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ABSTRACT

An extensive review of exhaust gas treatment in thermal power plants was conducted. The nature of emissions and hazards caused
by pollutants at electric thermal plants were clearly indicated. CO2 capture, desulfurization, denitrification and PM collection as
control measures for treatment were successfully well explored and recommended to be best in practice. The majority of the
studies under consideration are consistent with their findings and agree with standard procedures. The work can serve as a
platform to find benefits in pollution reduction in the atmosphere which mitigates global warming and prevent deadly respiratory
diseases. However, more effort is needed to improve the baghouse PM collection system and the eventual method of disposal.
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1. INTRODUCTION

In modern day life energy is basically very essential in all aspects. It is very crucial for industrial production and the fuel for
transportation as well as for the generation of electricity in thermal power plants. Sustainable human development is heavily
dependent on energy to drive comfortable and meaningful human existence. In this modern time electricity has globally been
identified as a necessary tool for barely all human activities. Global exponential rise in population is closely linked to increasing
energy demand and requirements for environmental protection. This necessitates and requires the use of advanced methods to
treat exhaust gases at electricity generating plant [1-3]. There are no much reviews on the subject and hence the need to
extensively study and report the trend of research and way forward in this very important field.

Fossil fuels in their various forms have been the main sources of electricity for many years. Liquid and gaseous fuels are more
efficient than their traditional solid phase counter parts. Yet, by 1980’s about 800 million tons of coal was being consumed each
year in the United States of America. Electric generating utilities accounted for approximately 85% of the said figure which
translated to about 680 million tons of coal [4]. Coal is the most abundant and widely distributed fossil fuel globally, with reserves
for all types estimated to be at about 990 billion tonnes, enough for 150 years at current consumption. Coal fuels 42% of global
electricity production, and is likely to remain a key component of the fuel mix for power generation to meet increasing electricity
demand [5]. Natural gas (NG) has emerged as an important fuel source for power generation. Combined cycle power plant
technology using liquefied natural gas (LNG) is not only readily available but is also proving to be attractive for quick capacity
additions and at the same time is capable of meeting cost and environmental goals. Its application is increasing because of its
inherent advantages in terms of low capital costs and low emission. The most efficient units achieve availability of 95% and 52%
net efficiency.

The combustion of fossil fuel to generate power pollutes the air with many materials, such as: particulate matter (PM), toxic
mercury; acidic gases such as SO,, NO,, HCI, etc.; greenhouse gases like carbon dioxide (CO,), other CO,, N,O,, etc. These
emissions constitute a potential threat to the environment and its inhabitants. The adverse effects of air pollution are easily seen in
the consequences of climate change. Air pollution poses serious health hazards that can result in increased mortality rate due to
chronic bronchitis and other deadly respiratory diseases caused by poor quality air. Emission of greenhouse gases (CO,and N,O)
also aggravates the problem of global warming. These emissions also increase the tendency of acid rain [6], a situation that results
in destruction of forest and aquatic life as well as building decay. It becomes clear that emissions from thermal power plants will
certainly have huge economic consequences. These and other factors necessitate preventive measures to be taken. The aim of this
research is to make a review of exhaust gas treatment technology for thermal power plants. This review will find and summarize
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typical solutions to the problems of air pollution caused by combustion of fossil fuels in thermal power plants, thereby giving
preventive measures to deadly respiratory diseases. It is also important that the research will create awareness for the need of
pollution control in places that are preparing to establish thermal power plants for energy generation.

2. THERMAL POWER PLANT

A power station is also referred to as a generating station, power plant, or powerhouse. It is an industrial facility for the
generation of electric power. The greatest variation in the design of thermal power stations is due to the different energy sources.
Most thermal power stations use fossil fuel. Singh et al. [7] reported that a coal-fired power plant burns coal to produce electricity.
In a typical coal-fired plant, there are pulverisers to mill the coal to a fine powder for burning in a combustion chamber of the
boiler. The heat produced from the burning of the coal generates steam at high temperature and pressure. The high-pressure steam
from the boiler impinges on a number of sets of blades in the turbine. This produces mechanical shaft rotation resulting in
electricity generation in the alternator. The exhaust steam from the turbine is then condensed and pumped back into the boiler to
repeat the cycle. This description is very basic, and in practice, the cycle is much more complex and incorporates many
refinements. It was also reported in [8] that conventional steam producing thermal power stations generate electricity through a
series of energy conversion stages: firstly fuel is burnt in boilers to convert water into high pressure steam, which is then used to
drive a turbine to generate electricity. In coal fired power stations the coal is pulverised to enhance combustion efficiency, then
fed into the combustion chamber of a boiler and burned. Electricity is generated from oil using similar methods. The work further
highlighted that combined cycle power stations burn fuel in a combustion chamber and the exhaust gases are used to drive the
turbine. Waste heat boilers capture energy from the exhaust gases for the production of steam, which is then used to drive another
turbine; this process is generally more efficient than conventional systems. Advanced coal utilization technology (e.g. fluidized
bed combustion) tends to be more efficient than conventional and combined cycle systems. Reference [8] further reported that
Gasification Combined Cycle (IGCC) power plant is the most environmentally friendly coal-fired power generation technology.
IGCC uses a combined cycle format with a gas turbine driven by the combusted gas from coal combustion or high energy waste
gases from refineries, while the exhaust gases are heat exchanged with water/steam to generate superheated steam to drive a
turbine.

2.1 Emission Characteristics of Thermal Power Plants

Flue gas from combustion of fossil fuels contains carbon dioxide and water vapour, as well as other substances such as
nitrogen, nitrous oxides, sulfur oxides, and in the case of coal-fired plants, fly ash (PM) and mercury [4]. The study indicated that
emissions from combustion of coal consist of: SO,, NO, (sulphur and nitrous oxides) gases that are acidic in nature as well as
water vapour; particulate matter with sizes in microns and toxic mercury; and the greenhouse gases (CO, CO, and N,O). These
emissions will depend on the type of coal, its calorific value and source, as well as the quantity burnt. Singh et al. [7] indicated
that the burning of coal in the boiler of a power plant produces flue gas. The main constituents of the flue gas are nitrogen (N,),
CO; and water (H,0). It carries PM and other pollutants. There are traces of some oxides such as oxides of sulphur (SOx) and
oxides of nitrogen (NOX) depending on the combustion technology and fuel used.

2.2 Environmental Impact of Thermal Power Plant

Najjar [9] reported SO, to be an air pollutant with main source at electric power plants that burn high-sulfur coal. The study
suggested that regulations should be forced for plants to install SO, scrubbers, to switch to low-sulfur coal, or to gasify the coal
and recover the sulfur. Sulfur oxides and nitric oxides react with water vapour and other chemicals high in the atmosphere in the
presence of sunlight to form sulfuric and nitric acids. The acids formed usually dissolve in the suspended water droplets in clouds
or fog. These acid-laden droplets, which can be as acidic as lemon juice, are washed from the air on to the soil by rain or snow.
This is known as acid rain. Pickering & Owen in [10] indicated that acid rain or acid deposition leads to acidification of
groundwater, surface water, damage to life (particularly forests and aquatic) and building decay. The work attested that acid rain is
also caused by the reaction of nitrous and sulphur oxides with water in the atmosphere. Gottlieb et al. [11] reported that coal ash is
the waste product left over after coal is combusted, or burned. The work highlighted how toxic coal ash is, its generation and
grossly mismanaged disposal. The work confirmed an incidence in the U. S., in 2008 where an earthen wall holding back a huge
coal ash disposal pond failed at the coal-fired power plant in Kingston, Tennessee. The 40-acre pond spilled more than 1billion
gallons of coal ash slurry into the adjacent river valley, covering some 300 acres with thick, toxic sludge, destroying three homes,
damaging many others and contaminating the Emory and Clinch Rivers. The report also indicated that when the U.S.
Environmental Protection Agency tested water samples after the spill, they found toxic heavy metals that included arsenic, which
they measured at 149 times the allowable standard for drinking water. Elevated levels of other toxic metals which included: lead,
thallium, barium, cadmium, chromium, mercury, and nickel were as well detected. The report indicated that despite that
catastrophic spill in Tennessee, the full dimensions of the health threats from coal ash were just beginning to register with the
American public. The real danger with fly-ash emission was indicated by Howard et al. [12] where it was reported that exposure
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to ambient particulate matter caused an estimated 4.2 million deaths worldwide in 2015. Amongst all the common air pollutants
Liu et al. [13] reported that PM2.5 is the largest contributor to global mortality and morbidity.

Reference [14] reported that PM from exhaust gases is considered detrimental to human health as it penetrates down into the
human lung. Large particles are of less concern because they are effectively removed by the pulmonary system. As fine
particulates can easily be transported by air currents, their detrimental effects can be encountered at far distance from the exhaust
plume. Apart from health hazard particulate matter in form of smoke has negative impact on human vision.

3. AN OVERVIEW OF EXHAUST GAS TREATMENT IN THERMAL POWER PLANTS
3.1 Treatment of Carbon Dioxide at Thermal Power Plant

Liu et al. [13], Marion et. al. [15], and Vinod & Reddy in [16] agreed that there are large variations in CO, emissions per MW
of electricity generated by fossil fuels due to differences in generation efficiency, fuel selection, and plant age. Low-carbon fuels
such as natural gas and improvements in energy conversion efficiency have been steadily declining the average CO, emissions per
MW. In the process of post combustion capture of CO,, the gas is separated from flue gases after combustion has taken place.
Sequestration of CO, from power plants only comes to effect after the gas is captured in its relatively pure form. Sequestration of
CO, entails the storage or utilization of CO, in such a way that it is kept out of the atmosphere. Small proportion of captured CO,
could be utilized to make chemicals whereas its large quantities can enhance oil and natural gas production. Storage of CO, could
be accomplished in a number of ways including underground storage or in ocean sequestration. Absorption by use of amines,
different adsorption techniques, use of membranes, etc is among the several methods for CO, removal from a gas stream. In the
process of capture 85 to 95% of CO, in the fuel can be recovered. CO, can also be captured by utilizing solid chemicals that react
with the gas in solid form. These CO, capture processes have significant energy requirements, which reduce the power generation
efficiency by up to 40% and net power output up to 40%. Post-combustion CO, capture is commonly believed to be one of the
major strategic means to reduce the CO, emission in coal power plants [13, 15, 16].

Vinod & Reddy [16] further reported two other processes of carbon capture thus: Pre-combustion capture technique that
reacts the fuel with oxygen or air, and possibly also with steam, to produce a synthesis gas that composed mainly of carbon
monoxide and hydrogen. The carbon monoxide is then reacted with steam in a catalytic reactor to give CO, and more hydrogen.
The CO, is then separated by a physical or chemical absorption process resulting in a hydrogen-rich fuel which can be used in
many applications, such as boilers, furnaces, gas turbines, engines and fuel cells. Pre-combustion capture of CO, has to be part of
the IGCC and will be the future of fossil fuel power. In oxy-fuel combustion technique, nearly pure oxygen is used for combustion
instead of air, resulting in a flue gas that is mainly CO, and H,O. This simplifies the separation process as the water vapour can
readily be condensed to liquid, leaving the CO, for subsequent treatment. The study observed that post-combustion and oxy-fuel
combustion can be retrofitted to today's coal plants. Both technologies are feasible, safe and have the potential to be cost-effective.
The challenge lies in developing the processes so that they can be deployed economically on a large scale. Madejski [17] also
highlighted a current big challenge that needs to assess the possibilities of CO, capture and develops a technology that limits the
emission of the greenhouse gas.
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Figure 1: Process Flow of CO, Recovery (Adopted from [21])

Samanta & Ghosh in [22] theoretically analyzed partial repowering of a 250 MW coal fired power plant. Some amount of
pulverized coal was proposed to be combusted in a pressurized combustion chamber (PPCC). The product gas was thereafter to be
expanded in a gas turbine and the exhaust fed to a boiler. The partial repowering predicted about 26.5% reduction in the specific
CO, emission of the plant. Mborah & Agbomadzi in [18] proposed a method for the removal of carbon dioxide gas from the
exhaust gases generated at Takoradi Thermal Power Station in Ghana with the aim of reducing the plant’s carbon dioxide
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emission into the atmosphere. The method is a modification of the Fluor Daniel ECONAMINE FG process that eliminated the
recycling of exhaust gas. This method removes carbon dioxide from exhaust gas by using an amine solution which comes into
contact with exhaust gas in a counter-current manner. The work further reported that the method has been applied by 23
companies which produce CO, on a large scale and recommended a cost feasibility study for its application at the Takoradi plant.
From another perspective Martinez et al. [19] analysed a Ca looping system that used CaO as re-generable sorbent to capture CO,
from the flue gases generated in power plants.

3.2 Treatment of SOx and NOx at Thermal Power Plant

Environmental concern regulates many coal-fired power stations around the globe to install denitrification plants (DeNOXx)
for control of nitrogen oxide (NOXx) and desulphurization plants (DeSOx) for sulfur oxide (SOx) removal from the flue gases. The
Wet Flue Gas Desulfurization (WFGD) method is the most common technology for SOx control. The primary measures used
inside the combustion chamber for NOx reduction yield only about 35% efficiency. This is not enough to meet many
environmental regulations. Selective Non-Catalytic Reduction (SNCR) and Selective Catalytic Reduction (SCR) are secondary
measures of NOx removal. These techniques are more promising and located behind the boiler combustion zone. The secondary
measures can reach about 50 and 95% efficiencies for SNCR and SCR respectively [7, 17, 20]. Singh et al. [7] further identified
that the properties of coal used in a boiler and environmental management policy of a plant are two major factors that determine
the nature of flue gas treatment process. In some countries coal-fired power plants need to install DeNOx and DeSOx. Whereas
the situation might be different with other countries as the study further elaborated that the coal used in Australia has very low
sulphur content and therefore, the concentration of SOx from the burning of coal in Australia is relatively low. This factor
warranted the absence of stringent regulatory requirements. Therefore, Australian coal plants in the past had not been required to
have DeNOx or DeSOx units for clean up or treatment of NOx and SOx in the flue gas streams.
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Figure 2: Pollutants and Pollution Control in Coal-Fired Power Plant (Adopted from [23])

Kikkawa et al. [21] reported that Babcock-Hitachi K.K. Company was developing a technology for reducing the amount
of NOx, SOx, and other pollutants that are generated when coal is burned in thermal power plants to minimum levels. The work
further indicated that Hitachi K.K. has developed and commercialized flue gas treatment technology for highly efficient
elimination of NOx and SOx from flue gas. Furthermore, the company had developed a system for absorbing and recovering CO,
from flue gas by means of a unique amino solvent. The report finally concluded that Babcock-Hitachi K.K. and Tokyo Electric
Power Company confirmed that the system was installed at a pilot plant using flue gas from Yokosuka Thermal Power Station and
attained high CO, elimination performance.

Kuroki et al [24] investigated the removal of air pollutants containing nanoparticles with a wet-type plasma reactor. A
simulated exhaust gas was prepared for the study to evaluate performance using polystyrene latex particles having diameters of
29, 48, 100, 202, and 309 nm, and NO / SO, gas cylinders. Removal efficiencies of more than 99% and 77% were obtained for
SO, and NOX, respectively. These results confirmed the wet-type pulsed corona discharge plasma reactor to be useful for the
simultaneous removal of nano-particles, NOx, and SOx. High NOx removal efficiency of up to 74% in atmospheric pressure non-
thermal plasma reactor for NOx pollution control was also demonstrated by Morgan et al. [25]. The development and extended
application of such reactors will make the task of exhaust gas treatment easier.

3.3 Treatment of Particulate Matter at Thermal Power Plant
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The emission of particulate matter that results from the exhaust at power plants is controlled with such devices as: cyclone
separators, bag house, and electrostatic precipitator (ESP). Cyclone separators are employed for coarse particle removal, whereas
electrostatic precipitators are used for lower spectrum coarse particles as well as fine particle. ESP is one of the most widely used
devise for controlling particulate matter especially fly ash. The efficiency of ESP depends upon the resistivity of particles which
can be altered substantially to desired requirements by conditioning flue gases with some known chemicals. However, bag house
is best suited for the control of fine particles and even up to partial removal of ultra fine particles [26, 27]. Much attention is being
devoted to the study of formation and emission control of particulate matter. PM10 is one of the principal atmospheric pollutants
generated from coal combustion in China. Yi et al. [30] investigated particulate emission control devices (PECDs), their
classification and collection efficiencies. The study experimentally determined particulate matter emission efficiencies and size
distribution at the inlets and outlets of PECDs at four different coal-fired power plants using anthracite and bituminous coals.
Mass concentrations of PM1, PM2.5 and PM10 were determined in the range 0.03um-10pm in aerodynamic diameter. The study
determined collection efficiencies of electrostatic precipitator to be 99.0-99.89% and 98.2%-99.62% for PM and PM10
respectively. Alternatively bag-house collection efficiencies for PM and PM10 were 99.94% and 99.76%. However, the study
attested that lower collection efficiencies were obtained for ESP and bag-house involving particle size range of 0.1~1pum as 90.8-
98.6% and 99.54% respectively.

Table 1: Total Collection Efficiencies of Different PM Sizes (Adopted from [28])

De PM1  PM2.5  PM10 FM
Power plant 1 - ESP 90.83 9558 9820 99.00
Power plant 2 - ESP 98.29 9916 99.62 9989
Power plant 3 - ESP 95.74 9673 98.538 99.76
Power plant 4 - Bag-house 9954 9972 9976 9994

Wang et al. [29] estimated the influence of removal technology of particulate matter on total emissions in China and suggested
that substituting ESPs with hybrid ESP/BAGs could reduce the total emissions to 104.3 thousand tons, with 47.48 thousand tons
of PM2.5. The study investigated the influence of precipitators and wet flue gas desulfurization equipment on characteristics of
PM2.5 emission from three coal-fired power stations. Higher removal efficiencies to those obtained by other types of
precipitators, reaching up to 99 % for PM2.5, were determined for hybrid ESP/BAGs. The work noted the efficiency of hybrid
ESP/BAGs decreased by 1.9% when the first electrostatic field was shut down. The influence of hybrid ESP/BAG operating
conditions on the performance of dust removal was also explored by the study. Bandyopadhyay and Mandal in [30] on the other
hand studied the operation of wet electrostatic precipitators (WESP) as air pollution control device in an Indian coal fired thermal
power plant to capture P.M. The WESP was installed for reducing the PM emission to meet the Indian stack emission standard of
PM. Investigations interestingly revealed that the WESP reduced the SO, and CO, emissions potentially. The study suggested that
operating a WESP for cleaning flue gas of a coal fired thermal power plant can be considered as a GHG emission mitigation
option as well. However, the work noted that level of NOx emission could not be conclusively analyzed due to air dilution of the
flue gas. Finally, it was suggested that the plant operators use dilute alkaline reagent to replace the water as the scrubbing medium
so as to obtain multiple benefits of cleaning all acidic gases by the WESP having achieved better ash treatment. An interesting
study by Howard et al. [12] compared the health benefits with the control costs of tightening PM emission standards for coal-fired
power plants in Northeast Brazil to explore if current levels of emission standards are sufficiently stringent in a simple cost-
benefit framework. The study established through modelling that tightening existing PM10 emission standards yields health
benefits that are over 60 times greater than emissions control costs in all the scenarios considered. The monetary value of avoided
hospital admissions alone was at least four times as large as the corresponding control costs. The work suggested that these results
provide strong arguments for considering tightening PM emission standards for coal-fired power plants worldwide.

4. CONCLUTION

An extensive review of exhaust gas treatment in thermal power plants was successfully carried out. The nature of emissions and
hazards caused by these pollutants were clearly indicated. Control of these emissions from CO, capture to desulfurization,
denitrofication and PM collection was well explored and best measures in practice given. Majority of the studies under
consideration are consistent with their findings and agree with standard procedure. The results of this review serve as a platform to
find benefits in reduction of pollution in the atmosphere thereby preventing acid rain. Furthermore, CO, capture mitigates the
critical issue of global warming and provision of good quality air could serve as a preventive measure against deadly respiratory
diseases. More effort is, however, needed to improve bag-house PM collection system and eventual method of disposal.
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