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A continuous emission monitoring system (CEMS) is a well-known tool used to analyze the concentrations of air
pollutants from stationary sources. In a CEMS, the presence of a high moisture level in a sample causes a loss of
analytes due to artifact formation or absorption. This issue brings about a bias in the measurement data. Thus,

moisture removal is an important pretreatment step.

moisture removal CEMS Condensation Cooler

1. The importance of moisture removal devices for a continuous monitoring
system

The continuous emission monitoring system (CEMS) has been applied to monitor the air pollutants emitted from
stationary sources. An extractive method, in which air pollutants are delivered to analyzers located in a shelter, and
an in situ method, in which analyzers are attached directly to an emission stack, are used for the CEMS . The
CEMS is usually applied to detect the emissions of air pollutants such as carbon monoxide (CO), carbon dioxide
(COy), sulfur oxides (SO,), nitrogen oxides (NO,), hydrogen chloride (HCI), hydrogen fluoride (HF), ammonia
(NH3), water vapor (H,0), particulate matter, etc. Spectroscopy analyzers have been widely installed in CEMS due
to the advantage of continuous monitoring and good accuracy. As a spectroscopy analyzer, nondispersive infrared
(NDIR) and Fourier transform infrared analyzers have been widely used because they operate consistently with low
energy consumption compared to other spectroscopy technologieslll. However, moisture (H,O) in the gas stream
is a significant interference since it affects the accuracy of the NDIR analyzer 2. Moisture can cause a bias of the
NDIR analyzer up to 30% for NO, (i.e., at a wavelength of 6.21 um), 20% for SO, (i.e., at a wavelength of 7.45
um), and 5% for NO (i.e., at a wavelength of 5.25 um) [l. For particulate matter, the particle concentration can be
monitored by light scattering analyzers (e.g., optical particle counter or condensation particle counter)2/RIBI7E]
light absorption analyzers (e.g., spot meters, aethalometer, photoacoustic soot sensor, or laser-induced
incandescence)4BIR  |ight extinction analyzers (e.g., cavity ring-down or opacity meter) @RI gng
microbalance analyzers (e.g., tapered element oscillation microbalance or quartz crystal microbalance) 412, sjze
distributions of particles can be continuously determined using a fast-mobility particle sizer and an electric low-
pressure impactor MBEILSII4IIS] - Among these methods, light-scattering meters, opacity meters, Beta attenuation
meters, and electrification devices have been widely applied for CEMSIEILY, However, H,0 has a significant effect
on the light-scattering method used to measure particulate matterllJI8I191120] |t was found that light-scattering
ratios of sodium chloride particles increased from 1- to 10-fold when the relative humidity increased from 20% to
80%. On the other hand, these values for uranine dye particles were increased 1-2-fold due to their lower

hygroscopicity?. Zieger et al. (2013) found that light-scattering ratios were increased approximately 5-, 7-, 9-, and
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16-fold with respect to (NH4),SO,4, NaNO3z, Na,SO,4, and H,SO,4 particles, respectively, at 85% relative humidity
and a 589 nm wavelengthl28. It was also found that the number of particles increased by approximately 50%, and
the PM;o concentration increased by as much as 46% when the experiment was conducted at 75% relative
humidity2219, For electrification devices, wet gas streams had significant effects on the probe electrification[28l. It
is now well known that the moisture content in the flue gas is high, as shown in Table 1. The United States
Environmental Protection Agency (U.S. EPA) stated that moisture is one of the significant bias sources for
extractive CEMSIZL, Moisture causes effects such as the absorption of water-soluble gases or artifact formation.
For artifact formation in the presence of moisture, HCl may react with NH; to produce ammonium chloride salt (221,
In a municipal waste incinerator, NH3; was found to react with HCI or SO, to create ammonia salts such as
ammonium chloride or ammonium sulfitel28l. For the absorption, a negative measurement bias for NH; was found
due to condensation!23l. Thirty percent of 10 ppmv SO, was found to be lost at 20% absolute humidity 1. The
condensed water could also corrode the system and cause a leak2l. In combination with particles in the gas
stream, mud could form and plug the system 2. Hence, moisture removal is an important issue for extractive
CEMS.

Humidit
Emission Source Temperature (°C) Y

(vol%)
Blast furnace (coal fuel)24/23] 72 5.6-10
Heating station(2¢! 150 0.9
Basic oxygen furnacel23 54 5.7
Coke ovenl25(26] 79-150 0.7-5.1
Electric arc furnacel22 86.7 4.2
Heavy oil plant22 247 7.3
Cement (drying)&! 103 19.4
Cement (pryo-processing) 22! 142 3.5
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Boiler (heavy oil fuel)7 310 10
Power plant (coal fuel)24125](27][28]29] 100-177 0.9-8.7
Hazardous waste incinerator22] — 50
Portland cement kiln22] = 10-35

Reactions and dissociations of several analytes may occur in two ways as follows [BQB1I32[33]34].

In the first case, moisture is condensed as liquid droplets:

COz(g) + 2Hz0(aq) — H30" + HCO3™
HCO5~ + HaO{aq) « G052~ + Ha O
MHa(g) + HoO{ag) « NH*+ OH~
MHai(g) + HCO5™ «= NH,C00™ + HoO
50z(g) + 2Hz0(aq) — HaO* + H503~
2N0z(g) + Hz20(ag) — NOz + 2H™ + NO3™
2NOg(g) + HSO05+ Ho0{aq) — 3H* + 2N05~ + 50,2
50200} + HaO (3g) — H2504

In the second case, moisture remains in the gas phase:

2MH3(g)+502(g)+Hz0(g) — (NH4)250a(s)
NH2(g)+502(g)+Hz0(g) — NHsHS03(s)
2MHa(g)+MNO2(g)+H20(g) « (NHa)2MNOa(s)
MHa(g) + NOz(g) + Hz0(g) < NH4HNOa(s)

To reduce the effect of water vapor, three methods have been used to date. In the first method, both extractive
sampling lines and the gas cells of analyzers are heated to prevent water vapor from forming condensation. The
high energy consumption caused by a heater is a disadvantage of this method. In addition, air pollutants in contact
with a high-energy light source in the analyzer such as UV or IR can cause reactions among the pollutants. Another
disadvantage of the method is the measurement bias because of the sample temperature 221, |t was found that the
HCI measurement results involved a negative bias when the sample temperature was lower than the stack
temperature. In contrast, when the sample temperature was higher than the stack temperature, particulate
ammonium chloride might volatilize to produce HCI and NH3, which brought about a positive measurement bias for
HCl and NH5 (22 The second method involves the dilution of flue gas to reduce the concentration of water.
However, dilution factors are dependent on the detection limit of the gas analyzer. Therefore, this method requires

highly sensitive analyzers that increase the cost of the CEMS. The third method, which has been popularly
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employed, is the cool/dry method. In this approach, moisture in the flue gas is removed using a moisture removal
system. The removal of moisture from the flue gas helps to reduce the energy consumption of a heater, the
interference of target compound detection, and artifact formation. Due to the high concentration of moisture in the
gas stream emitted from a stack, two types of moisture removal methods are commonly used: condensation and
permeation(22l, Condensation processes are generally classified into homogeneous and heterogeneous
condensation 28l In homogeneous condensation, a liquid droplet embryo is formed within the supercooled vapor.
On the other hand, in heterogeneous condensation, liquid droplet nucleation occurs at the interface of another
phase (e.g., a cold solid wall or particle) at a low temperaturel28. For the permeation method, permeation
membranes are divided into dense (i.e., pores of ~0.1 nm) and porous (i.e., pores of ~0.1 um) types2€l. However,

an ideal method has not yet been invented since each of these has limitations 21,

Although moisture removal is an important issue in CEMS, scientific research into this topic is lacking. Almost all
moisture removal technologies are presented as patents and commercial products. However, many studies have

been carried out on moisture control for other processes such as air conditioningSZI[383940141][42]43] - chemijcal
ana|y5i3[441[451[461[ﬂ][ﬁ]mgnsonsu’ clothes drying [52][33][54][55][56] gas turbinesBZIB8I59 gnd laundering [60](61][62]

Consequently, in this communication, condensation methods, which are used to remove moisture for a extractive
CEMS, were introduced.

I 2. An overview on moisture removal devices using condensation technique in a CEMS

On the basis of water physical properties, the temperature of the flue gas in the extractive line was reduced below
the dew point to condense the water vapor. The condensation system must be suitable for the flow rate and
moisture concentration of the sample gas. Moreover, the structure of the system must avoid contact between the
condensed water and the dried flue gas. To decrease the temperature of the gas stream, two technologies have

generally been employed: refrigeration using a coolant and Peltier.

The typical structure of a refrigerated system is shown in Figure 1. On the basis of this principle, several
apparatuses have been developed. Dowling (1980) invented a moisture removal system based on the refrigerated
method with an improvement to the air-to-air and air-to-refrigerant heat exchanger [€3l. The exchanger consists of a
bundle of vertical tubing in a housing (Eigure 2). Parallel sheet metal fins are used to hold the tubing. Moisture is
condensed and deposited on the sheet and then drips down the bottom of the housing due to gravity. The
advantage of this system is the absence of the water separator. Moreover, the fin sheets help to increase the
turbulence of the air and liquid flow, which protects the surface of the sheet to stave off fouling 2. Nanaumi and
Baba (1980) also improved the heat exchanger for the refrigerated system 4. The main novelty of this invention is
the use of an extra heat exchanger to cover the heat exchanger of the refrigerated system to precool the inlet air
(64 These two inventions improved the cooling efficiency, which helped to remove more moisture with respect to a
high loading capacity. The principle of both inventions is heterogeneous condensation. The moisture was removed
under liquid phase, and most of the droplets were condensed on the cold surface of a device. Thus, the loss of

highly water-soluble compounds would occur.
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Figure 1. Typical structure of a refrigerated moisture removal device [1].
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Figure 2. Structure of an air-to-air heat exchanger(€2!,
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A two-stage moisture removal system was developed by Basseen et al. (1988)%2!, First, the inlet air was precooled
to —40 °C using a refrigerator to reduce the air temperature and remove some of the moisture. The flue gas was
continued, introducing it to the second stage, which consists of dual desiccant beds to adsorb the remaining
moisture content. These beds are alternatively working and regenerating. The system can reduce the humidity
from about 15% to 1%[83. In this invention, the moisture is also condensed by way of a heterogeneous process.
The phase of water is solid, which is suitable for highly water-soluble compounds. Due to the two stages of
moisture removal, the device can operate at high moisture loading. Moreover, the moisture removal efficiency of
the device is also high. However, a desiccant could adsorb certain compounds, which affected the selectivity of the
device.

In particular, Tosi (2009) used a vortex tube to cool the flue gas to the dew point temperaturel®8l. In the tube, the
vortical motion of air at high speed (i.e., a moving hot stream with a different direction to that of the cold stream)
induced cold air, which was introduced to the heat exchanger to reduce the temperature of the inlet gas (Eigure 3)
(6] The condensation of water vapor is a homogeneous process in this case. The advantage of this system is its
low energy consumption compared to a refrigerated technology. However, due to the direct contact with condensed
water in a heat exchanger, water-soluble gases can be absorbed in water, which might affect the accuracy of the

analytical results.

Compressed
air
To ambient Warm fluid current
"‘-i.—--l_‘t-m 0
- - - a -
; S 5 5 5 5 —s —» —»|Toheatexchanger
i -

Cold fluid current
Figure 3. Fundamental flow diagram of a vortex tubel8! [67].

The advantages of the refrigeration-based method are the high cooling efficiency, high working capacity (i.e., high
air flow loading), and typical cooling technology. However, a refrigerator is a complex system (e.g., evaporator,
pump, valves). Therefore, it leads to an increase in the dimension of the removal system and the maintenance
cost. To overcome this problem, a Peltier chiller was used instead of a refrigerator. The moisture removal system
based on refrigeration has more volume than the Peltier system. However, the large volume of the system causes
the dilution of the target compounds due to a mixing effect. Consequently, the accuracy of the analytical data will
decline (7. For a moisture removal system with a small volume, a Peltier is a good choice of cooling device. A
Peltier has been used to cool the flue gas instead of a refrigerator or vortex tube. Chapman et al. (1980) developed
a moisture removal system using a Peltier block for the heat exchanger (Eigure 4)Z Water vapor condensed
under solid state and then settled to the bottom of the system by gravity. The diameter of the inlet embodiment was
1.58 to 4.76 mm, and that of the outlet embodiment was 3.17 to 6.35 mm [E4. The condensation of the moisture in
this device is a heterogeneous process. The advantage of the device is that it is suitable for highly water-soluble

compounds because moisture is removed in the solid phase. However, since the cooling efficiency of a Peltier is
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low, the device cannot be applied for high inlet temperature gas or high moisture loading. Groger (1988) combined
a condensate coil using a Peltier cooling element with a fine membrane filter to remove the moisture from a
sampling gas stream(©8l. The flue gas entering the coil was cooled to about 4 °C. In the coil, the water vapor was
condensed, 90% of which was removed by a drain pump. The distance between the outlet coil and the inlet pump
was short. Hence, the condensate was continuously and immediately extracted to avoid the absorption of target
gas in water. The remaining moisture in the form of aerosol (about 5%) continued to be filtered by the fine filter€&l.
The condensation process of the moisture in this invention was heterogeneous. The advantage of this invention is
the high removal efficiency of moisture. However, using a filter to get rid of water aerosol will also produce water
droplets on the surface that can absorb target gases. Groger and Groger (1989) proposed an apparatus to remove
moisture with a cooling tube designed as a conical taper®. The cone angle was 5°. The inlet gas entered the
cooler at the bottom (above the condensate discharge socket) as the cross-section of the tube produced a
countercurrent flow (i.e., the cyclone effect). The outlet of the gas was at the top of the tube. Due to this design, the
retention time of the flue gas in the cooler was longer with a smaller surface area of the tube. This helped to
simplify the manufacture and reduce the size of the moisture removal devicel®2. In this invention, the phase of H,0
was changed from a gas to a liquid by a heterogeneous condensation process. This invention only improved the
contact surface in a cooling tube, which helped to improve the moisture removal efficiency. However, the device did
not overcome the loss of target analytes due to an absorption effect. A probe assembly for sampling, coupled with
a Peltier-based cooler, was manufactured by Bacharach, Inc., New Kensington, PA, USA. The device could work at
a flow rate of 1.5 L/min (Figure 5)9. An advantage of this in situ cooler is the reduction in energy consumption for
an extractive line because moisture is removed before entering the extractive line, which helps to reduce the
heating temperature of the line. However, the loss of target compounds due to water droplets is a drawback of this
invention. In general, the advantages of the Peltier-based heat exchanger are its low cost, simple construction, and
reduced energy consumption. However, the cooling efficiency of the Peltier is lower than that of the refrigerator and

of the vortex tube. Therefore, the Peltier tube could be applied for low-flow-rate sampling.
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Figure 4. The embodiment of a heat exchanger using a Peltier8d,
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Figure 5. Schematic diagram of a sampling probe coupled with a Peltier coolerlZ2,

In the condensation method, water can be removed under solid or liquid phase. The advantage of the
condensation method is its suitability for removing a high concentration of water from a high loading air volume.
However, the condensate might affect the target gases. When the condensate is collected under the liquid phase,
the absorption of soluble gases such as SO,, NO,, HCI, and NH; can occur. It was reported that the loss of ozone
was approximately 10% at 30% relative humidity and 40% at 80% relative humidity when the condensation method
was applied to remove moisture for ozone measurement. Furthermore, SO, was found to be lost at rates of 19.3%,
29.3%, and 61.5% at relative humidities of 30%, 50%, and 80%, respectively, when a cooler was used to remove
the moisturelll. Lee et al. (2019) investigated the effect of a cooler as a moisture pretreatment device in the
analysis of methyl ethyl ketone (MEK), isobutyl alcohol (i-BuAl), methyl isobutyl ketone (MIBK), butyl acetate
(BuAc), and styrene 2. These are very highly water-soluble odorous compounds. It was reported that the losses
of i-BUAL, MIBK, BuAc, and styrene were approximately 19%, 4%, 5%, and 10%, respectively, in association with
80% relative humidity. In addition, the reproducibility of their concentrations was approximately 8-31%. This
indicated that the water liquid in the cooler kept absorbing and desorbing the analytes [/2. The U.S. EPA stated that
HCI and NHj; are lost in the H,O condensate in a condenser2223], Measurement bias of total hydrocarbon emitted
from a hazardous waste incinerator was found when a refrigerant moisture removal device was used because
VOCs and organic air pollutants might comprise highly, poorly, and non-water-soluble compounds(22l. On the other

hand, if the condensate is removed under the solid phase, the absorption of soluble gases can be avoided. Several
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studies addressed a good recovery rate for highly water-soluble compounds when the moisture was removed
under solid phase. It was found that the loss of SO, at 150 ppmv was less than 2% when the moisture was
removed at the solid phase (i.e., frost)[ﬂ]. Likewise, the losses of MEK, i-BuAl, MIBK, and BUAc at sub-ppbv level
were 0%, 3.4%, 0.5%, and 2.1%, respectively 2. Son et al. (2013) found that H,S (23 ppbv), CH3SH (16 ppbv),
dimethyl sulfide (13 ppbv), and dimethyl disulfide (8 ppbv) had a recovery rate over 97% when the moisture in the
sample was removed at the solid phase. Nevertheless, these studies were not conducted with respect to air
pollutants in the ambient air with low moisture content rather than emission gases from a stack. Moreover, HCI or
NH; at the atmospheric conditions could still be absorbed on the ice surface due to the hydrogen bondZ3l74], Thus,
more investigations should be implemented. In general, the advantages of the condensation method are the low
cost, simple structure, and easy operation and maintenance. However, the loss of target analytes is a serious issue
with the method. Moreover, the treatment of drain water is another drawback of the condensation method.
Consequently, the condensation method is recommended to be used for the CEMS of poorly water-soluble
compounds such as CO, CO,, NO, and CH, when the moisture is removed under a liquid phase. On the other
hand, if moisture is removed under a solid phase, higher water-soluble gases such as SO, or NO, could be
applied. More comprehensive studies should be carried out to investigate the influence of the solid phase. A
conversion process of highly water-soluble analytes to poorly water-soluble analytes would be an alternative when
the moisture is removed under liquid phase. For example, the U.S. EPA suggested that a catalytic converter could
be applied to convert the NHj in the sample gas to NO, (28], Then the sample gas could penetrate a condenser to
remove moisture before moving into a NO, analyzer 23, The summary of condensation methods with respect to
different inventions is shown in Table 2. The condensation process, advantages, disadvantages, and

recommendations of applicable analyte are listed.

Table 2. Development of condensation devices to remove moisture in the flue gas.

No. Method Condensation Advantages Disadvantages Reco-mmendatlon of
Type Applicable Analytes
1 Refrigerated Heterogeneous - Reduced - Complicated - Poorly water-soluble
moisture dimension of structure gases such as CO, NO,
removal device the device due CO,, and CH, due to
with to the absence - Potential loss of  \yater droplets absorbing
improvement of of a water highly water- highly water-soluble
heat exchanger separator soluble compounds
[63] compounds
- High cooling
efficiency
- Less foiling
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Refrigerated
moisture
removal device
with an extra

heat exchanger
[64]

Two stages:
refrigeration at

3 —40 °C and
desiccant
bedl63]

Vortex tube

[66]

5 Peltier moisture

removal device
[67]

Heterogeneous

Heterogeneous

Homogeneous

Heterogeneous

- Allowable for
high loading of

moisture.

- High cooling

efficiency

- Allowable for
high
temperature of

the inlet gas

- Allowable for
high loading of

moisture.

-High cooling

efficiency

- Allowable for
high loading of
moisture

- Suitable for
highly water-
soluble

compounds.

- Low energy

consumption

- Less
maintenance

required

- Compact size

- Bulky

device

- Potential loss of
highly water-
soluble

compounds

- Complex and

bulky structure

- Potential loss of
certain
compounds due
to the adsorption

of desiccants.

- Potential loss of
highly water-
soluble

compounds

- Not operatable
with a high

- Poorly water-soluble
gases such as CO, NO,
CO,, and CH, due to
water droplets absorbing
highly water-soluble

compounds

- Highly water-soluble
gases such as SO, or

NO, under a solid phase

- Poorly water-soluble
gases such as CO, NO,
CO,, and CH, due to
water droplets absorbing
highly water-soluble

compounds.

- Highly water-soluble

gases such as SO, or
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Two stages:
6 Peltier and Heterogeneous

membrane 8]

Conical cooling
7 tube using a
Peltier 62

Heterogeneous

8 Peltier probe 19 Heterogeneous

- Low energy

consumption

- Suitable for
highly water-
soluble

compounds

- Allowable for
high loading of
moisture.

- Compact size

- Large contact

surface

- Easy
manufacturing
due to its
simple

structure.

- Easy
reduction in the
temperature of
an extractive

line

loading amount of

moisture

- Unsuitable for a
high temperature

of the inlet gas

- Potential loss of
certain
compounds due

to the selectivity of

the membrane

- Potential loss of
highly water-
soluble
compounds due

to water droplets.

- Potential loss of
highly water-
soluble
compounds due

to water droplets.

- Hard to maintain
due to in situ

location

- Potential loss of
highly water-

soluble

NO, under a solid

phase.

- Poorly water-soluble
gases such as CO, NO,
CO,, CH, due to water
droplets absorbing highly
water-soluble

compounds.

Poorly water-soluble
gases such as CO, NO,
CO,, and CH, due to
water droplets absorbing
highly water-soluble

compounds

Poorly water-soluble
gases such as CO, NO,
CO,, and CH, due to
water droplets absorbing
highly water-soluble

compounds.
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- Saving compounds due
energy for a to water droplets.
CEMS.
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