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Coal-fired power plants are important sources of polycyclic aromatic hydrocarbon (PAH) emissions in the world.
The effects of various air pollution control devices (APCDs) on PAH emissions were investigated by analyzing
samples from inlets and outlets of APCDs in six coal-fired power plants (A–F) and two coal-fired industrial boilers
(G and H). The APCDs were electrostatic precipitators (ESPs), wet flue gas desulfurization systems (WFGDs), and
wet ESPs (WESPs). The PAH congener patterns for the coal-fired plantswere similar. Gas-phase PAHswere dom-
inant in flue gases, and the most abundant PAH was naphthalene. Three- and four-ring PAHs were dominant in
fly ash. Positive correlations were found between the PAH and total organic carbon contents of fly ash (R2 0.87)
and slag (R2 0.92). Plants D–F, equipped with low-low-temperature ESPs (LLT-ESPs) and WESPs discharged the
lowest PAHs. Circulating water was an important source of PAHs in the desulfurization except in plant A, which
used desalinated seawater rather than circulating water in the desulfurization process. WESPs decreased PAH
concentrations by an average of 20.67%, which can be spread to other plants to reduce PAHs.

© 2020 Elsevier B.V. All rights reserved.
vironmental Sciences, Chinese
1. Introduction

Coal combustion is themain source of polycyclic aromatic hydrocar-
bons (PAHs) to the atmosphere in the world (Dyke and Fiedler, 2003;
Wang et al., 2018; Wang et al., 2015). The US Environmental Protection
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Agency (USEPA) has specified 16 PAHs as priority pollutants and classi-
fied seven PAHs as probable human carcinogens (Li et al., 2014a, 2014b;
Zhao et al., 2008). During combustion, PAHs or other pollutants can be
emitted in the gas phase or attached to fine particulate matter (PM)
(Grochowalski and Konieczyński, 2008; Verma et al., 2015). As the
world's largest consumer of coal (Qi et al., 2016; Wang et al., 2020),
more coal-derived electricity is produced and consumed in China than
in any other country (Lin et al., 2018). Coal consumption in China in-
creased from0.99×109 t in 1990 to 4.64×109 t in 2018,which accounted
for 59% of total energy consumption in China in 2018. Coal combustion to
generate power for use in industry is an important contributor to air pol-
lution in China (Peng et al., 2018; You and Xu, 2010; Zhuo et al., 2013).

PAH emissions from coal-fired power plants have been investigated
previously (Hsu et al., 2016; Lu et al., 2019; Pergal et al., 2013; Verma
et al., 2015; Wang et al., 2018). Incomplete coal combustion is an
important factor in the formation of PAHs (Abdel-Shafy and Mansour,
2016; Lima et al., 2005; Peng et al., 2018; Wang et al., 2017). Lu et al.
(2019) performed a study at two coal-fired power plants in Taiwan and
found mean PAH concentrations of 28.40 and 43.40 μg/m3 in stack
gases from the plants. PAH concentrations of 2.86–7.45 and
5.98–15.13 μg/m3 were found in PM with diameters <10 μm and gas
phase emissions, respectively, from coal-fired power plants (Wang
et al., 2015). Yin et al. (2013) found PAH concentrations of
2.24–14.51 μg/m3 (mean 8.37 μg/m3) in flue gases emitted from two
boilers.

Selective catalytic reduction (SCR) systems, electrostatic precipita-
tors (ESPs), wet flue gas desulfurization (WFGD) systems, and wet
ESPs (WESPs) have been installed in coal-fired power plants to decrease
emissions of conventional pollutants such as NOx, PM, and SO2 (Dai
et al., 2019). Such APCDs can also cause PAHs in flue gases to be trans-
formed or removed. However, the effects of ESPs, WFGD systems, and
WESPs on PAH emissions have been studied little and are poorly under-
stood. To develop more effective PAH removal methods, PAH emissions
from typical coal-fired power plants were investigated in this study. The
effects of APCDs on the behaviors of PAHs were reviewed to improve
our understanding of PAH reduction mechanisms. The effects of ultra-
low emission techniques on PAH emissions were also studied. The re-
sults are expected to assist managers of coal-fired power plants in
selecting appropriate methods for decreasing PAH emissions.

2. Materials and methods

2.1. Information of coal-fired power plants and industrial boilers

Eight typical coal-fired plants (six coal-fired power plants and two
industrial boilers) were selected to investigate the impact of used
APCDs on PAH emission. The plants were divided into four types de-
pending on utilized APCDs and circulating water in the desulfurization
tower (Table 1): type 1 (plant A), type 2 (plants B\\C), type 3 (plants
D-F), and type 4 (plants G-H).

Plants A, B, and Cwere equippedwith the sameAPCDs (a SCR system
to remove NOx, an ESP to remove particulate soot in flue gas, and a
Table 1
Information on the eight typical coal-fired power plants and industrial boilers.

Type 1 Type 2

A B C

Power capacity (MW) 600 300 300
Generating capacity (kWh/d) 8,219,178 3,800,000 4,000,000
Feeding rate (ton/h) 349.33 85 90
Coal consumption (g/kWh) 313.91 354.67 364.55
Flue gas (Nm3/h) 2,199,022 750,000 800,000
APCD in sequence SCR + ESP + WFGD SCR + ESP + WFGD
Cooling water in WFGD Desalinated seawater Industrial circulating water

a Ton evaporation/h.
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WFGD system to remove SO2). However, Plant A was constructed at
the seaside, which used desalinated seawater rather than circulating
water in the desulfurization process. Plants D, E, and F were each
equipped with a SCR system, a LLT-ESP, a WFGD system, and an addi-
tionalWESP tomeet ultra-low emission requirements. The newly intro-
duced WESP had one electric field, horizontal flue gas flow, and a plate
structure. The WESP was installed in sequence after the WFGD system
in each plant to decrease PM emissions from the coal-fired boiler. Plants
G and H were coal-fired industrial boilers that each had an evaporation
rate of 75 t/h and were each equipped with a selective non-catalytic re-
duction system (SNCR), an ESP, an efficient ammonia-based desulfuri-
zation system (EAD), an ultrasonic dust removal system (UDR), and
an ammonium sulfate solution evaporation and crystallization system,
in sequence. The furnace temperatures in the combustion zones of the
boilers were between 1200 and 1500 °C. The temperatures in the ESPs
were 130–180 °C, and the temperatures in the WFGD systems were
90–125 °C.

2.2. Sampling and analytical methods

Flue gas samples at each plant were collected both before and after
APCD device, which enabled to determine the impact of APCD devices
on PAH emissions. The schematic diagram of the coal-fired plants and
the sampling points are shown in Fig. 1.

As shown in Fig. 1, the sampling sites labeled as BESP, BFGD, AFGD
and AWESP were located before ESP, in front of the inlet of the WFGD,
at the outlet of the WFGD and after the WESP device, respectively.
Stack gas samples were collected using an automatic isokinetic sam-
pling system (TCR TECORA, Italy) following the method EN1948,
which was described in previous research (Wang et al., 2016). Fly ash
and gypsum samples were also collected from the ESPs and WFGD
systems.

The concentrations of 19 PAHs were determined. Names and abbre-
viations of PAHs analyzed in this study are shown in Table S1. Some
PAHs have been classed as known, possible, and probable carcinogens
in humans (groups 1, 2A, and 2B, respectively) by the International
Agency for Research on Cancer (IARC). Benzo[a]pyrene is in group 1,
and naphthalene, chrysene, benzo[a]anthracene, benzo[k]fluoranthene,
and benzo[b]fluoranthene are in group 2B (Abdel-Shafy and Mansour,
2016). Seven PAHs (benzo[a]anthracene, benzo[a]pyrene, benzo[b]
fluoranthene, benzo[k]fluoranthene, chrysene, dibenzo[ah]anthracene,
and indeno[1,2,3-cd]pyrene) were classified by USEPA as probable
human carcinogens (Li et al., 2014a; Zhao et al., 2008). PAHs can also
be divided into low molecular weight (LMW) PAHs containing two
and three rings, medium molecular weight (MMW) PAHs containing
four rings, and high molecular weight (HMW) PAHs containing five
and six rings.

Each sample was spiked with internal standards and then soxhlet
extracted. The extract was concentrated and then purified by passing
it through a silica gel column. The fraction was eluted with 50 mL of
hexane -dichloromethane (3:2), concentrated to 0.5 mL, and then
added 5 ng of the recovery standard and dissolved in n-hexane to a
Type 3 Type 4

D E F G H

300 600 1000 75a 75a

3,198,000 9,207,000 12,774,000 / /
48.9 118 210 12.9 9.8
333.48 320.73 303.71 / /
875,210 1,254,020 2,345,032 78,000 61,000
SCR + LLT-ESP + WFGD + WESP SNCR + ESP + EAD + UDR
Industrial circulating water Industrial circulating water



Fig. 1. Distribution of sampling sites.
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final volume of 0.5mL. The analytical methodswere in accordancewith
US EPA Method 429. The clean extract was then analyzed using an
Agilent 6890–5975 gas chromatograph-mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). The separation was achieved
using a DB-5MS column (30 m long, 0.25 mm i.d., 0.25 μm film thick-
ness; Agilent Technologies). The mass spectrometer was used in se-
lected ion monitoring mode. Field blanks, laboratory blanks, and
replicate samples were analyzed to ensure that the analytical method
is accurate. Recoveries of the labeled internal standards of PAHs were
64%–113%. These recoveries were satisfactory for trace analysis of
PAHs using isotopic dilution GC/MS methods.

3. Results and discussion

3.1. Effects of the ESPs on PAH removal

Large amounts of PAHs, formed during coal combustion, due to high
temperature and PM concentration, are present in flue gases both as
particulate and gaseous phase. Due to the cooling in ESP, PAHs from
the gaseous phase could condensate onto the particulate phase. ESP,
as a particulate collection device, can remove particles from a flowing
gas because of the force of an induced electrostatic charge. To investi-
gate ESP capturing efficiency, PAHswere carried out in coal-fired plants
by sampling the combustion gases at the ESP inlet and outlet. ESP fly ash
was collected from the ESP at the sites to explore its PAH sorption.

3.1.1. LLT-ESP has higher PAHs removal efficiency than ESP
The efficiencies of ESPs in the plants E, G, and H were determined in

flue gases before (BESP) and after the ESP devices (BFGD) (Fig. 2).
PAH concentration at the ESP inlet in plant Ewas 461.70 μg/m3. Plant

E had a LLT-ESP, an upgraded SCR system, an upgraded WFGD system,
and a WESP to achieve ultra-low emissions. Most of the PAHs were ef-
fectively removed by the ESP. LLT-ESP gave a PAH removal efficiency
Fig. 2. PAH concentrations in flue gases before the ESP (BESP) and before the WFGD
(BFGD) in plants E, G, and H.
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of 99.6%. The naphthalene concentration in the flue gas at the ESP outlet
was 1.01 μg/m3, whichwas 59% of the total PAH concentration. The car-
cinogenic five- and six-ring PAHs contributed only small proportions of
the gas phase PAHs. In a previous study, it was found that gas phase
PAHs contributed 95% of total PAH emissions during coal combustion
and that naphthalenewas themost abundant PAH in the gas phase, con-
tributing 54.54% and 81.03% of the total PAH concentrations for bitumi-
nous coal and anthracite combustion, respectively (Geng et al., 2014).

PAH emissions from two industrial coal-fired boilers (plants G and
H)were investigated. Each boilerwas equippedwith an ESP, an efficient
ammonia-based desulfurization system, and an ultrasonic dust removal
system. The total PAH concentrations at the ESP inlets of the industrial
boilers were 41.24 and 38.78 μg/m3. The PAH concentrations at the
ESP outlets of the boilers were 1.52 and 1.93 μg/m3. The ESP removal ef-
ficiency was ~95%, whichwas lower than for the LLT-ESP. Differences in
the ESP and LLT-ESP operating temperatureswill have caused the differ-
ences in the removal efficiencies. Plant E had a LLT-ESP rather than an
ESP to ensure that ultra-low emissions were achieved.

3.1.2. The distribution of PAHs in flue gas and fly ash at the inlet and outlet
of ESPs

PAHs were determined at the ESP inlet and outlet flue gases, and in
the fly ashes to characterize the emission profiles and the performance
of the ESP for reducing PAHs with different rings (Fig. 3).

It can be seen from Fig. 3 that some PAHs were selectively removed
from the flue gases by the ESPs. The dominant PAHs in the flue gases
were two-ring PAHs (LMW-PAHs). It was the same with the previous
study that two-ring PAHs dominated the PAHs in coal-fired power
plant flue gases (Hsu et al., 2016). This would have been because two-
ring PAHs have higher vapor pressures than PAHs with more rings, so
tend to be the dominant PAHs in the vapor phase. The two-ring PAH
concentrations were markedly lower at the ESP outlet than at the
Fig. 3. PAH profiles at BESP and BFGD and fly ash in plants E, G, and H.



Fig. 4. PAH concentrations in flue gases before wet flue gas desulfurization (BFGD) and
after wet flue gas desulfurization (AFGD) for the eight coal-fired plants.

X. Wu, W. Liu, H. Gao et al. Science of the Total Environment 756 (2021) 144063
inlet. The ESPs had higher scavenging efficiencies for the more volatile
PAHs than for the less volatile PAHs.

The PAH congener patterns in the fly ash samples were different
from the patterns in the flue gas samples. Considering the number of
rings in the PAHs in the fly ashes, the major reduction in PAH emissions
occur for 2-ring PAHs like naphthalene, while the fraction of 3–6 ring
PAHs increased. The dominant PAHs in the coal-fired boiler fly ash
were three- and four-ring PAHs. Higher molecular weight PAHs tend
to be primarily associated with particles, or may be sorbed from the
gas phase in an ESP onto fine fly ash particles, which has a large surface
area. This is consistent with previous research, which showed 3- and 4-
ring PAHs account for most∑PAHs in coal ashes (Buha-Markovic et al.,
2020; Wang et al., 2013). Bond cleavage in volatile hydrocarbons, free
radical condensation, and polymerization could cause higher molecular
weight PAHs to form.

During the cooling period of a combustion process, PAHs can be re-
moved by becoming incorporated into particles and sorbed to fly ash.
An ESP can remove fly ash particles from flue gas (Li et al., 2018). The
electric field in an ESP can decompose some PAHs, according to plasma
theory, because of the moisture content of the flue gas (Li et al., 2016).
LLT-ESPs are some of the most common PAH control devices in ultra-
low emission coal-fired power plants. Most gas-phase PAHs in flue
gases will more readily condense or sorb to fly ash in a LLT-ESP than
an ESP. LLT-ESPs play crucial roles in eliminating PAHs from flue gases.
This indicates that more attention than currently should be paid to
PAH treatment and removal by ESPs, particularly LLT-ESPs. PAH emis-
sion factors for the fly ashes in coal-fired plants (ug/GJ coal) are
shown in Table S2. Concentrations of PAH congeners in the fly ashes
are shown in Fig. S1.

3.2. Effects of WFGD on PAH removal

The high removal efficiency for PAHs during the ESP indicates that
most PAHs exist as gas phase PAHs. After the ESP, the gas enters the
desulfuration tower. The desulfurization tower is a vertical tank in
which gas and circulatingwater flow have opposite directions. Circulat-
ing water flows downward while the gas bubbles to the top. When cir-
culating water and gas compete for space, very intimate contact takes
place between them, and a large interface exists through which the
transfer of chemical species can take place. Previous research on
WFGD systems has mostly been focused on SO2 removal (Sui et al.,
2012; Zhao et al., 2015). Few studies of PAH removal byWFGD systems
have been performed (Li et al., 2016). Flue gas samples from the inlets
and outlets of theWFGD systems in the eight coal-fired plants were an-
alyzed for PAHs to allow removal of PAHs by the WFGD systems to be
investigated to improve our understanding of the PAH pattern changes
caused by WFGD systems.

3.2.1. Circulating water is an important source of PAHs in the
desulfurization

TheWFGD technique has typically been used to remove SO2 and PM
from flue gas (Wu et al., 2018; Yao et al., 2019). We investigated the ef-
fect of WFGD on PAH emissions in the flue gas. The mean PAH concen-
trations (with standard deviations) in the flue gas samples from the
inlets and outlets of the WFGD systems of the eight coal-fired plants
are shown in Fig. 4. PAHs congener concentrations at the BFGD and
AFGD in the coal-fired plants are shown in Fig. S2. Plants D, E, and F
had ultra-low emission systems fitted, and the PAH concentrations
were lower for the inlet and outlet samples from these plants than for
the samples from the other plants.

For all coal-fired plants except A, the PAH concentrations were
higher in the samples from the WFGD system outlets than in the sam-
ples from the WFGD system inlets. The ratio between PAH concentra-
tion at the AFGD site and the BFGD site is also shown in Fig. 4 and
Table S3. These results indicate that PAH concentrationswere decreased
by the desulfurization tower in plant A. The PAH concentrations in plant
4

A BFGD and AFGDwere 39.30 and 11.48 μg/m3, respectively, so the PAH
removal rate was 70.78%. However, different results were found for the
other seven plants (B\\H), with the PAH concentrations being higher in
the desulfurization tower outlet samples than in the desulfurization
tower inlet samples. As shown in Fig. 4, the BFGD PAH concentrations
for plants B\\Hwere 5.84, 2.19, 0.55, 1.71, 1.11, 1.52, and 1.93 μg/m3, re-
spectively, while the corresponding AFGD PAH concentrations were
6.85, 3.03, 1.09, 2.02, 1.99, 7.02 and 6.51 μg/m3, respectively. This indi-
cated that the desulfurization process did not remove PAHs, as PAH con-
centrations were increased by passing the flue gases from seven of the
plants through the desulfurization towers.

Two main reasons led to an increase of PAHs for plants B\\H during
WFGD. First, the circulating water used in the desulfurization towers in
B\\H plants was used to wash the flue gases. At the interface between
PAHs and circulating water, PAHs were exchanged between them ac-
cording to Henry's Law of proportionality and if a supersaturation circu-
lating solution is formed, this circulating water could have introduced
PAHs to the flue gases through gas-liquid transfer. Therefore, WFGDs
did not effectively remove PAHs from the stack gas. Besides, the desul-
furization tower was of high temperature and humidity, during which
gas phase PAHs were difficult to form aerosol. Second, the temperature
at the inlet of WFGD was above 120 °C, and gypsum at the bottom was
reheated. PAHs in the gypsum could be released back into the tower,
causing the increase of PAHs.

The circulating water and gypsum in the WFGD systems could also
have caused new PAHs to be produced and released into the flue
gases. This would help explain why the PAH concentrations were in-
creased by the WFGD systems in plants B\\H. The desulfurization pro-
cess affected the PAH concentrations in the flue gas in plant A
differently from the flue gases in the other plants because plant A was
next to the sea and used desalinated seawater rather than industrial cir-
culating water in the desulfurization system. The PAH concentration in
the flue gas in plant A was decreased through WFGD because PAHs
are removed by the gas fluid exchange. Therefore, the gypsum at the
bottom of the tower should be routinely removed and the circulating
water should be replaced by clean water so that the PAHs can be
decreased.
3.2.2. Distributions of PAHs in flue gas and gypsum at the inlet and outlet
of WFGD

The samples from the four types of coal-fired plants (Table 1) had
different PAH patterns. Mass fractions of PAHs congeners (a) in flue
gas at theWFGD inlet, (b) in flue gas atWFGD outlet, and (c) in the gyp-
sum are shown in Fig. S3. The concentrations of the individual PAHs ex-
cept for naphthalene in the flue gases from the WFGD system inlets
were low. Naphthalene was the most abundant PAH in all of the sam-
ples, but the naphthalene contribution to the total PAH concentration
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wasdifferent for each plant. Naphthalenewas the dominant PAH,which
agreed with the results of a previous study (Li et al., 2016).

The PAH concentrations in the flue gases from the WFGD system
outlets would have been affected by the balance between PAH re-
moval and the introduction by the circulating water and gypsum.
The WFGD systems altered the PAH profiles in the flue gases. In
Fig. 5, the contributions of 2-ring PAHs increased except plant A
when passing through WFGD, probably because the 2-ring PAHs in
gypsumwere transferred to the vapor phase. LMW PAHs with higher
vapor pressures were more easily to escape into the vapor (Li et al.,
2014b). This also explained why PAH concentrations increased dur-
ing WFGD process.

The PAH profiles for the coal-fired power plants and coal-fired in-
dustrial boilers weremarkedly different. The naphthalene contributions
to the total PAH concentrationsweremuch higher for theWFGD system
outlet flue gas samples than theWFGD system inlet flue gas samples for
the coal-fired industrial boilers (type 4), but the naphthalene contribu-
tions were not increased markedly by the WFGD systems in the coal-
fired power plants (type 1–3). The two-ring PAHs contributed 31.08%
of the total PAH concentrations in the flue gases from theWFGD system
inlets of plants type 4, and 70.63% of the total PAH concentrations in the
flue gases from the WFGD system outlets of plants type 4.

The PAHs in the flue gas samples were dominated by two- and
three-ring PAHs. In contrast, PAHs in the gypsums showed a signifi-
cantly different distribution pattern with the flue gas. PAHs with differ-
ent molecular weight have different vapor pressures. 3–5 ring PAHs
were determined as the main PAHs in the gypsums. The predominance
of 3–5 ring compounds in the gypsums suggests HMW-PAHs with
lower vapor pressures and Henry's constant, partition more readily
into particles (Chen et al., 2004). The PAH profiles in the gypsums
from the eight coal-fired plants are shown in Fig. S4 and the PAH emis-
sions for the gypsums produced in the WFGD process are shown in
Table S4. The PAHs in the gypsum should receive considerable attention
due to the potential environmental impact.
3.3. Effects of WESPs on PAH removal

Dry ESPs can capture particles and give high collection efficiencies
but cannot effectively remove submicron particles. WESPs have the
same three steps as dry ESPs (charging, collecting, and cleaning) but
use a humid environment and water sprays to trap particles. WESPs
can therefore remove a wider range of pollutants and gases than can
dry ESPs. A WESP is generally installed after a WFGD system to remove
PM and is generally the final emission control device. Newly configured
WESPs play important roles in decreasing PM emissions (Wu et al.,
2018). It is important to investigate the effects of WESPs on PAH
Fig. 5. Contributions of PAHs with different numbers of rings in the flue gases at BFGD and
AFGD and in the gypsums.
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emissions. Li et al. (2016) found a PAH concentration of 6.34 μg/m3 in
flue gas from the inlet of a WFGD system and a concentration of
0.87 μg/m3 in flue gas from the outlet of a WESP device in an ultra-
low emission coal-fired power plant. The plant was operated under
ultra-low emission conditions, and the total PAH toxic equivalent con-
centration in the flue gas from the WESP outlet was 0.29 μg/m3 (Li
et al., 2016). Lu et al. (2020) found that a combined WFGD and WESP
decreased the total PAH concentration in the flue gas in a coal-fired in-
dustrial plant from 9.43 to 3.73 μg/m3.

Little research on the effects of WESPs on PAH emissions has been
performed. It has been found that fine PM after a WFGD is mainly de-
rived from gypsum produced during desulfurization. As shown in
Fig. 6, the PAH concentrations before the WESPs in plants D, E, and F
were 1.09, 2.02, and 1.99 μg/m3, respectively, and the concentrations
after the WESPs had decreased to 0.81, 1.49, and 1.78 μg/m3,
respectively.

As shown in Fig. 6, the two- and three-ring PAHswere the dominant
PAHs, together contributing 80%, on average, of the total PAH concen-
trations. The contributions of PAHs with different numbers of rings to
the total PAH concentrations were markedly different for the flue
gases from theWESP inlets and outlets. TheWESP eliminated a portion
of theNap so that the contributions of two-ring PAHswere lower in flue
gases from the WESP outlets than in flue gases from the WESP inlets.
The contributions of three-ring PAHs were higher in flue gases from
the WESP outlets than in flue gases from the WESP inlets. The effects
of theWESPs on the PAH patternswere therefore the opposite of the ef-
fects of the WFGD systems. The WFGD systems did not remove PAHs
from the flue gases. The concentrations of the HMW-PAHs were in-
creased by passing the flue gases through the WFGD systems. The
WESPs decreased the PAH (particularly MMW- and HMW-PAH) con-
centrations to some degree. The PAH removal efficiencies for plants D,
E, and F were 25.7%, 26.2%, and 11.9%, respectively. Some gas phase
PAHs sorbed to the fly ash and then were eliminated by the WESP. We
concluded that a WESP can improve PAH removal efficiency.
3.4. Correlation analysis

The relationships between the results for the different coal-fired
plants were explored further using Pearson correlation coefficients
(R). Positive correlations were found between the concentrations of
various PAH congeners in the different samples.

A heatmap is shown in Fig. 7 to visualize the correlations between
the PAH congeners in the samples from the different coal-fired plants.
The concentrations of various PAH congeners in the different samples
from the six coal-fired power plants correlated very well. This indicated
that the PAH congener patterns were very similar for the different coal-
fired power plants. Pearson correlation coefficients of PAH emissions
among APCDs from coal-fired plants is shown in Table S5. The PAH
Fig. 6. PAH concentrations in flue gas at BFGD, AFGD, and AWESP.
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Fig. 7. Correlations between the concentrations of PAHs from the coal-fired plants.
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fingerprints for the flue gases for the different coal-fired power plants
were very similar. Plants G and H (coal-fired industrial plants) had dif-
ferent PAH fingerprints from the coal-fired power plants.

3.5. Relationships between PAHs and TOC of the ashes and slags

The correlation between the PAH and total organic carbon (TOC)
contents is of great interest because the TOC content can be used to in-
dicate combustion efficiency. The relationships between the PAH and
TOC contents of the fly ash and slag samples were assessed, and the re-
sults are shown in Fig. 8.

A positive correlation (R2 0.87)was foundbetween the PAH and TOC
contents of the fly ash samples. A similar relationship (R2 0.92) was
found between the PAH and TOC contents of the slag samples. This indi-
cated that PAHs were associated with carbonaceous material, which
was consistent with the results of a previous study (Wang et al.,
2013). TOC content of fly ash and slag samples differed for investigated
coal-fired plants both due to dissimilar operating conditions and used
APCDs. The PAH and TOC contents were much lower for the samples
from plants D, E, and F than for the samples from the other plants
because plants D, E, and F were equipped with ultra-low emission
devices.

3.6. The PAH emission factors in coal-fired plants

The PAH emission factors for the coal-fired plants depended on
many factors such as the boiler type, feed material and properties
(e.g., type, size, shape, moisture content, and bulk density), combustion
pattern, and operating conditions (e.g., oxygen supply and fuel/air
mixing ratio).
6

Emission factor ¼ concentration� flow rate
capacity of coal consumption� heat value

In the equation above, the emission factor is the PAH emission
factor for a coal-fired power plant (μg/GJ), the flow rate is the flue
gas flow rate, the concentration is the PAH concentration in the
flue gas, coal consumption is the amount of coal consumed by the
coal-fired power plant, and heat value is a measure of coal's energy
density, and is expressed in energy (joules) per specified amount
(e.g. kilograms).

PAH emission factors for flue gases in the eight coal-fired plants are
shown in Table S6. The highest PAH emission factor was for plant A. It
has previously been found that emission factors are markedly affected
by the feedstock supply rate (Yin et al., 2013). The feedstock supply
rate for plant A was 349.33 t/h, which was higher than the feedstock
supply rates for the other plants. Plants D, E, and F had the lowest
mean PAH emission factors. The mean PAH emission factors for plants
D, E, and F were 0.72 μg/GJ at the stack.

Wang et al. (2018) found a PAH emission factor of 3530 μg/kg
(147.08 μg/GJ) and overall mean emission factors of 550 and
2980 μg/kg (22.91 and 124.17 μg/GJ) for the gas and particulate phases,
respectively. The mean amounts of PAHs emitted by the coal-fired
power plants that were assessed in that study were 1.02 kg/d and
371.07 kg/y, respectively (Wang et al., 2018). Mean emission factors
of 12.38 and 3.93 μg/kg were found for the ESP outlets of two boilers
(Yin et al., 2013). Verma et al. (2015) found a total PAH content of fly
ash of 32.4 μg/kg. Wang et al. (2013) found concentrations of 16 PAHs
and eight carcinogenic PAHs of 930–2080 and 260–870 μg/kg, respec-
tively, in fly ash, and they found that the PAHs were dominated by the
LMW-PAHs and MMW-PAHs.



Fig. 8.Relationships between PAH and TOC contents of the (a) fly ash samples and (b) slag
samples.
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PAH emission factors for flue gases among different APCDs in the
eight coal-fired plants (ug/GJ) are shown in Table S7. The results in-
dicated that PAH emission from coal-fired plants is strongly affected
by the type of plants and APCDs. The results were divided into three
categories, ordinary coal-fired power plants (plants A, B, and C),
coal-fired power plants with ultra-low emission systems (plants D,
E, and F), and coal-fired industrial boilers (plants G and H). The
total PAH concentrations for the categories of plants decreased in
the order ordinary coal-fired power plants (mean total PAH concen-
tration 2.22 μg/GJ) > coal-fired industrial boilers (mean total PAH
concentration 1.52 μg/GJ) > coal-fired power plants with ultra-low
emission systems (mean total PAH concentration 0.72 μg/GJ).

4. Conclusions

Plants D, E, and F (equippedwith ultra-low emission devices, includ-
ing LLT-ESPs and WESPs) produced the smallest amounts of PAHs
(mean total PAH concentration 1.36 μg/m3). The PAH removal efficiency
for the LLT-ESPs was >99%, and LLT-ESPs could replace ESPs to give
ultra-low emissions. Surprisingly, WFGD did not remove PAHs and ac-
tually increased the PAH concentrations in some plants. The circulating
water could have introduced PAHs to the flue gases through gas liquid
transfer. PAHs in the gypsums can be released back into the tower
when heated, causing the increase of PAHs. However, the PAH concen-
trations were markedly decreased by the WFGD system in plant A,
which used desalinated seawater rather than circulating water to
wash theflue gas. These results are important and could lead to changes
in industrial plant management practices. WESPs can remove a wider
variety of pollutants, particularly the MMW- and HMW-PAH. Fly ash,
slag, and gypsumproduced by coal-fired power plants are used as build-
ingmaterials. They are not classed as hazardousmaterials butmay need
special treatment before use because theymay have high PAH contents.
7

The PAH contents of the ash and slag samples correlated well with the
TOC contents (R2 0.87 for ash and R2 0.92 for slag), meaning the TOC
content could be used to indicate the PAH content. A heatmap indicated
that the PAH congener fingerprints were similar for the coal-fired
power plants and slightly different from the fingerprints for the coal-
fired industrial plants.
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