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Abstract: In this study, uncertainties related to NHj concentration, emission factor, and emission
factor estimation in the exhaust gas of the steel sintering furnace using COG (coke oven gas) among
the by-product gas generated in steel production was estimated to identify the missing source.
By measuring the NHj3 concentration in the exhaust gas of steel sintering furnace using COG,
a concentration between 0.02 and 0.12 ppm was found, with an average concentration of 0.06 ppm,
confirming the emissions of NH3. Using this measurement of the NH3 concentration, an NHj3 emission
factor of 0.0061 kg NH3/ton was derived. The uncertainty of the developed NHj emission factor
of the sintering furnace using COG was analyzed using a Monte Carlo simulation. Consequently,
the uncertainty range of NH;3 emission factor of the sintering furnace using COG was derived to be
—11.4% to +12.89% at the 95% confidence level. According to the results of this study, NH3 emissions
occur from the use of COG, yielding values higher than the NHj3 emission factor resulting from the
use of LNG(liquefied natural gas) in combustion facilities. It should be recognized that it is a missing
emission source and the corresponding emission should be calculated.

Keywords: PM 2.5 secondary sources; sintering furnace combustion; coke oven gas; uncertainty
analysis; ammonia emission factor

1. Introduction

The recent PM 2.5 concentration level in Korea was 24 pg/m? as of 2018. Korea’s average PM 2.5
concentration in 2018 was ranked as the 27th highest in the world, according to a survey of 3000 cities
in 73 countries by Air Visual, an air-quality monitoring company. When only considering OECD
(Organization for Economic Cooperation and Development) countries, average PM 2.5 concentration
in 2018, Korea exhibits the second poorest air quality after Chile (24.9 pg/m?), with a PM 2.5 level twice
as high as that of major developed countries such as France(13.2 j1g/m?), Japan(12.0 pg/m?), the United
Kingdom(10.8 ug/m?’), and the United States (9.0 ug/m3) [1].

One of the main causes of this problem is the increase in secondary fine dust generation materials,
and the factors contributing to the generation of secondary fine dust include NOx, SOx, VOCs,
and NHj [2-5]. Among the air pollutants, Korea is managing NOx and SOx abundances in accordance
with the air pollution total amount system, and measuring air pollution in real time through the
air pollution measurement network [6-8]. However, NHj is mainly managed in terms of its odor,
and measurements are not performed in real time. In addition, studies related to NH3 emission sources
are insufficient.
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According to previous studies, the analysis change in Korea PM 2.5 concentration of the air
pollutant reduction; through an air quality model, it was revealed that NH3 emission reduction
provided the greatest potential for reducing the PM 2.5 concentration of all pollutants in Korea [9,10].

In Korea, the emission factor provided by the United States Environmental Protection Agency
(US EPA) or CO-oRdination d'INformation Environnementale AIR(CORINAIR) from the European
Environmental Agency, is used for the estimation of ammonia emissions. In addition, there are many
unknown sources of pollution [11-13]. Accordingly, the importance of related studies is increasing,
addressing issues such as missing sources associated with NH; generation and the development of
NH; emission factors that reflect the situation in Korea.

Recently, renewable energy sources have been used as a component of the recent measures to
reduce air pollution and greenhouse gas emissions. In the steel industry, Coke Oven Gas (COG), Blast
Furnace Gas (BFG), and Linz-Donawitz Gas (LDG), which are discharged from the steel production
process, are being recycled as energy sources in the process and power generation [14-17].

Among the NHj3 emission sources of steel mills in Korea, emissions for the sintering furnace
currently refer to the US EPA 1994 value, and the NH3 emission factor is applied only to the fuel sources
such as coal, petroleum, and liquefied natural gas (LNG) used in the sintering furnace. However, for
the by-product gases (COG, BFG, LDG) recently used in the steel production process, NH3 emission
calculation and emission factor development are not being properly performed. Therefore, this study
aims to identify the missing source by estimating the uncertainty related to NH3 concentration, emission
factor, and emission factor calculation in the exhaust gas of the steel-sintering furnace, using COG
among the by-product gases used in the steel production process.

2. Materials and Methods

2.1. Selection of Objective Facilities

In this study, NH3 samples were collected to confirm the NHj concentrations at the COG gas
outlets of the sintering furnaces in steel mills. The types of fuel and number of samples collected in the
target facilities are shown in Table 1. The sample collection at target facility was conducted more than
3 times, and 10 samples were collected. The steel company’s COG composition was found to be the
highest, with 52.92% Hj, and the second-highest with 21.65% CHj.

Table 1. Characteristics of the investigated Iron and Steel Production facility.

Site Fuel Type Sampling

Coke oven gas 10
Coke oven gas composition %

CcO 7.29

CO, 2.12

Hp 5291

Iron and Steel Production N2 285

facility A O, 0.06

Hj,S 0.05

NHj3 0.01

CHy 21.65

CmHn 2.21

CoHy 1.46

CyHg 0.49

C3Hg 0.11

CeHe 0.15
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2.2. Ammonia Analysis at Iron and Steel Production Facility

To measure the NHj3; emission concentration at the sintering furnace COG gas outlets,
the indophenol method was used in this study among the methods suggested for the measurement of
NHj; emissions in the odor process test method and air pollution process test method of Korea [18].
The indophenol method is a method for estimating the NH3 content by measuring the absorbance
of indophenols produced by the reaction with ammonium ions when sodium hypochlorite and
phenol-sodium nitroprusside solutions are added to the sample solutions for analysis. For the NHj
sample collection, NH3 absorption solution (total 50 mL of boric acid solution for absorption) was added
in two 50 mL volumetric flasks and flowed through 80 L of exhaust gas at 4 L/min for approximately
20 min using a mini-pump (SIBATA MP-XNII, Japan). To remove the moisture contained in the gas
discharged from the exhaust gas outlet of the sintering furnace, a desiccator bottle containing silica gel
was connected in front of the NHj3 sample collection device. The schematic for NH3 sample collection
is shown in Figure 1. The absorptivity of the absorption solution used to collect NH3 at 640 nm
wavelength was measured by through spectrophotometry (Shimadzu 17A, Japan). The accuracy of
the spectrophotometry equipment is 0.5% of reading, and the linearity test results using ammonia
standard samples 0.0009 mM/L, 0.0022 mMy/L, 0.0134 mM/L, 0.0538 mM/L, and 0.0627 mM/L, R? values
showed high linearity with 0.9992.

stack
Impinger
(Silica gel) Outlet

probe pump

Impinger

(Silica gel) Water Absorption

Bottle

Figure 1. Schematic of the field setup for ammonia sampling at Iron and Steel Production facility.

2.3. Development of NH3 Emission Factor

The NHj emission factor calculation is shown in Equation (1). The flow data needed for the
development of the NH3 emission factor of sintering furnaces using COG in steel mills were taken from
the CleanSYS data of the target facility, and the flow rate was measured by the daily integrated flow
data. CleanSYS is an air pollution measurement network managed by the Ministry of Environment of
Korea and measures air pollutants such as NOx, SOx, and PM, and the flow rate and temperature of
the exhaust gas in real-time. In the case of COG fuel usage, data from the target facility were used.

M _
EFnm, = |Cnm, X V—“’ X Quay X 107 |/ FCypy, (1)
m
where EF is emission factor (ton NHz/m3); CnH; is NH3 concentration in exhaust gas (ppm); My, is
molecular weight of NH;3 (constant) = 17.031 g/mol; V', is one mole ideal gas volume in standardized
condition (constant) = 22.4 x 1073 m%/mol; Quay is daily accumulated flow rate (Sm3/day) (based on
dry combustion gas); and FCyj,, is the daily fuel consumption (m3/day).
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2.4. Uncertainty Analysis by Monte Carlo Simulation

In this study, Monte Carlo simulation was used for the uncertainty analysis of the NH3 emission
factor of the sintering furnace using COG from the steel works. Monte Carlo simulation is a method
used to analyze uncertainties from the probability density function through the generation of random
numbers. It is widely used for uncertainty analysis in the environmental science, especially for
greenhouse gas [19,20]. Monte Carlo simulation can be analyzed in four stages, as shown in Figure 2.
The first step is the selection of the model and the construction of the NH; emission factor calculation
worksheet. Second, the probability density functions of the input variables required for the development
of the NHj3 emission factor were tested through a suitability test. The significance level for hypothesis
testing was selected at 95%, and each probability density function was calculated through a conformity
test of data such as the NHj3 emission concentration and the emission flow needed for NH3 emission
factor development. The third step is to perform a Monte Carlo simulation, and a random sampling
simulation was performed using the Monte Carlo simulation software, ver. 11.1.2.4 (Oracle Crystal
ball, Oracle, Redwood City, California). The fourth step is to calculate the uncertainty range of the 95%
confidence interval through the simulation results.

Modelization L)

Setting work-sheet to calculate
emission factor

2w

Input uncertainty quantification ' 1= E
s

Goodness-of-fit test of probability
density function(PDF) for input data

|

Run Monte Carlo simulation

Run Monte Carlo simulation By
“Crystal Ball" S/W

R )

Calculate overall uncertainty
at a 95% level of confidence

Pty

Figure 2. Process of the Monte Carlo simulation for estimating the uncertainty of the emission factor.

3. Results and Discussion

3.1. NH3 Emission Concentration at Iron and Steel Production Facility

For the NHj concentration analysis, the sintering furnace of a steel production facility was visited
three times, and 10 samples were collected. The NHj3 concentration analysis results are shown in
Table 2. As a result of this a using COG in the steel production facility, the concentration range was
measured between 0.02 ppm and 0.12 ppm, and the average concentration was 0.06 ppm. The standard
deviation of the NHj3 concentration was 0.04 ppm. The daily average concentration was 0.05 ppm in
the first and 0.07 ppm in the second and third days, so the concentration difference by daily average
was not large.
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Table 2. NHj; concentration of the investigated Iron and Steel Production facility.

Sampling NH;3 Concentration Day Aver?ge NH3
(ppm) Concentration (ppm)

1 0.07

1st 2 0.07 0.05
3 0.02
1 0.02

ond 2 0.07 0.07
3 0.05
4 0.12
1 0.02

3rd 2 0.07 0.07
3 0.12

Mean 0.06

SD (Standard Deviation) 0.04

3.2. NH3 Emission Factor at Iron and Steel Production Facility

The NHj3 emission factor of the sintering furnace using COG in the steel production facility was
developed by combining the NH3 concentration measured in this study with data received from the
measurement facility, and the results are shown in Table 3. The development result of the NH3 emission
factor of the sintering furnace using COG in the steel production facility was 0.0061 ton NHz/m3.

Table 3. NH3 emission factor of the investigated iron and steel production facility.

NH; Emission Factor of COG NH; Emission Factor of LNG
(This Study) ton NH3/m3 (US EPA, 1994) ton NH3/m3
0.0061 0.0051

Currently, Korea’s national statistics do not apply an NH3 emission factor depending on COG
usage, and there is no comparable data as no relevant overseas studies were found. Therefore,
to confirm the level of the developed emission factor value, we compared it with the LNG-applied
NHj; emission factor from the EPA among the emission factors currently applied to sintering furnaces
in Korean steel mills. By comparison, the value was about 20% higher than the EPA emission factor,
which is 0.0051 ton NHj3/m?3.

Based on these results, it is necessary to develop NHj3; emission factors according to the use of
COG, and they should be included in the NHj3 inventory as a missing source.

3.3. Uncertainty of the NH3 Emission Factor at the Iron and Steel Production Facility

The Monte Carlo simulation developed in this study was used to estimate the uncertainty of
the NH3 emission factor in the sintering furnace using COG in the steel production facility, and the
calculation results are shown in Figure 3.

The probability density function of the NH3 emission factor developed in this study was analyzed
with a log-normal distribution. The analysis result was an average of 0.0613 ton NH3/m3, and at the
95% confidence level, the bottom 2.5% corresponded to 0.0543 ton N Hi/m3, whereas the top 97.5%
corresponded to 0.0692 ton NHz/m3. The uncertainty range for the NHjz emission factor calculated
using this value was analyzed to range from —11.4% to +12.89% at the 95% confidence level. As the
NHj3 uncertainty is not currently presented in numerical values or ranges, the comparison of related
cases is difficult. However, greenhouse gases are presented in terms of uncertainty range and value.
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Figure 3. Process of the Monte Carlo simulation for estimating the uncertainty of the NHj3 emission
factor at Iron and Steel Production facility.

When comparing the uncertainty of the NH; emission factor of the steel production facility in this
study with the Intergovernmental Panel on Climate Change(IPCC)greenhouse gas uncertainty range
level, the value is lower than +25%, which is the uncertainty range for the basic emission factor of steel
production facilities proposed by the 2006 IPCC Guidelines. The uncertainty of Korean air pollutants
is being evaluated by using the rank method, as suggested by the US EPA, and is being evaluated by
experts [21,22]. Air pollutants such as greenhouse gases can be evaluated quantitatively if a range of
uncertainty is provided.

4. Conclusions

Korea’s PM 2.5 concentration level was 24 pg/m3 in 2018, the second poorest air quality, after
Chile among the OECD countries. One of the causes is due to the secondary fine dust generation
materials, and NHj is one of the main secondary PM 2.5 generation factors. If inventory reliability is
improved and managed properly, it may contribute to the reduction of PM 2.5.

As the by-product gas generated in the steel industry has recently been utilized as a means
for reducing greenhouse gases and air pollution, NH3 emissions can occur from by-product gas
combustion. Currently, there are only a few studies on NH3 emissions from the use of by-product gas,
and no relevant statistics have been collected. Therefore, in this study, uncertainties related to NHs
concentration, emission factor, and emission factor estimation in the exhaust gas of the steel sintering
furnace using COG among the by-product gas generated in steel production was estimated in order to
identify the missing source.

By measuring the NHj3 concentration in the exhaust gas of the steel sintering furnace using COG,
a concentration between 0.02 ppm and 0.12 ppm was found, with an average concentration of 0.06 ppm,
confirming the emission of NHj. Using this measurement of the NH3 concentration, an NH3 emission
factor of 0.0061 ton NH3/m? was derived. Comparing the developed COG NHj emission factor with
the LNG NHj3 emission factor obtained by using the EPA, the value was approximately 20% larger
than the EPA’s emission factor (0.0051 ton NH3/m?3), indicating the need for the development of an
NHj emission factor for the use of COG.

The uncertainty of the developed NH3 emission factor of the sintering furnace using COG was
analyzed using a Monte Carlo simulation. Consequently, the uncertainty range of the NH3 emission
factor of the sintering furnace using COG was derived to be —11.4% to +12.89% at the 95% confidence
level. Comparing the uncertainty of the NHj3 emission factor with the IPCC greenhouse gas uncertainty
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range level, it is found to be lower than +25%, which is the uncertainty range for the basic emission
factor of the steel production facility. In Korea, the uncertainty of air pollutants is evaluated by using
the rank method based on expert opinion from the US EPA. If the uncertainties of air pollutants
are presented in the same way as the uncertainty ranges of greenhouse gases, we can quantitatively
evaluate the uncertainties of air pollutants.

According to the results of this study, NH3 emissions occur from the use of COG, yielding values
higher than the NH3 emission factor resulting from the use of LNG in combustion facilities, thus,
there is the possibility of a missing source. Therefore, it is necessary to develop emission factors by
measuring the NHj3 concentrations in more facilities and for other by-product gas fuels in order to
establish statistics related to the use of by-product gas fuels.

In addition to by-product gas, discovering and supplementing missing emission sources related to
NHj; emissions would significantly improve the reliability of the NH;3 inventory in Korea. Furthermore,
if the reliability of NHj inventory were improved, it would be of great help in establishing PM 2.5
reduction policies.

In the case of Korea, studies on ammonia that contribute to the secondary generation of PM 2.5,
which had been insufficient in related studies, have been conducted recently as the problem of PM 2.5 has
become serious. Recently, studies have been conducted to evaluate the ammonia emission factor and the
uncertainty of bituminous coal-fired power plants, and these studies have developed an emission factor
of ammonia generated by steel companies among the ammonia emission sources and quantitatively
calculated the uncertainty. In addition, in the case of COG, even though ammonia is currently being
discharged, it is necessary to collect related activity data and establish an inventory related to emissions.
In addition to this study, if studies on ammonia emission sources that country-specific emission
factors of Korea are conducted in the future, it is believed that inventory reliability and quantitatively
evaluated uncertainty data can be collected.
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