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a b s t r a c t

Little information exists on emission factors (EFs, quantities of pollutants emitted per unit of fuel
consumed) for brick kilns in China, although brick kilns are important emission sources of many air
pollutants, and 45% of the world's bricks are produced in China. In this study, EFs of carbon dioxide (CO2),
carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOx), particulate matters (PMs), black
carbon (BC), organic carbon (OC), and polycyclic aromatic hydrocarbons (PAHs) for brick kilns were
derived based on field measurements of a total of 18 brick kilns of major types in China. This was the first
study to quantify EFs of both stack and fugitive sources based on a modified carbon balance method that
was developed for this study. The EFs of most pollutants, especially the incomplete combustion products
in fugitive emissions, were much higher than those for stack emissions, indicating a substantial un-
derestimation of total emissions when leakage is not taken into consideration. This novel method can be
applied to quantify emissions from other similar sources with both stack and fugitive emissions.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The massive health impact associated with air pollution is
definitely one of the major environmental concerns in China
(Matus et al., 2011; Kan et al., 2012). The severe air pollution is
primarily caused by emissions of a large number of pollutants from
various sources (Seinfeld and Pandis, 2016; Smith, 1987). The
characterization and quantification of the emissions are critical for
quantitatively assessing the impacts. Among a variety of emission
sources, brick kilns are important in developing countries where
fired bricks are extensively manufactured. There are approximately
80,000 brick kilns in China (Centre for Science and Environment,
e by David Carpenter.
2015), of which 90% are the traditional annular type (General
Administration of Quality Supervision, 2013). It was estimated
that China produced 340 billion bricks in 2012 (Baum, 2015;
National Bureau of Statistics of the People's Republic of China,
2013), contributing 44% of the global total production (Centre for
Science and Environment, 2015). The emissions of air pollutants
from brick production depend very much on the type of kiln and
fuel used. Low-quality coal is widely used in fired brick production
(Zhang, 1997), resulting in high emissions of air pollutants (Huang
et al., 2014; Wang et al., 2014; Shen et al., 2013a).

Although brick kilns in China are important emission sources,
emission factors (EFs, quantities of pollutants emitted per unit of
fuel consumed) are not available, except a few values for total
suspended particles (TSP) and nitrogen oxides (NOx) (Zhao et al.,
2013; National Bureau of Statistics of the People's Republic of
China, 2009). Therefore, the total emissions of various pollutants
from this sector can only be estimated based on the EFs measured
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in other countries (Baum, 2015; Maithel et al., 2012; Guttikunda,
2015). Since most brick kilns in China are different from those
operated in other countries, this estimation can lead to consider-
able bias in emission inventories (Huang et al., 2014; Wang et al.,
2014; Shen et al., 2013a).

Like many other similar processes, emissions of air pollutants
from brick kilns occur not only through chimneys but also from
leakage (Skinder et al., 2013). For example, the annular brick kilns
usually have large furnaces with large roof areas but only a single
chimney; therefore, leakage from the furnace is enormous. Unfor-
tunately, all EF measurements for brick kilns were conducted by
collecting only stack gas samples at chimneys, thereby omitting
fugitive emissions (Maithel et al., 2012; Reddy and Venkataraman,
2002). The reason for this practice is the technical difficulty of
sampling fugitive emission quantitatively. It is likely that the true
emission rates of air pollutants from brick kilns are much higher
than those reported.

The carbon balance method is often used for EF determination
based on the measurements at chimneys without weighing the
fuels. The basic assumption of themethod is that the quantity of the
consumed fuel carbon equals the emitted fuel carbon (Shen et al.,
2010). The concept was utilized in this study. If only the quantity
of fuel carbon is known, the carbon balance method can be modi-
fied to quantify fugitive emissions by assuming that the quantity of
fuel carbon equals that emitted via both chimney and fugitive
pathways (see Methodology section). To the best of our knowledge,
this is the very first time that EFs for brick kilns were quantified for
both point and fugitive sources.

The objective of this study was to measure emissions of a series
of air pollutants, including carbon monoxide (CO), carbon dioxide
(CO2), sulfur dioxide (SO2), NOx, TSP, PM10 (PM with mean aero-
dynamic size less than 10 mm), PM2.5 (less than 2.5 mm), black
carbon (BC), organic carbon (OC), pPAHs (parent polycyclic aro-
matic hydrocarbons (PAHs)), nPAHs (nitro-PAHs), and oPAHs (oxy-
PAHs) from two typical types of annular brick kilns in China. The
EFs of these pollutants were quantified for both stack and fugitive
emissions. The differences between the two pathways and the two
kiln types are addressed. In addition, the relationship among the
pollutants is discussed.
2. Methodology

2.1. The brick kilns and study sites

Two of the most popular types of annular brick kilns (Hoffman
kilns) (Fig. S1) with two air ducts were studied. A total of 18 kilns in
Xiamen (K-1) in Southern China (July 2013) and 10 kilns in the
Xi'an-Baoji-Weinan area (K-2) in Northern China (Dec. 2014) were
measured for emissions. The detailed descriptions are provided in
Table S1. The major differences are that 1) the K-2 kilns have per-
manent brick roofs with numerous fuel feeding holes, while the
roofs of K-1 kilns are loosely covered with coal slag and brickbats
with countless cracks in between (Fig. S2); 2) the K-2 kilns
(approximately 40 m in length) are smaller than the K-1 kilns
(approximately 60 m in length); and 3) the chimney heights are
20e30 m and 1e1.5 m (Fig. S3), and the exhaust fans are 11 and
7 kW for K-1 and K-2 kilns, respectively. For both types of kilns,
crushed coal is mixed with unfired bricks and is frequently fed into
the furnace through feeding holes or cracks during the operation.
The average fuel consumption of K-2 (0.12 kg/brick) is slightly
higher than that of K-1 (0.10 kg/brick), and the coal properties are
similar (Table S2).
2.2. On-site measurements

Measurements were conducted for CO, CO2, NO, NO2, and SO2 at
the chimneys (stack gas) for all kilns and on the furnace roof
(fugitive gas) of eight K-1 and five K-2 randomly selected kilns. To
account for variation in fugitive emissions, the fugitive emission
measurements were conducted a minimum of 15 randomly
selected locations for K-1 or five fuel feeding holes for K-2. The
measurements at the stacks and on the furnace roofs were con-
ducted simultaneously for each kiln. For each kiln, duplicate mea-
surements were conducted with each measurement lasting for at
least 40 min at two-second intervals. CO and CO2 were measured
using a GXH-3051 CO/CO2 analyzer (Junfang Tech. Beijing, China),
and NO, NO2, and SO2 were determined using a JFQ-3150E N-S
analyzer (Junfang Tech. Beijing, China). The instruments were
calibrated in the laboratory and zero-calibrated immediately prior
to each measurement on site. The combustion temperatures were
measured by inserting a probe (DT-625, CEM, Shenzhen, China)
into the fuel feeding holes or cracks.

2.3. Sample collection and analysis

Stack and fugitive gas samples were collected during the on-line
measurements and used for analyzing the pollutants, including
PM2.5, PM10, TSP, EC, OC, pPAHs, nPAHs, and oPAHs. PM2.5 and PM10

samples were collected on glass fiber filters using impaction sam-
plers (PEM, SKC, USA), while TSP, EC, OC and particulate phase PAHs
samples were trapped on quartz fiber filters (QFFs) using regular
samplers (Pall Co. USA). Polyurethane foam (PUF, 0.024 g/cm3,
22 mm in diameter and 7.6 cm in length) was used to collect
gaseous phase PAHs. All pumps were calibrated against a flow rate
calibrator (Bios Defender 510, USA). All samples were collected and
measured in duplicate.

2.4. Sample analysis and data analysis

The sample analysis was conducted following the same pro-
cedures used previously (Shen et al., 2010; Chen et al., 2016a,
2016b, 2016c; Shen et al., 2011). The detailed procedures of the
sample analysis and quality control are provided in the Supporting
Information (S1).

EFs were calculated using the modified carbon balance method
for stack and fugitive emissions individually. The results were all
converted to mass of the pollutants emitted per unit of fuel
consumed (g/kg, mg/kg). The average stack flow rates were calcu-
lated based on the measured chimney diameter and the flow ve-
locities at a number of points at the stack cross-section using an
anemoscope (SFC-D-01, Yemao, China). The fugitive flow rate of a
kiln was calculated using the modified carbon balance method
(Supporting Information, S2), and the overall EFs were derived as
sums of the EFs for the two pathways. For the statistical analysis,
SPSS 13.0 (SPSS Inc. USA) was used, and a significance level of 0.05
was considered statistically significant. For the multivariate anal-
ysis, the EFs were log-transformed and normalized.

3. Results and discussions

3.1. The measured emission factors

The statistics of the measured EFs of various pollutants are
summarized in Tables 1 and 2 for the stack flue gas and fugitive
emissions, respectively. The EFs of most air pollutants are often
reported to be log-normally distributed (Adgate et al., 2002; Peng
et al., 2011). Log-normal distributions were also observed for the
EFs measured in this study, and several typical examples are shown



Table 1
The EFs of various air pollutants measured for stack flue gas of the two types of brick kilns. The statistics include the arithmetic means (M) standard deviations (SD), geometric
means (GM), and the 25th, 50th, and 75th percentiles (p25, p50, and p75).

Pollutants K-1 K-2

M SD GM p25 P50 p75 M SD GM p25 p50 p75

CO2 g/kg 1940 260 1930 1860 1980 2090 1920 240 1910 1760 1860 2120
CO g/kg 267 161 222 142 245 325 395 160 358 282 442 488
EC g/kg 0.002 0.003 0.001 0.000 0.001 0.001 0.056 0.040 0.043 0.028 0.037 0.095
OC g/kg 0.044 0.086 0.020 0.011 0.012 0.024 0.143 0.121 0.106 0.056 0.113 0.165
SO2 g/kg 2.22 1.40 1.84 1.64 1.89 2.51 1.99 1.06 1.80 1.13 1.95 2.06
NO2 g/kg 0.091 0.091 0.069 0.046 0.075 0.080 0.019 0.039 0.004 0.001 0.002 0.008
NO g/kg 8.27 6.25 6.34 3.75 5.58 11.9 5.05 2.49 4.51 3.48 4.57 5.96
TSP g/kg 1.87 1.77 1.44 1.00 1.35 1.98 4.57 2.35 3.92 3.14 4.11 6.71
PM10 g/kg 1.25 1.44 0.902 0.506 0.825 1.50 3.09 1.63 2.78 1.89 2.44 3.39
PM2.5 g/kg 0.605 0.957 0.363 0.198 0.308 0.638 2.67 2.62 2.12 1.72 1.96 2.77
pPAHs(g) mg/kg 0.608 0.459 0.394 0.260 0.472 0.919 1.88 1.82 1.48 1.15 1.48 1.96
pPAHs(p10) mg/kg 0.217 0.255 0.122 0.051 0.110 0.268 0.915 0.73 0.685 0.43 0.561 1.43
pPAHs(p2.5) mg/kg 0.080 0.090 0.045 0.019 0.051 0.116 0.516 0.36 0.409 0.223 0.426 0.722
nPAHs(g) mg/kg 0.013 0.010 0.009 0.006 0.009 0.020 0.112 0.129 0.077 0.044 0.090 0.114
nPAHs(p10) mg/kg 0.002 0.002 0.002 0.001 0.001 0.003 0.017 0.010 0.014 0.010 0.012 0.021
nPAHs(p2.5) mg/kg 0.001 0.001 0.001 0.000 0.001 0.001 0.010 0.004 0.009 0.007 0.009 0.013
oPAHs(g) mg/kg 0.129 0.123 0.068 0.040 0.078 0.204 0.953 1.17 0.642 0.329 0.646 1.047
oPAHs(p10) mg/kg 0.031 0.032 0.021 0.011 0.019 0.039 0.134 0.097 0.107 0.066 0.086 0.184
oPAHs(p2.5) mg/kg 0.007 0.006 0.004 0.002 0.006 0.009 0.078 0.051 0.064 0.041 0.061 0.118

Table 2
The EFs of various air pollutants measured for fugitive emissions from the two types of brick kilns. The statistics include the arithmetic means (M), standard deviations (SD),
geometric means (GM), and the 25th, 50th, and 75th percentiles (p25, p50, and p75).

Pollutants K-1 K-2

M SD GM p25 p50 p75 M SD GM p25 p50 p75

CO2 g/kg 578 11.9 578 570 582 587 403 92.7 394 366 372 409
CO g/kg 26.9 7.67 25.9 21.2 24.9 31.9 123 48.7 111 97.6 141 165
EC g/kg 0.04 0.03 0.03 0.02 0.03 0.07 0.16 0.21 0.05 0.01 0.03 0.26
OC g/kg 0.63 0.36 0.55 0.43 0.51 0.81 1.66 1.88 0.82 0.24 1.32 2.18
SO2 g/kg 2.34 1.03 2.11 1.91 2.22 2.70 2.60 3.74 0.98 0.23 1.00 2.02
NO2 g/kg 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.03
NO g/kg 0.72 0.85 0.58 0.33 0.58 0.80 1.33 1.46 0.86 0.48 0.62 1.12
TSP g/kg 15.5 11.7 12.7 7.62 10.5 17.2 79.2 102 21.8 2.94 25.6 152
PM10 g/kg 8.36 3.16 7.89 6.02 7.34 10.5 71.5 93.8 17.4 2.17 21.2 131
PM2.5 g/kg 3.71 1.58 3.41 2.83 3.25 4.76 31.1 40.7 13.1 2.20 18.1 37.4
pPAHs(g) mg/kg 6.22 5.67 3.78 2.60 3.11 9.45 3.01 3.21 1.61 1.18 1.81 3.28
pPAHs(p10) mg/kg 19.4 21.0 12.7 7.08 8.31 24.7 33.7 43.6 12.5 4.30 17.2 32.8
pPAHs(p2.5) mg/kg 3.33 4.16 1.99 1.23 1.62 3.23 9.23 10.98 5.00 3.02 4.39 12.1
nPAHs(g) mg/kg 0.04 0.02 0.04 0.03 0.04 0.04 0.13 0.11 0.09 0.05 0.10 0.21
nPAHs(p10) mg/kg 0.04 0.02 0.04 0.02 0.04 0.05 0.32 0.35 0.15 0.06 0.18 0.49
nPAHs(p2.5) mg/kg 0.02 0.03 0.01 0.01 0.01 0.02 0.09 0.08 0.06 0.04 0.07 0.13
oPAHs(g) mg/kg 0.39 0.36 0.26 0.18 0.26 0.41 1.30 0.98 0.78 0.60 1.17 2.13
oPAHs(p10) mg/kg 1.65 1.71 1.14 0.59 0.86 1.85 2.75 3.37 1.28 0.47 1.75 3.39
oPAHs(p2.5) mg/kg 0.25 0.28 0.15 0.10 0.13 0.35 0.78 0.64 0.50 0.30 0.69 1.16
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in Fig. S4. Accordingly, the geometric means and standard de-
viations are listed as major descriptive statistics. The arithmetic
means and standard deviations are also provided for an easier
comparison because arithmetic, instead of geometric, statistics are
often reported in the literature. Moreover, arithmetic statistics are
required for total emission calculations (Huang et al., 2014; Wang
et al., 2014). In addition, three quartiles, as non-parametric vari-
ables, are listed in the tables. The EFs for gaseous and particulate
(bound to PM10 and PM2.5) phase PAHs are reported separately. The
detailed EF values of individual PAH compounds in both gaseous
and particular phases are provided in Tables S3 and S4 for stack and
fugitive emission sources, respectively.

To compare our results with those reported in the literature,
only the EFs for stack flue gases are used since all data reported in
the literature were measured at chimneys. The only EFs reported
for brick kilns in China were those of TSP (89 ± 82 mg/m3) and NOx
(4.8 ± 0.80 g/kg) from two previous studies, which were on the
same orders of magnitude as our measurements of 11 ± 8.8 mg/m3
for TSP and 6.7 ± 4.4 g/kg for NOx (Zhao et al., 2013; National
Bureau of Statistics of the People's Republic of China, 2009).
Other field measurements have been conducted in India, and most
brick kilns in India are Bull's type, which are different from those in
China in terms of emissions (Maithel et al., 2012). According to the
results of several studies conducted in India, the EFs measured for
stack flue gases were considerably higher than our data, and the
differences can be as high as orders of magnitude. For example, the
EFs of PM2.5, (8.4 ± 5.4 g/kg), BC (1.0 ± 1.2 g/kg), and OC (7.0 ± 4.3 g/
kg) reported for fixed-chimney Bull's trench kilns burning domestic
lignite in Calcutta, Chennai, Delhi, and Mumbai in India (Reddy and
Venkataraman, 2002) were much higher than those found in this
study (1.6 ± 2.0, 0.029 ± 0.022, and 0.094 ± 0.10 g/kg for PM2.5, BC,
and OC, respectively). A more recent study in India found that the
EFs for similar Bull's brick kilns in Garh, Mukteshwar, Ludhiana, and
Arah were 3.2 ± 0.70, 9.8 ± 4.8, 1.7 ± 1.3, and 0.30 ± 0.14 g/kg for
PM2.5, SO2, EC, and OC (Maithel et al., 2012), respectively, which
againwere significantly higher than our measurements of 1.6 ± 2.0,
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2.1 ± 1.2, 0.029 ± 0.022, and 0.094 ± 0.10 g/kg for the same pol-
lutants. These differences are relatively large for incomplete com-
bustion products, such as BC and OC, and small for pollutants from
fuel composition, such as CO2 and SO2. This difference in the
pollutant profile suggests that the different EFs between the brick
kilns in China and those in India are primarily caused by the dif-
ferences in kiln designs and, consequently, the combustion condi-
tions rather than differences in fuel composition. However, the EFs
of major air pollutants for the studied kilns are generally higher
than those for tunnel kilns, which are widely used in developed
countries and can be found occasionally in China (10%) and India
(General Administration of Quality Supervision, 2013). For example,
the EFs of TSP, PM10, CO, and NOx for tunnel kilns in the United
States were as low as 0.31 ± 0.045, 0.20 ± 0.042, 0.41 ± 0.022, and
0.32 ± 0.029 g/kg (U.S. EPA, 1997), respectively, which are much
lower than those found in this study (3.2 ± 2.1, 2.2 ± 1.5, 330 ± 160,
and 6.7 ± 4.4 g/kg for the same pollutants), likely due to the dif-
ference in combustion efficiency. In contrast, the EFs of fuel
composition dependent SO2 were similar between the annular
kilns (2.1 ± 1.2 g/kg) in China and the tunnel kilns (0.95 ± 0.58 g/kg)
in the United States. Presumably, similar types of coals were used.

3.2. EF differences between the stack and fugitive sources

Chimneys are designed to exhaust flue gas from the processes
and are believed to be themajor emission pathway of air pollutants.
Therefore, EFs are often measured at chimneys and reported for
stack flue gases in most studies. To the best of our knowledge, all of
the studies on EFs for brick kilns, and likely for many other similar
processes, were conducted in this manner (Baum, 2015; Maithel
et al., 2012; Skinder et al., 2013). These EFs were then directly
used to characterize the total emissions of air pollutants (Zhao et al.,
2013; Reddy and Venkataraman, 2002; Zhang et al., 2009; Lei et al.,
2011). However, similarly to many other facilities such as coke
ovens and smelting furnaces, fugitive emission is unavoidable
because the kiln furnace is not air sealed at all, and air pollutants
can leak into the surrounding environment via non-chimney
pathways. For the brick kilns studied, although there are two
built-in air ducts connecting the entire furnace to the chimneys, the
surface areas of the furnace roof with cracks and fuel feeding holes
are as large as 400 (K-2) and 900 m2 (K-1), through which
considerable fugitive emission of various pollutants can occur.
Moreover, there are no emission control facilities for such leakage.
Indeed, smoke from the furnace roof can be observed with the
naked eye (Fig. S5). Therefore, the overall emissions of air pollut-
ants should be quantified based on both stack flue and fugitive
sources; Otherwise, they would be underestimated. Unfortunately,
this has never been performed before mainly due to technical dif-
ficulties in fugitive flow measurement.

Fig. 1 shows the two pathways of the emissions of major air
pollutants from the brick kiln. With the measured emissions of
various pollutants at both stack and fugitive sources, it was possible
to apply the modified carbon balance method to characterize
quantitatively the EFs for both pathways.

Therefore, it was possible to gather complete emission data. The
separately measured EFs for stack and fugitive emissions are shown
in Fig. 2, and the detailed data are seen in Table 1 and 2 The
measured EFs of most air pollutants were remarkably different
between the two. The EFs of SO2 and all incomplete combustion
products, including TSP, PM10, PM2.5, EC, OC, pPAHs, nPAHs, and
oPAHs from the fugitive source, were significantly higher than
those from the stack gas (p < 0.05). This was true for both kiln types,
and the differences can be as high as one, sometime even two,
orders of magnitude. For example, the EFs of PM2.5 were 0.61 ± 1.0
and 2.7 ± 2.6 g/kg for the stack gas from the two kiln types and
3.7 ± 1.6 and 31 ± 41 g/kg for the fugitive gas. It appears that with
very high EFs, the overall emissions would be underestimated
substantially if fugitive emissions were ignored. The EF differences
between the stack and fugitive sources can be explained by the fact
that the pollutants generated during the process travel a short
distance to the furnace ceiling and a long distance to the chimney.
For example, for the K-1 kilns, the mean distance to the furnace
ceiling is approximately 1.1 m, while the average distance to the
chimney is approximately 14 m. The difference between the two
distances (1.4 and 14 m) was similar for K-2 kilns. Since the tem-
perature along the travel pathway is over 1000 �C, the quantities of
the incomplete combustion products can be reduced significantly
on the way to the chimney due to much longer reaction time.

In addition to the EF values, significant differences in the EF
ratios of various pollutants were found between the stack and
fugitive emissions, suggesting that the differences in EFs between
the two pathways are pollutant dependent. For instance, PMs from
the two sources were different in size distribution. The average
ratios of EF(PM2.5)/EF (TSP) of the two kiln types were 0.32 ± 0.08
and 0.59 ± 0.13 for the stack gas and 0.24 ± 0.09 and 0.39 ± 0.15 for
the fugitive gas, indicating that the PMs from the fugitive sources
were coarser than those from the stacks (p < 0.05). This may be
because coarse PMs were more readily removed during transport
towards the chimneys than were the fine ones (Gillette, 1981).
Because PAHs are more strongly associated with fine particles, the
EF ratios of PM2.5-bound PAHs (pPAHs, nPAHs, and oPAHs) to PM10-
bound PAHs (EF(PM2.5-PAHs)/EF(PM10-PAHs)) for the stack gas flue
were higher than those for the fugitive emissions (p < 0.05). For the
same reason, the EF ratios of particulate and gaseous phase PAHs
(EF(PAH(p))/EF(PAH(g))) were also lower in the stack flue than in
the fugitive gas (p < 0.05). In contrast, the ratios of EF (EC)/EF(OC)
were not significantly different (p > 0.05), indicating similar fates in
the air duct.

3.3. Overall emission factors

Using the modified carbon balance method developed in this
study, flow rates were derived from the fugitive emissions. Because
of the large surface areas and numerous openings on the furnace
roofs, the flow rates of the fugitive emission for the two kiln types
were 16 ± 5.3 (K-1) and 7.6 ± 4.8 (K-2) m3/s. In comparison, the flow
rates measured directly at the stacks were 13.6 ± 3.5 and
5.9 ± 2.0 m3/s. Therefore, the relative contributions of the fugitive
leaks to the total exhaust flows were as high as 54 ± 11% and
56 ± 10%. With taller chimneys and higher power of the exhaust
fans, the stack flows of K-1 kilns were much higher than those of
the K-2 ones. The relatively high flow rates in air ducts can not only
draw more pollutants to travel a longer distance within high-
temperature furnaces but also create a relatively negative pres-
sure to reduce fugitive emissions. Consequently, the overall emis-
sions of the incomplete combustion products were substantially
reduced.

Based on both the flow rates and the EFs measured for the stack
and fugitive sources, the overall EFs of various air pollutants could
be quantified by taking both stack and diffusive emissions into
account. Because of the relatively high flow rates and EFs of most
pollutants, the fugitive sources contributed the majority of the
overall EFs. The overall emissions of many pollutants would be
dramatically underestimated if only stack measurements were
considered. The calculated overall EFs of various pollutants for the
two kiln types are listed in Table S5. The relative contributions of
the fugitive emissions to the overall EFs of variance pollutants were
73 ± 32% and 71 ± 28% for the two kiln types, demonstrating clearly
the fugitive emission domination. The importance of fugitive
emission from various industrial processes has been discussed, and



Fig. 1. Stack and fugitive emissions of major air pollutants from a typical brick kilns. The emissions of major air pollutants are from the oxidation of fuel components, incomplete
combustion, or high-temperature reaction.

Fig. 2. The measured EFs of CO2, CO, EC, OC, SO2, NO2, NO, TSP, PM10, PM2.5, pPAHs(g), and pPAHs(p) for brick kilns in China. Average EFs are shown for both stack (left panels) and
fugitive (right panels) sources for the two types of kilns.
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high concentrations of various pollutants in fugitive emissions have
been reported occasionally (Kurokawa et al., 2013; Pham et al.,
2008; Eklund, 1992). However, the quantification of fugitive emis-
sions has always been a challenge mainly due to the difficulty in
fugitive flow rate measurement. In this study, the modified carbon
balance method was effective in solving this problem.

Relatively high uncertainty in the reported data could not be
avoided for the following reasons: 1) the fugitive emissions were
measured using limited samples collected on a large furnace roof;
2) the flow rates of the fugitive emission could not be measured
directly, and errors can be introduced by the calculation; 3) other
fugitive sources in addition to the furnace roofs, such as side walls,
were not examined; and 4) the number of kilns sampled was small,
and high variations are expected among them; however, it would
be too costly and time consuming to sample more kilns, which are
everywhere in China. Still, with the fugitive emissions taken into
consideration, the new method developed in this study is a great
improvement over the previous approach.

Although a similar set of pollutants are emitted from various
residential and industrial sources, including brick kilns, the EFs of
different air pollutants for combustion sources are governed by
many factors. For example, SO2 emission is fuel composition
dependent, and EFs of SO2 were similar between brick kilns (4.6 g/
kg) and other industrial processes, such as coal-fired power stations
(7.8 g/kg), since similar coals were used (Zhang et al., 2009; Chen
et al., 2016d). The EFs of NOx, as a high-temperature reaction
product (Aho et al., 1995), were similar among brick kilns (7.8 g/kg),
coal-fired power plants (7.8 g/kg), and cement kilns (6.0 g/kg)
because of similar combustion temperatures (Zhang et al., 2009;
Vaillant et al., 2008). In contrast, large variations were found in
incomplete combustion products, such as CO, PM, BC, and PAHs.
The EFs of these pollutants for brick kilns measured in this study
were similar to those for residential stoves but were orders of
magnitude higher than those for coal-fired power stations, iron/
steel plants, or cement kilns. For example, the EFs of CO were
410 ± 190 g/kg for brick kilns and 59 and 121 g/kg for iron/steel and
cement production (Zhang et al., 2009). The EF of PM2.5 for brick
production was 19 ± 23 g/kg, which was close to that of residential
stoves (9.6 g/kg) but much higher than 2.0 and 0.85 for coal-fired
power stations and iron/steel production (Zhang et al., 2009;
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Chen et al., 2016d). The EFs of BC were similar between brick kilns
and residential sources (Chen et al., 2016d; Streets et al., 2001). In
comparison, the EFs of BC for coal-fired power stations could be as
low as 0.0035 g/kg due to much better combustion conditions
(Wang et al., 2014). A similar trend was also found in parent PAHs
among brick kilns (33 ± 38 mg/kg), residential stoves (200 mg/kg)
(Shen et al., 2013b), and coal-fired power stations (0.6 mg/kg) (Yang
et al., 1998).

3.4. Differences between the two kiln types

For the two types of kilns, the designs and operations were
different. It is expected, therefore, that the EFs of various pollutants
would also be different. To confirm the difference quantitatively, a
set of two-way nested ANOVAs were conducted for the overall EFs
of each pollutant for the individual kilns nested within the kiln
types in the model. The calculated p-values of the two factors (kiln
types and individual kilns) in log-scale are shown as a bar chart in
Table S6.

For the majority of incomplete combustion products, including
TSP, PM10, PM2.5, EC, OC, and all PAHs, the EF differences between
the two kiln types were more significant than the differences
among the individual kilns, indicating a remarkable difference in
combustion efficiencies between the two kiln types. According to
the results of the model-II supplemental analysis following the
ANOVA, the components of variance for the kiln type contribute
48e83% of the overall EF variance, which is much higher than for
the individual kilns (16e40%). For most incomplete pollutants, the
EFs for the K-2 kilns were higher than those for the K-1 kilns, and
most differences were statistically significant (p < 0.05). The dif-
ferences were as high as 4.8e7.8 times for PMs, 2.7e4.8 times for EC
and OC, 1.7e7.6 times for PAHs (all), and 1.5e2.1 times for CO. It
appears that the oxygen supply of the K-2 kilns was poorer than
that of the K-1 kilns. As mentioned in the Methods section, the
chimneys of the K-1 kilns were made of bricks 20e30 m in height
and 2e3 m in diameter, while the iron chimneys of the K-2 kilns
were merely 1 m in height. Thus, the average stack flow rate of the
K-1 kilns (14 ± 3.5 m3/s) was much higher than that of the K-2 kilns
(5.9 ± 2.0 m3/s) (p < 0.05). Furthermore, the higher density of the
loaded bricks in the K-1 kilns (370 bricks/m3) and smaller kiln
furnace (height: 2e2.5 m; length: 30 m; width: 8 m) led to a
relatively poorer air supply compared with the K-2 kilns (300
bricks/m3, 4.5 m in height, 60 m in length, and 15 m in width).

Unlike the EFs of the incomplete combustion products, the dif-
ferences in the overall EFs of CO2 and SO2 between the two kiln
types were not significant (p > 0.05) because they are dependent on
fuel composition rather than on combustion condition. The EF
differences of NO and NO2 between the two types of the kilns were
opposite as they are incomplete combustion products. Although the
differences were not statistically significant due to high variations
(p > 0.05), the EFs of NO and NO2 for the K-1 kilns (9.0 ± 7.1 and
0.10 ± 0.10 g/kg) were higher than those of the K-2 kilns (6.4 ± 5.4
and 0.039 ± 0.049 g/kg), which can be reasonably explained by the
relatively higher temperatures in the K-1 kilns (1372 ± 322 �C)
compared with those in the K-2 kilns (1125 ± 266 �C).

It is also interesting but not surprising to note that not only were
the absolute EF values different between the kiln types and among
the individual kilns, but the EF ratios of some closely related pol-
lutants, such as EF(PM2.5)/EF(PM10), EF (EC)/EF(OC), and
EF(PAH(p))/EF(PAH(g)), were different to a certain extent. In some
cases, these ratios are also important in terms of influences on
environmental quality, climate, and human health. For instance,
fine PMs have a stronger influence on visibility (Seinfeld and
Pandis, 2016) and can penetrate deeper in the respiratory tract,
causing more damage to health (Valavanidis et al., 2008). Gaseous
phase PAHs can be removed faster than particulate phase ones,
resulting in lower long-range transport potential (Shen et al.,
2013b; Rianawati, 2007). According to our results, the K-2 kilns
emitted not only more PMs but also more fine particles, leading to a
significantly (p < 0.05) higher ratio of EF(PM2.5)/EF(PM10) for the K-
2 (0.48 ± 0.15) than the K-1 (0.35 ± 0.13) kilns. The relatively higher
emissions and fine particle fractions from the K-2 kilns can be
explained by the relatively poor combustion conditions. The mean
contribution efficiencies of the K-1 and K-2 kilns were 90 ± 9% and
82 ± 5%, respectively. It has been well demonstrated that more
emissions, especially emissions of fine particles, can result from
lower combustion efficiency (Shen et al., 2012). Similarly, the
EF(PAH(p))/EF(PAH(g)) ratio for the K-2 kilns was significantly
higher than that for the K-1 kilns (p < 0.05). In contrast, EF (EC)/
EF(OC) for the K-2 kilns (0.12 ± 0.05) was much higher than that of
the K-1 kilns (0.062 ± 0.026) (p < 0.05), which agrees with the fact
that intensive burning processes can cause higher EC/OC ratios due
to worse air-fuel mixing status (Shen et al., 2014; Roden et al.,
2009).

The EFs of various pollutants for the two kiln types were
compared for both stack and fugitive emissions by plotting the EFs
of the K-1 kilns against those of the K-2 kilns in Fig. S6. The EFs of
the incomplete combustion products from the stack sources were
orders of magnitude lower than those from the fugitive sources in
log-scale. The differences in the EFs between the two kiln types can
also be observed as the majority of the data points fall below the
1:1 line except for NOx, CO2, and SO2.

3.5. Relationship among various pollutants

A variety of air pollutants is emitted from brick kilns simulta-
neously. The relationship among the pollutants is associated with
the mechanisms of the pollutant generation. Therefore, the emis-
sions of various pollutants are dependent on either the fuel prop-
erties and/or the combustion conditions. The relationship among
all pollutants studied is shown in a correlation matrix for overall
EFs including both stack and fugitive sources (Table S7). Fig. 3
shows the correlations between a few typical pollutants. In gen-
eral, there were positive correlations among the EFs of all incom-
plete combustion products, including PMs (TSP, PM10, and PM2.5),
organic and elemental carbons (OC and EC), PAHs (pPAHs, nPAHs,
and oPAHs), and CO. Meanwhile, the EFs of NO and NO2 were often
negatively correlated with the EFs of incomplete combustion
products because the EFs of both NOx and incomplete combustion
products are associated with combustion conditions, including
temperature, oxygen supply, and combustion efficiency (Chen et al.,
2016a; Koppejan, 2012; Gurney et al., 2009; United Research
Services, 2003), but in opposite directions. In contrast, the EFs of
SO2 and CO2were independent of the EFs of other pollutants, which
can be explained by the fact that emissions of SO2 and CO2 are fuel
composition (sulfur and carbon) dependent.

This relationship among all pollutants can also be summarized
in a vector cosine angle based dendrogram, as shown in Fig. S7. The
PAHs are clustered at one end with close association with PMs,
including BC and OC. These are all incomplete combustion prod-
ucts, and their emissions were higher when the combustion effi-
ciency was lower (Chen et al., 2016a; Shen et al., 2011). The other
pollutants are either high-temperature products, such as NOx (Aho
et al., 1995), or released fuel components (SO2 and CO2), which
appear at another end of the dendrogram. If the cluster analysis was
conducted for the two kiln types separately or using Euclidean
distance instead of vector cosine angle (Fig. S8), the results would
be more or less similar to that shown in Fig. S7, indicating that the
two categories of pollutants are distinguished robustly not only in
relative but also in absolute terms.



Fig. 3. Correlations between the EFs of PM2.5 and PM10, the EFs of gaseous phase pPAHs and nPAHs, the EFs of PM2.5 bound nPAHs and oPAHs, and the EFs of NO2 and PM2.5 bound
nPAHs.

Fig. 4. Factor score plot of F1 against F2 derived from the principal component analysis. The analyses were conducted with stack and fugitive emissions combined (left panel) or
individually (right panel). The red and blue data points in right panel represent either stack or fugitive emissions. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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This distinction can be further illustrated by a principal
component analysis. The result is presented in Fig. 4 (left panel) as a
factor score plot of the first component (F1) against the second (F2).
More than 60% of the variance can be explained by the first
component, which distinguishes the incomplete combustion
products from the others. Those having relatively high F1 values,
including PMs, OC, EC, and PAHs, are associated with relatively low
combustion efficiency, while NOx, as a high-temperature reaction
product, appears at the low F1 end. Approximately 14% of the
overall variance can be explained by the second component.
Although the F2 of most incomplete combustion products are
similar to one another, CO2, CO, NO2 and NO are well distinguished
along the F2 axis. It was previously reported that the ratios of NO/
NO2 and CO/CO2 depend on the combustion temperature (Aho
et al., 1995; Sulzmann et al., 1965; Jin et al., 1987). When the EFs
of various pollutants from the stack and fugitive emissions are used
separately in a principal component analysis, the plot of F1 against
F2 (Fig. 4, right panel) can provide further information regarding
the differences between the two sources. Similar to the results for
the overall EFs, F1 represents the completeness of the combustion
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(46% of the total variance), and the incomplete combustion prod-
ucts from both stack and fugitive sources appear at the right side of
the plot. Meanwhile, they are well separated along the vertical di-
rection of F2 with only a few exceptions. Compared with the
analysis with two sources combined, the contribution of F2 to the
total variance increased to 23%. As discussed above, the F2 mainly
represents the combustion temperature. This time, not only were
CO, CO2, NO, and NO2 separated by F2, but the EFs of the incomplete
combustion products were also distinguished, with generally pos-
itive F2 score values of fugitive emission EFs and negative F2 scores
of stack emission EFs.

4. Conclusions

For the major pollutants, the EFs for the China's brick kilns
(annular kilns) were much higher than those for the relatively
advanced brick kilns - tunnel kilns in developed countries, and
significantly lower than those for Bull's type brick kilns in India.
Based on the new modified carbon balance method, it was found
that EFs for the major pollutants of fugitive emissions from brick
roofs were much higher than those measured at the stacks. Overall
EFs for the brick kilns were calculated by combining the fugitive
emission with stack emission, resulting higher emission compared
with neglecting the fugitive source. The newmethod for estimating
fugitive emission could be utilized in the further study for similar
combustion devices.
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