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Executive Summary

Consequences of Selenium Behavior in Coal-Fired Boilers on FGD Wastewater Treatment

By Connie Senior and Sharon Sjostrom, ADA-ES, Inc.

Selenium is an essential micronutrient, but it can be toxic at higher doses. Selenium air emissions from coal-fired electric
utility boilers in the U.S. are regulated by the Environmental Protection Agency (EPA) under the Mercury and Air Toxics
Standards (MATS) rule. For a power plant, adding selenium chemistry to the mix of factors to consider further
complicates operations and increases the importance of incorporating a systems perspective.

Full Story....

Wet Electrostatic Precipitator Application for Coal-fired Boiler

By Hardik Shah, Southern Environmental, Inc

Case study of the implementation of SEI’s membrane wet electrostatic precipitator technology on an industrial coal fired
boiler application. The membrane design addresses operational and maintenance issues common to most WESP
installations.

Full Story....

Limitations in Reduced Load SCR Operation

By Joakim Reimer Thogersen, Hans Jensen-Holm. Haldor Topsoe A/S

Increased wind-power capacity and tightened NOx regulations are an expected trend in the rest of Europe and the U.S. in
the years to come. There is therefore an increased focus on operation of the SCR DeNOx units at lower loads. Haldor
Topsge’s DNX® catalyst with its high porosity ensures optimal resistance against ABS condensation and combined with
the Haldor Topsge design tools, SCR DeNOx operation around the ABS dew point can be utilized to the maximum
possible extent.

Full Story....

High Reactivity Hydrated Lime for Heat Rate Improvement
By Charles A. Lockert, Mississippi Lime Company

With the implementation of MATS, depressed natural gas prices and an increasing emphasis on renewables, traditional
coal-fired generating assets are looking for flexible solutions to improve operating efficiency. One avenue for efficiency
gains could come from a hydrated lime dry sorbent injection system -- shifting the focus of the DSI system from a
regulatory need to a source of operational and overall cost benefit to the user. This paper outlines the benefits and cost
implications of increasing, rather than minimizing, hydrated lime usage for overall commercial improvement.

Full Story....

Optimizing the Glenarm Station Gas Turbine OTSG Through Flow Modeling and Testing
By Kevin W. Linfield, Matthew R. Gentry, and Kanthan Rajendran, Airflow Sciences Corporation

The City of Pasadena California embarked on the $137 million “Glenarm Repowering Project” to replace the 50-year old
steam generating unit with a new combined-cycle 71 MW power generating unit featuring a new gas turbine, steam
turbine, once-through steam generator (OTSG). Innovative Steam Technologies (IST) of Cambridge, Ontario was
awarded the contract to provide the once-through steam generator. IST hired Airflow Sciences to perform Computational
Fluid Dynamic (CFD) flow modeling and flow testing to aid in the design of the OTSG.

Full Story....
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Executive Summary (cont.)

High Frequency TR Set (HFTR) Performance Comparison with Mid Frequency TR in Cement Plant
Application

By Elavarasu Jayakumar, Stock Equipment

Schenck Process Solutions India Pvt Ltd (SPG) received an order to replace conventional TR set with high frequency TR
set (HFTR) on Unit-8 of Shree Cements Limited (SCL) in RAS, Rajasthan. Prior, this facility installed one mid-frequency
controller (MFTR) on Unit-3 with mixed results. This article will show the differences in operation and collection
efficiencies between the MFTR and the HFTR.

Full Story....

Development of SCR Catalyst Regeneration Process for Enhanced Mercury Oxidation

By Thies Hoffinann, Xin Liu, Nick Pollack, Mike Mattes Cormetech Inc, Tobias Schwimmle and Thorsten Dux, STEAG Energy Services GmbH.
Mercury oxidation of OEM enhanced and regenerated catalyst samples were evaluated under a wide range of flue gas
conditions the catalyst might be expected to perform. To address utility concerns regarding the regenerability of enhanced
OEM Hg Oxidation catalysts, an optimized regeneration method was developed and demonstrated under lab conditions to
meet OEM enhanced Hg Oxidation Catalyst performance levels.

Full Story....

Operating Challenges of Existing SCR and DSI Systems

By Suzette Puski, Babcock Power Inc.

With dispatch requirements resulting from changing generation portfolios, coal fired generating units are facing
challenges running their SCR and DSI systems to meet emissions requirements. Maintaining flue gas and temperature
distribution is important to maintain permitted emissions, maintain marketability of flyash and optimize O&M. The keys
to addressing these challenges are a comprehensive understanding of the design and operation of the equipment and
technology and expertise to apply solutions, such as static mixers, to resolve these issues

Full Story....
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Consequences of Selenium Behavior in Coal-Fired Boilers
on FGD Wastewater Treatment

INTRODUCTION

Selenium is an essential micronutrient, but it can be
toxic at higher doses. In the environment and in vivo
the form of selenium is important: elemental selenium,
metal selenides, and selenites have low solubility in
water, but selenate ions are soluble and can affect the
health of aquatic organisms.

Selenium air emissions from coal-fired electric utility
boilers in the U.S. are regulated by the Environmental
Protection Agency (EPA) under the Mercury and Air
Toxics Standards (MATS) rule. Most plants meet the
regulatory limit by controlling filterable particulate mat-
ter. In 2015, the EPA, under authority of the Clean Water
Act, promulgated new Effluent Limitation Guidelines
(ELQG) for water discharges from steam electric power
plants that specify effluent limits for arsenic, mercury,
selenium, and nitrogen in wastewater discharged from
wet scrubbers.! This rule was based on EPA’s review of
wastewater discharges from power plants and review of
available treatment technologies.’
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The ELG limit for selenium in FGD wastewater is 23
ug/L (ppb) for a daily maximum and 12 ppb for a 30-
day average. Currently, the EPA is reviewing the ELG
limits for FGD wastewater. It is possible that the limits
may change in the future.

SELENIUM IN THE ENVIRONMENT

Selenium is a metal-like element, or metalloid, lying
in the same column as sulfur in the periodic table. The
chemistry of selenium bears similarity to that of sulfur.
On a cellular level in biological systems, selenium is
a component of certain proteins essential for cellular
structure and defense against oxidative damage. Thus,
selenium is an essential nutrient for animals (including
humans) and some plants. However, selenium is toxic
in higher concentrations. The transition between no ob-
servable effects and severe effects occurs over a narrow
range of selenium concentrations.’

Selenium is found naturally in solids such as coal and
organic-rich shales, which are utilized in a variety of
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Figure 1: Selenium dynamics and transfer in aquatic ecosystems
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industrial sectors (e.g., mining, oil refining, power genera-
tion). Discharges from agricultural and industrial activities
can increase selenium concentrations in aquatic systems, in
which toxicity is a concern.

Concern about the impact of selenium in aquatic ecosys-
tems has been growing globally. The primary pathway for
exposure to selenium for both invertebrates and vertebrates
is diet (Figure 1 on page 1). Traditionally, exposure toxici-
ty of a given substance in aquatic systems is predicted based
on dissolved concentrations. However, these methods don’t
work well for selenium compounds, because the behavior
and toxicity of selenium in aquatic systems are dependent
on factors such as the structure of the food web and hydrol-
ogy, which are site-specific.

As with other trace contaminants such as mercury, bioac-
cumulation of selenium occurs across food webs. Selenium
uptake is promoted across most biological membranes,
which makes its partitioning unique among metalloid con-
taminants. Another differentiator for selenium is the narrow
range between essential dietary requirements and toxicity.

Selenium toxicity is exhibited primarily as reproductive
impairment, for example, embryotoxicity or mutations in
egg-laying vertebrates. Mammals in aquatic food webs do
not appear to be as sensitive to dietary exposure to organic
selenium compounds as fish or birds. The most sensitive
toxicity endpoint for birds, is embryo mortality, while for
fish larvae, a range of severe developmental abnormalities
have been catalogued.’

Risk assessment of selenium exposure must be site-specific
to a much greater extent than other contaminants. Further-
more, a single, universal dissolved water quality value is
not adequate for predicting toxicity across a range of sites.
Concentrations of selenium in fish and bird eggs at a given
location are critical to assessing risk, because concentra-
tions in these tissues are most strongly linked to adverse
effects.

In the U.S., increases in selenium concentration in reser-
voirs have provided examples of the impact of selenium
on aquatic life. For example, Belews Lake in North Caro-
lina experienced high influxes of selenium from the nearby
power plant, which discharged the overflow from ponds
contained sluiced fly ash and bottom ash into the lake from
1974 to 1985. Selenium concentrations in the ash pond
discharge water were high (150-200 pg Se/L) according
to Lemly.> Deformities and reproductive failure in the fish

population decimated nineteen of twenty species of fish in
the lake. In 1986, the discharges were eliminated to the lake
and fish populations recovered. Selenium concentrations in
the lake’s biota were reduced by 85-95% after ten years,
although elevated selenium concentrations in the sediments
still posed a risk to fish.

SELENIUM BEHAVIOR IN COAL-FIRED BOILERS
Selenium is found in coals in trace concentrations. A typical
range of concentrations in U.S. coals is 0.5 to 10 pg/g.” The
mode of occurrence of selenium in coal has been investi-
gated using selective leaching (chemical fractionation). The
predominant modes of occurrence are association with py-
rite and association with the organic matter. Minor amounts
of selenium are sometimes associated with HCl-soluble sul-
fides and silicates.® The minerals in bituminous coals from
the Eastern U.S. can contain significant amounts of pyrite,
and selenium in those coals is often mostly associated with
pyrite. In subbituminous coals from the Powder River Ba-
sin (PRB), selenium is mostly associated with the organic
matrix.

The behavior of selenium during combustion and in air pol-
lution control devices is different from other trace metals
because of the high vapor pressure of the oxide (SeO,). Se-
lenium can exist in the gas phase (as SeO,) at temperatures
above 160°F in coal-fired power plants.’ In the boiler, gas-
eous SeO, can be chemisorbed on the fly ash surface (even
at temperatures in the furnace convective section),'® but
some selenium can remain in the vapor phase at the exit
of the particulate control device. Selenium has been shown
to react with both calcium and iron compounds in the fly
ash from coal combustion." The presence of SO, in the
flue gas interferes with the reaction between SeO, and fly
ash. In boilers burning low-sulfur western coals with high
concentrations of calcium in the fly ash, most of the sele-
nium is converted to the particulate phase in the flue gas.
In contrast, in boilers burning high-sulfur bituminous coal,
considerably less selenium is converted to the particulate
phase in the flue gas. Most of the particulate-bound Se is
removed in the particulate collection device. The remaining
Se enters the wet FGD scrubber as vapor-phase or residual
particulate-phase selenium.

Wet scrubbers typically have greater than 98% SO, removal
and 95% HgCl, removal?, but the limited data indicate less
removal of SeO,. This discrepancy is not due to concentra-
tion-dependent gas-phase mass transfer, as SeO, is present
in significantly higher amounts than HgCl, and significantly
lower amounts than SO,. This discrepancy is also not due to
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solubility, because SeQ, is the most soluble of the three spe-
cies. One theory is that, since the flue gas enters the scrubber
at a temperature of 275°F to 375°F, and then undergoes a
rapid quench to a temperature in the range of 120°F to 130°F,
there may be sufficient driving force to condense H,SeO,,
either heterogeneously (on submicron ash particles) or ho-
mogeneously. Since submicron particles are not efficiently
captured by wet scrubbers, this could explain the lower than
expected removal of selenium across wet FGD scrubber. An
alternate hypothesis is that droplets of scrubber slurry are
entrained in the flue gas; the droplets contain selenium in the
solid phase, which is carried out of the scrubber as particu-
late selenium.'®

One study at full-scale on a 900 MW coal-fired power plant
with electrostatic precipitator (ESP) and wet flue gas desul-
furization (FGD) scrubber appeared to confirm the former
theory.”® Results from the study showed that there was a
significant fraction of selenium entering the scrubber that
was not captured by the scrubber.” Based on the observed
size-dependence of selenium concentration in the exiting fly
ash in this study, gaseous selenium appeared to condense on
particles across the scrubber, which were not efficiently cap-
tured.

Limited data sets exist on selenium in the flue gas of full-
scale power plants. Selected published data'*'” are sum-
marized in Figure 2. The coal-fired boilers included either
had cold-side electrostatic precipitators (ESPs) or fabric

filters (FFs). All units had wet FGDs. Several boilers had
a selective catalytic reduction (SCR) unit for NOx control;
one boiler had a selective non-catalytic reduction (SNCR)
unit for NOx control. Removal of Se across the ESPs var-
ied from 32% to 82% (bituminous units); removal across the
FFs varied from 52% to 72% (low-rank units). Removal of
Se across the FGDs was in the range of 53% to 96%.

IMPLICATIONS FOR WASTEWATER TREATMENT
Once selenium from the flue gas has been captured by a
wet FGD system, understanding the fate of selenium in the
scrubber is critical in the light of the limits imposed by the
Effluent Limitation Guidelines on the discharge of selenium
in FGD wastewater. Selenium that is captured by the scrub-
ber can end up in the gypsum or scrubber byproduct or in the
wastewater (the blowdown or chloride purge stream).

The disposition of selenium in wet FGD scrubber is high-
ly variable and influenced by the design and operation of
the scrubber. In one study encompassing eight boilers with
scrubbers,!” the percentage of boiler input selenium ac-
counted for in the byproduct gypsum ranged from 13 to 20%
in the bituminous coal-fired units, while the chloride purge
streams accounted for 2 to 5%. In contrast, in the subbitu-
minous coal-fired units only 1 to 9% of the boiler input se-
lenium was accounted for in the gypsum and 0 to 2% was
accounted for in the chloride purge streams. In another study
of two coal-fired boilers,'® at one boiler, 10% of the boiler in-
put selenium left the scrubber in the gypsum, and 2% in the

Plant Coal MW NOx Ctrl PCD DSI SO, Ctrl Rel::l:c?val Rel:r?cgral
900 MW" | Bituminous 900 - ESP Yes wet FGD - 61%
Yates™ Bituminous 100 None ESP No wet FGD 49% 66%
us1® Bituminous 795 SCR ESP No wet FGD 61% 90%
Es1'® Subbit. - None ESP No wet FGD 38% 62%
Plant B1" Bituminous 207.9 SCR ESP No wet FGD 35% 86%
Plant B2" Bituminous 203.2 SCR ESP No wet FGD 84% 75%
Boiler '/ | Bituminous 175 SCR FF No wet FGD 25% 96%
Plant D1"7 | Bit./Petcoke | 150.7 SCR ESP No wet FGD 41% 53%
Plant D2V | Bit./Petcoke | 260.7 SNCR ESP No wet FGD 32% 53%
Boiler F/ | Subbit. 566 - FF No wet FGD 52% 57%
Plant G1'" | Subbit. 4485 - FF No wet FGD 72% 83%
Plant G2*" | Subbit. 440 - FF No wet FGD 70% 79%

Figure 2: Selenium removal across particulate control devices (PCDs) and FGDs at coal-fired power plants
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FGD water discharge. At the other boiler in this study, 4-9%
of the boiler input selenium left the scrubber in the gypsum,
while 6-21% was in the FGD water discharge.

It is instructive to compare the current ELG limits for sele-
nium in FGD water discharge with what is observed in full-
scale FGDs. A survey of operating conditions and metals in
FGD scrubbers from 18 coal-fired boilers, featuring a range
of different coal types and two different scrubber types, was
summarized by Allen et al.'”” Average selenium concentra-
tions in scrubber slurries varied from 100 pg/L to 10,000
pug/L. Selenium that leaves the scrubber in the wastewater
discharge may have to be treated to reduce the concentration
to meet the current daily maximum ELG limits of 23 pg/L.

Further complicating the picture, different species of sele-
nium have been observed in FGD slurries. Highly oxidiz-
ing conditions in the scrubber slurry promote the formation
of oxidizing species, like dithionate and peroxydisulfate,?
which result in the presence of mostly selenate (Se[VI]) in
the scrubber liquor. Selenate is not removed by traditional
physical/chemical wastewater treatment systems. If there are
high concentrations of selenate in the scrubber wastewater
discharge, an additional treatment step like a biological reac-
tor will be required.

In the study by Allen et al., the total selenium concentrations
in the scrubber slurries were not correlated with oxidation-
reduction potential (ORP) in the slurry, but the fraction of
dissolved selenium and the speciation of the dissolved se-
lenium was correlated with ORP. The fraction of dissolved
selenium was generally less than 50% for ORP

values less than 350 mV. Below 400 mV ORP, 5,000
selenite was the major selenium species in the 4,500
dissolved fraction. For ORP values above 400
mYV, almost all the dissolved selenium was sele- e
nate."” In another study, samples collected from ~ _ 350
full-scale LSFO systems also showed a similar 2350
effect of ORP on the fraction of dissolved sele- ,g .
nium as selenite.?! B
8 2,000
Results of bench-scale testing?' showed that “ 1,500
low ORP (150-200 mV) and low pH favored .
selenite formation. ORP had a larger effect on '
500

selenium speciation than pH. Reducing oxida-
tion air (and hence ORP) was shown to be a
strategy for shifting dissolved selenium to sel-
enite and for reducing the fraction of dissolved
selenium in the scrubber slurry. Other factors
affected speciation: for example, solid manga-

nese oxides promoted formation of selenite, but dissolved
Mn[II] did not oxidize selenite to selenite.

Pilot-scale tests were carried out at a power plant in which
FGD slurry for the pilot-scale system was drawn from the
host unit’s FGD scrubber.?> The host unit FGD operated at
high ORP (~ 600 mV). Forty to forty-five percent of the sele-
nium was in the dissolved phase, and all the selenium in the
dissolved phase was found as selenate. Testing in the pilot-
scale unit did not have much success in reducing the ORP
below 400 mV. The pilot scrubber also had a hydroclone,
which is commonly used to separate the gypsum or solid
byproduct from the aqueous part of the slurry. Most of the
solid selenium (70-86%) reported to the hydroclone under-
flow stream (i.e., gypsum product), while less solid selenium
was found in the fines. For mercury, on the other hand, the
fates of solid phase mercury were reversed: most of the sol-
id phase mercury reported to the fines.

If metal concentrations in the chloride purge stream are
high enough to be of concern, wastewater treatment (WWT)
might be required prior to discharging any FGD wastewater.
While every FGD scrubber will be different, owing to dif-
ferent coal compositions being fired and differences in op-
eration, the observations discussed above point to general
regimes of operation as illustrated qualitatively in Figure 3.
Scrubber ORP provides guidance on the effectiveness of dif-
ferent post-FGD treatment processes for selenium. Dissolved
selenite and particulate-phase selenium can be removed in a
physical-chemical WWT process. However, dissolved sel-
enate cannot be removed in physical-chemical treatment

Dissolved
Selenite

Dissolved
Selenate

SE[|V] SE[V|]

Removed More Solid Se  Additional
By WWT after
Phys-Chem Phys-Chem
WWT
50 100 150 300 350 400 450 5;)0

200 250
ORP [mV]

Figure 3: Selenium speciation and partitioning in

scrubber slurries
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process. Additional treatment after a physical-chemical pro-
cess might be required to reduce concentrations of selenate
to acceptable levels. Biological reactors are the most mature
technology for selenate reduction, although other processes
are under development and being tested at pilot scale.

In some plants, the hydroclone overflow stream is recircu-
lated back to the scrubber. Recirculation of the filtered wa-
ter (i.e., the hydroclone overflow stream) has been shown in
full-scale scrubber studies to result in high concentrations
of selenium (and other metals) in the scrubber slurry. '® It is
possible that, as the concentration of selenium cycles up in
the slurry, the more of the recirculated selenium reports to
the gypsum product.

There are many trade-offs in operating the scrubber as well
as the upstream air pollution control equipment to meet
limits on selenium concentrations in FGD wastewater dis-
charge. A few of the trade-offs are:

e Upstream removal of selenium before the FGD;

*  Minimization of blowdown/chloride purge stream;

¢ Concentration of selenium in recirculated water;

*  Solid-liquid partitioning in the scrubber slurry.

These factors are by no means comprehensive, but they do
represent some of the means that scrubber operators could
affect the amount and species of selenium entering the
wastewater treatment system. Note that every combination
of fuel and scrubber will yield different outcomes.

CONCLUSIONS

There are many factors that affect the amount of selenium
that is captured in a wet scrubber and the amount of sele-
nium leaving the scrubber in the chloride purge stream. The
concentrations and speciation of selenium in the chloride
purge stream affect the cost and complexity of the waste wa-
ter treatment system. Selenite in the dissolved phase and,
presumably, selenium solids in the fines could be treated
in a conventional physical-chemical wastewater treatment
process. However, selenate in the dissolved phase would re-
quire an additional treatment step. Biological treatment is
currently the process recommended for removing selenate,
although other technologies are under development.

In terms of methods for control, there may be an optimal
point where ORP can be minimized in a limestone forced
oxidation scrubber to keep most of the selenium as selenite.
Other factors such as dissolved transition metals and scrub-
ber additives will also affect selenium speciation and liquid-
solid partitioning. While some FGD systems might be able

to control the formation of selenate by control or ORP, this
is by no means a universal conclusion; some FGDs might
have to operate at higher ORP values to maintain acceptable
levels of sulfite in the gypsum product. A high level of sele-
nium removal upstream of the FGD will reduce the selenium
concentration in the scrubber and chloride purge stream, al-
though it will not address the important question of selenium
speciation in the scrubber.

Other aspects of scrubber operation should be considered
as to their impact on selenium in the chloride purge and in
the gypsum product. Cycling up the scrubber reduces the
amount of water to be treated in a wastewater treatment sys-
tem, but increases the absolute concentration of selenium in
that stream. Using recirculated water for scrubber make-up
water can have an impact on selenium in the scrubber and
should be considered.

Operating a coal-fired power plant requires a systems view,
considering multiple factors including regulatory limits at
the stack and effluent pipe, byproduct quality, fuel purchase
economics, overall plant operations and maintenance. Add-
ing selenium chemistry to the mix of factors to consider fur-
ther complicates operations and increases the importance of
incorporating a systems perspective.
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Wet Electrostatic Precipitator Application

for Coal-fired Boiler

Written by Hardik Shah, Southern Environmental, Inc

Wet Electrostatic Precipitators (WESPs) are used to capture
sub-micron particulate in a wide range of industrial applica-
tions. WESPs are usually installed downstream of a satu-
rator or a wet scrubber and typically used as a particulate
and mist “polishing” device. Although WESPs are a proven
technology for sub-micron particulate and acid mist capture,
amajor O&M issue is performance degradation due to mate-
rial build-up on collecting electrodes which results in close
electrode clearances and decreased corona voltage and cur-
rent. It is time consuming and expensive to remove build-
ups and repair close clearances, and this task often must be
performed during short process turn-arounds. And when it
becomes necessary to replace an entire set of collecting elec-
trodes, this task typically involves removing the roof of the
WESP and hiring specialized skilled laborers to perform the
work. This results in both longer turn-around durations and
higher O&M costs.

In order to address this problem SEI has developed an in-
novative design in which fabric membranes replace the lead,
exotic metal or plastic collecting electrodes typically used in
a WESP. Fabric membranes are hung in a similar manner as
with any other collecting electrode, but are continuously irri-
gated with liquid to keep them clean and electrically conduc-
tive. Membrane material is typically polypropylene which is
readily available and has excellent chemical resistance prop-
erties in a low pH environment.

One common WESP application is to install it downstream
of a wet scrubber on a coal-fired boiler in order to capture
fine particulate. One Midwestern USA industrial facility
recently installed a Southern Environmental, Inc. (SEI) in-
novative WESP in which the collecting electrodes are fab-

ricated from felted polypropylene. This WESP design was
selected by the end user based upon both low capital cost
and mitigation of O&M issues.

This industrial facility has a stoker-fired boiler with air pol-
lution control equipment arranged as shown in Figure 4. In
order to comply with the industrial boiler MACT particulate
matter emission limit of 0.04 Ib/mmBtu, this facility con-
sidered various technology options as shown in Figure 5 on
page 8.

After careful evaluation the end user selected SEI’s WESP
technology as it was concluded to be both technically supe-
rior and the most economical option.

The boiler fires an Eastern Kentucky coal with moderate
sulfur content (1% typical) and moderate ash content (6.0
to 6.6%). The WESP’s design conditions and the results of
SEI’s performance guarantee test are listed in Figure 6 on
page 9.

Due to the highly corrosive nature of the application, all
metal parts contacting the gas stream in this WESP were
fabricated from Duplex 2205 SS. The collecting electrodes
were made out of felted polypropylene. Duplex 2205 SS was
carefully selected considering the operating pH and chloride
concentration. It should be noted that the chloride concen-
tration in this application is considerably lower than what is
typically found in Wet FGD application in coal-fired power
plants. After two years of operation, no noticeable corrosion
has been observed in this unit.

Coal-Fired Multiclone ID Fan Venturi Stack
Boiler Scrubber
Figure 4: Existing Arrangement
Winter 2017 www wpca.info Page 7



Proposed Option 1

Coal-Fired

Boiler Multiclone

Scrubber WESP Stack

Proposed Option 2

Coal-Fired Multiclone IDFan Venturi Dry ESP Stack

Boiler Scrubber
Proposed Option 3
Coal-Fired Multiclone ID Fan Dry ESP Venturi Stack
Boiler Scrubber
Proposed Option 4
Coal-Fired Multiclone ID Fan Fabric Filter Venturi Stack
Boiler Scrubber

Proposed Option 5

Coal-Fired Multiclone ID Fan Dry Sorbent Eabric Filter Stack
Boiler Injection

Figure 5: Proposed Option 1
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trodes. The membrane material is

. . Performance| typically purchased in rolls which al-

Design Conditions Test. Oct-15 lows for easy entry and exit through

. WESP access doors. Once the mem-

Saturated Gas Flow Rate, acfm 81,133 71,679 branes are in place and the WESP
Saturated Temperature (degF) 140 125 is returned to operation, any close
Inlet PM Loading (lb/mmBtu) 0.176 0.1 clearance problems that may 'develop
Stack PM Emissions (Ib/mmBtu) 0.04 0.0195 between membranes .and discharge
electrodes can be easily resolved by

Removal PM Efficiency (%) 77.27% 80.50% replacing individual membrane piec-

Figure 6
SEI’s membrane WESP is a tubular, up-flow design consist-
ing of a single module as shown in the photograph on page
9: Figure 7.

As shown in Figure 8 on page 10, this module consists
of a single mechanical field but two independent, parallel
electrical bus-sections. By having two independent paral-
lel bus-sections, one half of the WESP module is always in
operation while the other half is periodically washed. This
provides added reliability and redundancy to the system
without adding significant capital cost.

A major advantage of SEI’s WESP technology is the main-
tenance friendliness of its fabric membrane collecting elec-

es. If replacement proves infeasible,
the affected membrane section can be easily removed using
a scissors or knife. When it is necessary to replace an entire
set of collecting electrodes all work can be performed with-
out having to remove the WESP’s roof. The replacement
of membrane type collecting electrodes for this coal-fired
boiler WESP installation can be done in one week.

In the past twelve years SEI’s membrane WESP design has
been applied to many applications such as oil-fired boilers,
fiberglass insulation forming lines, the gas cleaning system
of an acid plant, and coal-fired boilers. Membrane collect-
ing electrodes have demonstrated several years of life under
typical WESP operating temperatures and with measured
pH’s as low as 0.5.

Figure 7 (below)

Winter 2017

www wpca.info

Page 9



WPCA News

Switchmode Frans e
Power Supply
(SMPS)
\}r{: I,J"/ Gas \ Deluge
VA Flow ‘-\\./System
e e
."L - . T T
\,l Q :] \] \? HJ
/Mernbrane
| | lonastar
. Electrode
" " |
000000
Gas
Flow
Side View
(SMPS) (SMPS)
For further , Deluge
. . ooy 150l Wwall .
information contact py/  lsortionWall X gystem
Hardik Shah at ’ L _ I
hshah@sei-group. T Tl wl AT Al
O1Lo01 0101010010
com (1Y | l"'. | ¥
1 | 1 _Membrane
| I lonastar
' Electrode
06 0000000
BIOGRAPHY

Hardik Shah of Southern Environ-
mental, Inc. has more than 12 years
of experience in the air pollution
control industry. His primary area
of focus is applications work with
Dry and Wet Electrostatic Precipi-
tators. Hardik holds a B.E degree
in Mechanical Engineering from
M.S. University, India and M.S.
degree in Mechanical Engineering
from Ohio University

SEI-GROUP

EXFERMENCE CLEAN AM

E'H\‘!.'?JJJ(FH.‘HL?!

=S

S P—

DESIGN « BUILD « MECHANICAL CONTRACTOR

WPCAs

[ A Bi-wnnual Newseiter Spomared i fhe WFCA

Is a bi-annual technical journal sponsored
by and for the
Worldwide Pollution Control
Association
www.wpca.info

Purpose

To foster new ideas and greater
awareness concerning pollution
control in the energy industry

Publisher

Reinhold Environmental Ltd.

Comments & Other
Inquiries to:

Reinhold Environmental
3850 Bordeaux Drive
Northbrook, IL 60062 USA
1.847.291.7396
sreinhold@reinholdenvironmental.com
©2017 WPCA

For more information on the WPCA
Please visit our website at

www.wpca.info

Page 10 www wpca.info

Winter 2017


http://www.sei-group.com
http://www.wpca.info

WPCA News

Limitations in Reduced Load SCR Operation

Written by Joakim Reimer Thogersen, Ph.D., Chem. Eng., Vice President, R&D,

Hans Jensen-Holm. Ph.D., Chem. Eng., General Manager, Technical Support
Haldor Topsoe AIS, Nymollevej 55, DK-2800 Kgs. Lyngby

INTRODUCTION

As the wind-turbine capacity has been increased in Denmark
the need to operate thermal power plants at reduced load has
increased. At the same time a domestic NOx tax of 3.4 Euro
per kg NOx gives an incentive to remove as much NOx as
possible. Increased wind-power capacity and tightened NOx
regulations are an expected trend in the rest of Europe and
the U.S. in the years to come. There is therefore an increased
focus on operation of the SCR DeNOx units at lower loads.

Optimization strategies for SCR units operating at reduced
load include the standard measures such as ammonia, tem-
perature and flow distribution and installation of additional
catalyst layers. In some cases it is also an option to split the
boiler economizer in order to increase the SCR temperature.
However, this is an expensive solution, and an economically
attractive solution is to implement an ammonia-injection
strategy.

In boilers fired with sulfur-rich fuels, the minimum operat-
ing temperature in SCR DeNOx is determined by the dew
point of ammonium salts. At reduced boiler load it becomes
critical to have accurate predictions of the dew point. Exper-
imental simulations of a coal-fired SCR installation and an
oil-fired installation have confirmed previously determined
dew-point correlations [1] for formation of ammonium salts.
Due to capillary forces in the catalyst an effect of ammo-
nium bisulphate, ABS, condensation is seen from approxi-
mately 28°C above the bulk gas phase dew point and the
inhibition is reversible by thermal treatment. A new finding
is a hysteresis effect, meaning that regeneration up to a cer-
tain inhibition level requires a somewhat higher temperature
than the temperature at which this level is reached when the
temperature is decreased from above the ABS dew point. A
predictive ABS-inhibition model developed at Haldor Top-
soe satisfactorily describes the equilibrium inhibition levels
and the dynamic behavior of ABS inhibition. Flue gas data
on power plant operation around the ABS dew point in the
SCR is now available and these data show that optimization
of SCR performance at reduced load is possible.

Haldor Topsee’s DNX® catalyst with its high porosity en-
sures optimal resistance against ABS condensation and com-
bined with the Haldor Topsee design tools, SCR DeNOx
operation around the ABS dew point can be utilized to the
maximum possible extent.

AMMONIUM BISULPHATE DEWPOINT AND SCR
DENOX PERFORMANCE

The minimum process temperature in SCR DeNOx with am-
monia injection is determined by formation of ammonium
salts. The injected NOx reducing agent, ammonia, reacts
with the acid gases in the flue gas forming ammonia salts,
i.e. ammonium chloride, NH,Cl, ammonium bisulphate,
NH_HSO,, and ammonium nitrate, (NH,),NO,. In most cases
NH_HSO, has the highest dew point, but in waste incinera-
tion units with HCI concentrations of several hundred ppm,
NH,CI condensation determines the minimum temperature.
In chlorine- and sulfur-free flue gases the minimum temper-
ature is determined by the (NH,),NO, dew point. SCR instal-
lations in coal-fired power plants are normally operated at
temperatures between 330°C and 430°C with ABS catalyst
dew points typically between 280°C and 320°C. Below the
dew point ammonia and sulfuric acid condense as liquid am-
monium bisulphate, NH,HSO,, in the catalyst pore structure
which inhibits the performance. The bimolecular condensa-
tion reaction is written as:

NH,, +H,S0., —NH,HSO,,

At SCR DeNOx temperatures gaseous sulfuric acid is in
equilibrium with SO, and the ABS dew point therefore de-
pends on the water content, ammonia content and SO, con-
centration:

SO, +H,0 >H,S0,

Ammonium bisulphate has a melting point of 147°C. For-
mation of ammonium sulphate (NH,),SO, is thermodynami-
cally more favorable but analysis of condensed salts has
shown that (NH,),SO, is only formed in limited amounts due
to kinetic limitations [2,3].
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ABS inhibition of the catalyst is reversible and ABS is read-
ily evaporated by raising the catalyst temperature. The bulk
dew point in the SCR reactor inlet is typically around 290°C
but the observed dew point is higher due to capillary forces
in the micro pore structure. The ABS dew point decreases
through the SCR reactor since NH, is consumed in the SCR
reaction. According to Matsuda [1] the bulk dew point is as a
good approximation given by the Clausius-Clapeyron equa-
tion:

_ 979728871

TIK]

In(PNHa ' PHZSOri )eq,bulk

where P, [atm] are partial pressures in the gas phase. The
influence of the capillary forces is given by the Kelvin equa-
tion:

2.0-M
p-rpme-R-T

(PNHa IPHZSO4 )eq,pors _

In

PNH3 .PstO.g )eq,bulk '

where T ore is the pore size that is just filled with ABS at a
given gas composition and temperature and s is the sur-
face tension of ABS. Other sources [2,3] have reported dew
points that are significantly lower compared to the Matsuda
numbers. These numbers are based on observations of am-
monium bisulphate and ammonium sulfate fouling of heat
exchange surfaces. Depending on the process parameters
such as gas velocity, gas passing area, gas temperature, met-
al temperature and particle concentrations a major part of
the ammonium bisulphate formed will pass through the heat
exchanger as aerosols. Another factor is super cooling. Both
capillary condensation and super cooling are the results of a
relatively high surface energy or surface tension of the con-
densing phase. These factors may result in lower observed
dew points that are more relevant to heat exchanger surfaces.
As a comparison the Clausius-Clapeyron equation derived
from the data generated by Ando et al. [3] becomes:

_ 41630900

In(PNH3 [atm]- Pii.so. [al‘m]') TIK]

eq,bulk
The catalyst activity is directly related to the extent of pore
condensation which means that ABS inhibition increases
gradually as the temperature is lowered towards the bulk
dew point. Model predictions show that 10 ppm SO,’ (SO,
+ H,SO,), 200 ppm NH, and 8% H,O condense as ABS in
pores smaller than approximately 38 A at 317°C. Operation
below the bulk dew point is not an option except for very
low SO, concentrations in a low dust SCR installation since
ABS will condense not only inside the catalyst pores but also
at the catalyst surface creating a sticky surface which could
over time lead to pluggage of the catalyst.

The equation from Matsuda et al. [1] is very accurate in the
prediction of the bulk dew point. The bulk dew point has
been determined experimentally in the laboratory by iden-
tifying the temperature point where total catalyst inhibition
is obtained. An overview of bulk dew point predictions and
experimental observations are shown in Figure 9.

300

290

280 %

270

Observed bulk dew point [°C]

260 +—o
260

270 280 290
Calculated bulk dew point [°C]
Figure 9: Relation between predicted and observed

bulk dew points calculated according to
Matsuda et al

300

A thermo-gravimetric analysis (TGA) of an SCR DeNOx
catalyst sample with ABS in the pore structure shows the
characteristics of ABS. The catalyst sample was operated
below the ABS dew point until steady state was achieved.
Then SO,, ammonia and water dosing was stopped instan-
taneously and the sample was quenched in air. Subsequent
TGA analysis of the catalyst sample revealed the following
characteristics about ABS: Below 100°C water physisorbed
during cooling and handling of the sample is released. ABS
is hygroscopic at lower temperatures and chemisorbed water
evaporates between 160°C and 210°C. Above 310°C ABS
evaporates as NH,, SO, and water from the sample. The
physical behavior in the TGA analysis is a bit different from
real SCR DeNOx flue gas conditions in that the inlet gas
does not contain sulfur trioxide, ammonia and water. Some
of the ABS is released at temperatures well above the dew
point since the time is too short at the lower temperatures to
regenerate the catalyst completely.

LABORATORY EXPERIMENTS

Laboratory reactor experiments have been carried out with
process conditions that correspond to a typical oil-fired boil-
er operating case and a typical coal-fired boiler operating
case, using a Topsee low-dust type catalyst, DNX-LD, and a
high-dust type catalyst, DNX-HD, respectively. The labora-
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tory reactor is an isothermal reactor with compensation for
heat loss. The reactor cross section has dimensions of 45 mm
x 45 mm. 500-mm monolith catalyst was loaded in the reac-
tor. The catalyst height is larger in a typical full scale instal-
lation and the experiments therefore show the behavior in
the first part of a typical catalyst installation. The test condi-
tions are listed in Figure 10.

Coal Qil
fired fired
boiler boiler
DNX type HD LD
NOx [ppm] 300 150
NH3/NO, 0.9 0.8
Catalyst sample length  [m] 0.5 0.5
0, [pPpm] 3000 300
SO, [ppm] 30 3
O; [%] 3 1
H,O [%] 8 12
Vo [Nm/s] 2 2
Tdesiqn dew point [OC] 317 287
Tbu\k dew Elnt [OC] 292 262

Figure 10: Experimental Conditions

v, denotes the linear gas velocity in the (empty) reactor and
NH,/NOx is the ammonia-to-NOx ratio in the feed gas. The
design dew point is the temperature at which a typical in-
stalled catalyst volume in full scale (NHSV = 4000 h') has
approximately 95% residual activity.

The activity relative to fresh catalyst activity has been mea-
sured at various temperatures around the ABS
dew point where the temperature has been

lyst partially inhibited at the design dew point temperature.
However, in practical operation one should not operate the
catalyst at temperatures close to the bulk dew point until
100% inhibition is reached.

The oil-fired experiment showed a tendency that inhibition
levels also to some extent depended on the cooling rates. In-
hibition was stronger when the catalyst was quench cooled,
i.e. temperature was lowered to the design dew point from
360°C, compared to stepwise (5°C) cooling, cf. Figure 12
on page 14. During the cooling transient pore condensation
develops in pores that are larger than the pores where ABS
condenses at steady state conditions. Steady state is, how-
ever, never reached as a result of the hysteresis phenomenon,
which means that once formed the condensate is more dif-
ficult to remove.

Before extracting the DNX-HD element from the test re-
actor the temperature was lowered to the design dew point
(310°C) and given enough time to reach the steady state in-
hibition level. The elements were then characterized in order
to describe the nature of the NH,HSO, pore filling. The sam-
ple was analyzed for ammonium content and sulfur content.
The pore-volume distribution and specific surface area were
measured by multi-point (QBET) and single-point (HBET)
nitrogen adsorption/desorption. Degassing temperature was
set to 150°C for 48 hours in order to detain the ABS in the
pore structure. The results are listed in Figure 13 and Figure
16 on pages 14-15. Up to 2.7 w% sulfur is accumulated in

Design dew point

either decreased or increased in steps of 5°C.

The coal-fired case results are shown in Figure Bulk dew

boint

11. The steady state activity relative to the un-
inhibited catalyst activities, k/k, is given as a
function of temperature. When the temperature

0.8 A
\

is lowered towards the bulk dew point, inhibi- 0.6

tion is observed from 320°C, 28°C above the

k/ko

bulk dew point. When the catalyst is heated,
a hysteresis effect is seen since reactivation is
slower than inhibition. It is actually necessary

04

¢ Step wise decreasing temp

to bring the catalyst up above 350°C (60°C 0.2

above the bulk dew point) to fully regenerate
the catalyst. The Topsee design model predicts

0

] Increasing temp from 292°C
o Increasing temp from 310°C
= = = =Design basis

an inhibition level that is an average between
the observed levels at decreasing tempera-
ture and increasing temperature, respectively.
Regeneration of a fully inhibited catalyst fol-
lows a curve (blue points in Figure 11) that is
quite different from the regeneration of a cata-

280

320 340 360
Temperature [°C]

380

Figure 11: Steady state activity at operation close to the ABS bulk

dew at typical coal fired conditions

Winter 2017

www wpca.info

Page 13



WPCA News

Design dew point
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Figure 12: Steady state activity at operation close to the ABS bulk

Temperature [°C]

dew at typical HFO fired conditions

the catalyst. The molar nitrogen-to-sulfur
ratio, N/S ratio, is lower than the stoichi-
ometry in NH,HSO, (N/S = 1.0), which is
explained by an absorption capacity of sul-
furic acid in liquid ABS and sulphur adsorp-
tion in the catalyst. The background sulfur
absorbed on the catalyst is 100-500 ppmw.
In spent catalyst the background content is
often higher due to the sulfatation of fly ash
accumulated in the catalyst.

A piece of ABS taken from a cold surface
in the reactor was analyzed and this sample
had a N/S ratio of 0.77. The average ratio in
the catalyst is 0.29.

370

NH."

Position S [%w] N/S Relative Relative Relative
in catalyst [Yow] molar  Specific Nitrogen Specific
[mm], ratio surface  pore volume  surface
from top QBET HBET
0 2.70 0.48 0.32 - - -
100 1.37 0.34 0.46 0.49 0.73 0.50
250 0.82 0.12 0.28 0.69 0.93 0.42
350 0.67 0.07 0.22 - - -
500 0.62 0.06 0.19 0.78 1.00 0.71
ABS 231 9.92 0.77 - - -
Ref 0.01-0.05 - N.A. 1.00 1.00 1.00
Figure 13: DNX-HD Experiment
12
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The cumulative specific surface area shows
how accessible surface area in the catalyst
decreases as ABS condenses in the micro-
pore structure. It is also seen that the sur-
face area reduction is largest at the leading
edge of the catalyst.

In the oil-fired boiler simulation the catalyst
was extracted after operation at the design
dew point temperature and a sample was
taken from the leading edge for chemical
analysis V. The catalyst was reinserted into
the reactor. The catalyst was then regener-
ated and the temperature was subsequently
decreased quickly to the bulk dew point. When
complete inhibition had been obtained, the
temperature was increased to the design dew
point and the catalyst was then extracted and
analyzed again 2.

The results show that the accumulated amounts
of sulfur and ammonium at steady state to
some extent depend on the temperature-time
history of the catalyst. A quench cooling to
the bulk dew point followed by an increase in
temperature to the design dew point results in
smaller amounts of accumulation compared
to quench cooling directly to the design dew
point. This indicates an effect of pore blocking
in the outer pores of the pore structure as a part
of the ABS inhibition mechanism. As in the
DNX-HD experiment the nitrogen/sulfur ratio
in the catalyst is around 0.30.

Figure 14: Cumulative specific surface area measured by nitrogen adsorption. The samples were taken at
different distances, 10cm, 25cm and 45cm, respectively, from the leading edge of the catalyst.
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Sample S NH, [%w] N/Smolar Relative Relative
Position [Yow] ratio Specific N, pore
from surface volume
leading area
edge
Dgs'gn Temp. +0 47 0.76 0.29 0.47 0.57
peration
Bulk Dew point 26 0.45 0.31 0.47 0.62

operation %

Figure 15: DNX-LD experiment

The decrease in vapor pressure of accumulated ABS could
be explained by several mechanisms. One explanation could
be that interactions between the condensed salt and the cata-
lyst change the vapor pressure. Another explanation could
be formation of (NH,),SO, by reaction with gas phase am-
monia. Ammonium sulfate has been shown to have a lower
vapour pressure [2]. However, this explanation is not in line
with the observed decrease in nitrogen/sulfur ratio in the
catalyst. Finally, accumulation of sulfuric acid could play a
role in the vapor pressure change.

ABS INHIBITION MODEL
A design model that predicts the effect of ABS inhibition
including the dynamic behavior has been developed at Hal-

dor Topsee. The model consists of a number of differential
equations describing the conversion of ammonia and NOx,
coupled with the uptake and release of SO, from ABS which
means that one molecule of NH, is released for every mol-
ecule SO, that is released. In the model SO, is calculated as
sum of H,SO, and SO,, denoted SO,. The catalyst has been
sectionalized in the gas-flow direction and the pore conden-
sation is assumed constant in these sections. The change in
pore condensation is calculated in time steps based on the
calculated gas phase outlet SO, concentration in each sec-
tion. The model does not take SO, reactions with fly ash in
the bulk or in the pores into account.

Reactions in catalyst pores
S0, + NH; + HyO — NH4HSO,
4NH; +4 NO + O, — 4N, + 6H,0

NH4HS50, condensed in pores

S0; NH4 NO 50304 NHz.q
X g
ouT

Catalyst wall

Figure 16: ABS deactivation mechanism. Bulk phase SO, and NH, condense in the catalyst pores where the
SCR DeNOx reactions take place.
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dPso, (x,1) Kk, -a
dx

Vo

dPNHS (X,t) N kNH3 -a
dx Vo

dPyo (X:1) N dPso, (X.1) B dPyy, (X,1)

“Pr, (X,1)

~ dPgo, (x,1)

dx dx

where the pore system partial pressure P

at the section inlet and the temperature:

PSO;',Bal (t)= f(pv(t)!Psog L

dx

SO3,cat

dx

. 0<x<l, 120, Py (0,) =Py o)

0<x<l, t20, PFy(0,t)=PFyp

is a function of the pore volume blocked by ABS, bulk species concentrations

P

NH3,0°

Py T) , t>0

The change in blocked pore volume with time for each section is calculated as:

d(pV)| _ (Psog'(llt)_Psog'(0=t))'F'MNH4H504 . 1

dt |,

R-T- Pn,Hs0,

. pv(0)=pv, .,
m

cat,section

The intrinsic rate constant is assumed to be proportional to the fraction of accessible surface area:

ki=a-kig

The observed reaction rate constant KNH, is then calculated taking the relative influence of intrinsic chemical reaction and

diffusion into account:

-1
1 1
K, _[k_+k - }
g i cat
List of symbols: The effective diffusion coefficient for ammonia and NOX is as-
. Y sumed independent of the ABS condensation in the pore struc-
a : Specific geometric surface area [m</m . .
=  Volumetric flow rate in the monolith [Nm3ihg ture. The set of equations can be solved to provide the overall
Kqg : External mass transfer coefficient [Nm>/(m™h)] observed activity of the reactor bed length.
ki : Intrinsic reaction rate coefficient [Nm f(amz-h)]
lkNHa :gbselrveg rcelalctio?hr[at? coefficient [Nm i(mz-h)] As sh ler i Figures 11 and 12 13 & 14 th
: Reactor bed length [m s shown earlier in on pages e
: ;mgg{@ss [kg/mole] prediction of the equilibrium ABS inhibition corresponds well
;[. : Emptyl reactor ve\cf:wcity [Nm/h] N to experimental observations. The observed dynamic behavior is
i : Partia pressure o component m . 3 .
Poscat ; igg g TL al pres Sulre in F OfksySTm N/m?] ?lso well Qescrltbed Zy ﬂllcelrandTl Wh(lich is lih((;\'zvrlﬂ‘tl)y bOt? labt(')ra-
pv : illed pore volume [m’/kgea ory experiments and in full scale as described in the next section.
F f sz'e‘:rc;';ﬁzn[m”(mc"e‘}()] A model simulation of the inhibition in the DNX-HD coal-fired
pore . . .
T : Temperature [K] experiment shows that the model predicts a larger amount of ABS
N I'XTE‘C'I' gl,]siﬂ on [m] in the pore system compared to analysis of the extracted catalyst,
o : Accessible surface area fraction cf. Figure 17 on page 17. This indicates that the ABS does not
Neat : ng;'iyﬁlifffnigi]"eness factor solely affect the intrinsic activity but also the effective diffusion
E’,“““HSO‘* ; Sur-fa;i te?.,sion N/m coefficient. Presumably the reason is that the activity is overesti-
[N/m] y y
mated for a given amount of pore condensation. The agreement
between pore-volume measurements and the ABS-filled pore
volume estimated from chemical analysis is reasonable.
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Position [mm] From S N Model ature operation typically occurs at reduced load, the
from top QBET analysis ___analysis __analysis prediction reduced activity is sufficient to maintain the desired
100 o3 o4 17 74 NOx removal efficiency.
250 14 17 4 64
500 ~0 14 2 54

Figure 17: DNX-HD experiment, ABS pore volume (ul/g) in

catalyst

HALDOR TOPSQJE INDUSTRIAL EXPERIENCE

The effect of operating close to the dew point can
be minimized by increasing the amount of catalyst,
e.g. by adding a catalyst layer. In Figure 19 the ef-
fect of additional catalyst, corresponding to reducing
the space velocity, on the overall steady state catalyst
activity is shown. The relative activity loss close to the bulk

The possibility of operation near or below the ABS dew dew point is lower the higher the design NOx conversion

point has a number of advantages. In coal-fired boilers
the SCR can be operated at reduced load at
temperatures close to the bulk dew point for
several days. Operation below the bulk dew
point should never occur since the catalyst
surface becomes sticky and initiates irrevers-
ible fly-ash deposition. In tail-end flue gases,
i.e. after particulate removal, with very low
concentrations of dust and SO,, operation
near or below the bulk ABS dew point is pos-
sible for an extended period (months). This
is of relevance to e.g. SCR units on waste-
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incineration plants. An option for regenera-
tion using a duct burner or steam has to be
available.

200

In coal-fired boilers the SCR DeNOx activity can be main-
tained at a relatively high level during cyclic operation if the
boiler is operated at reduced load for a limited time. The ac-
tivity decreases around 15% during 72 hours at typical SCR
conditions with 16 ppm SO,, cf. Figure 18. As low-temper-
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Figure 19: Effect of amount of catalyst, i.e. space
velocity, on ABS inhibition on relative activity in the
SCR close to the ABS dew point.

the first layer. A catalyst with high porosity as the DNX®
catalyst also reduces the effect of ABS close to the dew point
because the catalyst can accommodate more ABS.

In tail-end SCR units with low SO, levels ABS may build up
only slowly over time. In Figure 20 on page 18 the DeNOx
activity is given as a function of operating hours for a typical
tail-end installation. With 0.5 ppm SO, 70% of the DeNOx
activity is retained after 2000 hrs.

One difficulty in designing SCR units for operation close to
the dew point in real plants is the uncertainty in the estima-
tion of the SO, concentration. When measured in high-dust
SCRs the SO, concentration is often underestimated due to
SO, capture in the sample-line fly-ash filter [4].

Figure 18: Predicted relative SCR DeNOXx activity in 290° C /350° C cyclic operation of a coal fired boiler
with 265 ppm NOx, 90% NOx removal, space velocity 1700 Nm*m?h and 16 ppm SO, at 290° C. The bulk
dew point is 286° C. Regeneration takes place at 100% load conditions and 350° C.
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level was approximately 500 ppm, giving an SO,
level of 2-3 ppm if it is assumed that the observed
SO, concentration corresponds to 0.5% oxidation

of the SO,. It is known that the actual observed
SO, level corresponds to an apparently lower

SO, conversion at low SO, levels (below around
1000 ppm SO,) due to the sulfur oxide binding

capacity of the fly ash. At higher sulfur levels ap-
proximately 1% SO, conversion is observed in the

boiler. The 2-3 ppm level was also confirmed by
the Breen probe. The SO, was monitored at the
SCR outlet throughout the experiment and results

are shown in Figure 21.

At temperatures below 325°C the SO, level drops

WPCA News
1.2
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0.8
%D 06 \\\ 0.25 ppm SO,
04 ~—
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Operating hours [h]

10000
to zero which indicates that all SO, is captured in

the SCR as ABS. During regeneration SO, peaks
of 25 to 33 ppm are observed.

Figure 20: Predicted development in SCR activity as a function

of SO3 concentration in a tail-end unit. NHSV = 280
ppm NOX, 80% DeNOx and 260° C.

At DONG Energy’s Studstrup Power Plant in Denmark an
ammonia injection strategy has been implemented at re-
duced load. 1% conversion of SO, in the boiler is assumed
and the maximum allowable ammonia injection that gives a
margin of 10°C to the Matsuda ABS dew point is calculated.
As a result the minimum operating temperature can be re-
duced and the strategy takes the coal sulfur content into ac-
count. In order to monitor the operation more closely a con-

tinuous SO, monitoring system has been installed 200

0 ht, 250 Looking at the data a little more in detail reveals
that the system behavior is captured by the HTAS
dynamic ABS model. In Figure 22 (on page 19)
the data from Figure 21 between 68 and 95 hours are shown.
It is assumed that 3 ppm SO, is accumulated as ABS dur-
ing the 10 hours of operation at reduced load which results
in 0.007 ml ABS per gram catalyst in the reactor inlet. Us-
ing this pore-volume filling at the SCR inlet as an input to
the simulation of the regeneration gives an estimated SO,
peak that correlates quite well with the measured SO, peak.
In the simulation shown in Figure 22 it is assumed that the

temperature is increased in steps first to 325°C and then to
35

at the plant. The measuring principle is based on
condensation/evaporation of condensables which is
detected by electrical conductivity. The SO, level
is then determined from the observed dew point.
Breen Energy Solutions supplied the SO, probe.
This technology is an alternative to the traditional

350
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method based on gas sampling and controlled con- 300

densation. To what extent the new method has been
validated against the traditional method is unknown

Temperature [°C]

250

S0; [ppm]

- 15

but the probe seems to provide reasonable but less
accurate results.

A reduced-load and regeneration experiment was 200
carried out at the plant. Initial baseline operation at
350°C ensures that the catalyst is completely emp-
tied from ABS. This was followed by approximate-
ly 10 hours of operation below the catalyst dew
point with a minimum temperature of 275°C. Final-

ly the catalyst was regenerated at 350°C. The SO,

Figure

50

100 150

Time [hours]

21: Temperature at SCR inlet and SO, level at SCR

outlet during a reduced-load and regeneration experiment at

Studstrup Power Plant 5
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350°C. This is the reason why the simula-
tion does not follow the first peak. How-
ever, the peak size and duration predicted
by the simulation is not very far from the
measured dynamics. In Figure 23 another
example is shown. It is here clearly seen
that complete regeneration is obtained after
4 hours at 350°C.

Actually ammonia injection has been car-
ried out at temperatures down to 265°C at
Studstrup Power Plant without any report-
ed problems.

SUMMARY

The known dew point correlations for the
formation of ammonium bisulphate have
been confirmed by NOx conversion ex-
periments that verified that steady-state
catalyst activity approaches zero as the
temperature approaches the predicted ABS

Figure 22: Measurements and
simulation of SO, level at SCR
outlet during a reduced load and
regeneration experiment at Stud-

e 5t LD POWeET Plant 5.
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bulk dew point. Due to capillary forces
in the pore system an effect of ABS
on the catalyst efficiency is observed
from approximately 28°C above the
bulk dew point. The steady-state and
transient behavior of ABS inhibition
is satisfactorily described by an inhibi-
tion model developed at Haldor Top-
soe. Anew finding is a hysteresis effect
meaning that regeneration by heating
of an ABS-inhibited catalyst to a cer-
tain activity level requires a higher
temperature than the temperature at
which this level is reached when the
temperature is decreased from above
the ABS dew point. Even when ammo-
nia injection is stopped it is difficult to
re-evaporate the last fraction of ABS in
the catalyst pore structure at tempera-
tures below 350°C.

SOs [ppm]

Figure 23: Measured and simulated SO, slip during reduced load operation at Studstrup Power Plant 5.
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The DNX® catalyst, providing a high porosity, ensures op-
timal resistance to ABS inhibition and by applying Haldor
Topsee’s design tools, SCR DeNOx operation close to the
ABS dew point can be safely utilized to the maximum pos-
sible extent. At DONG Energy’s Studstrup Power Plant in
Denmark an ammonia-injection strategy based on the design
tools described in this paper has been implemented with
success. The dynamic behavior has been monitored using a
probe for SO, measurements and corresponds well with the
behavior predicted by the ABS-inhibition model.
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For further information

contact Nate White at
Nathan.White@am.umicore.com

=

uMmicore

Umicore acquires
Haldor Topsoe’s
Stationary Catalyst Businesses

Umicore has acquired the heavy duty diesel and
stationary catalyst businesses of Haldor Topsoe.
Haldor Topsoe is a producer of high perfor-
mance catalysts for a wide range of industries.
Its automotive catalysts are used in emission
systems for on-road and non-road heavy-duty
diesel applications. Its stationary business offers
catalytic solutions to treat NOx emissions from
industrial sources such as gas-fired power plants
as well as marine applications.

Pascal Reymondet, Executive Vice-President
Catalysis, said: “The business is highly comple-
mentary with Umicore, particularly through its
focus on cutting edge technology, operational
excellence and sustainability.” The agreement
included all employees and all technologies, in-
tellectual property rights, and production and
R&D facilities belonging to the two business ar-
eas in Denmark, USA, China and Brazil.
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High Reactivity Hydrated Lime for
Heat Rate Improvement

Written by Charles A. Lockert, Mississippi Lime Company

ABSTRACT

With the implementation of MATS, depressed natural gas
prices and an increasing emphasis on renewables, traditional
coal-fired generating assets are looking for flexible solutions
to improve operating efficiency. One avenue for efficiency
gains could come from a hydrated lime dry sorbent injection
system -- shifting the focus of the DSI system from a regula-
tory need to a source of operational and overall cost benefit
to the user.

As with many plants in the Eastern U.S., the subject plant
has moved to higher sulfur, lower cost fuel. To mitigate the
negative effect of high SO, levels that come from combus-
tion and subsequent flue gas SCR oxidation, the plant chose
to inject hydrated lime ahead of the air heater. Prior to this
study, plant operating practices were designed to minimize
the amount and cost of hydrated lime usage. This article out-
lines the benefits and cost implications of increasing, rather
than minimizing, hydrated lime usage for overall commer-
cial improvement.

INTRODUCTION & INITIAL OBJECTIVE
The Utility identified for this study is located in the Mid-
western U.S. near large deposits of Illinois Basin Coal. The

Condensable Species vs. Load
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fuel currently burned averages 3% sulfur, 13% ash and has
a HHV between 10,500 and 10,750 BTU/Lb. Additionally,
plant operating history shows that the air heater has a higher
propensity for fouling than most plants.

To combat the negative effects of sulfuric acid and ammonia
salt deposits in the air heater, the plant chose to place its hy-
drated lime injection location at the SCR Outlet and placed
a Breen AbSensor probe at the air heater inlet for feedback
and control. In addition, the plant chose to use High Reac-
tivity Hydrated Lime (HRH), an enhanced hydrate that is
designed for fast and efficient in-flight capture of acidic pol-
lutants such as SO,. A targeted, continuous, hydrate feed rate
of 500 Lb/Hr. was implemented. Combining the positive ef-
fects of pre-AH hydrate injection with traditional usage of
steam coil air preheaters, the plant was able to avoid any
forced outage time due to air heater fouling or pluggage. To
further improve operating profits, the plant looked to opti-
mize/reduce total hydrated lime usage through feedback
from the Breen probe.

BASELINE CONDITIONS
The Figure below shows feedback from the Breen probe on
the state of the condensable material in the flue gas during

——Lload ——Breen Probe FMT —— Breen Probe EvT

IR L e

6/14/17 0:00 6/16/17 0:00 6/18/17 0:00 6/20/17 0:00

Figure 24: Flue Gas Evaporation and Formation Temperature vs. Unit Load
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baseline plant operating conditions. The red and green lines
are the formation and evaporation temperature of the detect-
ed condensable species and the black line is the associated
load. To keep deposits in the portion of the air heater that is
reliably cleaned through normal sootblowing practices, both
the red and green lines should reside in the orange band as-
sociated with sulfuric acid.

As can be seen, at low load the flue gas exhibits no detect-
able condensable material and at high loads the material is
firmly in the Ammonium Bisulfate range (nominally 330°F
to approximately 500°F). The plant’s hydrated lime process,

AH Inlet SO3 vs, Load * Load

Treated AM iniet 3003 (ppm)|

targeted at 500 Lb/Hr., seems to have been over-treating at
low loads and undertreating at high loads. In an effort to
minimize sorbent usage at low loads and to reduce the
severity of deposits at high loads, the plant moved to a
practice of 750 Lb/Hr. at high load and 300 Lb/Hr. at
low load.

LOOKING AT THE LARGER PICTURE

Presented in Figure 25 is a theoretical plot of the SO, con-
centration at the AH Inlet as a function of increasing load.
The calculations assume that the SCR ammonia injection is

AH Inlet 500 (LB/Mr)
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OFF. As can be seen in the plot, the projected values move
between 50 and 75 ppm (250 — 350 Lb/Hr.) of SO,. Plotted
on the previous page are two graphs (Figure 26) showing the
theoretical hydrated lime usage to reduce SO, concentration
to levels of 10 ppm and 5 ppm respectively. In summary,
the calculations predict a nominal level of 1,100 Lb/Hr. to
achieve 5 ppm and 900 Lb/Hr. to achieve 10 ppm.

This data tells us that mitigation of the SO,, in the absence
of ammonia at full load, will require between 900 Lb/Hr.
and 1100/Lb/Hr. The current plant operating practice is in-
sufficient to treat the acid present at full load and, without
supplemental heat from the steam coils, air heater deposition
and fouling could occur.

In fact, the plant’s air heater runs relatively free from dif-
ferential pressure buildup so the steam coils are doing most
of the work.

STEAM COIL USAGE

Figure 27 shows the total power (green trace) supplied to the
plant’s steam coil air heater system to raise the air heater out-
let gas temperature to a base level of 310°F at low load and
roughly 340°F at full load. Extrapolation of this data over the
entire operating year and valuing it based on the cost of the
fuel to generate this power shows that the plant historically
pays over $180,000 to mitigate air heater fouling due to am-
monia salt formation in the baskets.

WHEN MORE IS LESS
The original objective of the project was to determine how

AH Inlet Air/Gas Temp Study
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\-x/-“\rhﬂ ‘x.f \-‘;
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to optimize the use of hydrated lime to reduce total sorbent
usage. Close study of the data revealed that reducing the hy-
drated lime feed rate would only result in increased steam
coil power consumption to mitigate air heater fouling. In
fact, the optimum solution was to increase hydrated lime us-
age to the point that supplemental heat input from the steam
coils was not required.

Figure 28 (on the next page) is a non-temporal observation
plot of the condensable formation/evaporation conditions
at full load compared to variable hydrate lime feed rates.
Inspection shows that there are three distinct condensable
regimes corresponding to varying feed rates.

» High Level ABS corresponding to feed rates below
300 Lb/Hr.

* Mixed Acid and ABS corresponding to feed rates be-
tween 300 Lb/Hr. and 900 Lb/Hr.

* Low Level Acid corresponding to feed rates above
1,100 Lb/Hr.

CONCLUSIONS

The initial project objective was to determine a real-time
method to minimize hydrated lime feed rates using the Breen
probes for feedback. As the project unfolded it became obvi-
ous that a more profitable objective would be:

*  Use the Breen probes for feedback, AND
» Use increased hydrated lime to reduce the AH Inlet
SO, to a point where the steam coils were unneces-

sary
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Figure 27 — Power for AH Steam Coil Operation

Winter 2017

www wpca.info

Page 23



WPCA News

Condensable vs. Hydrate
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Figure 28: Hydrate Required for Condensable Species Change

That objective is met by:
» Increasing the full load hydrate injection rate by 350
Lb/Hr. to a level of 1,100 Lb/Hr., and
» Reducing the low load hydrate injection rate by 200
Lb/Hr. to a level of 100 Lb/Hr.

The result of increasing the total hydrated lime feed rate at
full load, reducing the feed rate at low load and eliminating
steam coil usage results in an immediate cash flow improve-
ment 2-3 times the cost of the increased sorbent usage.

Co-benefits of reduced steam coil maintenance, reduced AH
Outlet gas temperature and reduced back end corrosion are
significant and only serve to increase the value of the plant’s
choice to change condensable control practices.

Following conclusion of the winter generating season the
plant is exploring a move of the injection location from pre-
AH to pre-SCR to capture improved unit turndown possibili-
ties using the same levels of hydrate lime usage.

For further information
contact Cal Lockert at CALockert@MLC.com

BIOGRAPHY
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Optimizing the Glenarm Station Gas Turbine OTSG
Through Flow Modeling and Testing

Written by Kevin W. Linfield, Ph.D., RE., Matthew R. Gentry, and Kanthan Rajendran, PE. of Airflow Sciences Corporation

INTRODUCTION

In order to work towards energy independence and produce
efficient, reliable, environmentally responsible electricity,
the City of Pasadena California embarked on the $137 mil-
lion “Glenarm Repowering Project”. As part of this project,
the 50-year old steam generating unit was to be replaced
with a new combined-cycle 71 MW power generating unit
featuring a new gas turbine, steam turbine, once-through
steam generator (OTSG), cooling tower, and 125-foot tall
stack (Figure 29).

ST PO

Figure 29: Glenarm Power Station

In 2014, Innovative Steam Technologies (IST) of Cam-
bridge, Ontario was awarded the contract to provide the
once-through steam generator. IST hired Airflow Sciences
Corporation of Livonia, Michigan to perform Computation-
al Fluid Dynamic (CFD) flow modeling and flow testing to
aid in the design of the OTSG.

Due to California’s stringent emissions standards, IST had
Airflow Sciences perform a detailed CFD model that includ-
ed all aspects of the OTSG performance. The model thus
simulated all flow characteristics including the turbine ex-
haust gas velocity patterns, pressure losses through the duct-
ing, thermal mixing of the tempering air system, as well as
the ammonia injection system. Additionally, to ensure the
most accurate results and to help validate the CFD model,
Airflow Sciences conducted field testing to measure flow
properties at the turbine outlet, CO catalyst inlet, Ammonia

Injection Grid (AIG) inlet, SCR catalyst inlet, and stack.

GLENARM FACILITY

The new Glenarm unit is an OTSG capable of running in
combined cycle and simple cycle operation. It features a GE
LM6000 PG gas turbine and the OTSG is equipped with
both a CO and an SCR catalyst for emissions control. There
is tempering air injection upstream of the OTSG plenum for
flue gas temperature control during simple cycle operation.
The AIG injects vaporized ammonia that reacts in the SCR
catalyst to remove NOX.

CFD FLOW MODELING

The modeling was performed with Airflow Sciences Azore®
CFD software, a 3-D finite volume polyhedral flow solver
(www.AzoreCFD.com). The model domain extended from
the gas turbine outlet through to the stack exit (Figure 30).
The flow inlet condition was based on both turbine-supplier
data and Airflow Sciences field test data. The model includ-
ed the internal geometry features that affect the flow such as
the tempering air lances, structural supports, CO and SCR
catalyst, OTSG steam tube banks, and silencer.

!

| Stack
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Figure 30: OTSG CFD Model Geometry
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Figure 31: CFD Model Velocity Patterns

The CFD simulations with the Azore software provide a
wealth of flow-related data to quantify system performance.
This includes velocity patterns, pressures, temperature dis-
tribution, mixing of the tempering air with the hot exhaust
gases, and tracking of the injected ammonia. Typical CFD
results showing the velocity patterns are provided in Figure
31.

Due to the relatively short mixing time between the AIG
and the SCR catalyst, estimated to only be about 0.3 s, the
original design had a relatively poor ammonia distribution,
with a uniformity of about 27%RMS (Figure 32). A typical
performance goal is to have ammonia uniform at less than
10%RMS.

In order to maximize ammonia mixing in the short distance
available, Airflow Sciences used the CFD model to design
flow control devices to direct the exhaust flow optimally
over the AIG nozzles, and static mixers to increase ammonia
dispersion. Working with IST, the AIG nozzle pattern was
also modified to take advantage of the static mixers. The re-
sulting modifications resulted in a much improved ammonia
distribution at the SCR catalyst, with a predicted RMS of
about 6% (Figure 33).

The CFD modeling effort also included design modifications
to reduce temperature stratification going through the unit,
which can result in uneven catalyst performance. For operat-
ing conditions that required the use of the tempering air sys-
tem, areas with high and low temperatures were observed in
field test data and in the CFD modeling of the initial configu-
ration, with a variation of over +/- 50°F at the CO catalyst
test ports (Figure 34 on page 27). The flow devices and static
mixers designed by Airflow Sciences, as well as modifica-
tions to the tempering air injection lances, resulted in a more
uniform temperature distribution entering the CO and SCR
catalysts. The temperature variation at the CO catalyst in the
final design configuration was predicted to be within +/-20°F
(Figure 35 on page 27).

Figure 32: Original Design Ammonia Distribution at SCR Cata;yst Inlet - 27.1%RMS

Figure 33: Final Design Ammonia Distribution at SCR Catalyst Inlet - 6.2%RMS
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Figure 34: Original Design temperature Distribution at the CO Catalyst Inlet

Figure 35: Final Design temperature Distribution at the CO Catalyst Inlet

FIELD TESTING
During start-up testing but prior to performance testing, the
unit was experiencing some NOx emission issues. As a fol-
low up to the CFD flow modeling, Airflow Sciences per-
formed field testing to determine the as-constructed flow
distributions. The data from the tests were then used to help
validate the CFD model and to enhance the design to op-
timize the ammonia distribution
and unit performance.

Testing was conducted in the
ductwork downstream of the
LM6000 turbine, upstream of |
the CO catalyst, upstream of the
AIG, upstream of the SCR cata-
lyst, and in the stack. Velocity
and temperature measurements
were conducted at each test
plane. Testing was completed at
Full Load, in both Simple Cycle
and Combined Cycle operation,
as well as at Minimum Load,
Simple Cycle operation.

At all locations, the velocity
and temperature profiles were
measured using a 3D type pitot
probe. The 3D probe test proce-
dure (40 CFR Part 60 Appendix 2
A, Method 2F) allows both the -

angle of the flow as well as the
magnitude of the velocity to be

determined. The 3DDAS™ data acquisition system was
used to log the data and ensure accurate results.

Due to the high temperatures and velocities at the gas turbine
outlet, a custom-built water-cooled 3D probe was used at
this location. Airflow Sciences designed and fabricated the
probe. With the liquid cooling system, the probe is able to
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Figure 36: Water-cooled 3D Velocity Probe and 3DDAS Data System
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withstand the very high flue gas temperatures downstream
of the turbine without being compromised. The probe has a
larger outer diameter as well, leading to improved stiffness
and reducing the chances of probe deflection and vibration.
Figure 36 on page 27 shows the probe in use.

The test data gathered at the turbine outlet were incorporat-
ed into the CFD model as an inlet boundary condition. The
downstream test data were used to validate the CFD model,
as CFD model predictions could be compared to the field test
data at the CO catalyst inlet and AIG planes.

Testing confirmed a temperature imbalance issue that was
seen in the CFD model results, and it was eventually de-
termined that the tempering air system was not operating
optimally. Temperatures near the SCR catalyst limit were
recorded. Improving the temperature uniformity would pro-
long catalyst life and improve catalyst performance in gen-
eral (this was addressed via the CFD modeling).

DESIGN MODIFICATIONS

Based on results of the CFD flow modeling and the field test-
ing, the final recommended design featured modifications
to the tempering air system, a variable porosity perforated
plate, a flow straightener, flow control baffles, and a custom-
designed static mixer. IST installed these modifications dur-
ing 2016.

Figure 37: OTSG at Glenarm Station

PLANT OPERATIONS

In Q4 2016, the Glenarm unit underwent the official per-
formance test. The boiler passed all the contractual require-
ments, such as steam production, pressure drop and noise.
Emissions on CO, NOx and ammonia slip were within the
stringent limits under simple and combined cycle operation
over the operating range of the unit. Both CO and NOx were
within the 2 ppm limit while ammonia slip was under 5 ppm.

Mr. David Lai, P.Eng., Project Manager for IST, commented
“The CFD, flow testing and flow optimization have helped
IST enhance the performance of the tempering air system
and improve tremendously the ammonia distribution and
mixing needed for the unit to meet such tight emission limits
specified in the Glenarm Repowering project.”

For further information
contact Kevin Linfield at klinfield@airflowsciences.com

BIOGRAPHY

Dr. Kevin W Linfield, P.E., P.Eng., is the Engineering Direc-
tor at Airflow Sciences. He received his B.A.Sc., M.A.Sc., and
Ph.D. degrees in aerospace engineering at the University of
Toronto. With over 25 years of engineering experience, Dr.
Linfield enthusiastically tackles flow-related problems and
offers practical, cost-sensitive solutions. An avid outdoors-
man, when not in the office, Dr. Linfield can be found on the
water or in the field.
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High Frequency TR Set (HFTR)

Performance Comparison with Mid Frequency TR in

Cement Plant Application

Written by Elavarasu Jayakumar , Stock Equipment

Figure 38: Side view of the three-field ESP

Schenck Process Solutions India Pvt Ltd (SPG) received
an order to replace conventional TR set with high fre-
quency TR set (HFTR) on Unit-8 of Shree Cements Limited
(SCL) in RAS, Rajasthan. Prior, this facility installed (1)
mid-frequency controller (MFTR) on Unit-3 with mixed re-
sults. This article will show the differences in operation and
collection efficiencies between the MFTR and the HFTR.

This facility has a capacity of 3000 TPD and utilizes three-
field Electrostatic Precipitators on each of their clinker cool-
ers to control emissions. The clinker coolers were originally
equipped with Him-Enviro Electrostatic Precipitator (ESP)
powered by conventional TR sets operating at 50 Hz.

The ESP was originally designed for a gas flow rate of
126.94 m3/s, with a maximum inlet dust concentration of 40
g/Nm?* and outlet emission of <50 mg/Nm? when all fields
are in operation. However, prior to the modifications, the
plant could only reach an outlet emission of 87mg/Nm?.

Shree Cements Limited previously installed one mid-fre-
quency controller on Unit-3, operating at 200Hz, onto the

Before MFTR
Value = : 3 2
Location Date Sampling Time Observed Rt NARC N Retoshi Dk - ;IR- TR3 Remarks
(mg/Nm3) (TPH) Status n Damper Damper 7 mA
05.092017 | 12:20PM-01:00PM 35 230 | In-Circuit 0% 100% |37 | 16841 | 912 |43 [ 685
Unit-1IT 05.092017 | 01:15PM-01:55PM 62 239 In-Circuit 0% 100% | 36| 157 | 41| 950 | 42 | 650 w(:::g:::: ?ﬂ
Cooler ESP| 14.09.2017 | 03:40PM-04:15PM n 238 | In-Circuit 0% 100% |39 283 | 41| 1098 | 46 | 938 | ¢~ entional TRSET)
14092017 | 04:25PM-04:55PM 61 238 In-Circuit 0% 100% | 3827040 870 [45]912
Average Sampling(mg Nm3) 63
After MFTR
Value  oilifeed AQC  Recirculatie Stack
Location Date Sampling Time Observed (TPH) Stitns nDauger | Dimpar |EV
(mg/Nm3)
19.09.2017 | 03:35PM-04:11PM 52 224 In-Circuit 0% 100% |43 |146|33 | 544 |41 |74
UnitII | 19.09.2017 | 04:10PM-04:47PM 47 24 | InCircuit| 0% 100% | 42| 120]28] 217 | 36| 264| ithNew lsfﬁ':t
Cooler ESP( 20092017 | 03:40PM-04:10PM 47 230 In-Circuit 0% 100% |46 (128|358 834 | 39| 970 (L{F::‘:::"l}’;
20.092017 | 04:20PM-04:50PM 40 230 In-Circuit 0% 100% |45 (14237 801 |43 (921
Average Sampling(mg/Nm3) 48.75
Percentage of Reduction in dust emission (%) 22 Reduction by Installation of Mid frequency TRSET in st field only

Figure 39: Emission Measurements & Operating Parameters before and after MFTR installation.
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existing inlet TR set to increase the average operating volt-
age of the ESP. Figure 39 on page 30 shows the emission
measurements and operating parameters of the Unit-3 Cool-
er ESP before and after the MFTR installation.

Figures 40 and 41 graph the kV & mA before and after the
MFTR was installed. There is only a minor change in both
secondary voltage (kV) and current (mA) compared to when
only conventional TR sets were in operation. There is slight
improvement in the secondary voltage on the 1st field, but
the 2nd and 3rd fields don’t have any improvement. Figure
39 shows the change in the ESP performance. Overall, there
is a 22% PM reduction, but the emissions are still over the
required maximum limit.

50

45 -
10

35
30 - M Average Secondary

75 Voltage (kv) TR

W Average Secondary
Voltage (kv) MFTR

20 -
15
10

Field-1 Field-2 Field-3

Figure 40: Secondary kV before and after MFTR

1200

1000

M Average Secondary
Current (mA) TR

W Average Secondary
Current (mA) MFTR

Field-3

Field-1 Field-2

Figure 41: Secondary mA before and after MFTR

Shree Cement Limited contacted SPG to discuss potential
solutions to meet the government emission regulations. SPG
was able to utilize their process expertise to provide the cus-
tomer with performance estimates for a variety of scenarios.
The confidence generated by this analysis prompted the cus-
tomer to quickly exercise the proposed solution.

Schenck Process provided a complete solution which in-
cluded an ESP inspection and rectification services bundled
with (1) 60kw/67kV/900mA HFTR. In March 2017 the new
power supply was commissioned at Shree Cement’s Unit-8
clinker cooler ESP.

After the HFTR installation, the outlet PM emission achieved
42mg/Nm?, well below the original 80mg/Nm?* and within
the government limits The ESP performance improvement
was 47.2% with (1) HFTR installed. (See Figure 43 on page
32)

The HFTR is able to achieve these results by supplying a
constant voltage to the ESP versus the original conventional
TR sets or MFTR. This eliminated unwanted peaks in the
output voltage waveform that caused excess sparking and
poor performance. With this more constant output voltage,
the HFTR was able to introduce more current into the ESP
for better charging which led to better collection efficiency
and lower PM emission.

-

Figure 42: HFTR (ModuPower™ MPX)
installed on the roof of ESP
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Before HFTR
_ o Value  \ilifeed AQC Recirculatio Smck 1R TRZ  TR3
Location Date Sampling Time Observed (TPH) Status D B WV mA
(mg/Nm3) =
11 52AM-1228AM With Old System
(Single Phase
12:43PM-01.21PM Conventional TRSET)
After HFTR
Value .
i AQC Recirculatio Stack
Location Date Sampling Time  Observed klﬂ]f;;d SuQrus :;:::;:ro DIIII;E!‘ Remarks
(mg/Nm3) '
25052017 | 01:26PM-01:39PM 47 230 | In-Circuit 0% 100% |51 (51846 | 458 | 41| 464
. G With New System
Unit VIIT | 19.07.2017 | 04:34PM-05:09PM 49 239 | In-Circwt 0% 100% | 51(571)|46| 528 | 42537 .
i HFTR in (1st) first field

CoolerESP| 24072017 | 12:45PM-01:18PM 35 239 | InCircuit 0% 100% [ 51]542[47| 528 | 44539 s

28072017 | 11:42PM-12:15PM 37 252 | In-Circuit 0% 100% |52|571|48| 529 | 443537

Average Sampling(mg/Nm3) 42

Percentage of Reduction in dust emission (%) 47.2 Reduction by Installation of High Frequency TRSET in 1st field only

Figure 43: Emission Measurements & Operating Parameters before and after HFTR installation.

Figures 44 and 45 graph the secondary kV & mA before and
after the HFTR was installed. The HFTR increased the sec-
ondary voltage (kV) and secondary current (mA) drastically
in the 1st field. The HFTR performance impacts the 2nd and
3rd fields as well, as there is improvement in the kV & mA
of the existing single phase 50Hz conventional TR sets. Per
the data in Figure 43, this leads to overall higher collection
efficiency to reduce the emissions. The emission has been
reduced from an average of 80mg/Nm’ to 42 mg/Nm® with
only one HFTR installed on the Unit-8 cooler ESP. Overall,
there is a 47.2% PM reduction.

Summary:

The mid-frequency controller designed for 400Hz oper-

ates at 200Hz and requires a 50% de-rate of the existing

conventional TR set. There are higher losses when operat-
60

50

40 -
M Average Secondary
30 Woltage (k) TR

M Average Secondary

20 Voltage (kv) HFTR

10

Field-1

Field-2 Field-3

Figure 44: Secondary kV before and after HFTR

ing the existing 50 Hz TR set at mid-frequency, therefore
higher power consumption when compared to the HFTR,
which is designed to operate at high frequency. The mid-
frequency TR uses series resonance which requires a new
CLR so the mid-frequency inverter can vary output voltage
through modulation. The causes higher stress on the inverter.
The mid-frequency TR operates using soft switching, which
waits for a zero-crossing condition to operate the IGBT.

Following the above performance tests, the high frequency
TR set shows a greater improvement in the performance of
the ESP when compared to the mid-frequency TR set. As
shown in Figure 46, there is a 47% improvement for the
HFTR vs. a 22% improvement for the MFTR. These results
can be attributed to an increase in secondary voltage and cur-
rent into the ESP due to a more constant secondary voltage.

600
500
400
M Awverage Secondary
300 Current (mA) TR
B Average Secondary
200 Current (mA) HFTR
100
0
Field-1 Field-2 Field-3

Figure 45: Secondary mA before and after HFTR
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Figure 46: Comparison of % of improvement in Emissions

For further information
contact Elavarasu Jayakumar at
j.elavarasu@schenckprocess.com
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Development of SCR Catalyst Regeneration Process for

Enhanced Mercury Oxidation

Written by Thies Hoffmann, Xin Liu, Nick Pollack, Mike Mattes Cormetech Inc, Tobias Schwiimmle and Thorster
Dux, STEAG Energy Services GmbH.

ABSTRACT

The removal of mercury from flue gas in wet scrubbers is
greatly increased if the flue gas mercury (Hg) is present as a
water-soluble oxidized species (e.g. Hg*"). Increased mercu-
ry oxidation upstream of wet scrubbers improve the overall
mercury removal with minimum additional costs. The selec-
tive catalytic reduction (SCR) catalyst in a fossil fuel power
plant plays a key role as a co-benefit for oxidizing elemental
mercury. However, there are influencing factors like the am-
monia/ NOx ratio, which reduces the performance of regular
SCR catalysts related to mercury oxidation.

Currently the SCR catalyst Original Equipment Manufac-
turers (OEMs) have provided enhanced mercury oxidation
catalysts to the coal-fired power plants for reducing stack Hg
emission'. To the SCR catalyst regeneration industry, devel-
oping enhanced Hg oxidation regenerated catalyst is impor-
tant to help power plants further cost savings on NOx and
Hg removal. Cormetech has developed proprietary regen-
eration methods to optimize regenerated SCR catalysts Hg
oxidation. A systematic study in a laboratory micro reactor
has been performed to evaluate regenerated SCR catalysts
mercury oxidation. The test results demonstrated that SST’s
regenerated SCR catalysts performed well when compared
to the OEM enhanced Hg oxidation catalyst. Furthermore,
regular deactivated SCR catalyst was converted to enhanced

1. Elemental
2. Oxidized
3. Particle-bound

Boiler

Hg oxidation catalyst by means of the SCR catalyst regen-
eration process.

INTRODUCTION

Mercury emissions are of global concern due to their per-
sistence, long-range mobility in the atmosphere, bio-accu-
mulation in aquatic ecosystems and their neurotoxic impact
on human health.>*# In January 2013, an intergovernmental
negotiation committee convened by the United Nations En-
vironment Programme (UNEP) agreed on the “Minamata”
Convention, a global treaty to reduce global mercury emis-
sions.” The same year, the U.S. Environmental Protection
Agency updated the emission limits of Mercury and Air
Toxics Standards (MATS), where total emission of mercury
from new coal-fired units burning low rank virgin coal must
be controlled below the level of 0.003 1b./GWh.®

Mercury exists in three forms in the flue gas of coal-fired
power plants namely particulate bound mercury (Hg"), oxi-
dized mercury (Hg*") (mostly mercury chloride (HgCl,)) and
elemental mercury (Hg®).” Figure 47 & shows a typical boiler
configuration consisting of SCR-DeNOx-catalyst, electro-
static precipitator (ESP) and a wet flue gas desulfurization
system (FGD) with the corresponding mercury behavior
flow balance. Mercury is released from coal combustion in
its elemental form (Hg"). As flue gas cools, oxidized mer-

Flue gas desulfurization

—

DeNO,
Hg oxidation

Air
heater

Particulate
control
deyce —F_

Stack

Figure 47: The behavior of mercury HG in a typical coal fired power plant
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cury (Hg2+) forms due to the lower flue gas temperatures.’
When the oxidized or elemental mercury contact with fly
ash, some adsorbs on the fly ash depending on its composi-
tion. Fly ash and thus Hg" are removed in the electrostatic
precipitator. After the precipitator, the wet flue gas desul-
furization is the major sink for oxidized mercury, due to the
high-water solubility of HgCL.'"" However, Hg' is difficult to
remove because of its high volatility and water-insolubility.
Therefore, methods for mercury removal from the flue gas
focuses on manipulating Hg°.

There are two methods for elemental mercury control: ad-
sorption and oxidation. Powder activated carbon (PAC) in-
jection has proven to be an effective adsorption method for
mercury removal in waste incinerators." In coal-fired power
plant Hg control, PAC is injected into the flue gas upstream
of the ESP or baghouse. The Hg in flue gas is adsorbed by
PAC and collected in the ESP or baghouse. But this method
is expensive'?, and moreover the fly ash which contains a
large amount of carbon is generally not available for benefi-
cial reuse.'® Therefore, significant attention has been placed
on Hg’ oxidation. The main idea behind mercury oxidation
is to oxidize elemental mercury by either catalysts or oxi-
dants in the flue gas. Subsequently, the oxidized mercury
could be easily captured by wet flue gas desulfurization de-
vice (WFGD). 41516

In recent years, SCR DeNOx reactors have been extensively
used in coal-fired plant to control NOx emissions.!” Typi-
cal commercial SCR catalyst for coal-fired power plants is a
vanadium oxide supported on titanium-based ceramic mate-
rial.'"® Vanadium is the main active component in the SCR
catalyst for NOx reduction. The SCR plays a key role as a
co-benefit for oxidizing elemental mercury into its oxidized
form. However, there are influencing factors such as the am-
monia ratio applied for NOx-removal, which reduces the
performance of catalysts related to mercury oxidation. In
the presence of NOx and ammonia, the following three net
reactions have been identified as relevant for the mercury
chemistry over the SCR:

« RI:2NO+2NH,+%0, 2N, +3HO
- R2:2HCIl+Hg'+ % 0, < HgClL, + H,O
* R3:2NH,+3 HgCl, < N, + 3 Hg + 6 HCI

Reaction R1 is the DeNOx reaction, R2 is the overall reac-
tion of the oxidation of Hg’ by O, and HCI and reaction R3
is the reduction of HgCl, with NH.. "

To reduce NH, negative effect on Hg oxidation in SCR reac-

tor, SCR catalyst OEMs are developing and promoting en-
hanced mercury oxidation catalysts to the coal-fired power
plants to enhance SCR co-benefit for Hg control.

Regeneration processes removes catalyst deactivation com-
pounds and can restore catalyst activity back to the original
OEM level. As one of the first companies to develop catalyst
regeneration, Cormetech has refined the process with our
patented regeneration methods. Our selective impregnation
process minimizes SO, to SO, conversion while achieving
high catalyst activity levels to match original catalyst perfor-
mance in demanding applications.

Finally, our testing for mechanical strength has become the
EPRI standard. The modules go through a multi-stage pro-
cess after arriving at the facility:

*  Cleaning to remove fly ash and other particles which
cause pluggage

* Immersion in a series of chemical baths to remove
deposits that reduce performance

*  Undergoes Selective Impregnation®, restoring full
catalyst activity by infusing the module surfaces
with oxides of base metals (V,0, and either MoO,
or WO,)

* A heated drying process that re-establishes mechan-
ical strength and fixation of the active metal oxides

Currently, different proprietary methods for improving Hg
oxidation have been applied into the catalyst regeneration
process. A systematic study in a laboratory micro reactor has
been performed to evaluate SCR catalyst mercury oxidation.
Various chemical compounds have been studied and applied
into our catalyst regenerated process for improving Hg oxi-
dation.

Figure 48: Bench scale reactor
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LAB TEST FACILITIES

Bench test facilities can provide critical performance met-
rics that the SCR reactor owner/operator requires to make
informed decisions.

Testing services can include:

*  Bench scale reactor testing of full-size samples for
activity (initial activity Ko, actual activity Kact),
SO, / SO, conversion rate, pressure drop (Fig 48 on
page 35)

*  Micro scale reactor testing for small size catalyst
coupons

e XRF analysis for surface and bulk composition of
catalyst’s substrate

*  SEM analysis - catalyst surface scan

*  BET/ Pore Volume Analysis

* Hg Oxidation Testing

Figure 49: Hg oxidation testing lab in Herne, Germany

Hg OXIDATION TESTING SYSTEM

An Hg oxidation micro reactor system is used for measur-
ing the Hg oxidation performance of catalyst samples. It is a
fully automated and continuous system capable of injecting
a wide variety of gaseous and aqueous species and measur-
ing DeNOx, SO, oxidation and Hg’ oxidation. A picture of
the STEAG reactor system is shown above in Figure 49. The
catalyst sample of up to 3 x 3 channels and 300mm in length
is placed in a reactor made of borosilicate glass, which is
installed in a heated oven. N, O,, NO, NO,, SO,, NH,, and
Hg’ are injected as gases, and H,O, HCl, are injected as va-
porized liquids. Hg” and Hg** concentrations are measured
by a continuous Hg analyzer. A schematic of the system is
shown in Figure 50 on page 37. %

Hg’ and total mercury (Hg") were measured separately. To
measure the elemental Hg, a Dowex® resin adsorbs Hg*
before the flue gas sample is analyzed. Since Hg continuous
emission monitoring systems (CEMS) only detect elemental
Hg, for the Hg" measurements, a tin(II) chloride (SnCl,) so-
lution is used to convert all Hg** to Hg” before sample gas
gets into Hg CEM detector. The oxidized Hg is calculated by
the difference between Hg" and Hg®. A schematic of Hg"and
Hg’ measurement are shown in Figure 50 on page 37.

TEST PLAN
According to the EPRI guidelines and in conjunction with
the STEAG micro reactor and measurement system, Hg oxi-
dation test conditions were developed to simulate the range
of conditions that enhanced Hg oxidation catalyst might be
utilized. The test matrix described below was then used to
evaluate the performance of OEM enhanced oxidation cata-
lyst and regenerated catalyst samples. The following flue gas
characteristics were established and fixed throughout the test
program:

e 50 pg/m? (STP, dry) elemental Hg

* (.75 m/s flue gas linear velocity (LV)

c 3%0,

* 8% moisture

¢ 1000 ppm SO,

300 ppm NO

The following parameters were varied in the test program to
simulate the range of conditions the catalyst would be ex-
pected to perform under

e Temperatures (350 °C and 380 °C)

e HCI concentrations (10ppm, 50ppm)

* NH, concentrations (Oppm, 120ppm)

Higher temperature low HCI conditions were intended to
simulate Powder River Basin (PRB) coal applications while
lower temperature high HCI conditions were intended to
simulate high sulfur bituminous coal applications. The high
ammonia condition of 120 ppm was intended to simulate the
“average” or midpoint ammonia concentration across the top
layer of catalyst in the reactor. The standard approach used
on full length/full bench tests was considered but oxidation
rates were too low at low HCL levels to provide meaning-
ful data to evaluate differences in catalyst performance. The
zero-ppm ammonia value was intended to simulate the bot-
tom layer in the reactor.

The complete test matrix is summarized in Figure 51 on
page 37.
TEST RESULTS and DISCUSSION
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Figure 50: A schematic of Hg™ and Hg® measurement

First phase testing was conducted to compare Hg oxida-
tion differences between a new commercial enhanced Hg
oxidation OEM new catalyst (Reference Catalyst) and a new
regular OEM catalyst (Catalyst 0) under the designed test
conditions. Both were honeycomb catalyst. The two catalyst
samples were prepared to 2x2 channels with 200mm length.
Eight condition tests were conducted, and the results pre-
sented in Figure 52 on page 38. Some of the key finding
were:

*  The Reference Catalyst shows better Hg oxidation
than the Catalyst 0

* Both Reference Catalyst and Catalyst 0 show sig-
nificantly reduced Hg oxidation under 120ppm NH,
testing condition compared to Oppm NH, present in
the flue gas sample. Reference catalyst shows sig-
nificant improved Hg oxidation than Catalyst 0 with
120ppm NH, present.

*  10ppm HCl test condition Hg oxidation result shows

Test#| T Lv AV O, | HO | NO | NH,

SO, | SO, | HCI | HBr | CO | Hg" | Hg*

-] [°C] | [mis] | [mfhr] |[vel-%]|[vol-%]| [ppm] | [ppm]

[ppm] | [ppm] | [ppm] | [pem] | [ppm] |[ug/m®]|[pg/m’]

075 | 211 3 8 0 0 50 0
0,/5 | 21,1 3 8 1] 0 50 0]
075 | 211 3 8 0 0 50 0
0,75 | 211 3 8 0 0 50 0
0,75 | 21,1 3 8 0 0 50 0
075 | 211 [ 3 B 0 0 50 0|
075 | 211 3 8 0 0 50 0
0,75 | 211 3 8 0 0 50 0
Figure 51: Hg oxidation test matrix
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less than 50ppm HCI condition.

e Under 10ppm HCI conditions, 380°C reactor tem-
perature show less Hg oxidation than 350 °C reactor
temperature.

*  Under Oppm NH,, 50ppm HCI test conditions, tem-
perature effect on Hg oxidation was minimized.
Here 50ppm HCI plays the key role than higher
temperature.

The first phase test tells us how NH,, temperature and HCI

time, two of the test conditions were eliminated from the
matrix (the low temperature high HCI tests). As can be seen
in the data these test conditions didn’t result in significantly
different test results than the high temperature conditions.
Preliminary test results demonstrated OEM enhanced Hg
oxidation catalyst can be regenerated to achieve the same Hg
oxidation level and a regular inventory deactivated catalyst
can be regenerated to an enhanced Hg oxidation catalyst.

The test results shown in Figure 53

90

OEM enhanced Hg oxidation catalyst vs OEM regular catalyst

on page 39.
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Here, three treated catalysts were
studied to compare to OEM Enhanced
Hg oxidation catalyst (Reference Cat-
alyst). They were:

* Catalyst 1 - An OEM enhanced Hg
oxidation catalyst was cleaned and
treated under the standard regenera-
tion treatment process

* Catalyst 2 - An OEM enhance Hg
oxidation catalyst was cleaned and
treated under Cormetech proprietary
optimized regeneration treatment pro-

380C 350C 380C
10ppm HCI 50ppm HCI
Oppm NH3
® Regular OEM catalyst (Catalyst 0)

380C
10ppm HCI

350C

120ppm NH3

= Enhanced Hg oxidation OEM catalyst (Reference Catalyst)

380C
50ppm HCI

cess
* Catalyst 3 - A regular inventory
deactivated catalyst was cleaned and
treated under Cormetech proprietary
optimized regeneration treatment pro-

Figure 52: Hg oxidation study OEM enhanced Hg
oxidation catalyst vs. regular catalyst.

influence Hg oxidation on the two catalyst samples. The Ref-
erence Catalyst is capable of improving Hg oxidation under
both with and without ammonia. Furthermore, Reference
Catalyst demonstrates significant Hg oxidation improve-
ment compared to Catalyst 0 when ammonia was present.
The questions were:

* Can the Reference Catalyst be regenerated to
achieve the same Hg oxidation performance?

* Can regular deactivated catalyst be regenerated to
enhanced Hg oxidation (similar to reference cata-
lyst)?

Aiming to answer the questions, the optimized regeneration
method was used to regenerate and produce enhanced Hg
oxidation catalyst. To reduce the cost of testing and save

CESS

The Figure 53 on page 39 tells us:

* Under Oppm NH, presenting condition, all Catalyst
1, 2, 3 show high Hg oxidation as similar as the ref-
erence catalyst

* Under 120ppm NH, concentration, Catalyst 1 re-
sulted in a significantly lower Hg oxidation level
than the reference catalyst. The Hg oxidation behav-
iors of Catalyst 1 is more like Catalyst 0

* And under 120ppm NH, concentration, Both Cata-
lyst 2 and 3 resulted in an improved Hg oxidation
level and as similar as or better than reference cata-
lyst

CONCLUSION

OEM enhanced and regenerated catalyst samples were eval-
uated under a wide range of flue gas conditions the catalyst
might be expected to perform under using a micro reactor
and EPRI Hg Oxidation testing guidelines. The OEM en-

Page 38

www wpca.info

Winter 2017



WPCA News

Hg oxidation study (300ppm NOxwith NH3, 60ppm NOX w/o NH3, 50ug/Nm3 HgO,
1000ppm SO2,3% 02, 8% H20, LV 0.75m/s, AV 21m/hr)
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Oppm NH3 120ppm NH3
= OEM Enhanced Hg oxidation catalyst Ko (Reference Catalyst)
[E OEM Enhanced Hg oxidation catalyst with standard cleaning & regeneration process (Catalyst 1)
[ OEM Enhanced Hg oxidation catalyst with proprietary optimized regeneration process (Catalyst 2)
[ Regularinventorycatalyst with proprietary optimized regeneration process (Catalyst 3)

hanced Hg oxidation catalyst (reference catalyst) provided

Figure 53: Comparison of standard treated and special treated regenerated catalysts to OEM enhanced Hg oxidation
catalyst.
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CLEANER AIR THROUGH INNOVATION

STEAG SCR-Tech
acquires
Cormetech

On November 1, 2017, STEAG SCR-Tech, Inc.,
an SCR catalyst regeneration service, acquired
CORMETECH, Inc., a manufacturer of high-
quality environmental catalysts and services for
the power, marine, industrial-process, refinery, and
petrochemical markets. The two companies merged
their businesses, adopting the 28 year old CORME-
TECH name.

Mike Mattes will be the President and CEO of the
newly formed company with Dave Motris as the
CFO. Senior Vice Presidents will be Chris DiFran-
cesco (& CTO), Scot Pritchard (Sales Engineering)
and Scott Daughtery (Business Development &
Manufacturing).

The former CORMETECH Company was formed
in 1989 from the equity ownership of MHI and
Corning. It’s catalyst technologies uniquely benefit
from the ceramic extrusion technology of Corning
Incorporated and SCR system design, engineering,
and experience of MHI. The new Cormetech will
now be a joint equity venture of STEAG GmbH
and Energy Capital Partners. STEAG brings to
the table years of German experience regenerating
catalyst. Energy Capital Partners is a private equity
firm focused on investing in energy infrastructure.

CLEANER AIR THROUGH INNOVATION
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Operating Challenges of Existing SCR and DSI Systems

INTRODUCTION

With dispatch requirements resulting from changing genera-
tion portfolios, coal fired generating units are facing chal-
lenges running Selective Catalytic Reduction (SCR) and
Dry Sorbent Injection (DSI) systems to meet emissions re-
quirements. Maintaining flue gas and temperature distribu-
tion is important to maintain permitted emissions. Equally
important is maintaining the marketability of fly ash, mini-
mizing ammonia and sorbent feed, and reducing operating
and maintenance (O&M). The keys to addressing these chal-
lenges are a comprehensive understanding of the design and
operation of the equipment and technology and expertise to
apply solutions to resolve these issues. Original Equipment
Manufacturers (OEMs) that supply boiler and Air Quality
Control Systems (AQCS) systems understand the entire pro-
cess and process impacts across the system and can partner
with owners to find solutions to these challenges.

OPERATING CHALLENGES

Renewable energy systems are increasingly being used for
electricity generation. These technologies often have fluctua-
tion in power output over short periods of time. Convention-
al utilities are often used to make up the power difference.
This creates a challenge for utilities as systems are required
to operate with more frequent and larger load swings com-
pared to historic operation. Systems are also required to fur-
ther reduce minimum load conditions from 50% to as low as
30% MCR. Variability in operation can lead

drop).

Tighter budgets for staff and O&M and less frequent/shorter
outages add to the challenge to minimize reagent feeds un-
der all operating and fuel conditions and maintain equip-
ment in service that is aging and often wears faster with cy-
clic operation.
Addressing these challenges require:
* Maintaining emissions at lower loads and
through constant load swings
*  Optimizing operation with variable fuels in-
cluding gas and coal/gas blends
*  Maintaining/increasing reliability with fewer
outages
*  Understanding and evaluating entire process
and impacts of changes across entire process
systems

MIXING TECHNOLOGY

The first step to address challenges facing utilities is to im-
prove distribution of flue gas, ammonia and sorbents. For
SCR, mixing is completed upstream of the catalyst reaction
zone. There is no mixing in the catalyst zone. Poor mixing
results in high NOx emissions, high ammonia slip, ammo-
nium bisulfate formation, particulate accumulation, higher
pressure drop if additional catalyst is required and low load
restrictions due to poor temperature distribution. Figure 54

to an increase in some flue gas emissions 10 NH3/NOx Nonuniformi
such as NOx. Low flue gas temperatures at 8
reduced loads make it difficult to maintain g —— 2%
AQCS systems in service. g 6 L

. . & —+=-5%
Adding to the challenge of maintaining 2 4t
emissions at variable load conditions is I

—6— 99

variability in fuel sourcing and fuel blends. z 2 L 9%
Higher sulfur fuels result in higher SO, 5
formation. Controlling ammonia slip with 0 = —+=-12%

transitional NOx emissions and higher SO, 80
formation is important to maintain NOx
emissions, minimize ammonium bisulfate
formation and scaling, and optimize air
heater operation (efficiency and pressure

dNOx, %

Figure 54: NOx removal versus Ammonia slip (from Muzio, Smith, and
Martinez, “New Tools for Diagnosing SCR Performance Issues™)
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shows effect of mal-distribution on catalyst performance on
a coal-fired unit. As NOx removal efficiency requirements
increase, maintaining mixing is important to minimize am-
monia slip.

Replacing traditional ammonia injection systems with stat-
ic mixers reduces the number of lances and injection noz-
zles required. Reducing the number of lances reduces the
frequency of tuning required and maintenance related to
plugged nozzles.

However, maintaining distribution of ammonia is not al-
ways enough to optimize SCR operation. Tuning the ammo-
nia injection system at full load and one fuel condition is not

Crossmixer

Gas Flow .
from Boiler

Figure 55: CFD Model Demonstrating Achieving Homo-
geneous Distribution Upstream of Injection

800

always adequate at reduced loads or other fuel conditions.
Removing mal-distribution upstream of ammonia injection
has been demonstrated to be just as important to account for
firing and draft system variations.

Figure 55 is a CFD model to visually demonstrate how static
mixers can be used to maintain distribution of NOx, flue gas
temperature, and particulate upstream of ammonia injection
under variable fuel and flue gas flows.

Figure 56 is an example of utilizing static mixers to main-
tain temperature distribution on a large 650 MW coal-fired
unit in North Carolina. Temperature measurements across a
49-point grid provided data demonstrates temperature dis-
tribution is maintained repeatedly across the operating load
range. Minimizing the temperature deviation is important
for reduced load operation. If the catalyst minimum temper-
ature can be reduced due to effective mixing, the SCR can
remain in service at lower loads prior to requiring a means to
increase the flue gas temperature with an economizer bypass
or an induct burner.

Static mixers can reduce the effect of maldistribution at the
interface point to the SCR. Figure 57 on page 43 is an ex-
ample of ammonia-to-NOx mixing being maintained across
the load range with different fuel types utilizing static mix-
ers on a 550 MW unit in Kentucky.
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Figure 56. Temperature Distribution at Catalyst Face 48°-2"” x 41’-7” during Load Swings on a Coal-Fired Unit in
North Carolina
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Figure 57. Homogenous Mixing with Bituminous Coal and Powder River Basin Coal Blends Across the Operating
Load Range on a 550 MW Unit in Kentucky

DSI systems are utilized to remove pollutants including SO,,
SO,, Hg, and HCI dependent on flue gas conditions, the type
of sorbent, and location of the injection system. DSI mixing
is completed at the injection point. Poor mixing results in
longer residence time requirements (longer lengths of duct),
high emissions, and high reagent consumption.

At several plants the DSI system is installed between the
SCR and the airheater to remove SO, to reduce potential
for ammonium bisulfate scaling. The residence time is often
short in this area of ductwork and distribution with a tra-
ditional injection grid does not provide adequate residence
time to remove SO,. Distribution with a traditional injection
grid system is also flue gas flow dependent. For example, at
reduced flue gas flows sorbent may drop out of the flue gas
stream.

Static mixers can be utilized to disperse sorbent without the
requirement of an injection grid and a multitude of small
nozzles. The mixers create vortexes to fully disperse sorbent
across a short section of duct. The dispersion is independent
of flue gas flow.

With static mixing full coverage is achieved in a relatively
short section of ductwork and is independent of flue gas
flow. Figure 58 on page 44 shows sorbent distribution and
residence time from model results for a DSI upgrade project
at 25, 50 and 75% load respectively from left-to-right for
a utility in Tennessee. Full mixing is achieved upstream of

the duct split. Maintaining distribution across a short sec-
tion of duct throughout the load range is beneficial for SCR
systems to achieve mixing upstream of the catalyst face and
DSI systems which are often located in the short section of
ductwork between the SCR and air heater.

A poor performing DSI system for SO, removal can also
impact the performance of a downstream injection system
utilizing activated carbon for mercury removal. Activated
carbon reacts with SO, in the flue gas increasing reagent
consumption. Hydrated lime is a 5 to 10 times more eco-
nomical reagent for SO, removal. If an activated carbon sys-
tem for mercury removal is installed downstream of a DSI
system for SO, removal, utilizing static mixers to maximize
SO, removal upstream of activated carbon injection reduces
activated carbon consumption.

Relocating the DSI system upstream of the SCR has several
benefits including:

» Utilizing the same set of static mixers for ammonia
and lime injection

* Reducing SO, to the SCR which reduces the mini-
mum operating temperature of the catalyst for re-
duced load operation

* Reducing the formation of ammonium bisulfate
scaling and improving air heater efficiency

Scaled physical flow modeling is often used to model turbu-
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Figure 58: Full Mixing Achieved at 25%, 50%, and 75% Load from Left to Right for DSI upgrades at a Utility in
Tennessee

lent flows and to understand particulate distribution under
variable flue gas flow conditions to prevent buildup in sec-
tions of ductwork or across the catalyst face. If particulate
or sorbent suspension cannot be maintained at low loads, it
is important to understand at what flue gas flows and where
particulate or sorbent will drop out and design the system
to re-entrain the particulate and sorbent at higher flue gas
flows to prevent accumulation. CFD modeling can be used
to model fallout but not re-entrainment.

Load swings and higher NOx removal require NOx moni-
toring upstream and downstream of the SCR to be able to
maintain emissions during transitional periods. Feed for-
ward logic is used to determine ammonia feed based on flue
gas flow, measured inlet NOx and the NOx emissions set
point. Feedback logic adjusts feed based on measured outlet
NOx emissions. The time lag of using the stack NOx ana-
lyzer can be long and would require maintaining a higher re-
moval set point to account for dips during transition periods.
Uniform mixing has the benefit of minimizing the number
of NOx analyzers required to monitor inlet and outlet NOx
compared to traditional ammonia grid systems where mul-
tiple inlet and outlet NOx analyzers are required across the
ductwork.

Improving mixing with static mixers for SCR and DSI sys-
tems provides the following benefits:

* Reduce effects of unit firing & flow configurations
*  Produce homogenous flue gas at the catalyst face

*  Reduce residence time requirements

* Reduce variability upstream of ammonia or sorbent
injection

*  Maintain ash entrainment and distribution

» Improve flue gas temperature distribution

*  Maintain mixing at low load operation

* Reduce ammonium bisulfate scaling/optimize air
heater efficiency

EXAMPLES of SYSTEM UPGRADES
Increasing Reliability and Reducing O&M
SCR systems on two 500 MW boilers firing high sulfur bi-
tuminous coal at a utility in Indiana had several operating
issues including:
*  Leaks from the ammonia vaporization system
* Pluggage of the ammonia injection nozzles with ash
*  Fouling of tuning valves and piping with ammonia
compounds
*  High ammonia slip

The ammonia injection grid required frequent tuning and
cleaning. When the tuning was completed to match ammo-
nia to incoming NOXx profile, the profiles changed with load
and boiler operation. Tuning the reactor was also made com-
plicated with 40 manual tuning valves and 780 nozzles per
reactor.

Physical modeling was completed to add static mixers to
improve mixing of the flue gas prior to ammonia injection.
Additional mixers coupled with larger open lances replaced
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| Unit1 |  Unit2

Inlet NOx, St Dev

Baseline Test 9.7% 7.5%

After Upgrade 3.8% 3.2%
NH;/NOx, min/max

Baseline Test -28/421% -29/421%

After Upgrade | -10.5/48.4% | -8.5%/+7.9%
NH; Slip

Baseline Test >10 ppmv >10 ppmv

After Upgrade 0.13 ppmv 0.22 ppmv

Figure 59: SCR NOx and NH3/NOx Mixing Profile
the unreliable ammonia injection grid. Tuning requirements
were reduced to every other year and the duration for tun-
ing also shortened significantly. Pluggage of the ammonia
injection system was eliminated and ammonia slip reduced

along with ammonium bisulfate scaling. The ammonia va-
porization system was replaced with direct ammonia injec-
tion to eliminate O&M with the vaporization system. The
improvements in NOx distribution and ammonia to NOx
mixing are summarized in Figure 59. Inlet NOx distribution
was improved to the ammonia injection system. Ammonia/
NOx mixing was significantly improved and ammonia slip
significantly reduced. The catalyst was not replaced when
these improvements were completed and did not influence
results.

Overall the upgrade of the SCR accomplished:
*  Minimizing ammonia slip while maintaining NOx
emissions
* Reducing/eliminating scaling in nozzles and down-
stream in the air heater

Figures 60 and 61 show before and after photos of the ammonia injection system.

Figure 61. AIG with 720 Nozzles (Left) Reduced

to 8 Open Injectors (Right)
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Figure 62. DSI Upgrade Results for a 125 MW Unit in Tennessee

* Reducing O&M associated with cleaning and tun-
ing the SCR and cleaning the air heater

* Eliminating O&M associated with the vaporization
system

*  Optimizing pressure drop and performance across
the air heater

*  Optimizing ash distribution

* Additionally, the system improved the mixing and
distribution of the sodium-based solution injection
system upstream of the SCR for SO, removal

Upgrade DSI system

Coupling static mixers with sorbent injection allowed for
fewer, larger lances to distribute sorbent in shorter sections
of duct. Removal efficiencies are increased coupled with a
decrease in sorbent usage. Figure 62 shows the improve-
ment in SO, capture utilizing static mixers at a plant in the
Southeast. To achieve the same removal without mixers
would require almost double the hydrated lime feed

The cost savings achieved for the DSI upgrade is summa-
rized in Figure 63 below. A secondary benefit was increasing
HCl removal 15% at the same lime feed rate.

Capacity 175 MW

Add Static Mixers $400,000

Hydrated Lime Savings

Figure 63:. Savings Achieved on DSI Upgrade Utilizing
Static Mixers

$325,000/year at 70% capacity

EVALUATE ENTIRE PROCESS and
CHANGES

Sometimes a lot of focus is maintained on keeping equip-
ment in service without an understanding of upstream and
downstream operations. An example was mentioned earlier
when an activated carbon system is installed downstream
of a hydrated lime sorbent system. Improving the hydrated
lime system also benefits the activated carbon system by re-
ducing activated carbon consumption used to remove SO3.

IMPACTS of

Adding a Large Particle Ash (LPA) screen at the economiz-
er hopper can reduce ash accumulation on the catalyst face
while utilizing the existing ash removal system.

SUMMARY

It is important to understand process and process impacts
across the system to properly address the challenges facing
utilities and meet future regulations. Original Equipment
Manufacturers (OEMs) supplied the original technology
and equipment based on the conditions at the time of instal-
lation. With changing conditions and a better understanding
of operation, OEMs are best qualified to optimally evaluate
the process and process impacts to provide the most cost
effective, environmentally responsible generation solutions
available today. Detailed specifications are not required for
this type of work and tend to be difficult and expensive to
develop. An OEM, that understands the entire process and
will partner in a collaboratively fashion with the owner, will
develop the solution from identification to installation that
provides an overall approach.
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For further information, contact

For further information contact
Suzette Puski at mailto:SPuski@babcockpower.com

BIOGRAPHY

Suzette Puski started working in the power industry in 1991
after graduating in chemical engineering from Purdue Uni-
versity. She evaluated AQCS proposals, attended plant start-
ups and completed optimization testing. She then transferred
to R&D in manufacturing where she worked as a process
engineer scaling up product from R&D to pilot-scale to the
manufacturing plant. Over the last 12 years Suzette has
worked for Babcock Power starting as a process engineer
completing engineering, commissioning and startups, and
optimization of AQCS systems. She now works in propos-
als where she uses her plant experience to provide practical
solutions to the power industry.

@ Babcock Power

ENVIRONMENTAL
a Babcock Power Inc. company
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Max Swoboda,

Business Development Manager
Evoqua

1500 Toney Drive

Huntsville, AL 35802 USA

Email: max.swoboda@evoqua.com

WPCA Officers

WPCA President

Melissa Allen, Environmental Systems
Manager,

TVA

WPCA Vice President
Michael O’Connor, Program Manager

Dynegy

WPCA Adyvisors

Greg Betenson,
Principal Engineer,
PacifiCorp

Melanie McCoy,
Superintendent
Sebewaing Light & Power

Ebrahim Patel,
Senior Consultant - APC,
ESKOM-GTD

Bruce Salisbury,
Engineering Supervisor,
Arizona Public Service

Scott Williams,
Principal Engineer,
Duke Energy

Darren Hanby,
Principal Engineer,
AEP

Brandon Bettinger
Chemical Engineer
East Kentucky Power Cooperative

Kayla Pauvlinch
Engineer IV
FirstEnergy

Logan Waller
Chemical Engineer
Louisville Gas & Electric
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