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ARTICLE INFO ABSTRACT

Keywords: Coal fired plants account for nearly 40% of the world's electric power generation and are a large
Aerosols source of CO, emissions. Post-combustion CO, capture using amine based solvents is a relatively
CO; capture mature technology. Recent pilot plants test data indicate that amine and its degradation produce
ELPI*

emissions in the form of aerosols, which must be controlled for commercial success of this
technology. In this study, the aerosols from CO, depleted flue gas at the National Carbon Capture
Center (NCCC) Pilot Solvent Test Unit (PSTU) and Slipstream Solvent Test Unit (SSTU) were
measured using an isokinetic probe and a Dekati Electric Low Pressure Impactor (ELPT*™).
Multiple tests were conducted to quantify the effects of different process changes. PSTU
measurements demonstrated sample sensitivity to transient intercooler start-up conditions,
dilution gas temperatures and absorber beds in operation. During this test, the typical
concentration (expressed in number of particles per volume) ranged from E+06 to E+07 cm™
and the peak occurred near 0.12 um with an observed increase in sub 0.01 um aerosol
concentration during transient intercooler start-up conditions. The measurements also demon-
strated sample sensitivity to dilution gas temperatures by showing that aerosol size and
concentration peaks shifted at higher diluter operating temperatures, especially above 100 °C.
Several tests were also conducted at the absorber inlet and wash tower outlet of the SSTU with
varying dilution ratios and temperatures. Comparison of SSTU and PSTU results are presented
in this paper. The stage cuts for different impactor stages of different ELPI* instruments are
calibrated which showed minimum deviation in the range of 0.02-0.70% from original
calibration. Generally, the concentrations were higher at the absorber inlet compared to the
wash tower outlet. Also, a higher concentration was observed for the smallest size fraction at the
wash tower outlet compared to the absorber inlet. Similar to the PSTU, the concentration
measured at the SSTU was in the range of E+06 cm™>. These results are promising and will
enable the development of process control strategies to mitigate solvent losses and reduce
operational and maintenance expenses.

Pilot plant

1. Introduction

Coal currently accounts for the 40% of world's electric power generation because it is an abundant fossil fuel and geographically
well spread. This role of coal is expected to continue in the foreseeable future. Being carbon intensive, coal results in large CO,
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emissions from power generations. There is a strong incentive to develop technologies that would allow more efficient CO» capture
from coal-fired plants under the current regulatory scenario. The three major approaches currently under investigation for CO»
capture are post-combustion, pre-combustion and oxy-combustion (World Energy Outlook, 2011). Post-combustion capture using
amine scrubbing will most likely be the preferred technology because the technology is at a mature stage compared to the other two
technologies (Rochelle, Freeman, Van Wagener, Xu, & Voice, 2011) and also it can be retrofitted to the existing power plants in the
near-to middle-term (Figueroa, Sean Plasynski, Mcllvried, & Srivastava, 2008; Romeo et al., 2008; Qi, 2011).

Amine based post-combustion CO, capture makes use of the reversible nature of the chemical reaction of solvent (amine) with
acid gas CO» in an absorption-desorption process. Fig. 1 shows the process flow diagram. However, this process is associated with
certain losses of amine due to thermal and oxidative degradation, vapor emission and aerosol formation. Water wash after the
absorber column has shown to be effective in reducing vapor emissions. However, controlling aerosol based solvent emissions
requires detailed investigation (Mertens et al., 2014a; Khakharia, Vlugt, & Goetheer, 2014) because recent pilot plant studies have
shown that aerosol emissions can dominate the amine losses from the process (Mertens et al., 2014a).

The aerosols are termed as smoke, fume, mist and fog formed as suspensions of liquid droplets with upper limits of 10 pm in
diameter (Schaber, 1995). The presence of sulfur in coal leads to the aerosol generation due to the reaction of water vapor and SO in
flue gas that forms H,SO4 downstream of the combustion process (Brachert, Khakharia & Schaber, 2014). SOj is also formed from
the catalytic oxidation of SO, inside a Selective Catalytic Reduction (SCR) system during the reduction of the NOx (Srivastava,
Erickson. & Jambhekar, 2004). In wet flue gas desulfurization, temperature drops rapidly and super-saturation assists in converting
incoming gaseous H,SO, to homogeneous nucleation of aerosol droplets (Brachert et al., 2014). Therefore, designing counter-
measures for aerosol emissions are crucial for cost-effective and environmentally benign commercial application of this technology.

Recently very few studies have been performed to measure the aerosol number concentration and size distribution at sub-pilot/
pilot scale using ELPI*, phase doppler interferometers (PDI), and condensation particle counters (CPC) (Chen, Sache, Lin, &
Rochelle, 2014; Mertens et al., 2014a; Mertens, Desagher, Schallert, Khakharia, & Goetheer, 2014b; Mertens et al., 2014c; Brachert
et al., 2014; Khakharia et al., 2013). Simulated flue gas with externally generated SO»/H,SO,4 were mostly used. Moreover, the effect
of real-time process changes during measurements were not extensively quantified. The details of the isokinetic aerosol sampling
were not well reported. In this study aerosols are characterized using an ELPI* from the coal combustion flue gas supplied to the
PSTU and SSTU at the NCCC in Wilsonville, AL. The issues identified above in literature are addressed to develop a robust set of
results that will help to design countermeasures. The results reported in this paper are for generic MEA solvent. For a specific
solvent, further aerosol characterization will be needed.

2. Pilot plant description and methods

The aerosol size distributions and concentrations under different operating conditions were measured at the PSTU and the SSTU
using isokinetic probes and a Dekati ELPI*. In this section, a brief description of the pilot plants, operating conditions, sampling set-
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Fig. 2. Simplified process flow diagram of PSTU. FGD — Flue Gas Desulphurization, R/L HX — Rich/Lean Heat Exchanger.
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up and ELPI* analyzer systems are briefly described.

2.1. Pilot Solvent Test Unit (PSTU)

The process flow diagram of the Pilot Solvent Test Unit (PSTU) at the National Carbon Capture Center (NCCC) is shown in Fig. 2
(DOE Report, 2012). The coal-fired flue gas is provided by Unit 5 of the Alabama Power E.C. Gaston Power Plant. Up to 35,000 lb/hr
of flue gas is extracted downstream of the Wet Flue Gas Desulfurization (WFGD) system from Unit 5 and nominally 5000 l1b/hr
[~0.5 MW (MW)] of flue gas flows to the absorber of the PSTU (DOE Report, 2012). There are five major columns, or subsystems,
which include (DOE Report, 2012):

The pre-scrubber which removes the small amount of SO, remaining in the flue gas

A cooler/condenser unit that cools the flue gas to appropriate reaction temperatures and removes flue gas moisture
An absorber to promote efficient gas-liquid contacting to remove CO, from the flue gas

A washing tower that cools the CO»-depleted flue gas, removing trace amounts of entrained solvent

A regenerator that provides heat to release the CO, from the solvent

Isokinetic samples for aerosol measurements using the ELPI* were extracted from the wash tower outlet.

2.2. Slipstream Solvent Test Unit (SSTU)

The Slipstream Solvent Test Unit (SSTU) was installed at the NCCC to increase the flexibility of the post-combustion CO»
facilities by allowing testing of solvents less than 4000 gallons (required for the PSTU) at relatively smaller scale than PSTU. Similar
to the PSTU, the SSTU comprises an absorber, regenerator, wash tower and associated equipment along with analytical
instrumentation. The operation of the unit was started in 2015 (DOE Final Report, 2014). Fig. 3 provides a simplified process
diagram of the SSTU.

The PSTU and the SSTU are fully integrated systems for comprehensive solvent characterization at pilot-scale and at bench-scale
respectively (DOE Final Report, 2014). The SSTU is about one tenth the size of the PSTU. Nominally 500 1b/hr (~0.05 MW) of flue
gas flows to the absorber of the SSTU from the PSTU cooler. Isokinetic samples for aerosol measurements using the ELPI" were
extracted from the absorber inlet and wash tower outlet of the SSTU to characterize the change in real-time aerosols generated.

The details of the measurement set-up are described in the next Section 2.3. It should be noted that the tests at the PSTU were
conducted in early 2015. Some of the modifications in the measurement set-up, for example, new design of the dilution probe and
use of heated ELPI" stages, were incorporated prior to the test runs at the SSTU in late 2015. These changes are also discussed in the
next Section 2.3.
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2.3. Sample extraction systems

The schematic of the ELPI* measurement set-up at the Wash Tower Outlet (WTO) of the PSTU is shown in Fig. 4. Because the
sample stream at the WTO is expected to be saturated, dilution of the sample with heated air is necessary to avoid condensation on
the impactor plates of the ELPI* stages. The condensation can lead to electrical short circuiting of the plates and erroneous
measurements of aerosol size distribution and concentrations.

An ejector type dilutor is used. The dilution air is passed through a moisture trap and filter to dry the air and collect any particles.
The dilution air is heated and the diluted samples from the outlet of the dilution chamber is drawn to an ELPI* for aerosol
characterization. The dilution ratio is defined by Eq. (1) ("DEKATI® Diluter User Manual: Ver. 5.1," 2014).
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Fig. 4. Schematic of the isokinetic sample extraction system for ELPI"™ measurements at wash tower outlet of PSTU.
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V.vample + Vair
Vsample (1)

N =

where N=Dilution ratio

V sample=Sample volume flow

V aie=Air volume flow

In an ejector type dilutor, the flow ratio (and thus the dilution ratio) is automatically kept constant over a wide operation range as
long as the sample pressure is constant. The initial concentration of the sample is calculated by multiplying the diluted sample
concentration with the dilution ratio N ("DEKATI® Diluter User Manual: Ver. 5.1," 2014).

The High Temperature (HT) ELPI* system was installed for aerosol characterization at the absorber inlet and wash tower outlet
of the SSTU as shown in Fig. 5. It should be noted that a custom made dilutor was used instead of an ejector type dilutor. In an
ejector type dilutor, a critical orifice is used to control the dilution air flow. The pressure drop through the orifice helps to draw the
sample to the dilution chamber. The inlet pressure at dilutor has to be kept constant slightly more than atmospheric pressure to
ensure constant pressure drop across the dilutor and prevent back flow of the sample from the dilutor to the sample nozzle.
Maximum flow is fixed for a particular pump. Therefore, the outlet pressure from the ejector type dilutor is also fixed to achieve the
constant pressure drop. However, there is a chance of change in process pressure drop and hence the gas stream velocity. But if
ejector type dilutor is used, there is a less flexibility of choosing different sample extraction nozzles to accommodate for any change
in this velocity. Moreover, due to the presence of restrictions in the form of critical orifice in ejector type dilutor, there is a chance of
small amount of aerosol sample destruction on its way to ELPI sampling system. This sample destruction is although anticipated to
be very small in quantity by Dekati Ltd. During PSTU tests, we have carefully calculated the pressure drops across the ejector type
dilutor (critical orifice) and choose the sample extraction nozzle. To avoid these limitations, we have designed carefully the custom
made dilutor that is capable of sampling aerosol emissions with different sampling nozzles to account for different process stream
velocities. This dilutor also has minimum restriction points that allow for non-destruction aerosol emission as much as possible.
Thus the use of the custom made dilutor and HT ELPI* ensured representative sample extraction.

2.4. PSTU and SSTU operating parameters

Typical operating parameters for the two test units during ELPI+ testing are listed below in Table 1.

2.5. Dekati Electrical Low Pressure Impactor (ELPI")

Real-time measurements of size distribution and concentration for 0.006 to 10 um aerosols are possible using the ELPI*. The
operating principle of the ELPI" is based on the fact that the particles are first charged to a known level in a corona charger.
According to their aerodynamic diameter, the particles are size classified in a low-pressure cascade impactor after charging.
Electrometers are connected to each impactor stage which is electrically insulated. The electrometer of each impactor stage records

47



C. Saha, J.H. Irvin Journal of Aerosol Science 104 (2017) 43-57

Table 1
Operating parameters.

Operating Parameters PSTU SSTU
Absorber Flue Gas Flow Rate (G), Ib/h 4400 405
Solvent Flow Rate (L), Ib/h 20,000 950
Re-boiler Steam Flow Rate (S), Ib/h 1,434 125
Absorber Inlet Flue Gas Temperature, °F 110 123
Absorber Inlet Solvent Temperature, °F 106 104
Wash Tower Exit Temperature, °F 115 75
Regenerator Pressure, psig 14 15
Inlet Flue Gas CO, Content, vol% 12 11
Number of Absorber Beds 1,2 and 3 1 and 2
Number of Intercoolers 2 1

an electrical current as produced by charged particles collected on the stage. This current is proportional to the concentration of
particles on each stage. Fig. 6 describes the operating principle of the ELPI*™ (ELPI*™, 2015 User Manual: Ver. 1.50," 2015).
There are 13 impactor stages and one filter stage that collect aerosol/particle samples in the range of 6 nm to 10 um. The particle
size collection range of the impactor stages is 17 nm to 10 um, and the filter stage reduces the particle size from 17 nm to 6 nm.
Nominal sample flow is 10 L/min at temperatures below 60 °C. However, the SSTU tests were performed using HT ELPT*™ which
has three different temperature settings (60 °C, 120 °C, and 180 °C). SSTU tests were conducted at the 60 °C setting. The ambience
of the ELPI*™ should be 10-35 °C with relative humidity of up to 90%. Pressure under the first stage is 40 mbar and the pump for
10 L/min ELPI+ should draw a minimum of 16 m3/h at 40 mbara, although the recommended value is 25 m®/h at 40 mbar.
Different impactor stages are used for particle size fractioning. Each ELPI" unit is shipped with a unique impactor serial number
and is calibrated with D50% stage cut points with aerodynamic diameters by Dekati. However, the pressure and temperatures on a
particular day may differ slightly from the calibration pressure and temperatures. Therefore, the stage cut points are corrected for
each test day. If wrong values have been used during the measurement, the data should be recalculated with correct values using the
ELPI" data file filter program. The maximum variation of new calibration values based on each test day's condition from the original
calibrated values of the stage cuts was between 0.02% and 0.70%, which is considered acceptable according to the manufacturer.

3. Results and discussions
The results of aerosol measurements from the PSTU and the SSTU are reported in this section. The effect of aerosol

concentrations and size distributions under different test conditions such as dilution ratio, temperature and other test parameters
are discussed in this section.
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Fig. 6. Operating principle of DEKATI ELPI*™,
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3.1. PSTU tests

The real-time ELPI* measurements were taken at the WTO of the PSTU. Tests were conducted on three different days to
investigate the effects of different test conditions such as dilution temperature and use of intercoolers and absorber beds.

Fig. 7 represents the effect on total particle number concentration as measured real-time by EPLI* on test day 2. The X-axis
represents the total test duration, primary Y-axis represent combined number concentration of all stages and secondary Y-axis
represent some of the absorber process parameters. It can be seen from this figure that the CO, and H,O concentration at the
absorber inlet were almost constant during the test period. The aerosol number concentration was generally in the range of E+06 to
E+07 cm™3. These results are in agreement with literature results (Mertens et al., 2014a; Srivastava et al., 2004). As indicated by the
absorber temperature profiles, both intercoolers were turned on for two different periods (from 0:30 to 2:25 and 3:50 to 4:15 h of
total test time). The intercoolers strongly influenced the particle concentrations, which generally decreased with decreasing absorber
temperature.

The color-coded intensity graphs in Fig. 8 display the particle size distribution as a function of time. X, Y and Z axes show the
time, particle size and the concentration respectively. The bottom two graphs provide the number concentrations as functions of
particle sizes. The particle sizes in these graphs are the aerodynamic sizes. A large number of aerosols with relatively higher size can
be seen from the intensity and number concentration (left hand side one) plots when both the absorber intercoolers were off or not
under operation. A plume of mist or aerosols was evident in the smallest size range immediately after the intercoolers were turned on
as can be seen from the intensity and number concentration (right hand side one) plots. As time progressed, the aerosol
concentration at smallest size (shown in figure at the right hand side) moved towards relatively higher size and the effect of turning
the intercoolers on aerosol concentration settles down. The total number concentration also decreases when both intercoolers
operated.

The real-time aerosol number concentrations at the highest dilution temperature of 180 °C were measured on test day 1. These
results are compared with the lower dilution temperature aerosol concentration measurements on test day 2 at 90 °C in Fig. 9. A
clear shift of higher number concentration towards lower sizes at the high dilution temperature can be seen. This size change is likely
related to accelerated evaporation due to low relative humidity and elevated temperature of the aerosols. The larger aerosols may
separate into very small aerosols and contribute to this high number concentration at the lowest size fraction. Therefore, it can be
concluded that for an ejector type dilutor, the temperature above the condensation point should be high enough that the aerosols are
not vaporized or burst into very small size that is hard to capture.

The effect of number of absorber beds under operation on particle number concentrations was also investigated in real-time
using the ELPI". Fig. 10 shows the particle number concentration of each stage plotted over the test duration. As soon as the third
bed was turned on, the number concentration of each stage reached a new, higher value and remained at around this value until the
third bed was turned off.

Further, the number concentration graphs (Fig. 11) for two and three absorber beds in operation show that the aerosol number
concentration for two beds ranged between 0.04-0.40 um aerodynamic diameters and for three beds were 0.02 to 0.8 um. The
cumulative number concentration was about twice as high with three beds than with two. All three beds are similar and contain
structured packing. It is possible that the third bed, when not in operation, may act as a demister due to the compact design which
helps to knock out most of the smallest aerosols and perhaps half of the larger aerosols. However, detailed investigation in future test
campaigns is necessary for definite conclusions.

3.2. SSTU Tests

Fig. 12 shows the real-time ELPI* measurements of aerosol number concentrations and cumulative percentages at the absorber
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Fig. 8. Real-time aerosol intensity and number concentrations (no. conc.) measured by ELPI*™ before and after intercoolers turned on.

inlet and wash tower outlet. The process and physical conditions (dilution ratio, dilution heating temperature, gas flow rate,
isokinetic nozzle size, HT-ELPI* temperature set points, etc.) were kept consistent for the two sets of measurements. As expected,
the aerosol concentration was much lower at the wash tower outlet than at the absorber inlet. The aerosol cumulative percentage
plots indicate that the smaller size aerosols at the absorber inlet were captured in the wash tower. It can be seen that around 10-12%
of very small size aerosols can be captured at WTO compared to Absorber Inlet at SSTU.

The effect of dilution air heating temperature at the WTO of the SSTU is plotted in Fig. 13. For PSTU, the dilution temperatures
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considered for investigation were 90 °C and 180 °C. The results are explained in Fig. 9 under the previous Section 3.1. The dilution
heating temperatures of 65 °C and 90 °C were chosen for the SSTU tests based on the dew point temperature of the incoming gas at
the particular water vapor partial pressure. It can be seen from the figure that at higher dilution temperature there is a tendency of
generation of lower size aerosols. This observation is similar to PSTU data in Fig. 9. However, there is a basic difference between the
SSTU and PSTU results. The higher dilution temperature of 180 °C at PSTU led to more generation of the lowest size aerosols at the
PSTU WTO. However, in the SSTU tests, only 30% of larger size aerosols at 65 °C were converted to smaller size aerosols at 90 °C.
The overall characteristics of the number concentration in the size range of 0.02—0.76 pum are very similar for both cases. The cause
of the lower size aerosol concentration at lower dilution temperature, whether from evaporation due to low relative humidity or from
process changes or both, is to be further investigated. Nevertheless, the information obtained is very important in that it proved that
dilution temperature just above dew point temperature is sufficient for characterizing aerosols without artifacts. From the
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Fig. 12. Real-time ELPI* measurements of aerosol number concentrations and cumulative percentage at absorber inlet and wash tower outlet.
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Fig. 13. Effect of dilution heating temperature on real-time aerosol number concentrations and cumulative percentage at wash tower outlet.

cumulative plot, it can be quantified that around 30% of large size aerosols evaporates to very small size aerosols due to the effect of

high dilution temperature.

3.3. Comparison of PSTU and SSTU results

Fig. 14 shows the comparison of aerosol concentrations at the PSTU scrubber inlet, and the wash tower outlets of the PSTU and
SSTU. It should be noted that parameters, such the dilution ratio and isokinetic sampler nozzle size, were not identical for both wash
tower outlet measurements. It can be seen from the number concentration plots that the aerosol concentration is very high at PSTU
scrubber inlet as compared to the wash tower outlets. This observation is expected, as the wash towers remove a substantial amount
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Fig. 14. Comparison of real-time aerosol number concentrations and cumulative percentage.

of aerosols. The cumulative aerosol percentages reveal that there were less small size aerosol accumulation at the wash tower outlet
of the PSTU than that of the SSTU. This inconsistency is likely due to dissimilar process parameters as mentioned above, although
further investigation is needed.

3.4. Optical images

Optical images of stages 3 and 4 are shown in Fig. 15. The upper two images are of substrates collected after the test, and the
lower two images are of the back of the impactor jet plates. A regular pattern of collection can be observed. The pattern indicates
aerosol collection with very fine solids.

However, at higher stages of aerodynamic diameters, it is believed that the aerosol droplets coalesced in flow eddies and formed
larger droplets. Also light yellowish color of the droplets at higher stages indicates the presence of solvent with in the liquids. The
images of higher stages 6 and 7 are presented in Fig. 16.

The physical appearance of the aerosols and their collection patterns as shown in Figs. 15 and 16 are very important because
these give us clear picture about the aerodynamic diameter, stage cuts we have determined earlier, effect of coalescence of the
aerosols and an estimates of amine emissions with the aerosols. The ELPI measurements only give us electrical signals but these
physical information is complementary for real-time aerosol measurements as reported in this manuscript.

3.5. Test-site and measurement set-up photos (Figs. 17 and 18).

4. Summary and conclusions

Although amine based post-combustion CO, capture is a promising technology, studies indicate that amine emissions in the form
of aerosols must be controlled for commercial success of this technology. Most of the recent studies characterizing aerosols used
simulated flue gas with externally generated H,SO,4, the main precursor for aerosol generation. However, in this study, aerosols
produced from flue gas from a commercially dispatched coal-fired power plant was characterized by real-time measurements using
isokinetic sampling systems and the ELPI*. Measurements were taken on the NCCC's PSTU and SSTU while operating with MEA to
quantify the effects of different process changes on aerosol concentration and size.

Aerosol concentration generally was in the range of E+06 to E+07 cm™ at the PSTU wash tower outlet. These results are in
agreement with some of the reported results in current literature. Use of intercoolers decreased the aerosol concentrations measured
at the same location. Moreover, aerosol intensity and concentration showed a plume of mist or aerosols in smallest size immediately
after the intercoolers were put in service.

The effect of dilution heating temperature was also investigated, which showed a clear shift of increased number concentration
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Stage 3 Stage 4

Fig. 15. Optical images of stage 3 and 4 of ELPI*™,

Stage 7

Fig. 16. Optical images of stage 6 and 7 of ELPI*™.

towards smaller sizes at high dilution temperature due to accelerated evaporation caused by low relative humidity and elevated
temperature of the aerosols. The tests at the SSTU however showed that the effect can be diminished if the dilution heating
temperature can be set just above the dew point temperature of the incoming gas. This result is important because some of the
previous studies have used dilution temperature in the range of 80-200 °C.

The effect of absorber beds indicated an increase in aerosol number concentration when the third bed was turned on at the PSTU.
This observation needs further investigation in future test campaigns. As expected, the aerosol concentration was very low at wash
tower outlet compared to the absorber inlet at the SSTU. Moreover, a small amount of smaller size aerosols at SSTU absorber inlet is
observed which are captured in the wash tower. As expected, the aerosol concentrations were very high at the PSTU scrubber inlet
compared to the wash tower outlets of the PSTU and SSTU.

It should also be noted that the results represented in this work is based on MEA solvent. Separate detailed investigations will be
required for different solvents. Also, it should be noted here that the calibration of the stage cuts of ELPI*™ shows a maximum
deviation of 0.02—0.70% from the original calibration by Dekati. Overall, these results are very promising and further tests using the
ELIP" are planned at the NCCC. These results represent a preliminary basis for developing control measures for aerosol emissions to
make amine based post-combustion CO, capture commercially viable.

54



C. Saha, J.H. Irvin Journal of Aerosol Science 104 (2017) 43-57

Temperature
& Flow
Controllers

Isokinetic
Probe &
Transport Line

ELPI*™
Controller

Vacuum
Pumps

ELPI*™ HT
Controller

Fig. 18. ELPI*™ measurement set-up; photos taken during one of the test campaigns.
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