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1. INTRODUCTION 

Coal is the mainstay of the fuel for power plant boilers. Today, the installed power generation 
capacity of the country is 104 917 MW which is slated to grow further to 149 525 MW by the end of 
year 2007. 71% of the power comes from the thermal route out of which 78% is derived from coal. 
India has a coal reserve of 211 billion tons out of which 82 billion tons are the proven reserves. The 
present coal mining rate is 300 million tons per annum. Hence, in all likelihood, Indian coal will 
continue to play a dominant role in the power growth of India. 

However, Indian coal has typical characteristic of very high ash content [up to 50%] along with 
moderate sulfur content. However, with the promulgation of new environmental norms, aging power 
generating units and use of coal of varied quality, it is becoming increasingly difficult to meet 
stringent SPM levels. Also, the promulgation of new environmental norms is in offing for SOx and 
NOx emission level we shall further restrict the elbow room of power plants. 

All modern power stations are conventionally provided with ESPs for abatement of SPM 
emissions. These ESPs typically have an efficiency of 99.5% plus. However, achieving a good particle 
emission value with very high resistivity Fly Ash [>1014 ohm-cm] is, even today, a challenge. 
Consequently, power stations are hard pressed to comply with the SPM emission regulations of 100 
ppm and 50 ppm. For removal of NOx and SOx from the exiting flue gas, typically Selective Catalytic 
Reduction (SCR) or Selective Non-Catalytic Reduction (SNCR) process and Wet or Dry scrubbing 
process is used which converts the NOx and SOx to free nitrogen and gypsum using anhydrous 
ammonia and lime stone respectively. However, all of these methods put a big penalty on the 
performance level of the auxiliary equipment, space requirement and reliability of the plant and the 
cost of power. 
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FIG. 1. Conventional de-SOx and de-NOx methods 

2. CONVENTIONAL GAS CLEANING SYSTEM: A BRIEF 

As indicated in the fig. 1, flue gas cleaning essentially involves removal of SOx and NOx apart 
from the suspended particulate matter. 

2.1. De-Sulfurization System: Wet Process 

1) Wet Limestone Scrubbing 

This process for the removal of SOx from the flue gas uses limestone slurry in water which 
comes into contact with the flue gas after it has been passed through the particulate filtering unit 
operation of choice. The base reaction is as follows: 

SO2 + CaCO3 + H2O � CaSO3 + H2O + CO2. 

� The gas dissolves in the slurry and forms gaseous carbon dioxide and solid calcium sulfite 

� This calcium sulfite is then oxidized to form calcium sulfate. 

� Calcium sulfate i.e. gypsum, is sold on the open market for use in wallboard, plaster etc. 

� Once the process is complete, the slurry is circulated from the holding tank. 

� Fresh limestone is added to an effluent hold tank from which it will be added to the system 

� The final destination for the limestone slurry is a landfill. 

2) The Wellman- Lord Process 

� The active reagent (aqueous sodium solution) used for removal of SO2 is regenerated. 

Sea Water Washing Process 4 

Wellman- Lord Process 3 

Ammonia Scrubbing Process 2 

Limestone – Gypsum Process 1 

Wet Process 

Duct Spray Dry 3 

Spray Dry 2 

Circulating Fluidised Bed 1 

Semi Dry Process 

Sodium Bicarbonate injection 2 

Furnace Sorbent Injection 1 

Dry Process 

De-Sulfurization System

Selective NonCatalyst Reduction 2 

Selective Catalyst Reduction 1 

De-Nitrification System 



Working Material 

141 

 

� In the main absorber the flue gas is scrubbed with aqueous sodium sulphite solution, forming 
sodium bisulphite which is decomposed by steam heating in an evaporative crystalliser to 
produce sodium sulphite and SO2. 

� SO2 gas stream can be treated to make suitable by- product (H2SO4 or elemental sulphur). 

� This process is expensive to install but relatively cheap to operate. 

3) Ammonia Scrubbing 

Ammonia is used as scrubbing agent and final product is ammonium sulphate which is a high 
value product that can be used in fertilizers. There could be a commercial risk associated because price 
of ammonium sulphate and ammonia are both very volatile. The plant is expensive to build and 
requires a large area. The process has the advantage that there is no waste water discharge and less 
problems of scaling and blockage. 

4) Sea water washing 

This method uses untreated sea water to scrub flue gas, natural alkalinity of sea water 
neutralises SO2. After scrubbing, the water used is treated with air to reduce its chemical oxygen 
demand and its acidity and then discharged back to sea. This process does not require solid sorbent as 
a reagent, it is limited to use at coastal sites. 

2.2. De-Sulfurization System: Semi Dry Process 

1) Dry Alkaline System 

� This unit operation must be placed before the filtering system for particulates, as opposed to the 
previous system. 

� This process for the removal of SOx from the flue gas uses alkaline particles that are added to 
the flue gas, where they react with the SOx present in the system and the end result particles are 
then large enough to be collected in the filtering system.  

� There are several different sorbents available to accomplish this task, including the use of lime 
(CaO) to produce the calcium sulfite without the creation of carbon dioxide. 

� This system has fewer problems with corrosion and deposition. 

� However, this process loses the production of gypsum (except for a system that uses calcium 
oxide) that can be removed and sold to an outside buyer. 

2) Circulating Fluidised Bed (CFB) 

Flue gas is passed through a dense mixture (fluidised bed) of lime (Ca(OH)2), reaction products 
and fly ash which removes SO2, SO3 and HCl. Final product is a dry powdered mixture of calcium 
products which has to be disposed off. 

This process is cheap to install, requires small space, has a high SO2 removal efficiency, 
accommodates very rapid changes in inlet SO2 concentration, has small scaling, plugging or corrosion 
problems. However it is expensive to operate and generates waste products that have to be disposed 
off. 

3) Spray- dry process 

Flue gas is carried into spray dryer vessel where it comes in contact with finely atomized spray 
of lime and by -product slurry. This removes SO2, SO3 and HCl from flue gas. 

4) Duct spray-dry process 

The lime slurry is sprayed directly into the duct. The lime reacts with acid gases to produce dry 
powdered mixture of calcium compounds. This process is used where moderate degree of de-
sulphurisation (50-70%) is required. 
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2.3. De-Sulfurization System: Dry Process 

1) Sodium Bicarbonate 

This process involves the direct injection of dry sodium bicarbonate into the flue gas duct 
downstream of the air heater, to react with and remove acidic compounds such as SO2, SO3 and HCl. 
The final product is a dry product of sodium compounds and fly ash. It is suitable primarily for those 
application where a moderate degree of desulphurisation (70%) is required at low capital cost, 
although the reagent , sodium bicarbonate is relatively expensive. 

Addition of sodium bicarbonate into the flue gas causes it to react in the following manner: 

2NaHCO3 � Na2CO3 + H2O + CO2 

This allows for the sodium carbonate to react with the oxygen and sulfur dioxide in the flue gas 
to form sodium sulfate and carbon dioxide as follows: 

Na2CO3 + SO2 + 0.5CO2 � Na2SO4 + CO2 

With the creation of solid sodium sulfate, the desulfurization of the gas is complete. However, 
with the addition of a few more chemicals and reactions, beneficial end results can be obtained, as 
well as the recycling of the sodium bicarbonate. If ammonia is added to water slurry with carbon 
dioxide, ammonium bicarbonate can be formed through the following reaction: 

NH3 + CO2 + H2O � NH4HCO3 

If this ammonium bicarbonate slurry is added to the sodium sulfate slurry as created above, the 
following reaction takes place, which recycles the sodium bicarbonate initially added. 

2NH4HCO3 + Na2SO4 � (NH4)2SO4 + 2NaHCO3 

This recycling of the sodium bicarbonate is of course not complete, but does provide significant 
impact when making a selection for SOx removal. As a further bonus, the ammonium sulfate can be 
reacted further to create potassium sulfate, which is a common fertilizer component and can be sold to 
offset costs.  

(NH4)2SO4 + 2KCl + CaO = K2SO4 + CaCl2 + 2NH3 + H2O 

2) Furnace sorbent injection 

In this dry hydrated lime is blown pneumatically into the furnace typically above the burners. 
This removes upto 70% of the SO2 from the flue gas. Spent sorbent is extracted with the fly ash in an 
ESP. 

It is one of the cheapest FGD process to install but can be expensive to operate because it is 
inefficient in its use of sorbent. It is well suited for retrofit situation, for only a low SO2 removal 
efficiency is required and little space available in the unit plant area. Fly ash cannot be separately 
collected therefore it has to be dumped along with solid by-product. 

2.4. De-Nitrification System 

1) Selective Catalyst Reduction 

Through the use of ammonia or a similar agent, the NOx emissions can be controlled post-
combustion through the use of selective catalyst reduction. When the ammonia is injected into the flue 
gas immediately before it passes over a catalyst (usually vanadium or titanium), the following 
reactions take place. 

4NH3 + 6NO � 5N2 + 6H2O 

8NH3 + 6NO2 � 7N2 + 12H2O 

� As can be seen from this pair of chemical equations, both NO and NO2 are reduced and removed 
as nitrogen and the only other by-product is water. 
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A Schematic Representation of the Non-Thermal Plasma Destruction 

� These two compounds are the two principal components of NOx pollution. Others show up in 
extraordinarily small terms, and are ignored.  

� With a molar ratio of approximately 0.95-1.00, there is a 90% reduction in NOx. 

 

2) Selective Non-Catalyst Reduction 

This process is very similar to the selective catalyst reduction except that there is no catalyst 
involved in the process, and it’s done much closer to the combustor as a higher temperature is needed 
in place of the catalyst effect. The reactions are the same as above and are again listed below. 

4NH3 + 6NO � 5N2 + 6H2O 

8NH3 + 6NO2 � 7N2 + 12H2O 

In this process, there is just a simple injection of ammonia into the flue gas stream coming 
directly out of the combustor so that local molar ratios are approximately 2:1 ammonia to NOx, so as 
to assure an almost full conversion of the pollutant NOx to N2, an obviously benign gas. 

3. PLASMA BASED GAS CLEANING SYSTEM 

Non-Thermal Plasma (NTP) destruction is one type of Advanced Oxidation Process (AOP) that 
results in the destruction of a wide variety of emissions, including. In essence, NTP technologies 
produce free radicals, and promote oxidation and molecular dissociation to enable enhanced chemical 
reactions that destroy hazardous emissions. 

NTP technologies differ from thermal plasma technologies in that the temperature of the bulk 
gas remains low for the NTP case, but is elevated for the thermal case. This is because energetic 
electrons are produced in NTPs without heating the entire gas stream to high temperatures. The 
plasmas produced by NTP processes are sometimes referred to as cold plasmas, because of this unique 
low-temperature property. Therefore, one advantage that NTP technologies have over thermal plasma 
discharge is that less energy is required for NTP processes to achieve the same degree of chemical 
reaction. There are several main types of NTP reactor technologies, including electron beam, dielectric 
barrier discharge, pulsed corona discharge, and flow stabilized discharge. The technologies are similar 
in that they all generate energized electrons that collide with atoms and molecules in the contaminated 
gas and create highly reactive chemical species. The reactive species, in turn, react with pollutants in 
the gas and transform the pollutants into more controllable compounds. 

The general process for NTP destruction is depicted schematically in Figure 2 shown below. 

 

FIG. 2. General scheme of the non-thermal plasma gas treatment 
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The differences between the technologies lie in the manner in which the energized electrons are 
generated and introduced to the gas stream. For the electron beam method, electrons are generated 
externally from the gas. For all of the discharge technologies, electrons are generated by discharge 
electrodes within the gas stream. The various discharge technologies vary in the way they avoid arcs 
from forming across the electrodes. If the current is increased to high levels, the energy consumption 
increases, and the efficiency is reduced. Moreover, the plasma begins to change from non-thermal to 
thermal, whereby the background gas is energized along with the electrons. 

Advantages of Plasma based Gas Cleaning System: 

1. In a single process step, SO2 and NOx are removed simultaneously. 

2. It gives usable and valuable by-products (fertilizers). Deposition of waste material containing 
water soluble salts is avoided. 

3. Operation and investment costs of the process are very competitive. Profit gained from product 
sale may lower flue gas cleaning cost significantly. 

4. The process consumes low energy for off gases with high SO2 concentration. 

5. The process operates depending on required SO2 removal efficiency in a broad temperature 
range (55-90°C) which is not possible in case of wet gypsum process. In certain configurations, 
energy consumption for reheating of the flue gas is avoided or minimized. 

6. Process may be used for small as well as large plants. 

Limitations of Plasma based Gas Cleaning System: 

1. Energy consumption is relatively high, especially for flue gases with high NOx and low SO2 
concentrations. Further reduction of energy consumption by process improvement is required. 

2. Special attention is required for aerosol formation which results in potential clogging of filters 
and deposition in the flue gas ducts.  

3. Initial investment costs are rather high and accelerator is the major contributor. As its use will be 
increased, accelerator cost is expected to reduce in coming years. 

The Non thermal plasma for conditioning of flue gas coming out of fossil fired power plant can 
be of two types: 

a) In-site plasma generation: Electron beam and accelerator mechanism 

b) External plasma generation: Pulsed Corona and Corona shower system 

3.1. In-situ Plasma Generation: Electron Beam and Accelerator Mechanism 

Electrons and ions are produced in the gas phase when electrons or photons with sufficient 
energy collide with the neutral atoms and molecules (i.e. electron impact ionization or photo-
ionization). There are various ways by which energy can be supplied to create these charged particles 
(i.e. electrons or ions). Thermal energy (as in flames) is commonly supplied form of energy where 
exothermic chemical reactions of the molecules are used as prime energy source. Adiabatic 
compression of the gas is also capable of heating gas up to the point of charged particle generation 
(also called as plasma). Another way to supply energy to a gas reservoir is via energetic beams (of 
electrons) that moderate in a gas volume. These beams normally remain unperturbed by electric and 
magnetic fields, property which is used in their acceleration and transportation (Fig. 3). 
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FIG. 3. Plasma generation scheme 

Any volume of a neutral gas always contains few electrons and ions due to the result of 
interaction of cosmic rays or radioactive radiation. These charged particles can be accelerated by 
means of electric fields. These charge carriers are then utilized in creating new charged particles by 
colliding them with atoms and molecules in the gas or with the surfaces of the electrodes. This cloud 
of charged particles can then be scanned and transported by means of magnetic fields (as a cloud itself 
or as a beam) and allowed to interact with the target product to be irradiated. High energy electron 
beam is generated by an accelerator system. This beam is uniformly swept across the product (in this 
case flue gas) using a magnetic beam scanning system. A thin exit window (usually made up of Ti) is 
used for electron beam irradiation. Product is passed through scanned beam in a highly controlled 
manner. As can be seen, accelerator is the heart of the whole system. There are various types of 
accelerators and their classifications are explained below. 

3.1.1 Particle Accelerators 

High energy physics research is the main driving force in continuous development of particle 
accelerators. The traces can be found from 1895 when Lenard (who ultimately won Noble Prize) used 
100 keV electrons to study electron scattering on gases. Rutherford (1919) believed that he needed a 
source of many MeV to study nucleus (though not possible at that time). From that period, extensive 
research in this field has resulted in development of various accelerators of increasing energies. The 
Livingston chart (Fig. 4) represents in a striking manner how the succession of new ideas and new 
technologies has relentlessly pushed up accelerator beam energies over five decades at a rate of over 
one and a half orders of magnitude per decade. One repeatedly sees a new idea, which rapidly 
increases the available beam energy, only to be surpassed by another new idea. In the meantime, first 
idea continues to grow into a saturation state. 

Based on the energy, accelerators are classified as low, medium and high energy accelerators. 



Working Material 

146 

 

 
FIG. 4. Accelerators development 

Low energy accelerator 

Accelerators in the range of 400 keV to 700 keV come in this category. The beam currents are 
available from 25 mA to 250 mA approximately. They are generally of self shielded type. 
Applications are found in surface curing of thin films, laminations, production of antistatic, 
antifogging films, wood surface coatings etc. They have small penetrating ranges. 

Medium energy accelerators 

Systems with energy range 1 MeV to 5 MeV fall in this category. These systems are 
characterized by beam powers and usually have a range of 25 kW to 150 kW. The typical applications 
include cross linking of thicker cross sections of materials, polymer rheology modification, color 
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enhancement of gem stones, medical product sterilization and food irradiation. They have high 
penetration ranges. 

High energy accelerators 

Accelerators with energy range 5 MeV to 10 MeV fall in this category. Scanned beams of 
power 25 kW to 350 kW are available. They have the highest penetration depths. Typical applications 
include bulk product irradiation, food disinfection, waste water treatment, and medical product 
sterilization. 

3.2. External Plasma Generation: Pulsed Corona and Corona Shower System 

Pulsed corona discharge is another category of NTP technology that has received considerable 
attention recently. In pulsed corona systems, a pulsed voltage is used to prevent the current from 
increasing to the point where spark discharges occur. The resulting environment is one that is 
analogous to the environment generated with dielectric barrier systems, in which micro- or streamer 
discharges are present.  

Two common types of pulsed corona discharge technologies include the wire-coaxial reactor 
and the wire-plate reactor. In a pulsed corona reactor, the applied voltage is applied such that it is 
below the ion frequency. This enables the excitation of electrons without the excitation of heavier 
ions, and minimizes the energy input by avoiding the motion of heavy ions. For pulsed power systems, 
a traveling wave electric field can be induced to enhance electron excitation by use of a power supply 
that is able to generate a very large rate of current change in discharge. One limiting factor of pulsed 
technologies is scalability. This is because the impedance of electrode system and the size of the 
reactor are proportional. This challenge can be dealt with by improving impedance matching, and with 
optimization of electrode design. 

As with other NTP technologies, the plasma that is formed in pulsed corona system leads to 
enhanced chemical reactions, and to the ultimate destruction of the pollutant. In flow stabilized 
discharge systems, the electrodes are continuously cooled by the rapid flow of gas that flows directly 
through the inside of the electrodes. This high flow-rate gas prevents the streamer discharges from 
becoming unstable. There are several systems with different types of geometries which can be 
investigated, including the corona torch, capillary tube, corona radical injection, and corona radical 
shower configurations. Typically, flow stabilized discharge is for degrading fairly stable gases. The 
figure 5 shows the cost comparison of various plasma technologies. 
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FIG. 5. Cost comparison of various plasma technologies. 

3.3. Flue gas conditioning process with reaction mechanism 

It is commonly known that free radicals such as OH*, O* etc have very high oxidizing strength. 
This property is used in flue gas cleaning process. In this system, the combustion exhaust gas 
containing molecules such as oxygen (O2) and water vapor (H2O) are irradiated with electron beam to 
form radicals such as OH*, O* and HO2*. The general reaction mechanisms of the process are 
presented in the figure 6. 
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FIG. 6. Reaction scheme of EBFGT process. 

As can be seen from figures6 and 7, high energy electrons are a good tool for processing of 
gases. The energy of the electrons is absorbed by the components of the gaseous mixtures in 
proportion of their mass fractions. In case of electron beam irradiation, only 6% or less of the absorbed 
energy is dissipated in vibrational excitation of the molecules. Most of it is consumed in dissociation 
and ionization of molecules and finally in the formation of the free radicals OH*, N*, O*, H*, HO2*. 
Pollutants are good scavengers for these radicals which ultimately results in pollutant oxidation. Flue 
gas contains water vapors which react with oxidized products to form acids (H2SO4 and HNO3). These 
acids subsequently react with pre-injected ammonia to form ammonium sulfate and nitrate. These salts 
are recovered as a dry powder and can be sold in domestic markets as fertilizers.  

Model of reaction mechanisms 
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FIG. 7. SO2 and NOx removal mechanism 

By looking at the figures, it can be inferred that NOx removal is a radiation induced process 
where as SO2 removal is dominated by both pathways i.e. thermo-chemical oxidation and a radiation 
induced process.  

After studying various reaction pathways, a brief account of the existing important results is 
presented in the next section. These results are reproduced from the available literature. The 
experiments for these results were carried out either at pilot scale or commercial scale. 

4. PROBABLE CONFIGURATION OF THE ELECTRON BEAM PROCESS FOR 
INTEGRATED EMISSION CONTROL FOR INDIAN POWER PLANTS: 

The schematic figures 8 and 9 show the probable arrangement of integrating the EB process for 
emission control in low sulphur high ash coal. A small stream of de-ashed flue gas is processed 
through EB for conversion of SO2 to SO3 which is mixed with the incoming flue gas for adjusting its 
resistivity for enhanced performance of the ESP.  

NOx Removal Pathways 

SOx Removal 
Pathways 

(Solid Lines: Free radical reactions; Dotted Lines: Thermally initiated reactions) 
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FIG. 8. Electron beam: Integrated emission control 

 

 
FIG. 9. External Plasma: Integrated emission control
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