes slight to the increase 
of PCDD/Fs emissions. For normal operations, a positive correlation (r 
= 0.573) was found between the relative importance of CP-route syn-
thesis and PCDD/Fs emissions. This outcome indicates that the contri-
bution to PCDD/Fs emissions from CP-route synthesis is positive under 
normal operations. 

3.2.4. Chlorination of DD/DF 
The chlorination of DD/DF is a potential source of the PCDD/Fs 

emissions (Hagenmaier et al., 1987). For the congeners synthesized from 
DD/DF, 2,3,7,8-position PCDD congeners are representatives of DD 
chlorination (Wehrmeier et al., 1998), while 2,3,7,8-position PCDF 
congeners are representatives of DF chlorination (Ryu et al., 2003), 
based on the signal intensity. The signal intensity of chlorination of 
DD/DF (Hagenmaier profile) is displayed in Tables S5-S8 for transient 
and normal operations. 

A summary of the Hagenmaier profiles under transient and normal 
operations is presented in Table S9 and Fig. S4. The average signal in-
tensity under normal operation (13.48%) was higher than that under 
transient operation (11.66% under cold-start, 12.52% under hot-start, 
and 10.46% under after-start). This outcome indicates that the contri-
bution to PCDD/Fs emissions from the chlorination of DD/DF under 
normal operations is higher than that under transient operations. As 
shown in Fig. 3(d), the signal intensity of chlorination of DD/DF under 
cold-start is consistent with that under hot-start, declining first and then 
rising to the of after-start level. Under after-start, the average signal 
intensity of DD chlorination remained nearly constant, whereas the 
average signal intensity of DF chlorination declined. These results 
indicate that DD is more easily chlorinated than DF under after-start 
condition. Furthermore, the average signal intensity of DD/DF chlori-
nation and the ratio of PCDD/PCDF were consistent with the changing 
trend in the incinerator temperature. Hence, incinerator temperature is 
a crucial factor for the de novo synthesis and chlorination of DD/DF. 
Under after-start operation, the trend of the average signal intensity of 
DF chlorination was consistent with the trend of CI-TEQ (Fig. 3(a), (d)). 
This finding indicates that the contribution of the DF chlorination to I- 
TEQ is higher than that of DD chlorination. Table 2 shows the Pearson 
coefficient between the PCDD/Fs concentrations and chlorination of 
DD/DF. The average signal intensity of the DD/DF chlorination was 
strongly positively correlated with the PCDD/Fs emissions under tran-
sient operations (r = 0.862 for cold-start, r = 0.853 for hot-start, and r =
0.752 for after-start). In contrast, for normal operation, the average 

Table 2 
Pearson coefficients between PCDD/Fs concentrations with macropollutants 
(CO, PM, HCl), the relative importance of the CP-route, the ratio of PCDD/PCDF, 
degree of chlorination, the average signal intensity of DD, the average signal 
intensity of DF, and the average signal intensity of DD/DF under transient and 
normal operation.  

Coefficients Normal operation cold-start hot-start after-start 

CO 0.417 − 0.405 0.594 − 0.174 
PM − 0.369 0.059 0.655 − 0.852c 

HCl − 0.559 − 0.401 − 0.298 0.449 
CP-route 0.573 − 0.791 − 0.845b − 0.827c 

dc − 0.739b 0.302 − 0.611 − 0.661b 

PCDD/PCDF ratio − 0.21 0.93a 0.399 − 0.007 
PCDDavr − 0.067 0.774 0.756 0.747c 

PCDFavr 0.125 0.948b 0.909a − 0.42 
PCDD/Favr 0.066 0.862 0.853b 0.752c 

Note: a means p-value≤0.05; b means 0.05 < p value ≤ 0.01; c means p value <
0.005; no marks mean p-value > 0.1. 

Table 3 
Relative importance of CP-route congeners under transient and normal operation.  

Congeners Cold start-up Hot start-up After start-up Normal operation 

mean std mean std mean std mean std 

1379-TeCDD 18.04 3.37 21.52 1.42 18.16 1.97 22.08 5.01 
1368-TeCDD 23.38 8.38 30.06 5.64 38.73 2.48 41.61 4.36 
Sum, % of TeCDD 41.42 11.54 51.58 6.85 56.89 2.78 63.69 9.15 
12,468+-PeCDD 15.53 2.95 15.60 1.99 19.22 1.87 16.27 0.55 
12368-PeCDD 22.61 3.17 23.10 2.07 25.24 0.70 24.54 1.20 
12379-PeCDD 16.62 1.01 17.47 0.83 14.76 0.41 15.51 1.04 
Sum, % of PeCDD 54.76 6.14 56.16 3.94 59.21 2.50 56.31 1.63 
123468-HxCDD 42.91 12.27 34.70 6.02 65.13 4.78 62.59 2.18 
2468-TeCDF 5.84 0.21 5.88 0.12 4.66 0.50 6.62 4.86 
1238+-TeCDF 2.35 0.52 2.00 0.36 3.86 0.68 3.01 0.75 
Sum, % of TeCDF 8.19 0.36 7.88 0.30 8.52 0.44 9.64 4.24 
Average 18.41 3.63 18.79 2.11 23.72 0.62 24.03 1.73  
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signal intensity of DD/DF chlorination is weakly correlated with the 
PCDD/Fs emissions. towing to the high correlation coefficients (R2 =

0.76) between HCl concentrations and average signal intensity of DD 
chlorination in Fig. S5, HCl can be considered a key influence factor for 
DD chlorination under after-start operation. 

3.3. Optimal start-up procedure 

Fig. 5 shows main formation pathways and optimal reduction stra-
tegies for extreme PCDD/Fs emissions under transient operations. In 
particular, the main products of the CP-route synthesis are PCDD. 
However, the cold-start PCDD emissions are as high as 543 ng/Nm3. 
PCDD can also be formed by the direct release of carbon matrix oxida-
tion without metal catalysts (Grandesso et al., 2008; Hell et al., 2001b). 
Therefore, the formation of PCDD is mainly from the carbon matrix 
oxidation under cold-start and hot-start operations. In contrast to the 
typical formation of PCDD/Fs dominated by de novo and precursor 
synthesis, the signatures of PCDD/Fs from de novo synthesis, precursor 
formation, and chlorination of DD/DF under transient operations are 
reduced. The results indicate that the PCDD/Fs emissions are mainly 
from carbon matrix oxidation under transient operations owing to the 
vast incomplete combustion products. Therefore, the minimization of 
soot deposition and reaction time are crucial measures for suppressing 
PCDD/Fs formation under transient operations. The time for the 
hot-start procedure was 2 h, which was shorter than that for the 
cold-start procedure (4 h). Hence, for the hot-start operation, the feeding 
rate of the RDF and temperature of the incinerator increased more 
rapidly. A shorter start-up time can promote the formation of 2,3,7, 
8-substituted PCDD/Fs (17 toxic congeners) but will suppress other 
PCDD/Fs congeners (Wang et al., 2007a). Combined with the PCDD/Fs 
kinetic formation studies (Grandesso et al., 2008; Lasagni et al., 2009), 
minimization of soot deposition and reaction time are crucial measures 
to suppress PCDD/Fs formation. Therefore, during the start-up period, 
the RDF should be evenly injected rather than applying a large amount 
in a short time to prevent the formation of a large amount of soot or 
carbon matrix. Further, the oxygen content for the incineration should 
be increased (>8%) to suppress PCDD/Fs formation from large amounts 
of macromolecular carbon and incomplete combustion products during 
the start-up procedure. 

3.4. Optimal injection rate of AC 

As shown in Fig. S6, for the after-start operation, the CI-TEQ decreased 
rapidly and then gradually decreased over time in the CFB and grate 
furnace. The trend of CI-TEQ on the reaction time is similar to the 

dependence of carbon concentration on the reaction time (Grandesso 
et al., 2008). Moreover, the R2 of the power function fitting for the I-TEQ 
and time after start-up was as high as 0.97 in the work. For the dataset 
(Syc et al., 2015) with a grate furnace, the power was − 0.59, near that of 
the CFB (− 0.65). These results suggest that the PCDD/Fs emissions 
under after-start operation may follow a certain power function 
regardless of the type of incinerator. As a result, the PCDD/Fs emissions 
can be described as: 

I − TEQ = const*t− 0.65 (7)  

where t is the time after start-up (h/d); however, the variable const is 
different between CFB and the grate furnace. This difference may be due 
to the time interval and the incinerator type. Hence, the feeding rate of 
AC can be calculated by substituting Equation (7) into Equation (5), and 
is expressed as follow: 

F =
R

kconst
In
(

Cout

const*t− 0.65

)

(8) 

Under after-start operation, the feeding rate of the AC can be 
determined by Equation (8). If the flue gas flow rate is known and the 
dioxin concentration in the flue gas of FF outlet is assumed as the 
emission limits (0.1 ng I-TEQ/Nm3), the optimal feeding rate of AC can 
be estimated using kconst and const. For instance (Chang et al., 2009), 
expressed Equation (8) using a semi-empirical Equation (9): 

η(%)=
100

[
1 +

(
40.2(F/R)3

)]
(
R2 = 0.9269

)
(9) 

Thereafter, the feeding rate of AC for CFB to control the Cout = 0.1 ng 
I-TEQ/Nm3 can be expressed as: 

F
/

R= 277
(
11.72t− 0.65 − 0.1

)1
3 (10) 

For the grate furnace, the feeding rate of AC can be expressed as: 

F
/

R= 277
(
4.21t− 0.59 − 0.1

)1
3 (11) 

Therefore, Equations (10) and (11) can be applied to the PCDD/Fs 
emission reduction under after-start operations, considering that the flue 
gas flow rate is known. Therefore, PCDD/Fs emissions can be reduced to 
the national legislation limit with the optimal injection rate of AC by the 
time after start-up. As for the region with the strictest criterion with 
0.05 ng I-TEQ/Nm3, then equations (10) and (11) can be modified by 
assuming Cout = 0.05 ng I-TEQ/Nm3. 

Fig. 5. Formation pathways of PCDD/F and optimal reduction strategies for extreme PCDD/Fs emissions under transient operations.  
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4. Conclusions 

Statistical analysis of the evolution of PCDD/Fs congeners and 
macropollutants revealed and verified the formation pathways of 
PCDD/Fs. Finally, the optimal start-up procedure and optimal feeding 
rate of AC were established to control the PCDD/Fs emissions to the 
legislation limit. The results are as follows:  

(1) The extreme PCDD/Fs emissions under transient operation are 
120-fold higher than those under normal operations. The tran-
sient operations facilitate the formation of lowly chlorinated 
congeners at a higher level than highly chlorinated congeners.  

(2) The abundant carbon matrix can be an important carbon source 
for PCDD formation. Oxidation of the carbon matrix is the main 
source of PCDD/Fs emissions, compared with de novo synthesis, 
CBzs-route synthesis, CP-route synthesis, and chlorination of DD/ 
DF.  

(3) Evenly feeding waste, high oxygen content (>8%), and short time 
for start-up procedure can effectively reduce PCDD/Fs emissions.  

(4) The optimal feeding rate of AC can be estimated by the I-TEQ- 
time equations and semi-empirical equations of PCDD/Fs reduc-
tion to control PCDD/F emissions to 0.1 ng I-TEQ/Nm3. 

The formation pathways of PCDD/Fs under transient operation were 
revealed, and the optimal reduction strategies can be constructed to 
control the PCDD/Fs emissions to 0.1 ng I-TEQ/Nm3 from MSWI under 
transient operations. 
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