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Undergraduate Certificate in Advanced Combustion Engineering

Emissions Control Technologies

NOx (nitrogen oxides) refers to a family of gases, primarily nitric oxide (NO) and nitrogen dioxide (NO2),
that are produced during high‑temperature combustion of fossil fuels. In combustion chambers, nitrogen
from the air reacts with oxygen under conditions of excess heat, forming NO, which can further oxidize to
NO2. These species are regulated because they contribute to smog formation, acid rain, and respiratory
problems. Understanding the formation pathways of NOx is essential for selecting appropriate control
strategies such as low‑temperature combustion, staged combustion, or post‑combustion reduction.

SO2 (sulfur dioxide) is emitted when sulfur‑containing fuels, such as coal or heavy oil, are burned. The
combustion of sulfur in the fuel produces SO2, which can further oxidize to sulfur trioxide (SO3) and
combine with water vapor to form sulfuric acid droplets, a major component of acid rain. Technologies
aimed at removing SO2 from flue gases are collectively known as flue‑gas desulfurization (FGD) systems.
The most common approach is the wet scrubber, where an alkaline slurry, often limestone or lime, reacts
with SO2 to form calcium sulfite or sulfate, which can be harvested as a saleable by‑product.

CO (carbon monoxide) is a colorless, odorless gas formed by incomplete combustion of carbonaceous fuels.
CO is toxic because it binds preferentially to hemoglobin, reducing the blood’s oxygen‑carrying capacity. In
industrial burners, CO emissions are minimized through proper air‑fuel mixing, sufficient residence time,
and the use of oxidation catalysts downstream of the flame. Oxidation catalysts typically consist of noble
metals such as platinum or palladium supported on alumina, and they promote the conversion of CO to
carbon dioxide (CO2) at relatively low temperatures (200–400 °C).

CO2 (carbon dioxide) is the primary greenhouse gas emitted from fossil‑fuel combustion. While CO2 is not
directly regulated under many air‑quality statutes, it is a focus of climate‑change mitigation policies.
Carbon‑capture technologies, such as amine‑based absorption, membrane separation, and calcium‑looping,
are increasingly incorporated into advanced combustion systems to reduce the net CO2 emissions. The
captured CO2 can be compressed and transported for utilization in enhanced oil recovery or for permanent
geological storage.

PM (particulate matter) comprises solid particles and liquid droplets suspended in a gas stream. In
combustion exhaust, PM arises from incomplete combustion, ash from the fuel, and vapor‑phase metal
compounds that nucleate upon cooling. Particulate emissions are classified by aerodynamic diameter, with
PM2.5 (particles ≤ 2.5 µm) being of particular health concern because they can penetrate deep into the
lungs. Control methods for PM include electrostatic precipitators (ESPs), fabric filters (baghouses), and
cyclonic separators. Each technology has distinct operating windows, pressure‑drop characteristics, and
maintenance requirements.
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VOC (volatile organic compounds) are a broad class of organic chemicals that readily vaporize at ambient
temperature. In combustion processes, VOCs are emitted as unburned hydrocarbons or as partially oxidized
intermediates such as formaldehyde or acetaldehyde. VOCs contribute to ozone formation in the presence
of NOx under sunlight. Strategies to limit VOC emissions involve optimizing the combustion zone to achieve
high temperature and sufficient residence time, as well as installing oxidation catalysts that promote
complete conversion to CO2 and water.

SCR (selective catalytic reduction) is a post‑combustion technology used to reduce NOx by reacting it with a
reducing agent, typically ammonia (NH3), in the presence of a catalyst. The overall reaction converts NOx to
N2 and H2O. SCR systems operate most efficiently in the temperature range of 300–400 °C, where the
catalyst—often a mixture of titanium dioxide, vanadium pentoxide, and tungsten oxide—exhibits high
activity. Proper ammonia slip control is critical, as excess NH3 can lead to secondary pollution (ammonia
volatilization) and formation of nitrosamines.

SNCR (selective non‑catalytic reduction) also reduces NOx by injecting ammonia or urea into the
combustion zone, but it does not employ a catalyst. The reaction occurs at higher temperatures (900–
1100 °C) where thermal decomposition of the reducing agent produces active nitrogen species that react
with NOx. SNCR offers lower capital cost than SCR but generally achieves lower NOx reduction efficiencies
(30–50 %). It is often used in combination with SCR (a hybrid system) to meet stringent emission limits while
minimizing ammonia consumption.

LOHC (liquid organic hydrogen carrier) is a concept for storing and transporting hydrogen in a chemically
bound form. While not a direct emissions‑control technology, LOHCs can be integrated with advanced
combustion cycles to provide a clean fuel source that, upon dehydrogenation, yields hydrogen for
combustion with virtually no CO2 emissions. The dehydrogenation step typically requires high
temperatures, which can be supplied by waste heat from the primary combustion system, thereby
improving overall thermal efficiency.

FBC (fluidized‑bed combustion) utilizes a bed of fine particles (e.g., sand, limestone) that are suspended by
an upward flow of air. The fluidization provides excellent mixing and temperature uniformity, allowing for
lower combustion temperatures (800–900 °C) that inherently suppress NOx formation. Moreover, the
presence of limestone in the bed enables in‑situ desulfurization, as SO2 reacts with calcium carbonate to
form calcium sulfite, which can be oxidized to calcium sulfate (gypsum). FBC systems are particularly suited
for low‑grade coals with high sulfur content.

IGCC (integrated gasification combined cycle) converts solid fuel into a synthesis gas (syngas) composed
primarily of CO and H2. The syngas is cleaned of particulates, sulfur compounds, and trace contaminants
before being burned in a gas turbine. Because the gas‑phase pollutants can be removed efficiently at
relatively low temperatures, IGCC offers superior control of SO2, NOx, and mercury compared with
conventional pulverized‑coal plants. The waste heat from the gas turbine exhaust is recovered in a steam
cycle, enhancing overall plant efficiency.
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Mercury control is an important aspect of emissions management, especially for coal‑fired plants. Mercury
exists in flue gases as elemental mercury (Hg⁰), oxidized mercury (Hg²⁺), and particulate‑bound mercury.
Oxidation catalysts, often based on halogen‑containing compounds, promote the conversion of Hg⁰ to
Hg²⁺, which is more soluble and can be captured by downstream wet scrubbers. Activated carbon injection
is another widely used technique, where fine carbon particles adsorb mercury species, allowing their
removal in baghouses or ESPs.

Ammonia slip refers to the unreacted ammonia that exits an SCR reactor. Slip can cause secondary
environmental problems, including the formation of ammonium nitrate or nitrite aerosols, which contribute
to fine‑particle pollution. Monitoring slip involves continuous measurement of downstream NH3
concentrations, and mitigation strategies include adjusting the ammonia injection rate, optimizing catalyst
temperature, and employing a downstream ammonia scrubber if necessary.

Oxidation catalyst (also called after‑treatment catalyst) is employed to convert CO, unburned hydrocarbons,
and even some NOx to less harmful species. Typical catalyst formulations contain noble metals such as
platinum, palladium, or rhodium supported on high‑surface‑area oxides. The catalyst operates effectively at
temperatures between 200 and 500 °C, making it suitable for placement in the exhaust stream after the
primary combustion zone but before the exhaust gases cool to ambient temperature.

Electrostatic precipitator (ESP) removes particulate matter by charging particles as they pass through a
high‑voltage field and then attracting them to grounded collection plates. The efficiency of ESPs can exceed
99 % for particles larger than 1 µm, but performance declines for sub‑micron particles, which may require a
downstream fabric filter. ESPs are favored in high‑temperature applications because they have no moving
parts and can tolerate large gas volumes with relatively low pressure drop.

Fabric filter (baghouse) captures particles by forcing the gas stream through porous fabric media. The
captured particles accumulate on the fabric surface and are periodically removed by pulse‑jet cleaning or
shaking. Baghouse efficiency can exceed 99.9 % across a wide particle size range, including ultrafine
particles. However, the pressure drop across the filter can be significant, and the fabric must be selected to
resist chemical attack from acidic gases such as SO2 or HCl.

Cyclone separator is a mechanical device that uses centrifugal forces to separate coarse particles from a gas
stream. The gas enters tangentially, generating a swirling motion that drives heavier particles toward the
outer wall, where they fall into a collection hopper. Cyclones are inexpensive and have low pressure loss, but
they are limited to removing only larger particles (typically > 10 µm). They are commonly employed as a
pre‑separator before an ESP or baghouse to reduce the particulate load and extend the life of downstream
equipment.

Low‑NOx burner (LNB) is a design modification of the primary combustion system that reduces peak flame
temperature, thereby limiting thermal NOx formation. Techniques include staged fuel injection, flue‑gas
recirculation (FGR), and the use of lean premixed combustion. By controlling the local equivalence ratio and
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introducing a portion of the combustion air downstream, the burner can achieve NOx reductions of 30–70 %
without significant penalty to thermal efficiency.

Flue‑gas recirculation (FGR) involves redirecting a portion of the exhaust gases back into the combustion
zone. The recirculated gases, being hot and inert, dilute the oxygen concentration and lower the flame
temperature, which suppresses NOx formation. FGR is often combined with staged combustion to achieve
synergistic NOx reductions. The design of an FGR system must consider the impact on combustion stability,
excess air requirements, and potential increase in CO emissions if the recirculation is excessive.

Staged combustion separates the combustion process into two or more zones. In the first stage, a fuel‑rich
mixture is ignited, creating a fuel‑rich flame that minimizes NOx formation because of limited oxygen. In the
second stage, additional air is introduced to complete the oxidation of remaining fuel. This approach can
achieve NOx reductions of up to 80 % but requires careful control of the fuel‑air ratio to avoid high CO or
unburned hydrocarbon emissions.

Flameless combustion (also known as radiant or MILD combustion) creates a large, uniform reaction zone
where the flame is not localized but instead spreads throughout the combustion chamber. The temperature
remains relatively low (around 1200 °C) and uniform, which dramatically reduces thermal NOx formation.
Flameless combustion also improves fuel flexibility and can be achieved using intense preheating of the
combustion air or by adding a small amount of recirculated exhaust gas.

Carbon capture and storage (CCS) is a suite of technologies designed to capture CO2 from large point
sources, compress it, transport it, and store it in deep geological formations. In the context of advanced
combustion, CCS can be integrated with post‑combustion capture (e.g., amine scrubbing), pre‑combustion
capture (e.g., in IGCC), or oxy‑fuel combustion, where the combustion air is replaced with pure oxygen,
resulting in a flue gas that is primarily CO2 and water vapor, simplifying the separation process.

Oxy‑fuel combustion burns fuel in an environment of nearly pure oxygen, producing a flue gas that consists
mainly of CO2 and H2O. The water is condensed, leaving a concentrated CO2 stream that can be captured
with minimal energy penalty. Oxy‑fuel systems require an air‑separation unit (ASU) to supply oxygen, which
adds to capital cost and electricity consumption. However, the high CO2 concentration (often > 90 %)
facilitates downstream compression and storage.

Ammonia slip catalyst (ASC) is installed downstream of an SCR unit to oxidize any residual ammonia that
escapes the primary catalyst. The ASC typically contains a platinum‑based formulation that converts NH3 to
N2 and H2O at lower temperatures than the main SCR catalyst. This secondary catalyst helps meet stringent
ammonia slip limits (often Thermal NOx is formed by the high‑temperature oxidation of atmospheric
nitrogen (N2) during combustion. The Zeldovich mechanism describes the three elementary reactions that
dominate thermal NOx formation, and the rate of NOx generation is exponentially dependent on flame
temperature. Consequently, control strategies that lower peak flame temperature—such as fuel staging,
water or steam injection, and flue‑gas recirculation—are effective at reducing thermal NOx.
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Prompt NOx results from the reaction of nitrogen radicals (N) with hydrocarbon fragments during the early
stages of combustion. Prompt NOx is typically a minor contributor compared with thermal NOx, but it
becomes more significant in fuel‑rich or low‑temperature flames. Prompt NOx can be mitigated by ensuring
adequate mixing and avoiding excessively rich combustion zones.

Fuel‑lean combustion operates with an excess of air relative to the stoichiometric requirement. Lean
combustion reduces flame temperature and thus NOx formation, but it can increase the propensity for
flame instability and higher CO emissions if the mixture becomes too lean. Advanced control systems, such
as fast‑response fuel‑air ratio sensors and adaptive burners, are used to maintain stable lean operation.

Fuel‑rich combustion involves intentionally supplying less air than required for complete oxidation, creating
a fuel‑rich zone that suppresses NOx because of limited oxygen. The unburned carbon and CO in the rich
zone are later oxidized in a secondary stage where additional air is introduced. This two‑stage approach
enables substantial NOx reductions while preserving overall combustion efficiency.

Water injection introduces a fine spray of water or steam into the combustion zone. The latent heat of
vaporization absorbs thermal energy, reducing flame temperature and consequently NOx formation. Water
injection can also increase the specific heat capacity of the gas mixture, improving heat transfer in
downstream heat exchangers. However, excessive water can lead to flame quenching and increased fuel
consumption.

Steam injection is similar to water injection but uses superheated steam, which can be sourced from waste
heat or a boiler. Steam injection provides both temperature reduction and additional mass flow, which can
improve turbine performance in combined‑cycle configurations. The steam must be carefully controlled to
avoid excessive dilution of the combustion mixture, which could raise CO or unburned hydrocarbon
emissions.

Selective non‑catalytic reduction (SNCR) agents, such as urea (CO(NH2)2), decompose at high temperature
to produce ammonia and isocyanic acid, which then react with NOx. The decomposition temperature
window is narrow, and the process is highly sensitive to temperature gradients within the furnace. Accurate
temperature profiling and precise injection timing are critical to achieving the desired NOx reduction
without creating hotspots that could damage downstream equipment.

Ammonia‑based SCR is the most widely deployed NOx control technology for utility‑scale power plants and
large industrial boilers. The injection system must be capable of delivering ammonia uniformly across the
entire cross‑section of the flue gas to ensure complete reaction. Modern SCR systems incorporate real‑time
feedback loops that adjust ammonia flow based on online NOx measurements, thereby optimizing
performance and minimizing slip.

Urea‑based SCR uses urea as a surrogate for ammonia because it is easier to store, transport, and handle
safely. In the SCR reactor, urea thermally decomposes to produce ammonia and CO2. The presence of CO2
does not affect the reduction reaction but can slightly increase the required ammonia dosage. Urea‑based
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systems are common in mobile applications (e.g., diesel engines) and in stationary plants where safety
regulations restrict the use of anhydrous ammonia.

Hybrid SCR/SNCR combines the advantages of both technologies. Typically, a portion of the NOx is reduced
in the high‑temperature furnace using SNCR, while the remaining NOx is treated in the lower‑temperature
SCR downstream. This configuration reduces overall ammonia consumption because the SNCR stage
handles the bulk of NOx at a temperature where the catalyst is not required. Careful integration is needed
to avoid overlapping temperature zones that could diminish the efficiency of either stage.

Plasma‑assisted NOx reduction employs high‑energy electrical discharges to generate reactive radicals (e.g.,
O, N, and OH) that can convert NOx to N2 and O2 without the need for a catalyst. Non‑thermal plasma
reactors operate at atmospheric pressure and can be retrofitted to existing exhaust streams. While plasma
systems can achieve rapid NOx removal, they are energy‑intensive and currently more suitable for
small‑scale or specialty applications rather than large‑scale power generation.

Activated carbon injection (ACI) is a versatile technique primarily used for mercury capture but also effective
for certain VOCs and dioxins. Fine activated carbon particles are injected into the flue gas, where they
adsorb contaminants. The carbon‑contaminant mixture is subsequently collected in a baghouse or ESP. The
efficacy of ACI depends on the surface area of the carbon, the temperature of the flue gas, and the
residence time for adsorption.

Dioxin and furans (PCDD/Fs) are highly toxic, persistent organic pollutants that can form under certain
combustion conditions, especially when chlorine‑containing fuels are burned at low temperatures. Control
of dioxins involves maintaining high combustion temperatures (above 850 °C) to ensure complete
destruction, and employing activated carbon injection or catalytic filters to capture any formed compounds.
Proper flue‑gas cooling rates are also critical, as rapid cooling can arrest the formation pathways.

Flue‑gas temperature profiling is essential for the effective operation of temperature‑sensitive control
technologies such as SNCR, SCR, and plasma reactors. Thermocouples, infrared pyrometers, and fiber‑optic
temperature probes are used to map temperature distribution across the furnace cross‑section. Data from
these sensors feed into advanced control algorithms that adjust reagent injection rates, air staging, and fuel
feed to maintain optimal temperature windows.

Air‑separation unit (ASU) is a cryogenic plant that separates atmospheric air into its primary components:
nitrogen, oxygen, and argon. In oxy‑fuel combustion, the ASU provides high‑purity oxygen for fuel burning,
while the nitrogen is vented or used elsewhere. The ASU is a major contributor to the parasitic load of an
oxy‑fuel plant, often accounting for 10–15 % of the total plant electricity consumption. Energy‑recovery
schemes, such as using waste heat to pre‑heat the air feed, can mitigate this penalty.

Gypsum utilization is a commercial pathway for the by‑product of wet flue‑gas desulfurization. The
captured SO2 reacts with limestone to form calcium sulfite, which is subsequently oxidized to calcium
sulfate dihydrate (gypsum). Gypsum can be sold to the construction industry for drywall production,

Read online: https://certificates.gsbf.co.uk/guides/5326633/emissions-
control-technologies

Greenwich School of Business and Finance · 12 Jul 2026



G U I D E

providing a revenue stream that offsets the cost of the FGD system. However, the market for gypsum is
finite, and excess production may require alternative disposal methods.

Calcium looping is a carbon‑capture process that utilizes the reversible reaction between calcium oxide
(CaO) and CO2 to form calcium carbonate (CaCO3). In the carbonator, CaO reacts with flue‑gas CO2,
forming CaCO3; the carbonate is then calcined in a separate reactor to release a pure CO2 stream and
regenerate CaO. Calcium looping leverages existing cement‑kiln technology, but challenges include sorbent
degradation, high calcination temperatures, and the need for large reactor volumes.

Membrane separation exploits selective permeation of gases through polymeric or inorganic membranes.
For CO2 capture, membranes that preferentially allow CO2 to pass while retaining N2 and O2 can be
integrated downstream of a combustion turbine. Membrane systems operate continuously, have a smaller
footprint than solvent‑based scrubbing, and avoid solvent degradation issues. Limitations include
membrane fouling, limited selectivity, and the requirement for high pressure differentials.

Amine‑based absorption is the most mature post‑combustion CO2 capture technology. Aqueous solutions
of monoethanolamine (MEA) or advanced amines react chemically with CO2 to form carbamate species. The
rich solvent is then heated in a regenerator to release concentrated CO2 and regenerate the amine for
reuse. The process is energy‑intensive due to the heat required for solvent regeneration, and solvent
degradation can produce corrosive by‑products that must be managed.

Regenerative thermal oxidizer (RTO) is a device used to destroy VOCs and hazardous air pollutants (HAPs)
by oxidizing them at high temperature (typically 800–900 °C). The RTO contains a ceramic heat‑storage
matrix that recovers heat from the exhaust gases, reducing the fuel required to maintain the oxidation
temperature. RTOs achieve destruction efficiencies greater than 99 % and are widely employed in
petrochemical and waste‑treatment facilities.

Combustion turbine (CT) is a gas‑turbine engine that converts the energy of high‑temperature combustion
gases into mechanical work, which drives an electrical generator. In combined‑cycle plants, the CT exhaust
gas is routed to a heat recovery steam generator (HRSG) for additional power generation. Emissions control
on the CT includes low‑NOx burners, water or steam injection, and catalytic after‑treatment for CO and
NOx.

Heat recovery steam generator (HRSG) captures waste heat from the CT exhaust to produce steam for a
secondary steam turbine. The HRSG can be equipped with an SCR system on the exhaust side to treat NOx
before the gases are released to the atmosphere. The integration of SCR with HRSG must consider the
temperature drop across the heat recovery section to ensure the catalyst operates within its optimal
temperature window.

Exhaust gas temperature at the catalyst inlet is a critical design parameter. If the temperature is too low, the
catalyst may not achieve the desired conversion rates; if too high, catalyst sintering and deactivation may
occur. Typical SCR catalysts require inlet temperatures of 300–350 °C, while oxidation catalysts may function
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effectively down to 200 °C. Temperature control strategies include flue‑gas reheating, using waste heat from
downstream equipment, or installing temperature‑controlled bypass ducts.

Catalyst deactivation can result from sintering, poisoning, fouling, or thermal aging. Sulfur compounds,
alkali metals, and halogens are common poisons that bind to active sites, reducing catalyst activity. Periodic
regeneration, such as high‑temperature oxidation for fouling removal or replacement of catalyst modules, is
necessary to maintain performance. Monitoring catalyst health involves regular sampling of flue‑gas
composition and pressure drop measurements.

Ammonium bisulfate formation is a side effect of SCR operation when sulfur compounds are present in the
flue gas. The reaction of ammonia with SO2 produces ammonium bisulfate (NH4HSO4), which can deposit
on catalyst surfaces and cause fouling. To mitigate this, low‑sulfur fuels are preferred, or a downstream
flue‑gas desulfurization unit is employed to reduce SO2 concentration before the SCR.

Flue‑gas humidification adds moisture to the exhaust stream to lower the temperature of the gas and
increase the residence time for reactions such as SCR and SO2 absorption. Humidification can be achieved
by injecting a fine water spray or by passing the gas through a water‑spray tower. While humidification
improves NOx reduction efficiency, it also increases the corrosion risk for downstream metal components
and may affect the performance of particulate filters.

Corrosion resistance is a design consideration for all emissions‑control equipment. Acidic gases such as SO2
and HCl can condense on metal surfaces, leading to pitting and stress corrosion cracking. Materials such as
stainless steel, high‑nickel alloys, or protective coatings (e.g., ceramic linings) are selected based on the
anticipated chemical environment. Regular inspection and maintenance schedules are essential to detect
early signs of corrosion.

Pressure drop across a control device quantifies the resistance to gas flow and directly impacts the required
fan or blower power. High pressure drop increases operational costs and can limit the feasible size of the
system. For example, baghouse filters typically have pressure drops of 5–10 % of the total plant pressure,
whereas ESPs may have lower drops but require periodic cleaning to maintain efficiency. Designing for
minimal pressure loss while achieving high removal efficiency is a key engineering trade‑off.

By‑pass duct is a flow path that allows a portion of the flue gas to circumvent a control device. Bypass ducts
are used to control the temperature of gas entering temperature‑sensitive equipment, such as SCR
catalysts. By diverting a fraction of the hot gas, the temperature of the gas reaching the catalyst can be
reduced to within the optimal range. The bypass flow must be carefully balanced to avoid compromising
overall emission reduction performance.

Flue‑gas cleaning train refers to the sequence of devices through which the exhaust gas passes before
being released to the atmosphere. A typical train may include a cyclonic separator, an ESP or baghouse, an
SCR unit, a wet scrubber for SO2 removal, and a final polishing filter. The order of equipment is designed to
protect downstream components (e.g., SCR catalysts) from fouling and to maximize overall pollutant
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removal.

Regulatory limit is the maximum allowable concentration of a pollutant in the exhaust stream, as defined by
environmental agencies (e.g., EPA, EU ETS). Limits are expressed in parts per million by volume (ppmv),
milligrams per normal cubic meter (mg/Nm³), or mass per unit of energy produced (e.g., lb/MMBtu).
Compliance requires continuous emissions monitoring systems (CEMS) that record pollutant concentrations
in real time and generate data for reporting.

Continuous emissions monitoring system (CEMS) consists of analyzers, sampling probes, and data
acquisition hardware that provide real‑time measurements of pollutants such as NOx, SO2, CO, CO2, and
PM. CEMS must meet specific accuracy and reliability standards, and they are subject to periodic calibration
and verification by regulatory authorities. Data from CEMS are used to demonstrate compliance, optimize
control device operation, and support emissions trading schemes.

Emission trading (cap‑and‑trade) allows regulated entities to buy and sell emission allowances. Facilities
that can reduce emissions below their allocated allowance can sell excess permits, providing a financial
incentive for investing in advanced control technologies. The market price of allowances fluctuates based
on supply and demand, influencing the economic feasibility of emissions‑reduction projects.

Life‑cycle assessment (LCA) evaluates the environmental impact of a technology from raw‑material
extraction through manufacturing, operation, and disposal. For emissions‑control equipment, LCA helps
determine whether the benefits of pollutant reduction outweigh the embodied energy and emissions
associated with material production, transport, and end‑of‑life handling. LCA results can guide material
selection, such as opting for recycled steel in catalyst housings.

Thermal efficiency measures the ratio of useful energy output to the total heat input. Emissions‑control
devices often introduce pressure drops or require additional fuel for reheating, which can degrade the
plant’s thermal efficiency. Engineers must balance the need for pollutant reduction with the impact on
overall efficiency, employing techniques such as heat integration and waste‑heat recovery to mitigate
losses.

Fuel flexibility describes the ability of a combustion system to operate on a variety of fuels, ranging from
low‑grade coals to biomass and waste-derived fuels. Fuel flexibility is advantageous for adapting to market
price fluctuations and for meeting renewable‑energy mandates. However, each fuel type brings distinct
challenges for emissions control, such as higher chlorine content in waste fuels leading to increased dioxin
formation.

Biomass co‑firing involves blending a portion of biomass with coal or other fossil fuels. Biomass generally
contains lower sulfur and higher volatile matter, which can affect flame characteristics and pollutant
formation. Co‑firing can reduce net CO2 emissions because the carbon in biomass is considered biogenic.
Nevertheless, the increased alkali content of many biomass types can cause fouling and corrosion in
downstream equipment, requiring careful material selection and cleaning strategies.
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Hydrogen enrichment adds hydrogen to the fuel mix, either by blending with natural gas or by using pure
hydrogen. Hydrogen combustion produces mainly water vapor and negligible CO2, thereby reducing
greenhouse‑gas emissions. However, hydrogen flames have higher flame speeds and can lead to increased
NOx formation if temperature control is not implemented. Technologies such as exhaust‑gas recirculation
and staged combustion become critical when handling hydrogen‑enriched fuels.

Flame temperature is a primary driver of thermal NOx formation. Measuring flame temperature can be
performed using optical pyrometry, thermocouples protected by ceramic sheaths, or spectroscopic
techniques that infer temperature from emission line ratios. Accurate temperature data enable engineers to
fine‑tune combustion parameters and to validate the performance of NOx reduction strategies.

Combustion stability refers to the ability of the flame to remain steady under varying operating conditions.
Instabilities such as flashback, blow‑out, or oscillations can lead to incomplete combustion, spikes in CO and
unburned hydrocarbons, and increased emissions. Advanced control algorithms that monitor pressure
fluctuations, flame luminosity, and exhaust composition help maintain stable combustion, especially in
low‑excess‑air or lean‑burn regimes.

Flue‑gas composition influences the selection of control technologies. High concentrations of SO2 favor wet
desulfurization, while elevated HCl or HF levels may necessitate specialized materials resistant to halogen
corrosion. The presence of trace metals such as arsenic or selenium can affect catalyst poisoning rates.
Comprehensive gas analysis is therefore a prerequisite for designing an effective emissions‑control train.

High‑temperature corrosion occurs when metal surfaces are exposed to aggressive species at elevated
temperatures, typically above 500 °C. Sulfidation, caused by reactions with H2S or SO2, forms metal sulfides
that can spall and expose fresh metal to further attack. Protective strategies include alloying with chromium
or molybdenum, applying ceramic coatings, and controlling the oxygen potential of the gas stream.

Low‑temperature oxidation processes, such as catalytic oxidation of VOCs, operate at temperatures as low
as 150 °C. These treatments rely on highly active catalysts that can adsorb and oxidize contaminants without
the need for high thermal input. Low‑temperature oxidation is attractive for retrofitting existing plants
because it imposes minimal additional fuel consumption.

Flue‑gas particulate morphology influences the performance of ESPs and baghouses. Spherical particles
tend to charge more uniformly and are easier to collect in ESPs, while irregular or fibrous particles may lead
to uneven deposition and higher pressure drops. Understanding the morphology helps in selecting
appropriate cleaning methods, such as pulse‑jet versus reverse‑pulse cleaning for baghouses.

Gas‑phase mercury oxidation is enhanced by the presence of chlorine donors (e.g., HCl) and by catalytic
surfaces that promote the conversion of elemental mercury to oxidized forms. Oxidized mercury is soluble
in water and can be captured by wet scrubbers. The effectiveness of mercury oxidation is often evaluated
using the mercury oxidation ratio (MOR), defined as the fraction of total mercury that is oxidized.
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Environmental impact assessment (EIA) is a regulatory requirement for large‑scale projects that may affect
air quality, water resources, and ecosystems. An EIA includes baseline measurements, modeling of pollutant
dispersion, and mitigation plans. For emissions‑control projects, the EIA evaluates the net benefit of
installing control technologies versus the environmental cost of construction and operation.

Process integration involves designing the plant layout such that waste heat from one unit is utilized by
another, thereby improving overall energy efficiency. For example, the exhaust heat from an SCR catalyst
can be directed to preheat combustion air or to drive a steam turbine. Effective integration reduces fuel
consumption and can lower the operating cost of emissions‑control equipment.

Reactor residence time is the average time that a fluid element spends within a reaction zone. In SNCR,
sufficient residence time at the target temperature window (900–1100 °C) is essential for the complete
decomposition of urea and the subsequent reaction with NOx. Residence time can be increased by
lengthening the reactor, reducing the gas velocity, or adding internal baffles to promote mixing.

Heat‑exchanger fouling occurs when particulate matter or condensable species deposit on heat‑transfer
surfaces, reducing thermal conductivity and increasing pressure drop. Fouling can be mitigated by installing
upstream particle filters, using anti‑fouling coatings, or implementing periodic cleaning cycles (e.g., soot
blowers). Monitoring temperature differentials across the exchanger provides early indication of fouling
onset.

Ammonia storage for SCR systems must be designed to accommodate safety considerations, including leak
detection, ventilation, and containment. Ammonia is toxic and corrosive; therefore, storage vessels are often
constructed from stainless steel or carbon steel with appropriate linings. In large‑scale plants, on‑site
ammonia synthesis (e.g., via the Haber‑Bosch process) may be employed to reduce transportation risks.

Urea hydrolysis is the aqueous reaction that converts urea into ammonia and carbon dioxide. In SCR
applications, urea is injected into the hot flue gas, where it rapidly hydrolyzes. The rate of hydrolysis
depends on temperature, pressure, and gas composition. Engineers must ensure that the injection point
provides sufficient temperature to achieve rapid hydrolysis, otherwise ammonia slip may increase.

Flue‑gas duct design must consider flow uniformity, pressure drop, and thermal expansion. Ducts are
typically insulated to prevent heat loss and to protect downstream equipment from excessive temperatures.
Computational fluid dynamics (CFD) simulations are employed to optimize duct geometry, minimize dead
zones where pollutants could accumulate, and to predict the distribution of temperature and velocity for
proper placement of injection points.

Combustion emissions modeling utilizes software tools such as CHEMKIN, ANSYS Fluent, or proprietary
plant simulators to predict pollutant formation under various operating conditions. These models
incorporate detailed chemical kinetic mechanisms for NOx, CO, and VOC formation, as well as turbulence
models that capture mixing effects. Validation against plant data is necessary to ensure model reliability for
design and optimization.
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Regenerative catalyst refers to a catalyst that can be restored to its original activity after degradation,
typically through high‑temperature oxidation or reduction cycles. Regeneration prolongs catalyst life and
reduces replacement costs. For SCR catalysts, periodic high‑temperature regeneration can remove
ammonium bisulfate deposits, restoring active sites.

Flue‑gas pressure control is required to maintain the proper flow rate through control devices and to ensure
stable operation of fans and blowers. Pressure sensors and control valves are integrated into the plant’s
automation system. Sudden pressure spikes can damage delicate components such as catalyst housings,
while pressure drops may lead to insufficient residence time for reactions.

Gas‑phase chemistry in the flue stream includes radical chain reactions that drive the formation and
destruction of pollutants. For example, the addition of OH radicals can accelerate the oxidation of CO to
CO2, while the presence of HOx radicals can influence the formation pathways of NOx. Catalytic
after‑treatment devices often aim to manipulate the gas‑phase chemistry to favor desired reactions.

Environmental compliance audit is a periodic review conducted by internal or external auditors to verify that
the plant’s emissions data, monitoring equipment, and operational procedures meet regulatory
requirements. Audits examine documentation, calibration records, maintenance logs, and training
programs. Findings may result in corrective actions, such as equipment upgrades or procedural changes.

Advanced control algorithms leverage real‑time data from CEMS, temperature sensors, and flow meters to
optimize the operation of emissions‑control devices. Model predictive control (MPC) can anticipate future
plant states and adjust ammonia injection or fuel staging proactively. Machine‑learning techniques are
increasingly explored to
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