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Abstract

As global environmental regulations become increasingly stringent, the demand for more effective emission control
technologies has surged, highlighting the critical need for innovative solutions. Electrostatic precipitators (ESPs) are
challenged by high fly ash resistivity and adverse ash chemistries, particularly when dealing with coals from regions like
China, India, Australia, Russia, and South Africa. Traditionally, sulfur trioxide (SOs) injection has been employed to
manage high-resistivity fly ash. However, the nuanced interactions between ash chemistry, SOs, and now ammonia (NHs)
injection present new opportunities for emission mitigation.

This study presents an in-depth exploration of the Dual Flue Gas Conditioning (DFGC) system, which strategically
injects SOz and NH3 upstream of ESPs. This method not only optimizes particulate matter capture but also substantially
boosts mercury emissions reduction, showcasing a marked improvement over traditional methods. The DFGC system
leverages the interaction between these gases to improve the efficiency of both ESPs and mercury capture by addressing
competitive absorption phenomena on activated carbon sites. Through case studies and numerical modeling, this study
highlights the system's efficacy in installations across diverse coal-fired units, demonstrating how DFGC can achieve
particulate and mercury emission limits previously unattainable with traditional methods.

The findings emphasize the critical need to grasp the intricate interplay among SO3, NH3, and activated carbon to
develop more effective emission control strategies. Strategic adjustments in flue gas conditioning, alongside innovative
activated carbon formulations, pave the way for significant improvements in emissions control. This paper presents an
in-depth analysis of these interactions and outlines strategies for optimizing mercury and particulate emissions reduction,
offering a promising avenue for compliance utilizing evolving technologies. The results indicate that DFGC can be a cost-
effective and scalable solution for meeting stringent environmental standards, providing significant benefits for industrial
applications

Keywords: Electrostatic Precipitator, Sulfur Trioxide Injection, Dual Flue Gas Conditioning, Mercury Emissions
Control, Particulate Removal.

1 Introduction

The increasing stringency of environmental regulations globally has amplified the need for advanced and efficient
emission control technologies in industrial settings. Coal-fired power plants, in particular, face significant challenges in
managing emissions of particulate matter and hazardous pollutants like mercury. Traditional methods for controlling
particulate emissions, such as the use of Electrostatic Precipitators (ESPs), often struggle with high resistivity fly ash and
adverse ash chemistries, particularly when dealing with coals from regions like China, India, Australia, Russia, and South
Africa.

Historically, sulfur trioxide (SOs3) injection has been employed to reduce the resistivity of fly ash, thereby enhancing
the performance of ESPs. While effective, this method alone often falls short in addressing the complex interactions
within flue gas streams that impact both particulate and mercury emissions. Recent advancements have highlighted the
potential of incorporating ammonia (NHs) injection alongside SOs, creating a Dual Flue Gas Conditioning (DFGC) system
that optimizes the chemical environment within the flue gas to significantly enhance emission control.

The DFGC system leverages the simultaneous injection of SOs and NH3 upstream of ESPs to improve particulate
matter capture and mercury emissions reduction. This system exploits the chemical interactions between these injected
gases and the flue gas constituents, particularly focusing on how these interactions influence the behavior of mercury and
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particulate matter. Understanding these complex dynamics is crucial for optimizing the performance of ESPs and
achieving compliance with stringent emission standards.

The process of injection of SO3 and NH3 for mercury reduction shares significant similarities with dual flue gas
conditioning (Dual FGC) techniques, offering potential synergies for improving ESP performance while also capturing
mercury. Careful optimization and control of the process conditions are essential to fully realize these benefits without
introducing new challenges [1].

This paper explores the Dual Flue Gas Conditioning (DFGC) system, which employs simultaneous SOz and NH3
injection upstream of ESPs to optimize particulate matter capture and significantly enhance mercury emissions reduction.
The DFGC system leverages the interaction between these gases to improve the efficiency of both ESPs and mercury
capture by addressing competitive absorption phenomena on activated carbon sites. Through case studies and numerical
modeling, this study highlights the system's efficacy in installations across diverse coal-fired units, demonstrating how
DFGC can achieve particulate and mercury emission limits previously unattainable with traditional methods.

The findings underscore the importance of understanding the complex dynamics between SOs, NH3, and activated
carbon interactions. Strategic adjustments in flue gas conditioning, alongside innovative activated carbon formulations,
pave the way for significant improvements in emissions control. This paper presents an in-depth analysis of these
interactions and outlines strategies for optimizing mercury and particulate emissions reduction, offering a promising
avenue for compliance utilizing evolving technologies.

1.1 Dual Flue Gas Conditioning (Dual FGC) and Mercury Control

Dual Flue Gas Conditioning (Dual FGC), which involves the simultaneous management of SO3; and NHs in flue gas,
presents a nuanced approach to optimizing mercury emissions control. This process intricately influences the interactions
within the flue gas that can affect mercury removal efficiencies, albeit without direct reliance on activated carbon
injection.

1.2 Key Interactions and Benefits

The interaction between ammonium sulfate byproducts, formed through the DFGC process involving SOz and NHs,
and mercury in flue gas represents a critical aspect of understanding and improving mercury control strategies. The
following sections examine the chemical dynamics at play, outlining how these interactions can influence mercury
behavior and removal from coal-fired power plant emissions.

e  Chemical Nature of Ammonium Sulfate Byproducts: One key chemical interaction between SO3; and NHs,
integral to DFGC, results in the formation of ammonium sulfate and bisulfate, i.e. ammonium sulfate
(INH4]2SO4) and ammonium bisulfate (NHsHSO4) byproducts. These compounds introduce a layer of
complexity in mercury control strategies. The interaction does not directly compete for adsorption sites with
mercury but can alter the chemical environment of the flue gas in ways that influence mercury's behavior and its
subsequent removal.

e Impact on Mercury Speciation: Mercury exists in various forms within the flue gas [2], primarily as elemental
mercury (Hg®) and oxidized mercury (Hg?*). The formation of ammonium sulfate byproducts could potentially
affect the oxidation state of mercury by altering the redox conditions within the flue gas. For instance, the
presence of these byproducts might facilitate or hinder the conversion of elemental mercury to its oxidized form,
which is more easily captured by conventional pollution control devices.

¢ Influence on Mercury Capture Dynamics: The presence of ammonium salts in the flue gas can modify the
physical and chemical properties of particulate matter. This alteration could potentially impact the pathways
through which mercury is captured or removed in downstream processes. For example, the change in flue gas
chemistry might affect the speciation of mercury, influencing its reactivity and the efficiency of its removal by
other pollution control devices.

e Particulate Binding: Ammonium sulfate byproducts can attach to fly ash or other particulate matter within the
flue gas [2]. Mercury, especially in its oxidized form, can adhere to these particles. The efficiency of this process
might be influenced by the quantity and characteristics of the ammonium salts present, potentially enhancing the
capture of mercury when these particles are removed via ESPs or fabric filters, typically identified as baghouses
(BH).

e Chemical Reactions: There exists the possibility for direct chemical interactions between mercury compounds
and ammonium sulfate byproducts. While the specific nature of these interactions requires further investigation,
they could lead to the formation of mercury compounds that are either more readily captured or, conversely,
more volatile and challenging to remove.

e Flue Gas Conditioning Effects: The alteration of flue gas chemistry through the introduction of ammonium
sulfate byproducts can impact the overall efficacy of mercury control technologies. For example, changes in flue
gas temperature, humidity, and chemical composition can influence the performance of activated carbon injection
(ACI) systems or other mercury removal approaches.
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1.3 Rapid Reaction and Its Implications

The swift nature of the SO3 - NH3 reaction to form particulate salts means that these changes occur before mercury
has substantial interaction with other flue gas components [4][5][6][7][8]. This rapid transformation can lead to a modified
flue gas composition, potentially affecting mercury removal strategies that rely on chemical interactions or phase changes.

Introducing ammonia (NHs) into this dynamic, where Dual FGC involves SO3 and NHs, adds complexity. The
interaction forms ammonium sulfate or bisulfate [2][5][6], influencing mercury and activated carbon interactions and
overall mercury removal efficiency.

2 Experimental

The study detailed in the paper "Mercury Removal from Flue Gas with Particles Generated by SO; - NH3 Reactions
[1] outlines a conceivable method for mercury capture that utilizes the interaction between SOs; and NH3 to generate
ammonium sulfate and ammonium bisulfate particles. This method not only aims at mercury reduction but inherently
involves modifying the flue gas composition, which can influence the operation of ESPs used for particulate matter control
in coal-fired power plants.

Conducted at the University of Cincinnati, this lab-scale research aimed to investigate a cost-effective and efficient
method to capture gaseous elemental mercury, a significant environmental pollutant emitted from coal-fired power plants.
The process utilized the inherent constituents of flue gas, adding minimal amounts of SOz or NHs, to facilitate mercury
capture through generated ammonium sulfate particles. In fact, the study is focusing on a process very similar to the
DFGC in that it is uses the chemical interactions between sulfur trioxide (SO3) and ammonia (NHs3) within flue gases to
generate particulate matter capable of adsorbing elemental mercury, primarily in the form of ammonium sulfate
(INH4]2S04) and ammonium bisulfate (NH4HSOy4).

2.1 General

Mercury emissions from coal combustion represent a considerable portion of anthropogenic mercury releases, posing
environmental and health risks due to mercury's persistence and bioaccumulation. Traditional methods for mercury
capture, such as activated carbon adsorption, have limitations, including selectivity, capacity, and operational temperature
range. The process described in the paper shares fundamental principles with dual flue gas conditioning, especially
concerning the injection of SOz and NHs. The generated ammonium sulfate and bisulfate particles from SOs; - NH3
reactions can potentially serve dual purposes capturing elemental mercury and modifying the physical properties of fly
ash to enhance ESP performance.

The foundational chemistry of this process involves the gas-phase reactions between SO3; and NHs in the presence of
water vapor to produce ammonium sulfate and ammonium bisulfate. These reactions are expedited and effectively
complete within the first 0.1 seconds, favoring the formation of fine particulate matter under controlled conditions. The
existence of intermediate chemical compounds is possible, with melting points changing continuously according to the
H2SO4/NH3 stoichiometric ratio. Compounds with very low melting points may form in the process, and those stable in
solid form at temperatures above 150 °C (300 °F) are those with stoichiometric ratios of 1.2 and above.

The generation of these particles is optimized within a specific temperature window between the acid dew points and
the decomposition temperature of the sulfates to avoid forming sulfuric acid mist, which occurs when SO3 reacts with
H20 below the decomposition temperatures of the produced sulfates.

2.2 Chemical Reactions and Particulate Formation

The foundational chemistry of this process involves the gas-phase reactions between SO3; and NHs in the presence of
water vapor to produce ammonium sulfate and ammonium bisulfate. These reactions (described in detail in [2][4]1[5][6])
are expedited and effectively complete within the first 0.1 seconds, favoring the formation of fine particulate matter under
controlled conditions. Besides these, the existence of intermediate chemical compounds is possible. The melting points
change continuously according to the H,SO4/NH; stoichiometric ratio, and there is a possibility that compounds with very
low melting points may be formed in the process. In addition, the ones which are stable in solid form at temperatures
above 150 “C (300 °F) are those with stoichiometric ratios 1.2 and above.

The chemical reactions suggest that ammonia will react with any natural sulfur trioxide present and moisture to
produce ammonium bisulfate (Reaction 1). In the presence of excess ammonia this reaction will slowly continue to
produce ammonium sulfate (Reaction 2). Melting point of ammonium bisulfate (NH,HSO,) is 146.9°C (297°F).
Therefore, lacking excess ammonia or as cooling occurs the liquid ammonium bisulfate will freeze at temperatures below
147°C (297°F) into a sticky solid. It is this adherent nature of the resultant that is thought to play a major role in the
precipitator performance improvement. When flue gas temperatures are 140.9°C (284 °F), NH4HSO, will become solid.
Melting points of (NH4)2SO4 are 513°C. In the Reaction 2, (NH4)2SO4 is dissociated at higher than 200°C temperatures.

When flue gas temperatures are above 200°C, (NH4)2SO4 produced will decompose into NH4HSO.. Reactions taking
place in this equation are usually slower than those in equation (Reaction 3) [2]:
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NH3 (gas) + $SO3(gas) + H20(gq5) > NH4HS O 4(iquid, solid) 1)
NH3(gas) + NH4 + HSO4-(liquid) < (NH4)2504 solid, (sulphuric ammonia) (2)
S03; + 2NH3 + H,0 — (NH,),50, ©)

Reactions of NH3 with H,SO4 are as follows:

H2504_ + 2NH3 - (NH4_)2504_ (4)

The generation of these particles is optimized within a specific temperature window, between the acid dew points
and the decomposition temperature of the sulfates, to avoid the formation of sulfuric acid mist which occurs when SO3
reacts with H,O below the decomposition temperatures of the produced sulfates.

2.3

Experimental Setup

The experimental apparatus simulated a coal-fired flue gas environment with elemental mercury concentrations
ranging from 10-40 ppb at 178 °C. The system generated ammonium sulfate particles through the reaction of SO; and
NHjs, with varying concentrations and molar ratios, to investigate their effectiveness in capturing mercury. The particles
were captured on glass-fiber filters for analysis.
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Fig. 1. Schematic Diagram of Experimental Apparatus [,

Fig. 1 depicts the schematic diagram of the experimental setup, which is divided into four main sections[1]:

1.

Catalytic Conversion of SOz to SOs: This section utilizes a 36-cm long, 1-inch inner diameter borosilicate
glass tube (ACE Glass Inc.) containing a honeycomb catalyst block made from a platinum and titanium dioxide
slurry (model 310 ST, Engelhard Corp.), cut into pieces and installed in series. The reactor operates at 380°C,
maintained by an electric furnace (model 4838, SPX Corp.)—above the 316°C minimum recommended by the
catalyst manufacturer. The temperature is controlled using a device from Omega Engineering Inc.

Injection of Gaseous Components: This includes water vapor and mercury, introduced through a permeation
tube.

Aerosol Reactor and Filter Setup: Positioned within a furnace to ensure process integrity.

Gas Supply System: Utilizes pressurized gas cylinders containing 5,900 ppm SO, 1.32% NH; diluted in
nitrogen, pure oxygen, carbon dioxide, and nitrogen to simulate coal-fired flue gas. Flow rates are individually
regulated by rotameters with control valves (Dwyer Instruments, Inc.).

Catalytic Process and Measurement: The catalyst undergoes an activation step by injecting a small amount of high-
purity (>99%) liquid SO3 (Acros Organics) to initiate SO, oxidation. This process typically achieves a 70-80% conversion
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of SO, to SO3 within 24 hours, reaching nearly 99% after 48 hours. The outlet of the catalytic reactor is heated to 90°C
to prevent SOz condensation, using a heating tape (Barnstead International).

Analytical Methods: EPA Method 8 [9] is employed to measure SO, and SO3 concentrations at the reactor’s inlet
and outlet. The sampling train uses impingers to capture and analyze H,SO4 mist, SO, and SO, separately via Barium-
Thorin titration. Sulfur dioxide is oxidized to H.SO4 in the second and third impingers, which contain a 3% hydrogen
peroxide solution. The collected sulfate ions are then titrated with barium perchlorate in an 80% 2-propanol solution to
form insoluble barium sulfate. A metallochromic indicator, Thorin, signals the titration endpoint when it forms a pink
complex with barium, indicating complete sulfate reaction.

Table 1. Summary of Mercury Capture Efficiencies at 40 ppbv Inlet Hg® Concentratione [

sampling capture
run number and experimental canditions time {min) efficiency (%)
Aercsols generated cutside the aerosal reactor (50 ppm, 505, 140 ppm, I\TL 40 ppm, Hg"
1. With glass woll packing + glass fiber filter 14
2. With zla» wool packing 70 11
3. With glass woal packing 80 24
Aerosals generated inside the aercsol reactor
4. With glass fiber filter (50 ppmy SO:. 140 ppmy NHs, 40 ppm Hg") 20 19
5. Measurements taken after 2 h of aerosol generation; 20 49
With glass fiber filter (50 ppm, 8Os, 140 ppm, NHg, 40 ppm Hg%
{1) 2000 ppm, 30O;, 4000 ppm, NH 40 ppb Hg? 20 23
(2) 50 ppm, SOs, 140 ppm, NHg, 40 ppb Hg? 20 43
(3) Only Hg?® was mjected (No S(')g "and NH; injection) 20 35

4 Furnace temp, 178 °C.

Fig. 2 depicts the mercury capture efficiency for various experimental configurations. It clearly delineates the
efficiency across distinct setups, underscoring the impact of specific conditions on the results. Notably, the graph
emphasizes a marked improvement in efficiency following a two-hour aerosol generation period, illustrating the critical
role of prolonged exposure to reactants in enhancing mercury capture.

Mercury Capture Efficiency by Configuration
Only Hgd was injected | 35%
High concentration later {30 ppm 503, 140 ppm NH3) 43%
High concentration Initial (2000 ppm S03, 4000 ppm NH3) | 3%
Measurements taken after 2 h of aeroscl generation | 40%,
With glass fiber filter p 19%

With glass wool packing 11% 24%

With glass wool packing + glass fiber filter | 14%

0 10 20 30 40 50
Capture Efficiency (%)

Fig. 2. Mercury Capture Efficiency by Configuration [1]

2.4  Analysis and Interpretation of Results

The investigation[1] explored the effectiveness of capturing mercury using aerosols formed from NH3-SOs reactions,
by manipulating various parameters including aerosol injection locations, filter types, and the concentrations of SO3, NHs,
and mercury. Results are detailed in Tables 1 and 2, highlighting several important findings:

1. Aerosol Generation and Configuration Effects: Mercury capture efficiencies varied with the method of
aerosol generation and filter configuration. In situ generated aerosols (runs 4-5) demonstrated higher mercury
capture efficiencies than aerosols generated externally (runs 1-3). The capture efficiency increased to 24% at a
sampling time of 60 minutes compared to between 11% and 14% at 20 minutes, as shown in Table 1[1].

2. SOs and NHs Concentration Influence: Higher concentrations of SOz and NH3 enhanced mercury capture,
particularly when used with in situ generated particles and a filter cake setup in run 5. Results indicated that the
presence of sufficient particles, whether newly generated or accumulated in the filter, was more crucial than the
exact concentration levels of SO3; and NH3 for effective mercury capture.
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3. Reduced Mercury Concentration Trials: Lowering the inlet mercury concentration to mirror more realistic
flue gas conditions showed varied effects. To simulate realistic flue gas conditions more accurately, series of
trials were conducted with the inlet mercury concentration reduced to 10 ppb, as detailed in Table 2 [1]. Despite
the reduced mercury levels, the stability of the system and the efficiency of mercury capture were maintained by
adjusting the concentrations of SOz and NHa. Initially, higher concentrations were used to stabilize the mercury
capture mechanism, followed by a reduction to optimize the process and reduce operational costs. This method
of using high initial concentrations followed by lower stabilizing concentrations proved crucial for adapting to
fluctuating mercury levels without sacrificing performance. The effectiveness of this strategy highlights the
system's capability to deliver high performance under diverse conditions, demonstrating potential for real-world
applications in flue gas treatment.

4. Overall Findings and Comparisons: The experiments confirmed that the concentration of mercury
significantly impacts the overall capture efficiency, aligning with findings from previous studies by Krishnan et
al. that observed varied effects based on activated carbon types and mercury concentrations. The results
underscore the importance of in situ particle generation and proper reactive gas concentrations in optimizing
mercury capture in aerosol reactors.

Fig. 3 presents a scatter plot visualizing the capture efficiency (%) of mercury across different experimental
configurations, with various sampling times. It could be seen that

e  Configurations involving preformed aerosols (e.g., after 2 hours of SOs-NH3 injection) resulted in the highest
efficiencies.

e Longer sampling times (60 min) generally showed improved capture efficiencies.
e The presence of a filter, such as glass fiber, improved mercury capture compared to glass wool packing

alone.
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Fig. 3. Mercury Capture Efficiency Across Configuration with Sampling Times [1].

These findings provide a comprehensive view of the factors influencing mercury capture in aerosol systems and
underscore the importance of strategic aerosol generation and reactive gas management. It presented a promising avenue
for mercury control using chemically induced particulate matter from SO3 and NH3 reactions, showcasing an innovative
approach to leveraging existing flue gas constituents. The chemical foundation of this method, emphasizing the rapid
formation of ammonium sulfate and bisulfate particles, is a notable strength, potentially offering a simpler, more adaptable
solution to the challenge of mercury emissions from coal combustion. Nonetheless, the path from experimental success
to commercial implementation will require addressing the efficiency, scalability, and economic viability to ensure that
this method can effectively contribute to reducing mercury emissions on a global scale.

Fig. 4 offers a comparative analysis of mercury capture efficiency across various test runs, clearly delineating the
effectiveness of each experimental setup under controlled conditions. This figure aids in visually assessing the impact of
different configurations on mercury capture rates.

Fig. 5 presents a line graph that tracks mercury capture efficiency over time, comparing the performance of gas
impingers and particle/filter digestion methods at multiple sampling intervals. This visualization highlights the dynamic
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changes in efficiency, providing insights into the temporal aspects of mercury capture within the experimental framework.

Table 2. Summary of Mercury Capture Efficiencies at 10 ppbv Inlet Hg® Concentratione!]

capture efficiency (%) measured by

sampling gas digestion of
run number and experimental conditions time (min) impingers particles/filter
7. Injection of 100 ppmy SOz and 200 ppm. NHz for 5 h falowed by 20 ppm, SOz and
43 ppm, NHj
(1) SOs and NHs injection 20 27
(2) only He was injected (no SOz and NH: injection) 50 35
average 31 23
8. Injection of 100 ppm, SO; and 200 ppm, NH; for 4 h followed by 20 ppm, SO; and
40 ppm. NH:
(1) SOy and NHs injection 20 25
(2) only Hg was injected (no SO; and NH; injection) 20 32
average 29 33
9. Injection gﬁmo ppm, SO and 800 ppm, NH; for 3 h followed by 20 ppm,, SO; and 30 30 18
40 ppm, NHp
10. l(;xjectiox‘l\4 ?_II' 400 ppm,, 803 and 800 ppm, NH; for 1 h followed by 20 ppm, SO, and 580 42 20
40 ppm» NHz
11, Injection of 400 ppm SO; and 800 ppm NH; 60 14 13
12. Injection of 20 ppm SO; and 40 ppm NH, 50 40 21

% Furnace temp. 178 =C,

Comparison of Mercury Capture Efficiency Across Runs
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Fig. 4. Mercury Capture Efficiencies at 10 ppbv Inlet Hg® Concentration [1]
2.5 Potential for Commercial Application

This method's commercial viability hinges on its integration into existing flue gas treatment systems and its
effectiveness across a range of operating conditions. Its compatibility with conventional air pollution control devices,
such as ESPs and BHs [9], is a significant advantage. Additionally, the method's reliance on minimal added components
(SOs or NHg3) aligns with the trend towards cost-effective and retrofit-friendly solutions for pollutant control in power
plants.

However, for broader commercial application, several considerations need addressing:

e Efficiency Optimization: Further research is necessary to optimize the process efficiency across varying
flue gas compositions and operating temperatures. The impact of other flue gas constituents, like fly ash,
on the mercury capture process remains to be fully understood.

e Scale-Up Challenges: Transitioning from a lab-scale to a full-scale application will require extensive testing
to ensure consistent performance and to identify potential operational challenges in real-world conditions.

e Economic Assessment: A comprehensive economic analysis comparing this method against existing
mercury control technologies is essential to evaluate its cost-effectiveness, considering both operational and
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capital expenses.

e Environmental Impact: While this method offers a promising approach to mercury control, the
environmental implications of the resultant ammonium sulfate and bisulfate particles, particularly regarding
their disposal or potential for beneficial use, need careful consideration.

Mercury Capture Efficiency vs. Sampling Time
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Fig. 5. Mercury Capture Efficiency vs. Sampling Time at 10 ppbv Inlet Hg® Concentration [1]

3 Fundamentals of Dual Flue Gas Conditioning System

Generally speaking, when SOz and NHs are concurrently injected into a gas stream, a fine fume consisting of a variety
of ammonium sulfate particles, all much less than 1 micron in size, is produced. These particles alter the electrical
characteristics of the flue gas between the discharge electrodes and the collecting plates, and produce a space-charge
enhancement of the electric field. The higher field strength increases the overall collection efficiency of the ESP. DFGC
creates a thin conductive film on the surface of the fly ash believed to consist of low melting point ammonium sulfate
products which contributes to the resistivity modification. It has been suggested that the addition of ammonia improves
upon the efficiency of the SO3 conditioning by an additional charge carrier, the NH4+ ions.

Fig. 6 depicts a conceptual Dual FGC system layout [3]. When designed for joint operation, both SO3; and ammonia
injection systems may share a number of the system components. For example, a slipstream of process air from the SO3
system blower could be used for dilution of the ammonia gas stream. An ammonia storage container, which houses the
one-ton cylinders of NH3 are equipped with internal racks for the stabilization of the cylinders, electric space heaters for
vaporization of the NH3 as well as the manifold and necessary connectors required for the vaporization and transportation
of the gaseous NHj3 to the SO3; production skid where it combines with the dilution air. The vaporized ammonia mixes
with the slipstream air from the SO process air blower. The diluted ammonia/air mixture travels through piping to the
injection probes located downstream of the air preheater and upstream of the ESP. All equipment is factory assembled
and incorporated into the SO3 system central control cabinet, air inlet filter/silencer, and process air blower.

In fact, a Dual FGC system, by providing the independent and simultaneous injection of SO3; and NHs in strictly
controlled stoichiometric ratios, allows for a further collection efficiency improvement when compared to SOj3 injection
on its own. The mechanisms responsible for improved precipitator performance appear to include phenomena such as
space-charge effects, agglomeration and increased cohesiveness of the fly ash. Additionally, some evidence suggests that
the injection of ammonia promotes improved attachment of the available sulfuric acid to fly ash particles, making it more
effective for resistivity control. Specifically, the objectives of dual flue gas conditioning include [2][7][8][11]:

1. Improving Fly Ash Resistivity By adjusting the flue gas composition, the electrical resistivity of fly ash
can be optimized to fall within the ideal range for ESP operation, enhancing particulate capture.
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2. Reduction of Rapping Losses Proper conditioning can prevent excessive particle adherence to ESP
collection plates, reducing the loss of captured particulates when rappers dislodge accumulated ash.

3. Collection Efficiency Improvement The formation of larger particulate agglomerates through chemical
interactions can improve capture efficiency by facilitating easier particulate removal.
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Fig. 6. Dual FGC - Conceptual Equipment Layout
3.1 SOs Flue Gas Conditioning (SO3; FGC)

In a thermal power plant operation, SO; may come from two primary sources [2]: (&) combustion, i.e. native or
indigenous conversion of the SO, formed during the combustion of the sulfur contained in the coal to SOz and (b) as the
SOs flue gas conditioning (FGC), which is SOsfair mixture injected to assist in electrostatic precipitators (ESP)
performance enhancement.

3.1.1  Indigenous SOz FGC

SOs3 content has a significant impact on particle resistivity, which is one of the most important parameters in ESP
collection efficiency. For high resistivity ashes, SOz reduces the back corona phenomena. However, SOs is also the
source of the sub-micron particles, and the source of higher opacity level at the stack through the production of H»SO.a.
Typically, SOz is generated inside of the boiler as well as the SCR process, but the SO3 quantity in the flue gas changes
along the path from the furnace to the stack [4]. SO3 concentration is modified from the boiler to the ESP: in the SCR if
present, and in the regenerative air preheater.

Another approach to creating SOs is to utilize "native" SO, formed during combustion of sulfur contained in fossil
fuels as a feedstock for its subsequent conversion to SOs. Extensive experiments at Lehigh University [12][13] confirmed
that, at conditions typical for coal-fired applications, a substantial portion of the "native" SO, could be oxidized to SOs.
The rate of such process will depend on the temperature; the concentrations of SO, O, and water vapors; as well as
catalyst's properties. Systems implementing this technique have been proposed, but none were free of major deficiencies
[21][22][23].

The Indigenous Flue Gas Conditioning (iCON®) concept [24] (Fig. 7) involves withdrawing a portion of the clean
flue gases containing sulfur dioxide (SO;) from a location downstream of the electrostatic precipitator. These gases are
then preheated and passed through a catalyst bed where a portion of SO, is converted into SOs. The carrier gases, now
enriched with SOs, are returned to a location ahead of the ESP. This process for generating SO3 and subsequently
delivering the carrier gases is straightforward and can be integrated into existing systems with relative ease.
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Fig. 7.Indigenous Flue Gas Conditioning (iCON®) - Conceptual Schematic

Advantages and Challenges: Indigenous SO3 generation offers several advantages, including reducing the need for
external SOs sources and potentially lowering operational costs. However, challenges remain, such as managing the
formation of sub-micron particles and ensuring consistent SO3 concentrations throughout the flue gas path. Additionally,
the impact of varying flue gas compositions and operational conditions on SO3 generation and ESP performance must be
carefully considered.

3.1.2  “Conventional” SOs Flue Gas Conditioning

With very few exceptions, all commercial SOz FGC systems installed to date are based on catalytic conversion of
sulfur dioxide (SO2) which is either supplied in molten form or obtained by burning dry granular sulfur [2][7][8].
Elemental molten sulfur used to be the preferred feedstock for long-term permanent operations due to its low operating
costs. However, it has recently been surpassed by the systems based on the use of granular (pelletized) dry sulfur. This
shift towards the use of granular dry sulfur has been primarily due to the inability of the end users to provide molten sulfur
feedstock,
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Fig. 8. Molten Sulfur Based SOs FGC System
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The catalytic conversion process was chosen over other methods of making SO; largely due to the fact that it
minimizes the quantity and the difficulty of handling hazardous materials in the system.

3.1.2.1  Molten Sulfur Feedstock

Elemental molten sulfur is the preferred feedstock for long-term permanent operation because of lower operating
cost, however, liquid SO, may be used for trials and small or short-term situations where reduced capital costs can offset
increased feedstock expense [2].

The sulfur feedstock system handles the storage and delivery of molten sulfur. Molten sulfur is stored in an elevated
steam heated storage vessel. The tank is elevated to create flooded conditions for the suction side of the sulfur metering
pumps. The sulfur is metered via positive displacement metering pumps and is transported in steam jacketed piping to
the sulfur burner for combustion.

Fig. 8 is a diagrammatic representation of a molten sulfur-burning system for SO3 conditioning. Molten sulfur is
delivered by thermally insulated tank trucks fitted with steam coils for melt-out. In locations where sulfur cannot be
delivered in molten form, bagged or bulk granular or prill sulfur may be supplied for melting on site. The sulfur grade is
designated as "Bright Yellow" which contains very low levels of contaminating materials. The exact analysis varies
slightly among suppliers; however, it completely lacks chemicals, which could act as catalyst poisons and contains only
very minute quantities of hydrocarbons. Storage in insulated steel tanks with steam-blanketing provisions for fire
suppression is standard, but concrete-lined pits have been used with poor results. Tanks and molten sulfur piping are
heated by steam controlled to a saturation temperature of approximately 143 °C (290 °F) at which the sulfur has ideal flow
characteristics. Steam tracing is preferred because of the ease with which controllable highly uniform temperatures can
be maintained throughout the system. Typically, sulfur metering pumps are supplied in duplicate so that one may be
serviced while the other is in operation.

DRY SULFUR ~ MOLTEN SULFUR S02 | S03

IR IRUAIIR

UL

STORAGE TRANSFER MELTER METER BURNER CONVERTER INJECTION

Fig. 9. Dry Sulfur Based SOs FGC Process

Combustion of the sulfur to generate SO is realized by introducing sulfur into an air stream which has been preheated
for startup purposes to the temperature at which the catalyst becomes active. Since this temperature exceeds the auto-
ignition point of molten sulfur, burning is initiated immediately upon the introduction of sulfur and SO; is delivered to
the catalyst for conversion to SOs. Roughly, 4,000 Btu of heat are generated per pound of sulfur burned. This replaces a
portion of the startup heat input required. Typically, at full system rating all the required heat to maintain the catalyst at
operating temperature is supplied by sulfur combustion. Clearly, operation of the system in this manner allows the
generation of any quantity of SOz as a function of any selected control signal used to determine the rate at which sulfur
is delivered.

3.1.2.2  Dry Sulfur Feedstock Technology (Molten Sulfur on Demand)

Dry sulfur configuration (Fig. 9) combines the advantages of dry sulfur storage with the precision by which molten
sulfur can be metered to the burner.

Sulfur is delivered in a dry form and then melted for use in various processes (Fig. 10). Using this tried-and-true
proven method, dry sulfur is melted via the use of saturated steam coils (in the melter vessel) to molten sulfur for
conventional process metering. This takes advantage of dry sulfur storage and handling while maintaining the good burn
characteristics of molten sulfur as well as accurate and reliable metering. With the proper provisions, a permanent system
could accept both dry and molten sulfur feed stock so that the process is not dependent on one source or method of sulfur
delivery.
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Fig. 10. SOs Flue Gas Conditioning System Layout with Dry Sulfur Supply
3.2 Ammonia Flue Gas Conditioning System

Fig. 11 illustrates the Piping and Instrumentation Diagram (P&ID) of the NH3 Flue Gas Conditioning (FGC) system.
In this setup, the existing process air blower, located on the sulfur trioxide (SOs) gas generator skid, supplies the necessary
air to transport and distribute the ammonia to the injectors.

Ammonia is stored in a dedicated ammonia storage tank. The air and ammonia mixture is then injected through
ammonia injectors, which are strategically placed downstream of the air heater and typically upstream of the sulfur
trioxide injectors. This configuration ensures optimal mixing and reaction of ammonia with the flue gas components,
enhancing the efficiency of the flue gas conditioning process.
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4 Potential Synergies and Discussion

The Dual Flue Gas Conditioning (DFGC) system not only addresses mercury and particulate matter control
individually but also creates synergistic opportunities that enhance overall flue gas treatment efficiency. These synergies
are primarily facilitated through the interactions of SOs; and NHa, leading to optimized flue gas characteristics for
electrostatic precipitators (ESPs) and other pollution control devices.

Comprehensive Summary of Mercury Capture Efficiency
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Fig. 12. Comprehensive Summary of Mercury Capture Efficiency

Fig. 12 presents mercury capture efficiency results from of experiments that investigated the effectiveness of SOs-
NHs reaction-generated particles in capturing elemental mercury (Hg®) from flue gas [1].

4.1 Observations:

e Longer sampling times tend to increase capture efficiency.

o Higher capture efficiencies (up to 49%) were observed when in-situ aerosol generation was optimized (Run 5 in
Table 1).

e Preformation of aerosol particles before mercury introduction improved efficiency (e.g., Runs 7-10 in Table 2).

e SOs and NHs injection concentrations influenced efficiency but showed diminishing returns beyond a certain
threshold.

This data supports the conclusion that in-situ generated sulfate-based aerosols enhance mercury capture efficiency,
particularly when the system is properly conditioned before mercury exposure.

4.2 Particulate Matter Control

The formation of ammonium sulfate and bisulfate particles from SOs; - NHs reactions promotes particulate
agglomeration. This phenomenon improves the capture efficiency of ESPs as larger agglomerates are more easily

collected. This synergy is particularly beneficial in systems where fine particulate matter poses significant challenges to
efficient removal.

4.3 Fly Ash Resistivity Modification

By adjusting the chemical composition of flue gas, the DFGC system effectively modifies the electrical resistivity of
fly ash. Optimal resistivity enhances ESP performance by mitigating the risk of back corona - a common issue that
reduces ESP efficiency. This adjustment ensures that fly ash falls within the ideal resistivity range, maximizing the ESP’s
particulate capture capability.

4.4 Integrated Mercury and Particulate Control

The DFGC system facilitates an integrated approach to controlling both mercury and particulate emissions. By
capturing mercury through chemical reactions within the flue gas that also enhance particulate removal, plants can
streamline operations and potentially reduce costs associated with separate control mechanisms.

13



Proceedings of 17" International Conference on Electrostatic Precipitation, Kyoto, 2024

4.5 Control Integration

By integrating mercury control with flue gas conditioning for ESP enhancement, plants could potentially reduce
operational costs and complexity. This integrated approach would allow for the simultaneous achievement of compliance
with mercury emission regulations and improved particulate matter control, leveraging the benefits of chemical reactions
in the flue gas stream.

4.6 Considerations for Integration

e Chemical Injection Ratios: The balance and concentration of SO3; and NHs must be carefully managed to
optimize both mercury capture and fly ash conditioning without creating undesirable by-products or side
reactions.

e Temperature and Reaction Kinetics: The efficacy of both mercury capture and fly ash conditioning will be
influenced by the flue gas temperature and the kinetics of the chemical reactions involved, requiring precise
control and monitoring.

¢ Environmental and Health Impacts: The environmental and health impacts of the resultant by-products from
the SO3 - NH3 reactions, as well as the potential release of unreacted SO3; and NHs, need thorough evaluation to
ensure compliance with broader environmental regulations.

By strategically leveraging these synergies, the DFGC system not only improves the efficiency of existing pollution
control technologies but also offers a comprehensive solution that could potentially lower operational costs and simplify
emissions control processes in power plants and other industrial settings.

4.7  Strategic Adjustments for Optimization

The optimization of the Dual Flue Gas Conditioning (DFGC) system involves strategic adjustments that enhance the
interaction of ammonia and activated carbon (if utilized) with sulfur trioxide (SOs), maximizing the efficiency of mercury
capture and overall flue gas treatment. These adjustments focus on fine-tuning chemical injection points, utilizing
advanced materials, and implementing sophisticated flue gas conditioning techniques.

e Injection Point Optimization: Careful selection of injection points for ammonia and activated carbon (if
utilized) is crucial. By strategically placing these injection points, it’s possible to enhance their interaction
with SOs. Optimizing these locations helps to minimize ammonia slip—a phenomenon where unreacted
ammonia passes through the system, potentially leading to equipment corrosion and operational
inefficiencies. It also reduces the formation of ammonium salts at critical points in the system, thereby
enhancing overall system performance.

e Advanced Activated Carbon Utilization: The use of specially formulated activated carbons can
significantly improve mercury capture. These advanced carbons are designed to be less prone to fouling by
ammonium salts and have a higher affinity for mercury, even under challenging flue gas conditions. By
enhancing the mercury adsorption capacity, these activated carbons contribute to more effective mercury
removal, thus aiding compliance with stringent environmental standards.

o Effective Flue Gas Conditioning: Implementing advanced flue gas conditioning techniques to modulate
SOs levels before they interact with ammonia or mercury adsorption on activated carbon is vital. Proper
conditioning can optimize mercury capture by adjusting the chemical composition of the flue gas to facilitate
the most effective interactions. This includes controlling the temperature and humidity levels of the flue gas
to ensure that chemical reactions conducive to mercury removal occur more efficiently.

e Enhanced Monitoring and Control Systems: Upgrading monitoring and control systems to provide real-
time data on flue gas composition and conditions can significantly aid the optimization process. By
continuously adjusting the process parameters based on precise, timely data, operators can maintain optimal
conditions for mercury capture and particulate control, thus improving the overall efficiency and reliability
of the DFGC system.

These strategic adjustments are not merely technical enhancements but are also aligned with operational strategies to
improve environmental compliance and reduce operational costs. Through these targeted optimizations, the DFGC
system can achieve higher efficiencies in mercury and particulate removal, showcasing a robust solution for emission
control challenges in industrial applications.

5 Summary and Conclusions

The Dual Flue Gas Conditioning (DFGC) system represents a significant breakthrough in emission control
technologies, with a particular focus on mercury and particulate matter reduction. By concurrently injecting sulfur
trioxide (SO3) and ammonia (NHs), this innovative approach has proven highly effective in enhancing pollutant capture
within industrial settings.
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5.1 Interim Results and Conclusions

The integration of SO; and NH; has been shown to generate fine ammonium sulfate particles that are instrumental
in capturing up to 49% of elemental mercury, according to Lee, Khang, and Keener [1]. Notably, the efficacy of mercury
capture is dependent on the concentration of the reactants and the configuration of the aerosol generation system, with in-
situ particle generation yielding higher efficiencies than preformed particles. These findings underscore the potential of
the DFGC system as a viable alternative to traditional mercury control methods, requiring minimal additional chemical
inputs and leveraging existing flue gas components. Future research is anticipated to explore the impact of operational
variations and additional flue gas components on the system's effectiveness.

Key Achievements:

e Particulate Matter Capture: DFGC modifies the electrical properties of flue gas, effectively reducing fly
ash resistivity and enhancing the performance of electrostatic precipitators (ESPs). This adjustment allows
ESPs to operate more efficiently across varied conditions.

e Mercury Removal: Strategic interactions between SO; and NH3 optimize the oxidation and subsequent
capture of mercury, significantly mitigating emissions of this hazardous pollutant.
System Benefits:
o Cost-Effectiveness: The DFGC system minimizes the need for additional chemicals and simplifies
modifications, making it a cost-efficient solution for enhancing emission controls.

e Operational Flexibility: The system is adaptable to various industrial settings, offering tailored solutions
to meet specific regulatory and operational requirements.

e Environmental Compliance: By substantially reducing emissions, the DFGC system aids facilities in
meeting stringent environmental standards, potentially avoiding fines and enabling continuous operation.
Accomplishments of the DFGC System

This system has demonstrated its capacity to enhance mercury and particulate matter capture significantly. It provides
a robust, integrated solution that modifies the electrical properties and resistivity of fly ash, thereby optimizing ESP
performance. The DFGC system not only facilitates more reliable and efficient operations under diverse conditions but
also ensures enhanced air quality by transforming elemental mercury into forms more amenable to capture.

5.2 Benefits of the DFGC System
e Operational Efficiency: By using existing flue gas components, the system reduces the need for complex
modifications or additional chemicals.
e Regulatory Compliance: The substantial reduction in particulate matter and mercury emissions helps
facilities meet and exceed environmental regulations.
5.3 Broader Implications and Future Directions

The scalability and adaptability of the DFGC system suggest its potential for broader applications, including handling
other emissions like sulfur and nitrogen oxides. Future initiatives will focus on aligning this technology with global
sustainability goals, thereby enhancing the environmental and economic aspects of industrial operations.

5.4 Future Research

Continued studies will aim to optimize the chemical injection ratios and explore alternative additives to enhance the
system's benefits further. Long-term research will also assess the environmental impacts of the byproducts and overall
plant operations, critical for its wider adoption and success.

Future Directions:
e Scalability and Versatility: Research will continue to expand the application scope of this technology,
aiming to manage additional pollutants and adapt to different industrial environments.

e Sustainability and Economic Benefits: The system's alignment with sustainability objectives and its
potential to reduce operational costs present significant advantages for industries seeking sustainable
solutions.

In conclusion, the DFGC technology not only addresses current emission control challenges but also provides a
foundation for future advancements in pollution control strategies, positioning it as a key player in achieving more
efficient and cleaner industrial processes worldwide.
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