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Abstract: Due to their low concentration and complex nature, the low-cost online and real-time
monitoring of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
is a challenge. In this paper, based on a coupling adsorption model of activated carbon and the
relationship of PCDD/Fs and flue gas, an online monitoring system with real-time control of final
PCDD/F emissions was built for the tracing and control of PCDD/F emissions in municipal solid
waste incinerators (MSWIs). According to the online monitoring system, the effects of activated carbon
concentration, the specific surface area of activated carbon (AC), operating temperature, contact time,
fly ash concentration, residence carbon concentration of fly ash, and the lime concentration of final
PCDD/F emissions were discussed. These MSWI operating parameters for reaching standards of
0.1 ng international toxic equivalents (TEQ)/Nm3 and 0.05 ng TEQ/Nm3 were summarized by the
predicting model based on several published models.

Keywords: polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs); predicting
model; online monitoring; real-time control; municipal solid waste incinerators

1. Introduction

Municipal solid waste (MSW) is gaining increasing attention as a key environmental
concern. The total MSW generation worldwide will reach as high as 3.4 × 109 tonnes in
2050, according to the World Bank Forecast [1]. However, in 2016, more than 10% of the
world’s MSW was produced in China, and the amount of MSW generated maintains a
highly increasing trend for the next few decades [2]. Based on this situation, China has
devoted considerable efforts to both MSW management and technology development in
treatment and resource utilization. Presently, municipal solid waste incineration (MSWI)
provides an effective way to minimize the production of MSW that must be disposed of in
landfills; therefore, it is widely used in waste management [3]. However, in the process of
incineration, some environmental pollutants (such as fly ash, SOx, and NOx) are produced
as a thermochemical transformation. For example, a large number of polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) can be produced in the
process of MSWI.

The PCDD/Fs have resulted in adverse toxicological effects to environmental health [4–6].
It is known that PCDD/Fs are semi-volatile persistent organic pollutants (POPs) [7]. These
matters maintain their nondegradable status in the natural environment for a long time. A
range of POPs, such as polychlorinated biphenyl (PCBs), polychlorinated dibenzodioxins
(PCDDs), polychlorinated dibenzofurans (PCDFs), and polybrominated diphenyl ethers
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(PBDEs), originate mainly from anthropogenic activities and have been widely used in an
array of products [8]. Therefore, over several decades, although PCDD/F emissions have
been restricted by the Stockholm Convention, many PCDD/F emissions continue from
municipal solid waste incinerators (MSWIs) [9,10]. There is a growing body of research that
recognizes the importance of restricting PCDD/F emissions from MSWIs due to increased
environmental requirements [11,12].

China is a major developing country with fast-paced economic growth; meanwhile,
China is characterized for its high degree of energy consumption, high level of heavy
industry, international trade, and urbanization progress [13]. The rapid development has
also brought many environmental problems. For example, the PCDD/F emissions from
China are larger than other countries in the world due to its economic scale and energy
structure. In 2004, the production of PCDD/Fs from China was estimated to be 10,237 g
of toxic equivalents (TEQ) per year, and the atmospheric emission was estimated to be
5042.8 g TEQ per year [14]. According to this study, using a similar methodology, the
PCDD/F atmosphere emissions from China in 2016 were 10,366 g TEQ per year [14]. This
value almost equals twice the value of 2014. With the increasing awareness of environ-
mental protection and the strict ratification of the Stockholm Convention, the production
and release of PCDD/Fs from China dropped sharply and reached an emission peak in
2007. These results demonstrated that these preliminary control measures in China were
effectiveness.

To date, several measures have been taken to restrict PCDD/F emissions from MSWI [15,16].
Among them, air pollution control devices (APCDs) are a mostly direct method for re-
stricting the emission of PCDD/Fs into the atmosphere [17]. In APCDs, the first step is
usually the removal of fly ash directly downstream of the steam boiler [18]. The next step
is the neutralization of acid compounds in wet or dry scrubbing systems [19]. In most
cases, activated carbon injection (ACI), in combination with baghouse filtration (BF), is
the third step, which is often followed by a selective catalytic reduction (SCR) if NOx
abatement is performed. The APCD structure can be modified in accordance with actual
requirements [18]. Thus, PCDD/F emissions will be changed with the change in APCDs’
structure. In APCDs, a great deal of previous research has proved that the ACI+BF system
is an effective alternative to the removal of PCDD/Fs [20]. For the ACI+BF system, there
are several factors which could affect the efficiency of removing PCDD/F emissions [21],
including upstream APCDs [22], the gas/particle partition of PCDD/Fs [23,24], charac-
teristic and dosage of the activated carbon [25,26], contact time of the activated carbon
and PCDD/Fs [27], and the injection method, among others [28]. According to the actual
structure of APCDs [29,30], the question of how to control the operating parameters of the
ACI+BF system to satisfy national PCDD/F emission standards is one of most frequently
stated problems in the operation of MSWIs.

Recently, investigators have examined the effects of the characteristic and dosage
of activated carbon on the removal efficiency of PCDD/F emissions (RE) in the ACI+BF
system [14,22,23]. In one recent experiment, when the dosage of activated carbon was
100 mg/Nm3, removal efficiency was as high as 92–96% [31]. However, other recent
evidence suggests that the optimum dosage of activated carbon is 66 mg/Nm3 (RE = 99%),
and no significant difference was measured at 197 mg/Nm3 [32]. Other investigators have
also provided different conclusions [33]. Thus, previously published studies on the effects
of activated carbon on the removal efficiency of PCDD/Fs are not consistent. This may be
related to the actual structure of APCD and the characteristic of activated carbon. Therefore,
there is a lack of appropriate methods to ensure the optimum characteristic and dosage of
activated carbon according to the actual APCD structure.

Several attempts have been made to model the adsorption of PCDD/Fs in the ACI+BF
system [33,34]. Some key parameters (such as activated carbon concentration, specific
surface area of AC, operating temperature, contact time, fly ash concentration, residence
carbon concentration of fly ash, and lime concentration) of the ACI+BF system have been
considered in the models [34]. These approaches, however, have failed to address the
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model of the adsorption of PCDD/Fs into the whole APCD process. Previous research
has established migrating behaviors and the relationships of PCDD/Fs and flue gas in the
whole MSWI process [22,35]. No previous study has investigated how to apply the model
of PCDD/F adsorption to the relationships of PCDD/Fs and flue gas. This method provides
a simple, economic way to ensure the characteristic and dosage of activated carbon based
on the actual APCD structure, especially for stable operating conditions. However, far too
little attention has been paid to this research.

The present paper describes the migrating behaviors and relationships of PCDD/Fs
and flue gas during the whole MSWI process. The results will investigate how to apply the
PCDD/F adsorption model to the relationships of PCDD/Fs and flue gas. Additionally,
some key parameters of APCDs are discussed in this paper, and design equations are
presented.

2. Materials and Methods
2.1. Sampling

The tested data were sampled from a full-scale mechanical-grate MSWI. A schematic
diagram of the MSWI is shown in Figure 1. The exhaust gas was initially cooled by
superheater and then passed through an economizer in which some large particulates were
separated from the flue gas by superheaters and collected in the ash hoppers. The flue
gas then passed through a semi-dry scrubber (SDS) in which acid gas was removed by a
reaction with injected slaked lime slurry. Next, activated carbon was added to capture the
PCDD/Fs, and other fine ash and powder-activated carbon (AC) particles were collected
effectively by BF. The multi-point Brunauer–Emmett–Teller (BET) of the powder AC was
663.3 m2/g, and the average pore radius of the powder AC was 14.6 Å. Moreover, NOx was
removed by selective catalytic reduction (SCR). Non-selective catalytic reduction (SNCR)
was also applied to remove NOx. Six tests were carried out, and all were performed under
sufficient burning conditions. All operations were conducted as steadily as possible to
minimize group variation. For each test, flue gas was sampled at six different positions, as
shown in Figure 1.
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Figure 1. Systemic diagram of MSWI. 1# was located at the superheater outlet; 2# was located at the
economizer outlet; 3# was located at SDS outlet; 4# was located at BF outlet; 5# was located at SCR
outlet; 6# was located at stack inlet.

2.2. Instrumental Analysis

Samples were collected in a multi-component sampling train using the filter/condenser
method, following Chinese Standard Measurement Procedure HJ/T 77.2-2008. The collec-
tion components consisted of a quartz fiber filtration medium, in line with a condenser
and a sorbent (XAD-2). Purified samples were analyzed through a high-resolution gas
chromatography/high-resolution mass spectrometry (HRGC/HRMS) (DFS High Resolu-
tion GC/MS, America). The gas chromatograph was equipped with a DB-5MS column
(60 m length × 0.25 mm ID × 0.25 µm film, Agilent Technologies). The international
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toxic equivalents (TEQ) were estimated using international toxic equivalence factors. The
PCDD/F congeners were identified and quantified on the basis of retention time and
isotope ratios. PCDD/F emissions were consistent with the PCDD/F emissions in the filter
membrane, condenser, and XAD-2. The compositions of O2, SO2, and NOx in the flue gas
were simultaneously sampled by the exhaust gas sampler, and the concentration was tested
using electrochemical sensors. The test ranges of O2, SO2, and NOx in flue gas were 0–25%,
0–5700 mg/Nm3, and 0–1500 mg/Nm3, respectively. The resolution ratios of O2, SO2, and
NOx in the electrochemical sensors were 0.1%, 1 mg/Nm3, and 1 mg/Nm3, respectively.

3. Results and Discussion
3.1. Correlations of PCDD/Fs and Flue Gas Components

The emissions of PCDD/Fs and flue gas components at different concentrations
are shown in Figure 2. The concentrations of the SO2, NOx, and PCDD/Fs followed
a generally decreasing trend through the APCDs, but the O2 concentration showed an
opposite trend (Figure 2a). The SO2 concentration decreased strongly moving through the
semi-dry scrubber. This result could be explained by the fact that most of the SO2 migrated
to lime particles by homogeneous condensation, surface chemical reaction, and surface
physical adsorption. The NOx concentration showed a significantly decreasing trend while
moving through SCR system. The O2 concentration increased with the decrease in SO2 and
NOx concentrations. It is noteworthy that the removal efficiency of the PCDD/Fs mainly
originated from the ACI+BF system and was approximately 61.95%. This is consistent with
previous observations [20]. The effects of SO2 on the de novo synthesis of PCDD/Fs was
studied in a previously published report, which pointed out that the synthesis of PCDD/Fs
could be inhibited by the sulfate of CuCl2 [36]. However, the concentrations of SO2 and
PCDD/Fs followed a generally decreasing trend through the APCDs. However, there is no
direct correlation between them. This is a complex process. Further studies, which take
these variables into account, will need to be undertaken. To date, little evidence has been
found associating NOx with PCDD/Fs. This is an important issue for future research.
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Statistically significant correlations were observed between PCDD/F emissions and
flue gas components (Figure 2b). There was a significant correlation between PCDD/F emis-
sions and the O2 concentration (R2 = 0.905). However, the correlation between PCDD/Fs
and SO2 and the correlation between PCDD/Fs and NOx were insignificant. Thus, the O2
concentration could be used to estimate the PCDD/F emissions during the APCD process.

3.2. Modeling PCDD/F Emissions in APCDs

As shown in Figure 2b, levels of ∑PCDD/Fs and the I-TEQ values decreased as a one-
phase exponential decay function. The slope (y = −A/t) of special point (0, y0 + A) could
characterize the rapid decay rate of the ∑PCDD/F levels using the O2 concentration in flue
gas (Figure S1). The parameter of t is the time constant parameter, and thus A is the control
parameter. We therefore can modify the parameter of A to achieve the purposes of modeling
∑PCDD/F emissions in APCDs. The modification of A should refer to the characteristic of
PCDD/F emissions in APCDs. According to the migrating behaviors of ∑PCDD/Fs and
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the O2 concentration in APCDs (Figure 2), the rapid decay rate of ∑PCDD/Fs originated
from the removal of the ACI+BF system. Therefore, the parameter of A could be modified
by the removal efficiency of ∑PCDD/Fs in ACI+BF system. PCDD/Fs of flue gas could
be divided into gas phase and particle phase. The gas/particle partition of PCDD/Fs
depends on the flue gas temperature, ash density, and ash properties (specific surface area,
vapor pressure, pore size, and chemical properties) [37]. The partition of gas/particle phase
PCDD/Fs is also affected by the actual structure of the APCDs, which is applied upstream,
and the particulate matter concentration in the flue gas [24]. When cyclone and electrostatic
precipitator equipment is applied prior to ACI+BF, gaseous PCDD/Fs comprise the main
proportion of PCDD/Fs in the flue gas. For controlling particulate emissions and acid gas,
MWIs were equipped with four series connecting ash hoppers and a semi-dry scrubber.
This equipment was located prior to the ACI+BF system. Therefore, the gaseous PCDD/Fs
were mainly proportionate in the flue gas. In the ACI+BF system, the adsorption of gaseous
PCDD/Fs consists of the adsorption of gaseous PCDD/Fs in the entrained flow and filter
cake [33,34]. Thus, according to the adsorption of gaseous PCDD/Fs in the entrained flow
and filter cake, we can establish the relationships between the parameter A and the removal
efficiency of the ∑PCDD/Fs in the ACI+BF system. The adsorption efficiency of gaseous
PCDD/Fs in the entrained flow can be expressed as [33,34,38]:

ηt = 1 − exp
{
−k1

[
2ϕresidual−carbon × 10−0.0125T−3Cdust+10−0.0125T−5Clime+5.31 × Sss × 10−0.0125T−6CAC

]
tt

}
(1)

where ηt is the adsorption efficiency of gaseous PCDD/Fs in the entrained flow; k1 is
the adsorption coefficient, 9200 Nm3·mold·s−1 [38]; T is the flue gas temperature, ◦C;
ϕresidual-carbon is the mass fraction of residual carbon in the fly ash, %; Sss is the specific
surface area of active carbon, m2·g−1; Cdust, Clime, and CAC are concentrations (g·Nm−3) of
fly ash, lime, and active carbon, respectively; tt is contact time in entrained flow, s.

The adsorption efficiency of filter cake can be expressed as [33,34]:

η f = 1 − exp
[
−79.1

(
ρb × 103) fs

(
2ϕresidual−carbon × 10−0.0125T−3 fD+10−0.0125T−5 fL+5.31 × Sss × 10−0.0125T−6 fA

) dε
υ f

]
(2)

where ηf is the adsorption efficiency of the filter cake; ρb is the bulk density of the filter cake,
kg·m−3; f s is the fraction of unoccupied adsorption sites of adsorbents in the filter cake.
According to the reference, fD, fL, and fA are mass fractions of fly ash, lime, and active carbon,
equal to 1.5%, 97.8%, and 0.7%, respectively [33]; d is the distance of the filter cake, m; νf

is the filtration velocity, m·s−1. Therefore, the removal efficiency of gaseous PCDD/Fs by
the ACI+BF system can be expressed as 1 − ηg = (1 − ηt)

(
1 − η f

)
[34]. The total removal

efficiency of PCDD/Fs can be expressed by η = ϕsηs + (1 − ϕs)ηg [34]. ηs is removal
efficiency of particle-phase PCDD/Fs; ϕs is the proportion of particle-phase PCDD/Fs.
Thus, the relationships of the A parameter and the removal efficiency of PCDD/Fs accord
with A = −6.91 + 1.21 × 105 × e−ηg/0.10 (η < 0.87) and A = 2.64 + 1.38 × 1012 × e−ηg/0.033

(0.87 ≤ η ≤ 1) (Figure S1). As shown in Figure 3, the values calculated by the above model
fit well with the tested values. Thus, the model is reliable for calculating PCDD/F emissions
in MSWIs.
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3.3. Effects of Operating Parameters on ∑PCDD/Fs

At the stack inlet, following the principle of “3T+E”, the O2 concentration was in the
range of 9–13% (Figure S2). As shown in Figure 4a, in order to reach the standards
of 0.1 ng TEQ/Nm3 and 0.05 ng TEQ/Nm3, the CAC should be located in ranges of
0.0375–0.0625 g/Nm3 and 0.0500–0.0875 g/Nm3, respectively. As presented in Figure 4a,
TEQs almost linearly decreased with the increase of the CAC in the range of 0–0.010 g/Nm3,
and then reached a steady state in the range of 0.1–0.2 g/Nm3. When the CAC was located in
the range of 0–0.010 g/Nm3, these results indicated that increasing the CAC was beneficial
to the removal of PCDD/Fs in the flue gas. As shown in Figure 4b,d–g, similar to the CAC,
to reach standards of 0.1 ng TEQ/Nm3 and 0.05 ng TEQ/Nm3, the Sss, tt, Cdust, ϕ, and Clime
also had appropriate ranges. Additionally, with the increase in the Sss, tt, Cdust, ϕ, and Clime,
the TEQ also linearly decreased and then reached a steady state (Figure 5b,d–g), whereas
the influence of BF temperature on the TEQ shows an opposite change. There are two
possible explanations for this result. First, the saturated vapor pressure of PCDD/Fs in-
creases with the increase in BF temperature, leading to an increase in the gaseous PCDD/F
partition. Second, the available active adsorption sites decreased with the increase in BF
temperature. Cdust has a slight effect on PCDD/F emissions Figure 4e). There are several
possible explanations for this result. First, in the presence of activated carbon, PCDD/F
adsorption by fly ash was negligible. Second, when fly ash passed through the APCDs,
the PCDD/F adsorption by fly ash was in equilibrium. In order to distinguish PCDD/F
adsorption in activated carbon and fly ash, we studied PCDD/F adsorption by fly ash in the
absence of activated carbon (see in built-in graph of Figure 4e). Similar to the results in the
present of activated carbon, TEQ linearly decreased and then reached a steady state with
the increase in the Cdust. Similar results were also observed in other studies [34]. In order
to reach 0.1 ng TEQ/Nm3, the Cdust was located in the range of 5–7.5 g/Nm3, which was
125 times that of the CAC. These results indicated that the uptake of PCDD/Fs by fly ash is
obviously lower than that of activated carbon. To date, several reports have suggested that
the uptake of PCDD/Fs by fly ash mainly originates form carbonous residue [39,40]. These
reports agreed well with this paper (Figure 4f). It was found that TEQ linearly decreased
with the increase in carbonous residue in the range of 0–0.04 (Figure 4f). A great deal of
previous research has demonstrated that combustion efficiency decreased with the increase
in carbonous residue [41]. Therefore, the carbonous residue in fly ash must remain within
1 wt.%. For old-style MSWIs, the carbonous residue in fly ash could reach 3–10 wt.%.
Similar to the Cdust, the TEQs also linearly decreased and then reached a steady state with
the increase in carbonous residue. These results proved that the uptake of PCDD/Fs by
fly ash mainly originated from carbonous residue. Additionally, in order to reach 0.1 ng
TEQ/Nm3, carbonous residue should be located in the range of 0.06–0.07 (see in built-in
graph of (Figure 5f). According to the formula of Cdust×ϕ, the total carbonous residue in
flue gas was 0.14 g/Nm3, which was 2.8 times that of the CAC. These results demonstrated
that carbon was significantly different between fly ash and activated carbon. Similar to
the Cdust, in the presence of activated carbon, the Clime has just a slight effect on PCDD/Fs
emissions (Figure 4g). From the built-in graph of Figure 5f, in the absence of activated
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carbon and in order to reach the standard of 0.1 ng TEQ/Nm3, the Clime must be located in
the range of 20–35 g/Nm3, which is 550 times that of the CAC.
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3.4. Environmental Applications or Suggestions

According to the modeling results, we summarized the operating parameters for
attaining the standards of 0.1 ng TEQ/Nm3 (China) and 0.05 ng TEQ/Nm3 (as the ultra-
low emission standard of PCDD/Fs in China) (Table 1). These findings suggest that in
general, the characteristic and dosage of activated carbon was one of factors determining
the removal of PCDD/Fs. As shown in Table 1, when the PCDD/F emissions are 0.05 ng
TEQ/Nm3, the operating temperature is 177.9 ◦C, and it is lower than in the case of a
0.10 ng TEQ/Nm3, whereas the other parameters were much higher than that of the 0.1 ng
TEQ/Nm3. Therefore, it is necessary to comprehensively consider the influence of these
factors in the actual application process.

Table 1. Operating parameters for attaining the standards of 0.1 ng TEQ/Nm3 and 0.05 ng TEQ/Nm3.

Final PCDD/F Eemissions 0.1 ng TEQ/Nm3 0.05 ng TEQ/Nm3

CAC ≥0.037 g/Nm3 ≥0.050 g/Nm3

Sss ≥255 m2/g ≥425 m2/g
T ≤203.4 ◦C ≤177.9 ◦C
tt ≥1.24 s ≥4.22 s

* Cdust ≥5 g/Nm3 ≥14 g/Nm3

* ϕ ≥0.06 ≥0.075
* Clime ≥20 g/Nm3 ≥35 g/Nm3

*—presence of activated carbon.
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Until now, testing PCDD/F emissions from MSWIs typically required a multi-hour
sample extraction, followed by several weeks of tedious analytical work to determine their
concentrations in a professional laboratory [42]. Thus, it is difficult to achieve the goals of
real-time monitoring and a low analyzing cost. However, the online and real-time moni-
toring of PCDD/Fs is currently infeasible due to their low concentration and the complex
nature of flue gas [43,44]. Recent evidence suggests that the dioxin precursor correlation
method could be indirectly calculated through the online monitoring of concentrations of
dioxin precursors [45,46]. In fact, the analytical cost is still expensive. Additionally, the ver-
ification of many experimental results is still lacking in engineering. This study has shown
that the online and real-time monitoring of PCDD/Fs could be indirectly tested based
on the correlations of PCDD/F emissions and flue gas. The research has also shown that
modeling the adsorption of PCDD/Fs by activated carbon could be applied to relationships
between PCDD/F emissions and flue gas. Therefore, the time lag between the analytical
results and the operation conditions of incinerator was drastically shortened, resulting
in linking the PCDD/F emissions to the operation of MSWIs in a timely fashion. Public
safety also was simultaneously guaranteed. Compared to the dioxin precursor correlation
method, the cost of the online and real-time monitoring of PCDD/Fs sharply decreased.
Moreover, this method is easy to apply in engineering.

However, this study did not consider the effects of the CO concentration of the flue
gas and the pressure drops of the ACI+BF system on the PCDD/F emissions. Currently,
there are relatively few direct reports on the effect of a pressure drop of ACI+BF system
on the removal of dioxin. There are relatively many reports about the influence of the
operating temperature, AC residence time, and AC feeding rate of the bag filter on the
removal rate of gaseous pollutants [47]. In future investigations, it might be possible to
use different pressure drops in the ACI+BF system. Aurell et al. indicated that increasing
the CO levels as the transient combustion condition, raising the Cl level, and reducing the
freeboard temperature all substantially increased the PCDD/F emission levels [48]. The
formation of PCDD/Fs is a complex process; several questions still remain to be answered.
Therefore, it is affected by many factors. Further studies which take these variables into
account, will need to be conducted. More information on the above studies would help us
to establish a greater degree of accuracy on this matter.

4. Conclusions

The online and real-time monitoring of PCDD/Fs at a low cost is a challenge due to
their low concentration and complex nature. In this investigation, the aim was to assess
a coupling model of the adsorption of activated carbon and the relationship between
the PCDD/Fs and the flue gas. The most obvious finding to emerge from this study
is that an online monitoring system with real-time control of final PCDD/F emissions
was built for the tracing and control of PCDD/Fs. According to the online monitoring
system, the effects of some key parameters (activated carbon concentration, specific surface
area of AC, operating temperature, contact time, fly ash concentration, residence carbon
concentration of fly ash, and lime concentration) in MSWIs on the final PCDD/F emissions
were discussed in this paper. These key operating parameters of MSWIs for reaching the
standards of 0.1 ng TEQ/Nm3 and 0.05 ng TEQ/Nm3 were summarized by the predicting
model. Although the current study was based on a small sample of participants, the
findings suggest the activated carbon concentration, specific surface area of AC, operating
temperature, contact time, fly ash concentration, residence carbon concentration of fly
ash, and lime concentration were 0.050 g/Nm3, 425 m2/g, 177.9 ◦C, 4.22 s, 14 g/Nm3,
0.075, and 35 g/Nm3 under the standard of 0.05 ng TEQ/Nm3. Several questions remain
unanswered at present. Further studies which take these variables into account will need
to be conducted.
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Abbreviations

PCDD/F Polychlorinated dibenzo-p-dioxin and polychlorinated dibenzofuran
MSWI Municipal solid waste incinerator
MSW Municipal solid waste
TEQ International toxic equivalents
APCD Air pollution control device
SDS Semi-dry scrubber
BF Baghouse filtration
SCR Selective catalytic reduction
HRGC/HRMS High-resolution gas chromatograph/high-resolution mass spectrometer
ACI Activated carbon injection
AC Activated carbon
SSA Specific Surface Area
BET Brunauer–Emmett–Teller
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