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Abstract: The aim of this paper is to quantify the amounts of volatile organic compounds (VOCs)
emitted from a coke oven in a steel plant in Taiwan and estimate the emission factors of VOCs using
an innovative sampling technique. The identification of VOCs emissions was referred to in the
AP-42 report issued by the USEPA and the field measurement data of fugitive emissions. VOCs were
sampled using a self-designed closed sampling system. A total of six emission points, including
quenching emissions, charge lid emissions, combustion stack emissions, door emissions, charging
emissions, and coke pushing emissions, were identified in the coking process after comparing with
the report of AP-42, and the emission factor of VOCs was 0.030 kg/ton-coke. It showed that the
emission factor of VOCs via field measurement was approximately 56% of that reported by Taiwan
EPA. Therefore, VOCs emissions estimated by the Taiwan EPA would be highly overestimated than
those from the coke oven in the site.

Keywords: VOCs; emission factor; coke oven; innovative sampling technique; BTEX

1. Introduction

There is a wide range of waste gases emitted from large industrial processes, in which
volatile organic compounds (VOCs) have been recognized as a major health concern in
recent years. VOCs could not only cause detrimental effects on human health but also
result in photochemical smog, odors, and other environmental issues [1,2]. Among all
VOCs, benzene, toluene, ethylbenzene, xylene (BTEX), and other monocyclic aromatic
hydrocarbons are under particularly great concern for their human health effects [3]. Short-
term exposure to BTEX will cause adverse reactions, including acute eye and lung irritation,
headaches, and adverse respiratory system complications. On the other hand, long-term
exposure to BTEX involves leukemia, congenital disabilities, allergies, and other cancers
and may cause damage to the central nervous system [4].

In addition to health effects, the adverse impact of VOCs on the atmosphere has also
been a major public health issue. In recent years, the main pollutants leading to poor
ambient air quality in Taiwan have shifted from SO2 and NOX to PM2.5 and O3. VOCs
are the precursors of PM2.5, O3, and other secondary pollutants chemically formed in the
atmosphere [5–7] and have been the main focus of competent authorities [8]. The Taiwan
Environmental Protection Administration (Taiwan EPA) published the “Rates of Air Pollu-
tion Control Fee of Stationary Sources” in 2006 [9] to charge VOCs air pollution control fees
and promulgated the “Regulations for the Emission Factors of Volatile Organic Compounds
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from Industrial Processes and Operating Units (Including Equipment Components), Con-
trol Efficiency and Measurements With Respect to Public and Private Premises’ Reporting
of Stationary Sources for Air Pollution Control Fees” [10] in 2007 for unified calculation of
VOCs and emission factors (kg/activity intensity). The emission factors of coking processes
in the integrated steel plants are 0.054 kg/ton coke, according to the “AP-42: Compilation
of Air Emission Factors” issued by the US Environmental Protection Agency (USEPA) [11].
The AP-42 classifies emission factors by industry, nature, and process and distinguishes
different procedures in the processes for sampling, analysis, and gathering statistics. After
the accumulation and revision of long-term monitoring data, the emission factors of VOCs
were established. However, as the data are numerous and complex, there has been a lack of
updated data. As a result, the emission factors of VOCs from coking processes have not
been updated for a long time and have been calculated only based on the measured BSO
(benzene soluble organics) values.

In order to obtain appropriate emission factors, the development of innovative method-
ologies shall be submitted beforehand to the local EPA for review and approval pursuant to
the “Directions for Development of the Emission Factors (Including Control Efficiency) of
Volatile Organic Compounds from Stationary Sources in Plants” [12] promulgated in 2009
by the Taiwan EPA. The developed emission factors can be used to calculate the emissions
of VOCs only upon the review and approval of the local EPA.

Coking technology has been developed for over a century, and there have been no
significant changes in the types of coke ovens. However, the introduction of new materials,
control techniques, and pollution control measures has been a great contribution to prevent
from the escape of VOCs [13]. It is well known that VOCs are the main pollutants emitted
from the coking process. There have been very few accurate VOCs measurement methods
for fugitive emission sources, owing to the irregular shapes of the large-area. If the emission
factors are not correctly estimated, it would be difficult to evaluate the reduced VOCs
emissions, which results in unreasonably overestimated emissions. In view of this, the
study aims at developing the emission factors of VOCs from the coking processes through
direct measurement and chemical analysis of VOCs with reference to the coking process
data from the AP-42.

2. Materials and Methods
2.1. Sampling Protocol

In the past, the research on gaseous exhaustions from coking processes has mainly
focused on hazardous air pollutants (HAPs) [14–18]. The study mainly focuses on the field
measurement of VOCs from coking processes in order to exactly quantify the emissions
and emission factors of the coking processes. The research subject is the coking process
of an integrated steel plant in Taiwan. There are four coke oven batteries, two sets of wet
quenching equipment, and two sets of dry quenching equipment in the coking process of
the steel plant. The sampling of VOCs was conducted mainly at the No. 4 coke oven battery
and No. 4 coke dry quenching equipment. The coke oven battery consists of 100 coke
ovens, and each of them is 7 m in height and 0.4 m in width. The coke oven battery is
capable of producing 1,410,360 metric tons of coke at maximum capacity per year.

Figure 1 illustrates the major emission points of a coke oven those are listed in the
Section 12.2: Coke Production of the AP-42 [11] and the aerial photograph of the target
plant. We measured the emissions from six operation units, including the quenching
process, combustion stack, charging process and pushing process, doors, and charge lids
on the top of coke ovens.

Offtake emissions include the emissions from the transport of coke and coke oven
gas pipelines. Coke remains at 1050 ◦C when being transported, and thus most VOCs
are burned out. Moreover, the transport time is extremely short (approximately 30 s). A
portable toxic vapor analyzer (TVA) for VOCs was used to measure the emissions during
transport. The emission concentration of VOCs (indicated as non-methane hydrocarbons,
NMHCs) was about 0.28 ppm. A TVA was also used for the multi-point measurement of
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emissions from the coke oven gas pipelines. The test data ranged from non-detectable to
2 ppm (from which the ambient concentration was deducted), indicating that the offtake
VOC emissions in the study were relatively small that could be ignored. Thus, it was
suggested that offtake emissions should not be included as a measurement item.
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Figure 1. Emission points specified in AP-42 and the photograph of specific emission points at the
target plant. (a) Emission points of the coking process; (b) aerial photograph of the target plant.

Table 1 presents the sampling points where VOCs species and concentrations were
measured herein, including the sampling hole of the stack. In addition, a closed sampling
system was designed for measuring door emissions, charge lid emissions, and the charg-
ing emissions from the charging telescope. The VOCs sampling devices and calculation
processes used in this study were reviewed and approved by the local EPA before the
implementation of VOCs sampling at each point.

Table 1. Emission points and sampling methods applied in this study.

Emission Points (If Two Different Sampling Locations) Sampling Methods

1. Door Emissions self-designed closed sampling method
2. Charge Lid Emissions self-designed closed sampling method

3. Charging Emissions charging telescope self-designed closed sampling method
charging machine’s stack stack sampling method

4. Pushing Emissions coke side stack sampling method
pushing side stack sampling method

5. Combustion Stack Emissions stack sampling method
6. Quenching Emissions stack sampling method

2.2. Sampling Methods
2.2.1. Door Leakage Emissions

As shown in Figure 2, each chamber has one door on its pushing side and another door
on its coke side. The two doors are identical in their dimensions. Therefore, it is assumed
that the emissions from both sides were equal. However, as the peripheral equipment
for both sides was slightly different, we performed VOCs sampling for the pushing side,
where a closed sampling device might be used after sealing the door on that side with
fire-resistant aluminized fiberglass fabrics and fire-resistant mortar. According to the VOC
analysis data in the samples, the calculated VOC emission rates should be doubled to be
the real emission rates from the doors of each chamber.

During the coking process, VOCs can be escaped from the coke oven through its door
gap. When detecting such leakage, an operator will apply fire-resistant mortar to prevent
the leakage of VOCs. After the coking is completed, the gap of the door will be sealed. We
measured the emissions of VOCs from the doors of the coke oven in two states, such as
free of leaks and subject to possible leaks, according to the plant’s operating procedures
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for a “10% gas leakage for coke oven doors”. Gas leakages of VOCs from doors of coke
ovens were estimated as follows: on-site operators check coke oven doors at a regular time
to see if there is any gas leakage. Take one coke oven battery consisting of 100 doors as an
example. If there are gas leaks from 10 of the 100 doors, the gas leakage rate is counted as
10%. The measured values were then weighted by the gas leak rate of 10% as specified in
the operating procedures to obtain the mean emission factors.
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Figure 2. Self-designed closed sampling system for the door emissions. Site (a) indicates the sampling pipe.

For measuring the door free of leakage, the door had undergone a maintenance check
by the on-site operators before the measurement was performed. As for the door subject
to be under the possibility of leakage, such as the emitted aerosols of yellow smoke in
Figure 3, which had been generally identified by the operators, the site measurements were
conducted under the situation of leakage.
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2.2.2. Charge Lid Emissions

There are four charge lids on the top of each coke oven, through which coal is loaded
down to the coke oven, where the charge lids are identical in size (0.45 m in diameter)
(shown in Figure 4). According to the principle of heat transfer, the temperatures of coke
ovens were in the range of 1200–1300 ◦C, causing the buoyancy force to be strong enough to
overcome the effect of the friction against the tube wall, enabling relatively even distribution
of air flows at the four charge lids. Thus, we could consider that the emissions of VOCs
from the charge lids were equivalent to each other. As depicted in Figure 5, a metal closed
hood was installed at No. 1 charge lids close to the pushing side for the measurement
of VOCs. The measured VOC emissions multiplied by four were determined as the total
fugitive emissions of VOCs from the doors of a coke oven.
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2.2.3. Charging Emissions

During the coal charging process, coal was added down to the coke oven using a
charging machine. The charging telescope of the machine was laid onto charge lids (see
Figure 6), and coal was added to the chamber through the lids. The escaped emissions of
VOCs were collected with a processing device of the charging machine for combustion,
destruction, and discharging through the stack.
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Figure 6. A charging telescope on the coal charging machine.

We further measured the VOC emissions from the stack and from the charging tele-
scope during the coal charging process. For collecting the emitted VOCs from a charging
telescope, a closed sampling device (shown in Figure 7) made of fire-resistant aluminized
fiberglass fabric was used to seal it for VOCs measurement. The measured emissions
multiplied by four were considered as the total emissions from the charging telescope. The
sum of the emissions from the stack and the fugitive emissions from the charging telescope
was the total emissions of VOCs during the coal charging process.
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Figure 7. Self-designed closed sampling system was equipped surrouding the charging telescope,
and site (b) is the sampling pipe.

2.2.4. Pushing Emissions

In the integrated steel plants, coal was converted into coke for the iron-making process
after undergoing a coking process for a period of 16–24 h. The coke in the oven was pushed
out with a pusher ram of a pushing machine through a guiding car into a quenching car.
The coke was quenched with water sprayed in a quenching tower. Waste gases generated
during the pushing process are discharged through the stacks on the coke side as well as
the pushing side. In the study, the emissions of VOCs from the stacks on the coke side
and the pushing side were measured. The closed hoods were used to collect waste gases,
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and the gas collection efficiency shall be taken into account for the calculation of VOCs
emissions. According to a report issued by the Taiwan EPA [10], the hoods used for the
pushing side are classified as “general hoods” with a gas collection efficiency of 60%; the
hoods used for the coke side are recognized as “enclosure hoods” with a gas collection
efficiency of 80%. Both of them fall into the category of gas collection facilities.

2.2.5. Stack Emissions

Coke ovens produced heat through the combustion of exhaust gases from multiple
sources such as coke oven gas, blast furnace gas and converter gas. in the integrated steel
plant to indirectly pyrolyze coal in an oxygen-free chamber for the dry distillation process.
Waste gases were then discharged through the stack of coke ovens during the combustion
process. VOCs were further sampled and measured at the measurement holes of the stack,
as illustrated in Figure 8.
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2.2.6. Quenching Emissions

Coke quenching can be conducted in two measures procedures for wet quenching
and dry quenching (Figure 9). Wet quenching is implemented by spraying water to
quench hot coke directly and is then transported into a wet quenching tower. However,
dry quenching is a new quenching process, and hot cokes are then transported to a dry
quenching tower and cooled by an inert gas (N2) in a closed environment, in which waste
gases are discharged through the stacks. A large amount of high-temperature steam is
discharged from the open wet quenching tower during the quenching process, where VOCs
cannot be measured correctly. Because the dry quenching tower is closed, VOCs can be
collected effectively from the stacks. According to the Taiwan EPA’s report [10], the VOCs
removal efficiency of rinsing equipment ranged from 10–80%. It is assumed that there will
be at least 10% of VOCs carried away by the steam during the wet quenching process,
resulting in the underestimation of VOC emissions. Therefore, the emissions of VOCs in the
exhaust pipe from the dry quenching process were then measured for accurate estimating
of the VOC emission. Moreover, this suggested that the emission factor of VOCs emitted
from the wet quenching process would be approximately 90% of the emission factor for the
dry quenching process.
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2.3. Measurement Methods
2.3.1. Hydrocarbons in Exhaust Pipes

The total hydrocarbon (THC) emitted from the exhaust pipes was measured based on
the “Method for Determination of Total Hydrocarbon and Total Non-methane Hydrocarbon
Concentration Using Online Flame Ionization Detector Method” (NIEA A723.74B) [19].
The method involves the continuous extraction of gas samples in the exhaust pipes by
using a sampling device. The gas samples directly enter a flame ionization detector (FID)
through an air tube for the measurement of total hydrocarbon content in the exhaust pipes.
The gas samples are also guided into another channel to measure the methane content.
There are two methods for measuring the methane content: (1) molecular sieving method
(MSM): The NMHCs in the gas samples are separated with a molecular sieve, and the gas
samples then enter the FID for measurement; (2) backflush GC method (BGCM): After the
methane in the samples is separated using a chromatography column, the NMHCs are back
flushed to enable the methane to enter the FID for THC measurement. The NMHC content
equals the THC content from which the methane content is deducted, and the measured
hydrocarbon concentration can be expressed in methane equivalent concentration.

2.3.2. BTEX in Exhaust Pipes

The BTEX in the exhaust pipes was measured based on the “Method for the Deter-
mination of Gaseous Organic Compound Emissions by GC/FID” (NIEA A722.76B) [20].
The method conducts the sampling of gaseous organic compounds in the exhaust pipes
with Tedlar bags and the separation of organic compounds with a gas chromatography
separation column to allow an FID to measure the gaseous organic compounds in the
gas samples.

2.3.3. Ambient NMHCs

The ambient NMHCs in the air were measured using the “Method for Determination
of Total Hydrocarbons in Air (NIEA A740.10C),” issued by Taiwan EPA [21]. The method
uses an online FID to measure the species and concentrations of THCs in the ambient air.
The gas sample is also guided into a selective combustion system (e.g., a catalytic converter)
that decomposes NMHCs, and then enters the FID for the measurement of methane content
in the ambient air. The NMHC content equals the THC content, and the measurement is
expressed in methane equivalent concentration.
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2.3.4. Ambient BTEX

The ambient BTEX in the air was measured based on the “Method for Determination
of Volatile Organic Compounds (VOCs) in Air Collected in Canisters and Analyzed by Gas
Chromatography/Mass Spectrometry (GC/MS)” (NIEA A715.15B) [22]. This method uses
a vacuum canister made of stainless steel to collect air samples through instant sampling or
on a fixed volume sampling basis, concentrates a certain volume of ambient air samples
by using cryogenic trapping, and then injects the air samples into a GC/MS by a thermal
desorption unit (TDU) to determine the species and concentrations of VOCs in the ambient
air samples.

2.4. Data Analysis Methods
2.4.1. Concentration Conversion

The measured VOCs and NMHC concentrations were converted from ppm to mg/Nm3

using the following formula,
Cmg = a × Cppm (1)

where a refers to the conversion factor for emission concentrations (mg/Nm3) as announced
in the “Calculation of the Emissions of Air Pollutants from Stationary Sources in Public
and Private Premises,” which was issued in 2012 by the Taiwan EPA (Table 2) [23]. Cmg
refers to the measured concentration expressed in mg/Nm3 (as methane); Cppm refers to
the measured concentration expressed in ppm (as methane).

Table 2. The values of conversion factor a for NMHCs and BTEX used in Equation (1).

Species NMHCs Benzene (B) Toluene (T) Ethylbenzene (E) Xylene (X)

a 0.71 3.48 4.10 4.73 4.73

2.4.2. Stack Emission Factor

The emission factors can be calculated by dividing the measured emissions by the
activity intensity for the coking process during the measurement. The formula for the
emissions can be expressed as follows:

Ev = Cmg × Q × 10−6 (2)

where Ev refers to the measured emissions (kg/h); Q refers to the stack emissions (Nm3/h)
The emission factor formula can be expressed as follows:

E f = Ev/Ac (3)

where Ef refers to the emission factor (kg/ton); Ac refers to the activity intensity for the
coking process (ton/h).

2.4.3. Fugitive Emission Factor Formula

The formula for the fugitive emission factor of the coke oven doors is the same as that
for charge lids. However, the ambient concentration of VOCs shall be deducted from the
measured VOC concentration. The formula for the emissions of VOCs per unit time can be
expressed as follows,

Ev =
(
Cmg − Cp

)
× Q × 10−6 (4)

where Cp refers to the measured concentration of ambient VOCs (mg/Nm3) (as methane).

2.4.4. Formula for the Emission Factor of Cooking Process

We performed the measurement of VOCs at six emission points/sites during the
coking process, which can be used to calculate the emission factor of VOCs at each emission
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point/site. The sum of all the emission factors reflects the total emissions of VOCs from the
coking process:

EFco = EFq + EFs + EFc + EFp + EFd + EFcl (5)

where EFco refers to the total emission factor of the coke oven; EFq refers to the emission
factor of the quenching process; EFs refers to the emission factor of the combustion stack;
EFc refers to the emission factor of the charging process; EFp refers to the emission factor of
the pushing process; EFd refers to the emission factor of door leakage; and EFcl refers to the
emission factor of the charge lids.

2.4.5. QA/QC of Measurement

According to the Taiwan EPA’s documents [6], the coefficient of variation (CV) of three
VOC emission factors, which are measured at three different operating times, should be
less than 20%. If the CV value exceeds 20%, the measurements must be taken at least five
different operating times and their CV re-calculated for less than 20%. The coefficient of
variation formula can be expressed as follows,

CV =
(
S/X

)
× 100% (6)

S =

√
1

n − 1

n

∑
i=1

(
Xi − X

)2 (7)

where CV refers to the coefficient of variation; S refers to the standard deviation; X refers
to the average; n refers to the number of samples; Xi is the ith measured value.

3. Results and Discussion
3.1. Concentration Distribution

The emission concentrations of NMHC and BTEX are illustrated in Table 3 and
Figure 10. The charging emissions (charging telescope and stack) exhausted the highest
concentrations of NMHC (8 ppm + 35.67 ppm = 43.67 ppm), which was followed by the
charging lid emissions (36.19 ppm). Emissions from the pushing side contained the lowest
NMHC concentration (2.00 ppm). The highest NMHC concentration at the charging emis-
sions might result from the instant vaporization of organic compounds during the period
of the rejection of coal into the high-temperature chamber. Most of the NMHCs, which
were discharged through the stack, were then collected by the gas sampling equipment
rather than those emitted through the telescope. During the coking process, the emission
concentrations in the charge lid emissions were apparently higher than those from the door
leakage, which might be due to clustering at the top of the chamber. Thus, when operating
a coke oven, further charge lid repair works shall be carried out to prevent leakage.

Table 3. The concentrations of VOCs emitted from the coking oven.

Emission Sites
(if at Different Locations)

NMHCs
(ppm)

Benzene
(ppm)

Toluene
(ppm)

Ethylbenzene
(ppm)

Xylene
(ppm) Sample No

Door Emission Lon-leaked 3.57 ± 2.62 0.37 ± 0.68 0.17 ± 0.28 0 ± 0 0.34 ± 0.6 5
Leaked 7.34 ± 2.72 0.19 ± 0.22 0.02 ± 0.04 0.01 ± 0.02 0.05 ± 0.08 5

Charge Lid Emission 36.19 ± 28.74 4.53 ± 3.29 0 ± 0 0.08 ± 0.17 0 ± 0 5

Charging Emission
Charging
telescope 8.00 ± 7.68 0.8 ± 1.1 0 ± 0 0 ± 0 0 ± 0 5

Stack 35.67 ± 14.98 0.14 ± 0.24 0 ± 0 0 ± 0 0 ± 0 3
Pushing Emission Coke side 3.40 ± 3.71 0 ± 0 0 ± 0 0 ± 0 0 ± 0 5

Pushing side 2.00 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3
Combustion Stack

Emission 6.67 ± 1.53 0.1 ± 0.17 0 ± 0 0 ± 0 0 ± 0 3

Quenching Emissions 20.67 ± 4.51 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3

Note: VOC concentrations are presented as (mean ± standard deviation). Ppm. Xylene was detected only at the
door emissions. For the non-leaked emissions, the xylene concentration was 0.34 ppm; for the leaked emissions,
the concentration was 0.05 ppm. It also follows the trends of toluene emission characteristics due to the very
limited emissions.
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For BTEX, the highest benzene concentration (4.53 ppm) was found at the charge
lid emissions, and benzene was not detected in the pushing emissions and quenching
emissions. Toluene was detected only at the door leakage emissions: for non-leakage door
emissions, the toluene concentration was 0.17 ppm; for leakage door emissions, toluene was
0.02 ppm, and there was no obvious difference between the two types of door emissions
due to the relatively low toluene emissions. Ethylbenzene was detected only at the door
leakage emissions and charge lid emissions. The ethylbenzene concentration at the charge
lid emissions was 0.08 ppm.

The BTEX emissions from the coke oven battery are calculated and shown in Table 4.
Based on the total NMHCs emission concentration (118.73 ppm), the benzene, toluene,
ethylbenzene, and xylene ratio accounted for 5.0%, 0.1%, 0.1%, and 0.3%. The BTEX ratios
in this study were obviously lower than what had been measured and reported by the
Taiwan EPA: benzene 12.4%; toluene: 2.03%; ethylbenzene: 0.87%; and xylene: 1.35%.

Table 4. Distribution of BTEX emissions from the coke oven.

VOCs NMHCs Benzene Toluene Ethylbenzene Xylene

This study ppm 118.73 5.92 0.16 0.08 0.31
% – 5.0 0.1 0.1 0.3

Taiwan EPA [10] % – 12.4 2.03 0.87 1.35
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3.2. Emission Factors of NMHCs
3.2.1. Door Emissions

The coke oven doors had two states, including free of leaks and subject to possible leaks.
We used our self-designed sampling equipment to perform the sampling and measurement
of VOCs at the doors on the pushing side and weighted the measured values by the gas
leak rate of 10% as specified in the operating procedure to obtain the weighted average
emission factors. The measurement results are compiled in Table 5. The measurement data
of three samplings for the free of leak state showed a coefficient of variation of 100%, which
was higher than 20%. Thus, extra two samplings were further performed to obtain the
average of five VOC measurements, which was taken as the emission factor of 0.0002 kg
VOCs/ton. Furthermore, the measurement data of three samplings at the doors subject
to possible leaks showed a coefficient of variation of 33.3%, which was higher than 20%.
Thus, two extra samplings were further performed to obtain the average of five VOC
measurements, which was taken as the emission factor of 0.0004 (kg VOCs/ton). Overall,
the weighted emission factor of coke oven doors was obtained by the following calculation
of (0.0002 × 0.9) + (0.0004 × 0.1) = 0.0002 kg VOCs/ton.

Table 5. Emission factors of VOCs and QA/QC results for the assessment of door emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

Non-
leakage

DN1 0.0001 1.41 0.0001
0.0001 0.0001 100%DN2 0.0001 1.23 0.0000

DN3 0.0002 1.43 0.0002

DN4 0.0001 1.40 0.0003
DN5 0.0003 1.32 0.0002

Emission Factor of non-leakage 0.0002

Leakage

DL1 0.0005 1.35 0.0004
0.0003 0.0001 33.3%DL2 0.0004 1.34 0.0003

DL3 0.0004 1.26 0.0003

DL4 0.0004 1.49 0.0003
DL5 0.0006 1.62 0.0005

Emission Factor of leakage 0.0004

Emission Factor of door emissions (EFd) 0.0002

3.2.2. Charge Lid Emissions

The samplings for the VOC emissions through the charge lids from the coke oven
chamber were implemented by using self-made sampling equipment. The ambient inter-
ference was deducted in the sampling procedure. Table 6 displays the VOC measurement
results, and the coefficient of variation for three samplings was 67%, which was higher
than 20%. Thus, the average of five VOC measurements was taken as the emission factor,
which was 0.0016 kg VOCs/ton.

Table 6. Emission factor of VOCs and QA/QC results for the assessment of charge lid emission.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

CL1 0.0006 1.41 0.0004
0.0012 0.0008 67%CL2 0.0015 1.35 0.0011

CL3 0.0026 1.34 0.0020

CL4 0.0014 1.26 0.0011 – –
CL5 0.0050 1.43 0.0035 – –

Emission Factor of charge lid Emissions (EFcl) 0.0016

3.2.3. Charging Emissions

The VOC emissions from the coal charging process were sampled at the exhaust stack
sampling platform of the charging machine and the charge lids of the coke oven chamber.
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The measurement results for charging stacks are shown in Table 7. The coefficient of
variation of three samplings was 19%, which did not exceed 20%. Thus, the average of
three VOC measurements was the emission factor of 0.0079 kg VOCs/ton.

Table 7. Emission factor of VOCs and QA/QC results for the assessment of charging stack emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard
Deviation

(kg VOCs/ton)

Variation
Coefficient

CS1 0.86 136.75 0.0063
0.0079 0.0014 18%CS2 1.24 139 0.0089

CS3 1.14 133.3 0.0086

Emission Factor of stack 0.0079

The emissions through the charge lids of the coke oven chamber were sampled by
using self-made equipment, and the ambient interference was deducted. The VOC mea-
surement results are shown in Table 8. The coefficient of variation of three samplings was
125%, which was higher than 20%. Thus, the average of five VOC measurements was
taken as the emission factor of 0.0004 kg VOCs/ton. The total emission factor of charging
emissions (EFc) was calculated as 0.0079 + 0.0004 = 0.0083 kg VOCs/ton.

Table 8. Emission factor of VOCs and QA/QC results for the assessment of charging telescope emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

CF1 0.0014 1.41 0.0010
0.0004 0.0005 125%CF2 0.0000 1.35 −0.000026

(counted as 0)
CF3 0.0003 1.34 0.0003

CF4 0.0004 1.26 0.0003 – –
CF5 0.0002 1.43 0.0002 – –

Emission Factor of charging telescope 0.004

3.2.4. Emission Factor from Pushing Emissions

The VOC emission factor of pushing emissions was determined on the base of the
samplings performed at the sampling platform on the exhaust stack of the pushing side
and the coke side of the coke battery. The measurement results for the stacks on the coke
side and pushing side are displayed in Tables 9 and 10. The coefficient of variation for
the stacks on the coke side of three VOC samplings was 34%, which was higher than 20%.
Thus, the average of five measurements was taken as the emission factor of 0.0049 kg
VOCs/ton. For the stacks on the pushing side, the coefficient of variation was 0%, which
did not exceed 20%. Thus, the average of three measurements was taken as the emission
factor of 0.0005 kg VOCs/ton. The total emission factor of pushing emissions (EFp) was
0.0054 (=0.0049 + 0.0005) kg VOCs/ton.

Table 9. Emission factor of VOCs and QA/QC results for the assessment of coke side emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

PC1 0.3 108.4 0.0034
0.0029 0.0010 34%PC2 0.15 104.1 0.0017

PC3 0.29 102 0.0035

PC4 0.25 99.4 0.0032
PC5 1.15 114.8 0.0126

Emission Factor of coke side 0.0049
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Table 10. Emission factor of VOCs and QA/QC results for the assessment of pushing side emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

PP1 0.03 108.4 0.0005
0.0005 0% 0%PP2 0.03 104.1 0.0005

PP3 0.03 102 0.0005

Emission Factor of push side 0.0005

3.2.5. Combustion Stack Emissions

The VOC emissions of the combustion stack were sampled on the sampling platform
of the exhaust stack. Table 11 summarizes the three VOC measurements. The coefficient of
variation was 19%, which did not exceed 20%. Thus, the average of three measurements
was taken as the emission factor of 0.0083 kg VOCs/ton.

Table 11. Emission factor of VOCs and QA/QC results for the assessment of combustion stack emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

S1 0.85 128.83 0.0066
0.0083 0.0016 19%S2 1.34 136.75 0.0098

S3 1.18 137.75 0.0085

Emission Factor of Combustion Stack 0.0083

3.2.6. Quenching Emissions

The quenching emissions were mainly sampled at the dry quenching stack sampling
platform. The measurement results are shown in Table 12. The coefficient of variation
of three samplings was 18%, which did not exceed 20%. Thus, the average of three
measurements was taken as the emission factor, which was 0.0061 kg VOCs/ton.

Table 12. Emission factor of VOCs and QA/QC results for the assessment of quenching emissions.

Samples Mass Flow Rate
(kg/h)

Activity
(ton/h)

Emission Factor
(kg VOCs/ton)

Average
(kg VOCs/ton)

Standard Deviation
(kg VOCs/ton)

Variation
Coefficient

Q1 1.05 160 0.0066
0.0061 0.0011 18%Q2 1.11 160 0.0069

Q3 0.69 140 0.0049

Emission Factor of quenching emissions 0.0061

3.2.7. Emission Factor for the Coke Oven Battery

The total emission factor for the six emission points/sites was 0.0299 kg VOCs/ton.
An emission factor of the coke oven battery, 0.030 kg VOCs/ton, was declared by the
Taiwan EPA as the VOC payment base of air pollution fee with the value of three digits
below the decimal. The emission factor of VOCs from the coke oven battery obtained in
this study has been reviewed and approved by the local EPA and is currently adopted by
the integrated steel plants for reporting their VOC emissions from coke oven batteries.

3.3. Comparisons of VOC Emission Factors of Coke Oven Batteries

The emission factor of VOCs in this study was further compared with those published
in the AP-42 and obtained from a coke oven battery of an integrated steel plant in China [24]
(Table 13). The VOC emission factor published in AP-42 is 0.1857 kg VOCs/ton, while the
emission factor of VOCs obtained from China is 0.5978 kg VOCs/ton. The emission factor
of VOCs obtained from on-site samplings in this study was 0.0299 kg VOCs/ton, which
was as low as 16% and 5% of the other two VOC emission factors. The reasons for such
differences were probably due to the usage of an innovative sampling technique which
was firstly applied for the measurement of VOC emissions from the coking process in an
integrated steel plant.
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Table 13. Comparison of VOCs’ emission factors for different coking plants.

Emission Sources
Emission Factors (kg VOCs/ton)

AP-42 [11] Cheng et al. [24] This Study

Door Emissions 0.0534 a
0.4433 b 0.0002

Charge Lid Emissions 0.0095 a 0.0016
Charging Emissions 0.0080 a 0.0116 0.0083
Pushing Emissions 0.0513 0.0155 0.0054

Combustion Stack Emissions 0.0634 0.1271 0.0083
Quenching Emissions - 0.0003 0.0061

TVOCs from the coke oven 0.1857 0.5978 0.0299
a For the sources, pre-NESHAP Controls were chosen. b VOCs emissions due to coke oven leakage were simulated
using the inverse dispersion method.

In this study, NMHCs were directly measured through stacks and in a closed and
sealed manner; however, the AP-42 was conducted along with the conversion of BSO data
based on indirect measurements. Additionally, Cheng et al. [24] estimated the fugitive
VOC emission factors from the coke oven battery of an integrated steel plant in China using
stainless steel canisters for collecting grab air samples near the doors and the charging lids,
which might be highly interfered with by the mixture of ambient air, causing over- or under-
estimation of VOC emissions. Additionally, all species of emitted organic compounds in
the air samples were analyzed as a single component concentration and then merged into
TVOCs, which are different from those measured using the direct analysis of TVOCs in
this study. Therefore, the VOCs emission factors could be measured directly based on the
technique of the closed sampling systems, which is developed in this study. Additionally,
the equipment of the closed sampling system is detachable, and it can be applied to the
other process units to measure the emission factors.

3.4. Recommendations on VOC Sampling for the Coke Oven Batteries in the Future

Based on our unique experiences in this study, the following improvements are recom-
mended for the accurate measurements of VOC emissions from the coke oven batteries.

a. For the cleaning of the airways of doors, high-pressure water jet machines must be
installed on the pushing machine and guiding car. The cleaning should be performed
each time to enhance the air tightness of the oven doors and the oven door frames,
which could reasonably reduce the potential contamination caused by fugitive emis-
sions from the doors (Figure 11).

b. All of the oven door frames must be replaced prior to sampling to reduce leakages
caused by fugitive emissions.

c. The top bricks of coke ovens, riser pipes, and other metal components must be fully
renovated to limit the pollution for preventing fugitive emissions from the top of
coke ovens (Figure 12).

d. The combustion chamber of the charging machine must be upgraded for the complete
burning of VOCs generated during the charging process.
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4. Conclusions

The site sampling and analysis of VOCs were conducted for six emission points of the
coking process with reference to the AP-42 report and confirmed, through actual application,
that self-designed closed sampling equipment for VOC sampling was feasible for the
measurement of door emissions, charge lid emissions, and charging telescope emissions.
The emission factors, which were calculated by the concentrations directly measured using
the closed sampling systems, were more realistic than those estimated emission factors
using the existing parameters. A new or existing coking plant that is revamped can be
re-evaluated to obtain updated emission factors by following the technique which has been
established herein.

The charging lid emissions exhausted a very high concentration of NMHCs (36.19 ppm)
and also stacked emissions during charging (35.67 ppm). Thus, when operating a coke
oven, further repair works for charge lids shall be carried out to prevent the emissions of
VOCs from potential leaks. Benzene, toluene, ethylbenzene, and xylene (BTEX) accounted
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for 5.0%, 0.1%, 0.1%, and 0.3%, respectively, of the VOC emissions from the coke oven
battery. In the past, there were only some data on BTEX ratios of VOCs fugitively emitted
from coke oven batteries in the integrated steel plants. The findings of this study showed
that the BTEX ratio was about 50:1:1:3, and benzene was recognized as the dominant
aromatic hydrocarbon component, which was similar to the results of Wang et al. [25]
and Zhang et al. [26]. In general, the BTEX ratio of vehicular emissions is about 3:4:1:4 or
3:7:1:5 [27]. However, the BTEX ratio of the coking process was 50:1:1:3, which implied the
fingerprint characteristics of BTEX emissions from the coal coking process. According to
the recent 3-year (2018–2020) study by Yuan et al. [2], the BTEX ratios of two ambient air
quality monitoring stations around the industrial complex where this integrated steel plant
is located are about 0.3:(6.7–9.2):1:6. Therefore, the BTEX ratio of the coking oven in the
integrated steel plant is evidentially different from those of the industrial complex. It can
be reasonably inferred that the coking process has not made many contributions to VOC
concentrations in the ambient air of a nearby industrial complex.
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