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Abstract: An analyzer for measuring NHj emitted from a combustion process has been developed
based on a simple non-dispersive infrared (NDIR) technique because of its cost-effective benefit.
The weakness of the NDIR analyzer due to interference and zero-drift has been overcome. A least-
interfering bandpass filter (BPF) was found and manufactured to compensate for the interfering
effects of gases emitted from a combustion process (e.g., CO, NOy, SO,, CO,, H,O, HC], formalde-
hyde, acetaldehyde and toluene). It was found that there was no significant interference in the
least-interfering BPF with respect to gases of concern. Measurement errors by the analyzer were less
than 2.5% in a range of 1 to 10 ppmv of NH3 compared to a standard method when the compound
was measured in complicated mixing gases. For the zero-drift, using BPFs with identical center wave-
length with respect to different incident infrared intensity was found to help minimize the zero-drift
of the NDIR analyzer. As a result, the analyzer could cut approximately 19% of zero-drift caused
by the aging effect of both IR source and detector. It suggests that the analyzer could be applied for
measuring NH3 emitted from combustion processes with good accuracy and reproducibility.

Keywords: NH3; NDIR; zero-drift; incinerator; CEMS

1. Introduction

Ammonia (NHs, CAS number 7664-41-7) is a colorless gas with a pungent smell [1].
NH; has adverse effects on human health. Eye and skin irritation, burns, and frostbites
are common symptoms when exposed to low concentrations of NH3 [2]. NHj3 exposure
also causes coughing, wheezing, and shortness of breath [2]. Inhalation of over 10,000 ppm
of NHj3 can cause death [2]. In the atmosphere, NHj3 is one of the main precursors of
ground-level ozone and secondary PM; 5 [3-9]. The primary emission source of NHj is
agricultural activities contributing over 80% of the total global emissions, followed by
combustion processes at 20% [10]. Therefore, the continuous monitoring of NH3 emitted
from combustion processes is a pivotal issue to control the emission of NH3, especially
from industrial and traffic emission sources. The measurement of air pollutants is useful
for emission inventories. Governments can find significant sources of air pollutants from
the emission inventory for environmental policy action [11]. Furthermore, the emission
inventory is also an input for mathematical models used to predict the formation of
secondary air pollutants in the atmosphere [3-9]. Hence, the accuracy of measurement
data is an important issue.

NHj; emitted from the combustion in industrial and traffic sources is predominantly
from selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR)
processes used to treat nitrogen oxides [12]. The excess concentration of NHj3 can be up
to 20 ppmv because the addition of NHj3 in excess of the NO amount is required in the
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stoichiometric equation [12,13]. In the Republic of Korea, NH3 emissions from combustion
were generally 0-8 ppmv in 2008 [14]. Therefore, an accurate analyzer is needed to measure
these low levels of NH3 continuously.

Chemiluminescence, UV absorption spectroscopy, IR absorption spectroscopy, ion mo-
bility spectroscopy, and electrochemical approaches are major technologies for measuring
NHj in a gas stream [15]. Some popular commercial NHj3 analyzers are shown in Table 1.

Table 1. Popular commercial NH3 analyzers.

No. Model Company Type Range Technique
. Ecotech Group, . . .
1 Serinus 44 Victoria, Australia Extractive 0-20 ppm Chemiluminescence
Chromatotec Group, .
2 NHj; analyzer Val-de-Virvée, France Extractive 0-100 ppm UV spectroscopy
Thermo Fisher Scientific
1 ™ ’ . - .
3 Orion™ 2110XP Waltham, MA, USA Extractive 0-10 ppm Ammonia electrode
4 LAS300XD Environmental 5.A., In situ 0-500 ppm TDLS
Paris, France
Environmental S.A., . Gas Filters Correlation
> MIR 9000H Pari, France Extractive i technology at 180 °C
6 758 Fuji Electric Co., Ltd., In situ 0-15, 5000 ppm NDIR
Tokyo, Japan
Quantum Cascade Laser
7 MEXA-ONE-QL-NX Horiba Ltd., Kyoto, Japan Extractive ~ 0-50, 0-2000 ppm Infrared (QCL-IR)
Spectroscopy
3 Innova 1314i LumaSense Technologies, Inc., Extractive 0-300 ppm Photoacoustic

Santa Clara, CA, USA Spectroscopy

As shown in Table 1, among NHj3 measurement techniques, non-dispersive infrared
(NDIR) analyzers are used less compared to other approaches, although an NDIR analyzer
is simpler and cheaper compared to others [16]. Moreover, in situ or hot-type extrac-
tive NDIR analyzers are widely used over cold-type NDIR analyzers, which consume
less energy and introduce less contamination due to their high operating temperatures.
Accordingly, the development of an extractive cold-type NDIR is necessary.

A typical NDIR analyzer consists of a gas chamber coupled with a set of mirrors to pro-
duce a long optical pathlength, an infrared (IR) source coupled with a beam chopper, and a
detector coupled with a bandpass filter (BPF). The main disadvantages of an NDIR analyzer
are interference and zero-drift [17-20]. To reduce the interference effect, a least-interfering
BPF has recently been developed, which can compensate for the effect of interference with
lower costs and less complicated structure [16]. Zero-drift is a change in the analyzer’s
signal, which leads to a shift in the whole calibration curve of the analyzer [21]. The age
of the IR source and detector strongly affects the zero-drift of NDIR analyzers. The con-
tamination of optical elements such as mirrors and windows can also cause zero-drift [21].
In the early days, to overcome the zero-drift issue, a reference chamber, which is a gas
chamber comprising an inert gas such as nitrogen, was used to reduce the zero-drift caused
by the IR source and detector [22]. To contain a sample gas, another gas chamber was used
which is called a measurement chamber. Each chamber was coupled with a detector. An
analyzer signal was defined as a fraction of detector signal from the reference chamber
(so called R) to that from the measurement chamber (so called M). Because one IR source
was used for both chambers and analyzer signals were calculated based on the fraction
R/M, the zero-drift of the analyzer due to IR source aging was compensated [22]. However,
this method cannot overcome the zero-drift issue caused by the contamination of optical
elements because the reference chamber cannot be exposed to real dirty samples such
as the measurement chamber. Using two detectors can also cause zero-drift due to their
different ages. Besides, using two chambers also leads to an increase in the dimensions of
the analyzer. On the other hand, a reference channel method was developed to overcome
the problems introduced by reference chambers and is widely used [21,22]. A reference
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BPF, which has a wavelength and bandwidth out of the IR absorption of most of the gas
pollutants, was used instead of the reference chamber. A measurement BPF, which has a
center wavelength (CWL) associated with a target gas, has been applied. The reference and
measurement BPFs were attached on a rotation wheel. The identical IR source and detector
were attached on a single gas chamber which contained a sample gas [21,22]. IR radiation
from the IR source will penetrate the reference BPF and measurement BPF, then enter the
gas chamber to contact the sample gas, and finally reach the detector. The detector signal
with respect to the IR radiation from the reference BPF is called a reference channel (i.e., R)
and that from the measurement BPF is called a measurement channel (i.e., M). The fraction
R/M was also defined as an analyzer signal [21,22]. Although this method could solve
some disadvantages of the reference chamber method such as using two detectors, bulky
and different contamination of optical elements, it still held a limitation. Using a reference
BPF such as 3.95 um BPFE, which is a different wavelength from that of a measurement
BPF (e.g., SO, BPF at 7.3 um), can also cause zero-drift [21]. An example of this issue is
presented in Figure 1. As shown in Figure 1, BPF1 and BPF2 are representative for the
reference and measurement BPFs, respectively. The radiance of BPF1 (R) is much higher
than that of BPF2 (M) (circle points) at 900 K (i.e., R/M > 1). The radiance of BPF1 is almost
equivalent to that of BPF2 (triangle points) at 700 K (i.e., R/M ~ 1), but the radiance of BPF1
is much lower than that of BPF2 (rectangular points) at 500 K (i.e., R/M < 1). Thus, because
the fraction R/M will be changed with respect to various temperatures of the IR source
(i-e., IR source aging), the reference BPF could not reduce the zero-drift caused by the aging
effect of both IR source and detector over a long period of time.
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Figure 1. Relationship among the temperature of an IR source, wavelength, and spectral radiant
exitance using Planck’s law adapted from [21].

Several studies have been conducted for an NDIR sensor rather than an NDIR analyzer
to achieve zero-drift-free analysis [21,23-26]. The Near Zero Drift™ methodology was
developed to minimize the zero-drift of an NDIR sensor [21,24-26]. In this previous work,
the NDIR sensor consisted of two connected reference and measurement gas cells coupled
with a single IR source. The term “gas cells” was used instead of gas chambers in order
to depict an NDIR sensor comprising a very small volume of gas cell; on the other hand,
the NDIR analyzer comprised a big volume of gas chamber. Two identical BPFs, which
have the same CWL, were applied to both measurement and reference cells. The length
of the measurement cell is twice that of the reference cell. Each gas cell was attached
to a detector. A fraction of the detector signal from the reference cell (R) to that from
the measurement cell (M) was used as a sensor signal. It was reported that the method
could reduce the zero-drift when the IR source was aged by approximately 20% [21,24-26].
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Although two identical BPFs were used to prevent zero-drift, the drift might occur due
to the different aging effects by the two detectors. Hussain et al. (2018) developed a low
zero-drift double-beam NDIR sensor consisting of reference and measurement gas cells
with the same length. The two cells were connected at an intersection point, and one
IR source was employed. At the other end-side of each cell, a thermopile detector was
attached, and a detector was coupled with a hollow disk to reduce the IR intensity in
the reference cell [23]. The measurement error of the sensor was less than 5% when the
temperature varied from 253 to 333 K. These studies tried to overcome the zero-drift caused
by the aging of IR source and the contamination of optical elements. However, using two
detectors also causes zero-drift due to the different ages of these detectors; therefore, the
drift issue has not been completely solved. Furthermore, it is complicated and costly when
two gas cells and two detectors were employed. Therefore, these methods are difficult to
directly apply to the NDIR analyzer.

In this study, a low zero-drift NDIR analyzer has been developed to continuously
measure NHj emitted from combustion processes. A least-interfering BPF, gas chamber’s
coating materials, and a zero-drift reduction method were investigated, and an urban
household solid waste incinerator with an SCR was used as a case study.

2. Materials and Methods
2.1. Experimental Materials and Apparatus

NH; (1.21, 5.02, 10.2, 19.6, 50.3 ppmv), HCl (1.21, 5.02, 10.2, 19.6, 50.3, 5000 ppmv),
CO (10, 50, 100, 180, 500, 2000 ppmv), NO (10, 50, 100, 180, 500, 2000 ppmv), NO, (10, 50,
100, 180, 500, 2000 ppmv), SO, (10, 50, 100, 180, 500, 2000 ppmv), CO; (1.2, 6.04, 10.08,
12.64, 22.5, 50 ppmv), formaldehyde (95 ppmv), acetaldehyde (1%) and toluene (205 ppmv)
standard gases acquired from Rigas Co., Ltd., Daejeon, Korea were used to make various
concentrations. A calibrator (Sonimix 2106-10, LNI Swissgas S.A., Versoix, Switzerland) was
used to dilute the above standard gases with Ny gas (99.999%, DongA Co., Ltd., Gyeonggi,
Korea) to produce various concentrations. Zero air was continuously introduced into two
impingers containing water at 25 °C & 2 °C to generate a humidity sample. Humidity was
measured by a humidity sensor (645, Testo SE & Co. KgaA, Lenzkirch, Germany).

2.2. Experimental Procedure

A solution for the interference issue is presented in Section 2.2.1. That for the zero-
drift issue is addressed in Section 2.2.3. In addition, we found that the material of the gas
chamber affected a response time of the NH;3 analyzer. An investigation on the material for
the gas chamber was also conducted and is introduced in Section 2.2.2.

2.2.1. Development of a Least-Interfering BPF for NH3; NDIR

IR absorption spectra were adapted from the HITRAN database [27]. Since an urban
household solid waste incinerator was used as a case study, the composition of flue
gas emissions included NO, NO;, CO, CO,, SO,, HCI, NH3, H,O, and volatile organic
compounds (VOCs) [14,28,29]. Formaldehyde, acetaldehyde, and toluene were used
as representative VOCs in this study due to their high concentration among organic
gases emitted from urban household solid waste incinerators [29]. The least-interfering
wavelength and bandwidth were found based on a method published in our previous
studies [30,31]. A feasible BPF for NH3; NDIR was made based on this result. The feasible
BPF was made by a two-cavity filter method with Germanium substrate and SiO coating
material. An NDIR analyzer was made with an optical path length of 10 m. The airflow rate
was 1 L/min. The gas chamber temperature was maintained at 45 °C. A 20 W silicone-based
IR source (IR-5i253, Hawkeye Technologies Inc., Milford, CT, USA) was used to produce IR
radiation. A pyroelectric detector (LME-335-60, InfraTec GmbH, Dresden, Germany) was
used as a detector. The feasible BPF was attached to the analyzer to investigate interference
caused by other gases. The feasible BPF for NHj3 was defined as a measurement channel. A
reference BPF with 3.95 um of CWL and 90 nm of half band width (Seoul Precision Optics



Atmosphere 2021, 12, 858

50f17

Co., Ltd., Seoul, Korea) was applied for a reference channel. An experimental set-up is
presented in Figure 2.

Humidity sensor

S|

Gas calibrator [P¢ X 'L NDIR analyzer }—v —
' Pump
N i

Humidity
{ generator
e —
Data acquisition
N2 Std Zero .
gas air
Tedlar bag

Figure 2. Experimental set-up for the investigation of the interference effect of the NH3; BPF. NDIR:
non-dispersive infrared; Std: standard.

Single gases at various concentrations were introduced into the analyzer to check their
individual effects. Each standard gas was introduced into the analyzer for 10 min. The first
5 min of data, until equilibrium was reached, was omitted, and the average signal values
for the last 5 min were used. The log (R/M) (i.e., analyzer signal) was calculated where R
is the signal from the reference channel and M the signal from the measurement channel.
The experiment was repeated 7 times. The Statgraphics Centurion XV software (15.2.05;
Statpoint Technologies Inc., Warrenton, VA, USA) was used to analyze the data.

2.2.2. Investigating Coating Materials for the Gas Chamber of the NH; NDIR Analyzer

Unlike other gases, while conducting experiments with NH3, we found that an
aluminum-anodized chamber could adsorb NH3, leading to an increase in response time.
To overcome this problem, an inert material was used to coat the inside of the gas chamber.
Teflon does not react with NHj3 [32,33]; however, it is too difficult to coat Teflon inside a
one-body gas chamber with a long and narrow space. SUS316 also does not react with
most of the chemical compounds. However, it was found to adsorb a significant amount of
NH; [34]. Silcotek® material (SN2000_SP12, Silcotek Cooperation, Bellefonte, PA, USA)
also did not react with NHj3 and was chosen as a coating material of the gas chamber.
A comparison between the aluminum-anodized chamber (Figure 3a) and the aluminum-
Silcotek® coated chamber (Figure 3b) was conducted. At the same temperature and flow
rate, response times of the analyzer at 80 ppmv of standard gas between the different
chambers were determined. A slow response time would indicate that the gas chamber
adsorbed more NHj3; a longer time is spent to reach 80 ppmv. The experimental set-up was
similar in Section 2.1. The experiment was repeated 3 times.
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a) b)

Figure 3. Aluminum-anodized gas chamber (a) and aluminum-Silcotek® coated gas chamber (b)
used in this study and captured by Authors.

2.2.3. Development of an Alternative Method to Reduce Zero-Drift of the NH;3
NDIR Analyzer

Investigating the Optimal Beam Reducer

Generally, the aging of an IR source or a detector causes the zero-drift of an NDIR
analyzer if two different BPFs are employed. Consequently, the application of identical
BPFs for the reference and measurement channels is necessary, where identical BPFs have
the same CWL and half band width (HBW). However, using the identical BPFs bring about
the same ratio of gas absorbances for the reference and measurement channels. Based on
Beer-Lambert’s law, the IR absorption pattern of a compound is influenced by the initial
IR intensity. Hence, to apply the same BPF for the reference and measurement channels,
previous researchers varied the initial IR intensities using two gas cells [21,23-26]. These
methods are suitable for a sensor but unsuitable for an analyzer due to its bulky size
and complicated structure. It was found that the ability of a detector to detect a gas was
proportional to the active area of the detector [35,36]. Therefore, instead of using two gas
chambers, changing the initial IR intensity is a potential method. A cylinder (so-called a
beam reducer) with a 12 mm diameter and a thickness of 2 mm and a hole at the center
was used to vary the IR intensity. A beam reducer coupled with a BPF was attached to a
chopper wheel. The optimal inner diameter of the beam reducer was investigated. The
inner diameters of the beam reducer were varied at 20%, 30%, 40%, 50%, 60%, 70%, 80%,
and 90% of the entire BPF active area.

Various concentrations of NHj were introduced into the analyzer, and calibration
curves were made using different beam reducers. Each standard gas was also introduced
into the analyzer for 10 min, using only the average signal values for the last 5 min. Log
(M1 /M;) was referred to as the analyzer signal where M; is a signal from a BPF without
a beam reducer (i.e., measurement channel) and Mj is a signal from a BPF with a beam
reducer (i.e., reference channel). The experiment was repeated 7 times. The experimental
set-up was similar to that in Section 2.1. The Statgraphics Centurion XV software (15.2.05;
Statpoint Technologies Inc., Warrenton, VA, USA) was also used to analyze the data. An
optimal beam reducer would show a good calibration curve in terms of the coefficient
of determination.

Effect of IR Source and Detector Aging on Analyzer Zero-Drift

After finding the optimal beam reducer, a comparison study in the zero-drift of the
analyzer for the aging effect of an IR source and a detector between the feasible reference
method (i.e., using identical BPFs and beam reducers) and the typical reference method
(i.e., using reference BPF at 3.95 um) was carried out. In general, the lifetime of an IR
source is shorter than that of a detector. For example, the lifetime of the IR source used
in this study was noted as 6 months by its manufacturer; however, the lifetime of the
detector was reported as 48 months by its manufacturer. Thus, their aging time is also
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different. It was found that the aging of the IR source caused significant zero-drift after
one month operation in this current study. In contrast, a pyroelectric detector was found
to change only by 1% through aging for approximately 5 months [37]. The aging of IR
sources and detectors generally influences on analyzer signals [21,23]. Therefore, aging
effects were simulated in this study. For an IR source, its spectral characteristics depend
on the temperature of the IR source. The aging causes the change of its temperature [21].
Moreover, the IR source’s temperature is affected by its voltage. Therefore, the aging effect
of the IR source was simulated by variations of its voltages.

In terms of the pyroelectric detector, its detectivity is evaluated by Equation (1) [38].
Since the detectivity depends on the temperature of the detector, the performance of the
detector is influenced by its temperature [38]. Hence, aging effects of the detector were
simulated by varying its temperature.

2
T 0
4t
where Dy, is the detectivity of the detector, T is the average temperature of the detector,
Gy, is thermal conductance, ¢ is the emissivity of detector, A is the receiving area of the
detector and k is the Boltzmann constant.

The temperature of an IR source depends on the power supply [21,24-26]. Hence,
the voltage of a power source was varied to investigate the effect of the IR source’s age.
Voltages of the IR source and the temperature of the detector were varied to investigate
variations of the detector signal. IR source voltage varied among 11, 11.2,11.5, 11.8, and
12V, and detector temperature were 35, 40, 45, and 50 °C. Various concentrations of NH3
were used to investigate detector signals. The experimental setup was similar to that
in Section 2.1. The experiment was also repeated 7 times. The Statgraphics Centurion
XV software (15.2.05; Statpoint Technologies Inc., Warrenton, VA, USA) was also used to
analyze the data.

Finally, nine gas mixtures based on the emission pattern of an urban household solid
waste incinerator in Seoul, Republic of Korea were used to determine the analyzer’s perfor-
mance. The concentrations of mixtures are shown in Table 2. Since the NHj slip varied
from 1.4 to 14 ppmv when an SCR was applied to treat NOy [13], the NHj3 concentrations
chosen were 1, 5, and 10 ppmv. We used data of continuous emission monitoring systems
in the Republic of Korea named as CleanSYS for solid waste incinerators [39] in order to
select concentrations of interference gases. It was found that HCI concentrations ranged
from 0 to 13.5 ppmv [39]. Therefore, HCIl concentrations in the mixtures were 1, 5, and 10
ppmv. The emission standard of NO, (NO + NO,) was 50 ppmv [40]. Its concentration
from the CleanSYS varied from 0 to 69 ppmv [39]. It was assumed that the NO concen-
tration is approximately 90% of that of NO,. Thus, the NO and NO, concentrations were
1,20, 45 ppmv and 1, 2.5, 5 ppmv, respectively. Although the SO, concentrations emitted
from an incineration plant were less than 10 ppmv [39], the national emission standard for
SO, was less than 50 ppmv [40]. Accordingly, 1, 25, and 50 ppmv SO, concentrations were
generated. Because CO emissions varied from 0 to 50 ppmv [39], 1, 25, and 50 ppmv CO
concentrations were selected. Since a water pretreatment device was generally applied to
remove water vapor in the flue gas before entering the analyzer [41], H,O concentrations
for H,O (vapor) contained in the flue gas were assumed at 10%, 20%, and 50% of relative
humidity (RH). CO, concentrations were varied from 10% to 20% [42,43]. Formaldehyde,
acetaldehyde, and toluene concentrations ranged from 0.1 to 1 ppmv [14]. Each mixture
was prepared in a 25 L Tedlar bag (232-25, SKC Inc., Eighty Four, PA, USA). The experimen-
tal set-up is shown in Figure 2. NH3 concentrations were determined using the Indophenol
method [44]. The experiment was also repeated 7 times.
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Table 2. Various concentrations of mixture gases used for investigating interference effect on NH; measurement.

Mixture NH; HCl1 co NO NO, CO, (%) SO, Toluene  Formaldehyde Acetaldehyde H,O
(ppmv)  (ppmv) (ppmv) (ppmv) (ppmv) 2 (ppmv)  (ppmv) (ppmv) (ppmv) (%RH)
Case 1 1.0 1.0 1.0 1.0 1.0 10 1.0 0.1 0.1 0.1 10
Case 2 1.0 5.0 25 20 2.5 15 25 0.5 0.5 0.5 20
Case 3 1.0 10 50 45 5.0 20 50 1.0 1.0 1.0 50
Case 4 5.0 1.0 1.0 1.0 1.0 10 1.0 0.1 0.1 0.1 10
Case 5 5.0 5.0 25 20 2.5 15 25 0.5 0.5 0.5 20
Case 6 5.0 10 50 45 5.0 20 50 1.0 1.0 1.0 50
Case 7 10 1.0 1.0 1.0 1.0 10 1.0 0.1 0.1 0.1 10
Case 8 10 5.0 25 20 2.5 15 25 0.5 0.5 0.5 20
Case 9 10 10 50 45 5.0 20 50 1.0 1.0 1.0 50

The relative percent difference (RPD) of NHj3 concentration observed by the NDIR
analyzer and the Indophenol method was calculated using Equation (2).

RPD — [Cpir = Cip| x 100% )
Cip
where Cnpjr is an average NHj3 concentration obtained from the NDIR analyzer (ppmv),
Cjp is an average NHj concentration obtained from the Indophenol method (ppmv). Cjp
was selected as a reference value because the Indophenol method is standard.

3. Results and Discussion
3.1. Development of a Least-Interfering BPF for NH3 NDIR

Three least-interfering bands were found for NHj, including 9.61-9.70 pum, 9.92-9.93 um,
and 10.29-10.49 um. The band 10.29-10.49 um was used to make a feasible NH3 BPF because
other bands were too narrow to make the BPF in light of current technology level and
manufacturing cost. For the feasible BPF, the CWL at 10.39 pm was selected as the middle of
the least-interfering band. Its full bandwidth (FBW) was 200 nm. The BPF was made by a
two-cavity filter method with Germanium substrate and SiO coating material. When the BPF
was made, its CWL, FBW, HBW, and transmittance were 10.39 um, 1068 nm, 190 nm, and
71%, respectively. A comparison of the feasible BPF with a previous BPF for NHj is presented
in Table 3, showing the CWL of the feasible BPF differed from the previous one. Since the
H,O spectra ranged from 2 um to 8 um (Figure 4), using NH3 CWL within this band range
might introduce positive bias to the analyzer. IR intensity by CWL at 9.7 pm was weaker than
that at 10.39 pm and 10.6 um, which resulted in a reduction in analyzer sensitivity. According
to the HITRAN database, HyO had the lowest interference in the range of 10.29-10.49 pum.
Therefore, 10.39 pm was the optimal choice for the NH3 NDIR analyzer.

Table 3. Information on NHj3 BPF from previous and current studies.

Current Study Previous Study
CWL (um) HBW (nm) CWL (um) HBW (nm)

2.25 [45] -
3.03 [45] -
10.39 190 5.70 [45] -
9.7 [46] -
10.6 [47] 180

No.

Gl W IN -
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Figure 4. NH3 and H,O spectra with data from the HITRAN database [27] and those of the feasible BPF.

Interfering effects of other gases emitted from an urban household solid waste in-
cinerator were investigated (Figure 5). The experiment was repeated seven times with a
relative standard deviation (RSD) < 0.5%. An ANOVA test was conducted to compare
the analyzer’s response to interference gases with 95% confidence. The mean of analyzer
signals at the blank condition (i.e., 0 ppmv) was respectively compared to the mean of
analyzer signals, for different gases, at various concentrations. The results showed p-values
for CO, NO,, SO, NO, HC], acetaldehyde, formaldehyde, toluene, CO,, and H,O were
0.1925, 0.3392, 0.6073, 0.5858, 0.6107, 0.9357, 0.3943, 0.4061, 0.9018, and 0.5088, respectively.
This indicated that there was no statistically significant difference between mean analyzer
signals at the blank condition and those at various concentrations of different gases. Conse-
quently, the gases concerned did not cause interference in the NDIR analyzer coupled with
the feasible BPF, although their concentrations were much higher than their real ones.
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Figure 5. Relationship between target gases’ concentrations and analyzer signals. (Error bars denote

minimum and maximum values.)
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3.2. Investigating Coating Materials for the NHz NDIR Analyzer Gas Chamber

The most optimal coating material was investigated through response times of the
analyzer to 80 ppmv of NHs. Response times of the NH3 analyzer to a certain concentration
(i.e., 80 ppmv) were evaluated (Table 4). An example of the analyzer’s response associated
with a different coating material is presented in Figure 6.

Table 4. Response time of the analyzer from blank to span for different gas chamber coating materials.

No Aluminum-Anodized Aluminum-Silcotek® Coated
: Chamber Chamber
1 369 68.0
2 401 66.0
3 420 63.0
Mean (second) 397 66.0
SD (second) 25.8 2.52
RSD (%) 6.50 3.83

Note: SD: standard deviation; RSD: relative standard deviation.
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Figure 6. Comparison of the analyzer’s response at 80 ppmv of NHj for different coating materials
of the gas chamber.

As shown in Table 4, the analyzer coupled with the aluminum-Silcotek®-coated
chamber showed a much faster response time than the aluminum-anodized chamber, and
the reproducibility of the analyzer coupled with the anodized chamber was also worse.
A consistent pattern was shown before and after the 90% of 80 ppmv point (i.e., black
triangle) in terms of the aluminum-Silcotek® coated chamber (Figure 6). In contrast, high
variability was found before and after the 90% of 80 ppmv point (i.e., black circle) using the
aluminum-anodized chamber, indicating that NH3 was lost in the gas chamber. Therefore,
the aluminum-Silcotek®-coated chamber is recommended for the NH; NDIR analyzer. It
suggests that the material of the gas chamber for an NHj3 analyzer should be studied more
extensively in the future.

3.3. Development of an Alternative Method to Reduce Zero-Drift in the NH3 NDIR Analyzer
3.3.1. Investigating an Optimal Beam Reducer
An optimal beam reducer was investigated based on the response of the analyzer

regarding to various NHj concentrations. The inner diameters of the beam reducers were
varied from 20% to 90% of the entire BPF area. Then, calibration curves, which presented the
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relationship between NHj3 concentrations and analyzer signals, were observed with respect
to different beam reducers. The experiment was repeated 7 times with an RSD < 0.5%.
Calibration curves are depicted in Figure 7 and calibration functions with their coefficient
of determinations (%) are shown in Table 5. Since gas concentrations and analyzer signals
can have a linear or nonlinear relationship [20,48-50], both variables were investigated.
The optimal beam reducer had a linear calibration curve between NH3 concentrations and
analyzer signals.
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[
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Figure 7. Relationship between analyzer signal and NHj concentrations associated with various
beam reducers. (Error bars indicate min and max values.)
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Table 5. Calibration functions presenting the relationship between NHj3 concentrations and NDIR
analyzer signals with respect to various inner diameters of beam reducers.

No. Rl::;?lr:er Linear Function Quadratic Function

1 20% y = —0.0002x + 1.3875 ¥ =2 x10"°x? — 0.0003x + 1.3885
r? =0.9186 r? = 0.9572

2 30% y=—3x10"% +0.7385 y=—3 x 10~%x% + 0.0002x + 0.737
r? =0.0026 r? =0.8763

3 40% y =0.0003x + 0.3652 y =2 % 107°x? + 0.0001x + 0.3666
r? =0.9704 r? =0.9997

4 50% y =0.0003x + 0.3236 y=1x107%x? +0.0002x + 0.3243
% =0.9932 r? =0.9998

5 60% y =0.0001x + 0.2205 y=1x1078x? +0.0001x + 0.2205

=1 =1

6 0% y =0.0001x + 0.1505 y=—4 x 1078x% + 0.0001x + 0.1505
% =0.9997 r? =0.9998

; 80 y =4 x 10-5x + 0.0632 y=-9x 10;)85‘623; 5x107%x +

’ 2 =0.9963 '
r? =0.9998

8 90% y=—5x107°x +0.0327 y =2 x 10"%x? — 0.0002x + 0.0337

r? =0.5555 r? =0.9652

Note: x is representative for NH3 concentration and y is analyzer signal.

As presented in Figure 7, calibration curves revealed straight lines when beam reducers
with their inner diameters from 60% to 70% of the entire BPF were applied for the reference
channel. In addition, as shown in Table 5, calibration functions of NH3 concentrations and
analyzer signals had high coefficient of determinations (i.e., 7 > 0.99) for linear functions as
well as for quadratic functions (i.e., > > 0.999) when the inner diameters of beam reducers
were from 50% to 80% of the entire BPF area. Conversely, coefficient of determinations
associated with 20%, 30% and 90% of the entire BPF were low, especially they were <0.92
in terms of linear functions. In the case of 40%, although r? of the quadratic function was
higher than 0.999, that of the linear function was only 0.9704. Consequently, beam reducers
with their inner diameters as 20%, 30%, 40% and 90% of the entire BPF could not be applied
because their application will lead to high measurement errors. Since the beam reducer cut
down most of the incident IR beam intensity in the case of 20% to 40%, the detector showed
low sensitivity for the variation of the NH3 concentrations. Moreover, the high errors of
analyzer signals (Figure 7) indicated that the analyzer’s noise increased due to weak IR
radiation. Therefore, these areas of the beam reducer cannot be used for the reference
channel. For the beam reducer at 90%, because the IR absorption patterns between the
measurement channel and the reference channel were similar, the analyzer signal was not
linearly correlated to the NH3 concentration. In general, a BPF coupled with beam reducers
with 50% to 80% of the entire BPF area was found to reveal a good performance like a
reference channel, and the beam reducer 60% was selected in this study. These reduction
ratios of the BPF area showed the decrease of 30% to 60% IR radiation from the IR source.
However, because identical BPFs were used for two channels and the analyzer signal
was calculated using the fraction of detector signals between two channels, the reference
channel and measurement channel terminology were used only as a relative concept. A
reference gas cell produced 50% of IR radiation in a previous study [21]. Another study
reported that an 80% reduction of detector active area coupled with a gas cell could be used
as a reference cell [23]. However, it is difficult to compare these results with the current
study because an NDIR sensor has different characteristics to an NDIR analyzer. The result
can only suggest that it also possible to use identical BPFs for reference and measurement
channels of an NDIR analyzer.
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3.3.2. Effect of IR Source and Detector Aging on Zero-Drift of the Analyzer

To find the effectivity of the feasible zero-drift reduction method, aging effects of IR
source and detector were simulated. A comparison between the typical reference method
(i.e., using reference BPF at 3.95 pm) and the feasible method (i.e., using identical BPFs
coupled with a beam reducer) was also carried out. The pattern of zero-drift with respect
to aging effects of the IR source is presented in Figure 8, and that with respect to aging
effects of the detector is shown in Figure 9.
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Figure 8. Aging effects of the IR source through its various powers influencing the zero-drift of
calibration curves of the NDIR analyzer coupled with the typical reference method (a) and the feasible
method (b).
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Figure 9. Aging effects of the detector through its various temperatures influencing the zero-drift
of calibration curves of the NDIR analyzer coupled with the typical reference method (a) and the
feasible method (b).

As shown in Figure §, the calibration curve of the analyzer coupled with the typical
reference method shifted significantly with changing IR source powers. In contrast, there
was negligible change using the feasible method. ANOVA tests were conducted to compare
mean values of analyzer signals at the same NHj3 concentration and different IR source
powers with 95% confidence. It was found that p-values for the typical and the feasible
reference methods were <0.05 and >0.11, respectively. Thus, there was no significant
difference among mean analyzer signals at the same NHj concentration and different IR
source powers with respect to the feasible method. These results confirmed, from the drift
pattern depicted in Figure 8, that zero-drift was negligible when the feasible method was
used, which was similar to using a shorter reference gas cell for an NDIR sensor in previous
studies [21,24-26]. When the IR source power decreased from 4.7 V to 4.2 V, the detector
signal at the measurement cell was reduced by 13.7% in previous studies; however, the
sensor signal was the same due to the sensor coupled with a reference cell with an identical
BPF [21,24-26].
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Similar to an aging IR source, zero-drift was shown to be significant in an NDIR
analyzer coupled with the typical reference method (Figure 9a) in terms of an aging
detector. For the ANOVA tests, p-values related to the typical reference method were <0.05,
while those to the feasible method were >0.62, suggesting that the zero-drift of the analyzer
diminished while using the feasible method with regards to detector aging.

Zero air was continuously introduced to an NDIR analyzer coupled with the typical
reference channel for one month to figure out the zero-drift caused by the aging of the IR
source (Figure 10). It was found that zero-drift caused by IR source aging for one month
was approximately 14%. In addition, through the experiment on IR and detector aging,
it was found that the feasible method could cut zero-drift by up to 19%. Therefore, the
NDIR analyzer may not need to be calibrated for at least one month. However, more
extensive experiments under real-world conditions should be carried out to investigate
other long-term effects.
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Figure 10. Zero-drift of the NDIR analyzer coupled with the typical reference channel for 30 days
with respect to IR source aging.

The operation of the analyzer was investigated using mixture gases simulated by
emission compositions from an urban household solid waste incinerator (Table 6).

As shown in Table 6, the accuracy of the NDIR analyzer was comparable to the
Indophenol method (RPD < 2.5%). In addition, the NDIR analyzer also showed good
precision (RSD < 5%). Although the full scale of the analyzer was 100 ppmv, it could
measure NHj3 at 1 ppmv, indicating that the sensitivity of the analyzer was improved.

Table 6. Comparison between the NH3 NDIR analyzer and the Indophenol method in the measurement of mixture gases.

NDIR Analyzer Indophenol Method
Mixture Min Max Mean RSD (%) Min Max Mean RSD (%) RPD (%)
(ppmv) (ppmv) (ppmv) (ppmv) (ppmv) (ppmv)
Case 1 0.95 1.09 1.00 497 0.98 0.99 0.98 0.59 1.84
Case 2 0.94 1.09 1.00 4.92 0.98 1.02 1.00 2.09 0.19
Case 3 0.97 1.00 0.99 1.15 0.99 1.02 1.01 1.71 2.40
Case 4 4.92 5.04 4.95 0.82 4.95 5.05 5.00 1.00 1.00
Case 5 4.92 5.04 4.96 1.09 4.95 5.00 497 0.58 0.11
Case 6 4.92 5.04 4.96 1.12 4.95 5.00 4.98 0.58 0.47
Case 7 9.91 10.1 9.96 0.69 9.95 10.1 10.0 0.50 0.39
Case 8 9.92 10.0 9.94 0.28 9.95 10.0 9.97 0.29 0.30
Case 9 9.86 10.1 9.94 0.82 9.91 9.95 9.94 0.23 0.06

Note: Min: minimum concentrations of NHj in seven repeated times; Max: maximum concentrations of NHj in seven repeated times;
Mean: average concentrations of NHj in seven repeated times; RSD: relative standard deviation of seven repeated times; RPD: relative
percent difference in NHj concentration obtained using the NDIR analyzer and the Indophenol method.
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3.4. Limitations of the Analyzer

Although the NH3; NDIR analyzer showed a good performance through a lab-scale
test, it still had several limitations. The analyzer revealed a lower precision (i.e., RSD up to
approximately 5%) and accuracy (i.e., RPD up to approximately 2.5%) at 1 ppmv of NHj3
than that at 5 ppmv and 10 ppmv of NHj3. It indicated that the analyzer may not operate
well when the NHj3 concentrations are less than 5 ppmv. It also suggests that the current
analyzer cannot be applied for measuring NHj at ppbv level. To overcome this limitation,
a longer optical pathlength can be used to improve the sensitivity of the analyzer. On the
other hand, the response time of the analyzer was approximately one minute. Although
this value is acceptable, the response of the analyzer is still lower than that of commercial
products. Thus, a higher flow rate may be applied to improve the response time. In terms of
zero-drift, the individual aging effect of an IR source or a detector was investigated. Hence,
an integrated aging effect of both IR source and detector should be taken into account in
future works. Finally, the performance of the analyzer was investigated by using certain
composition and concentration of gaseous compounds in a laboratory. The analyzer should
be comprehensively evaluated in real fields with respect to various operating conditions.

4. Conclusions

An NHj3; NDIR analyzer has been developed with negligible zero-drift and high
accuracy. To compensate for interference effects and thus to improve the accuracy of the
analyzer, a least-interfering BPF was made based on information in the HITRAN database
of CO, NO, NO,, SO,, CO,, H;O, formaldehyde, acetaldehyde and toluene. Since these
compounds are the main gases emitted from the combustion process in coal-fired power
plants and solid waste incinerators, the feasible BPF was shown to perform well in our case
study. For zero-drift, a feasible reference method in which an identical BPF was applied in
the reference and measurement channels was developed to minimize zero-drift caused by
the aging effect of both IR source and detector and the contamination of optical elements in
the NDIR analyzer. A feasible BPF at 10.39 um was found to show negligible interference
effect of gases concerned in this study.

Additionally, beam reducers with 50% to 80% of the entire BPF area were optimal,
and it was found that those coupled with the BPF reduced the zero-drift caused by the
aging of the IR source and the detector by 19%. The NDIR analyzer also performed well for
measuring mixing gases in comparison to the Indophenol method. It was found that using
the current NH3 NDIR analyzer could theoretically extend the calibration duration up to at
least one month, which would help in reducing operation costs by saving standard gases.

In this study, the zero-drift effect was determined in a laboratory condition. Moreover,
aging effects of IR sources and detectors were simulated instead of testing real aging
for a long time. Hence, more studies should be implemented in real-world scenarios to
investigate the real aging of IR sources and detectors as well as the effect of operation
conditions on the NDIR analyzer. On the other hand, the response time and the sensitivity
of the analyzer should be improved. This study was conducted with some representative
gases emitted from an urban household solid waste incinerator. Thus, effects of other
emission characteristics, such as chemical factories, power plants, and cement factories
should be investigated in future works.
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