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Abstract

The maximum amount of electricity is produced by most of the thermal power plants by 
burning coal at their operating facilities. Due to this activity, various types of secondary 
materials are generated. Any material resulting from coal-combustion processes may be 
called as a coal-combustion product (CCP). Among different CCPs reported worldwide 
by coal-burning power plants, flyash is the most common one. As per the characteriza-
tion report, flyash is considered as a powdery material being collected by dust collectors 
installed in the thermal power plants with the use of coal as fuel. There are different 
problems related to flyash like requirement of large area of land for disposal and toxicity 
caused by flyash which leach to groundwater. The study has established flyash as air and 
water pollution source. It is considered as waste that may act as a resource material in 
construction industry, thereby acting as a resource for waste and environment manage-
ment. Till a decade back, flyash was treated as waste material worldwide, but now it is 
developed as an environment savior.

Keywords: thermal power plants, coal-combustion product, flyash, waste material

1. Introduction

A naturally cementitious material that is obtained as a by-product after coal-combustion is fly-

ash. In order to reduce pollution, flyash is extracted from the precipitators installed in smoke-

stacks of coal-burning power plants. In near future, it is expected that a number of thermal 
power stations will increase with the increasing demand of power and coal. Flyash is spherical 

in shape and solidify in suspension form in exhaust gases. The composition of flyash consti-
tutes silica (SiO

2
), alumina (Al

2
O

3
), and iron oxide (Fe

2
O

3
). As per the need and use of flyash, 

their physical and chemical requirement may vary. The specific requisites for the use of flyash 
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Figure 1. Representation of the production (million tons/year) of flyash in different countries.

in concrete or soil stabilization are discussed in [1, 2]. According to Ref. [1], flyash is broadly 
classified into two classes, viz. Class F and Class C. The major difference between these two 
classes is the percentage of calcium, silica, alumina, and iron content. The chemical content of 

burned coal properties, i.e., anthracite and bituminous, decides the chemical content of the fly-

ash. When older and harder anthracite burns, they produce Class F flyash, which is pozzolanic 
in nature with 10% lime (CaO). In order to possess cementitious property, Class F flyash with 
the glassy silica and alumina requires a cementing agent like Portland cement, quicklime, or 
hydrated lime. The addition of sodium silicate (water glass) as a chemical activator to a Class 

F flyash may lead to the geopolymer formation. The burning of younger sub-bituminous coal 
produces flyash with pozzolanic and self-cementing properties. The presence of water hardens 
Class C flyash and enhances its strength with time. More than 20% lime is possessed by Class 
C flyash. Like self-cementing Class C flyash does not require an activator unlike Class F. The 
percentage of alkali and sulfate (SO

4
) are high in Class C flyash. Till a decade, flyash was con-

sidered as an industrial waste pollution and was disposed off in ash ponds. Several cumulative 
researches have been carried out worldwide for flyash management and disposal. The quality 
of flyash depends on various factors like coal, percentage of ash in coal, coal particle fineness, 
combustion technique used, air/fuel ratio, burners used, and type of boiler. During last few 
decades, innovative and alternate building materials with economic construction techniques 
have been developed by intensive research efforts which provide an opportunity to bring 
down the cost of construction. Flyash is the by-product of industry generated about 112 million 

tons from Thermal Power Plants (TPPs) with proven suitability for various applications such as 

admixture in cement/concrete/mortar, lime pozzolana mixture (bricks/blocks), etc. The cement 
industry is responsible for 50% utilization of flyash, the total utilization of this accounts for 
30MT (28%). The other application areas include low lying area fill (17%), roads and embank-

ments (15%), dyke raising (4%), brick manufacturing (2%) and in paint industry, agriculture, 
etc. [3]. According to 2001 census, India is the first largest country for the production of flyash 
worldwide. Figure 1 shows the flyash production (million tons/year) in various countries.
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2. Current scenario of flyash in India

Recent production of flyash, a by-product from coal-based TPPs annually, is about 160 mil-
lion tons (MT) and is expected to be about 600 MT by 2030 according to the current ENVIS 
CSIR report. As per the reports, India is among the largest producer of coal and contributes 

about 70% of the total installed capacity for power generation [4]. The bituminous and sub-

bituminous coal-use contains over 40% ash content. About 120–150 million tons of coal flyash 
are generated from 120 existing coal-based TPPs in India [5]. The emerging amount of average 

generation and utilization data received during the last 5 years by ENVIS Centre on flyash [6] 

is 166 million and 96 million tons. Flyash generation and utilization during the year 2011–2012, 
2012–2013, 2013–2014, 2014–2015, and the first half year of 2015–2016 are shown in Table 1.

Flyash generation and utilization data for the first half of 2015–2016 (April 2015 to September 
2015) is expected to be 132 coal/lignite-based thermal power stations of different power utili-
ties in the country. As per the data received on March 15, 2016, a conclusion was derived on 
the current status of flyash generation and its utilization in the country [7]. Flyash utilization 
percentage (of 146 thermal power stations) has increased during the first half of 2015–2016 
compared to utilization during first half of the previous year 2014–2015 [7]. ENVIS Centre 
on flyash hosted by CSIR-Central Building Research Institute, Roorkee sponsored by the 
Ministry of Environment, Forests and Climate Change, Government of India shows the cor-

relation between production and utilization from 1990 to 2030. The flyash generation and 
utilization scenario in India is shown in Figure 2.

2.1. Materials and method

The flyash utilized in the study was collected through electrostatics precipitators of Harduaganj 
Thermal Power Station Aligarh (UP), India [8]. The chemical analysis of flyash was done to 
determine the oxides of silica, iron, calcium, aluminum, total sodium, magnesium, and total 

potassium. The procedures used to determine the abovementioned elements are as per the 

specification of ASTM Designation: D 4326. About 0.50 g of the ashed flyash sample and 6.5 g 

Source: ENVIS Centre on Flyash Hosted by CSIR-Central Building Research Institute, Roorkee. Sponsored by Ministry 
of Environment, Forests & Climate Change, Govt. of India.

Table 1. Flyash generation and utilization current scenario in India.
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of fluxing material were taken into the crucible with 400 μL of liquid lithium bromide before 
fusing. In order to determine the loss on ignition, available sodium oxide, potassium oxide 

and alkali were used in accordance with ASTM designation C311.3. The sulfur trioxide with 

the carbon sulfur determinator was used to determine sulfur. XRF (X-ray fluorescence), X-ray 
diffraction (XRD), wavelength dispersive spectroscopy (microprobe WDS), and X-ray micro-

analysis (EDS) techniques are used in the chemical analyses of flyash. The physical properties 
were determined by Indian standards.

2.2. Chemical analysis of flyash

Determination of chemical composition of flyash is mandatory for classification of flyash as per 
the standards. The chemical composition of flyash consists of silicon, aluminum, calcium, iron, 
sulfur, and magnesium oxides along with carbon and other trace elements. These elements 

found in the ash possess high melting points and the short duration of the ash particles remain 

in furnace during combustion process. The SiO
2
 causes the initiation of the combustion process 

and are maintained as quartz in the coal ash. The clay mineral loses water molecule and melt 
forming alumino-silicate crystalline and noncrystalline (glassy) materials. Fe, Ca, and Mg along 
with oxygen in the air form oxides, such as magnetite (Fe

2
O

3
), lime (CaO), and periclase (MgO).

2.2.1. Chemical analysis of Class F flyash for present study

Locally available samples were examined in the present study. The detailed image analysis 
about the surface morphology and texture of individual particles were studied by Scanning 

Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). SEM is one of 
the widely used techniques for the chemical characterization of ash. The exact chemical 
composition is discussed in Table 2. The elements identified in the flyash samples were 
found to be C, O, Al, Si, K, Ca, and Ti in various compound forms (Al

2
O

3
, SiO

2
, K

2
O, CaO, 

TiO
2
, etc.). The quantitative result from point analysis of Class F flyash used in the study is 

shown in Figure 3.

Figure 2. Current flyash scenario generation vs. utilization. Source: ENVIS Centre on Flyash Hosted by CSIR-Central 
Building Research Institute, Roorkee sponsored by Ministry of Environment, Forests & Climate Change, Govt. of India.
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2.2.2. SEM/EDS analysis for present study

The surface morphology characterization has a vital role to play in understanding the physi-
cal and chemical behavior of the material. There detailed knowledge of the physical nature of 
solid surfaces in the fields of material science and surface chemistry is of utmost importance. 
SEM is a technique to study different modes of association of particle for surface irregularities 
detection. SEM is used to investigate the surface morphology of the sample. Figure 4 shows 

SEM images recorded on Class F flyash sample surface at ×2000, ×5000, and ×6000 magnifica-

tions. As, it can be seen, Figure 4a and b clearly indicates the presence of irregular shaped 

particles of variable size, covered with relatively smooth grains of quartz. The micrographs in 
Figure 4c and d also designated dark areas as organic materials, light areas as mineral mat-
ter, and gray as mixture of coal and ash. The solid and porous part indicated the presence of 

mineral matter most likely quartz, partially burnt coal particles were shown by irregular black 
porous parts. Particles size 10 μm at WD 13 mm appeared to be spherical with small bulging 

of siliceous and aluminous glass Figure 4e. EDS of flyash sample suggested the presence 

Table 2. List of Elements with their weight (%) and atomic (%) present in Class F flyash.

Figure 3. Quantitative results from point analysis of Class F flyash.
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of carbon, oxygen, aluminum, silicon, potassium, calcium, and titanium as the primary ele-

ments. Hence, SEM/EDS are one of the important and widely used techniques for physico-

chemical analysis of flyash samples. The identified elements in the flyash samples were found 
to be C, O, Al, Si, K, Ca, and Ti in various compounds (Al

2
O

3
, SiO

2
, K

2
O, CaO, TiO

2
, etc.) as 

determined by EDS, as shown in Figure 5.

Figure 4. SEM micrograph of Class F Flyash with different particles size (a) 2 μm at WD 13 mm; (b) 2 μm at WD 14 mm 

(c); 5 μm at WD 13 mm; (d) 5 μm at WD 14 mm; and (e) 10 μm at WD 13 mm.
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2.3. Physical analysis of Class F flyash for present study

Physical analysis is one of the important parameter for selection and consideration of material 

in the civil engineering construction industry. Its geo-technical properties make it a good sub-

stitute of soil and the required percentage provide the general range of physical geo-technical 
properties available in the flyash sample. As determined in the present study, the physical 
properties of Class F flyash are listed in Table 3. The physical properties of common soils 

Figure 5. Identified element of Class F flyash by EDS.

Table 3. Summary of test results for different experiments on Class F Flyash.
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mentioned in [6] for Indian soil are selected for the comparison also provided in Table 3, the 

typical variations of comparative study obtained by Table 3. The sample of locally available 

common soil also tested for comparison with Class F sample. It is found in the study that 

the physical properties of Class F flyash is very close to the relative values of common soils 
though it may differ from one country to another on their geographical conditions. There are 
several factors as to why soils differ with respect to region. The parent material are the source 
of most influential factors, others include climate and terrain of the region as well as the type 
of plant life and vegetation present. As per the study, the focus is on the geo-technical func-

tions of the flyash and its comparison with the common soil which is an important criterion to 
replace any natural material. The strength and durability are two important factors to replace 

any material in construction industry. A material is considered as a building material if it 

requires properties suitable enough to be engineered for construction. A series of experiments 
conducted [9] showed that the addition of flyash improved the soil properties, viz., texture, 
structure, and bulk density. Permeability of clay loam soil increased from 0.54 to 2.14 cm/h 
by 50% addition of flyash, whereas it decreased from 23.80 to 9.67 cm/h in sandy soil by 50% 
flyash addition. Water retaining capacity of sandy soil increased from 0.38 to 0.53 cm/cm at 
50% level. The characterization studies have been performed by researchers to evaluate the 
suitability of flyash for other fields of applications. The nature of Indian flyash is alkaline, 
hence, its use in agricultural soils increase pH of the soil thereby, neutralizing acidic soil [10].

2.4. Published studies on flyash

The production of high performance concrete (HPC) needs to incorporate the supplementary 
cementations materials such as flyash and kaolin in the concrete mix [10]. The fiber combina-

tion in the premix reinforced flyash lime stone dust brick (10FRFALSDB3’) to have highest 
compressive strength (9.155 MPa) with 10% stone dust, and sand combination at 10% cement 
[11]. Ref. [12] carried out several tests on flyash-based brick tiles of Class F type. After experi-
mental investigation, it was proved that the tiles failed on the lower compressive strength 

as compared to the conventional clay roof tiles. The highest compressive strength reached 

6.896 MPa for 15TFASDBT combination. The experimental investigation [13] discloses that 

on increasing the content of Cement (C) at the fixed percentage of Treated Flyash (T.F.A) and 
Radish Stone Dust (R.S.D), the permeability values lowered down. Although the permeability 

(k) dropped with variation of the coarse sand (C.S) with C, k has been found to be in the 
range 10−7 much closer to the value of clay readily available in the market for making bricks 
and roof tiles. Through new sets of experiment conducted by [14], its compressive strength 

increased up to 30.65% as compared to past learning of [12]. The Class C flyash category was 
employed as a raw material for full replacement of clay for making flyash bricks. In that par-

ticular study, the effect of flyash with high replacement of clay mixed with different materials 
were studied at a constant percentage of cement, i.e., 10%. It also revealed that the highest 

compressive strength (79 kg/cm2) was obtained in the case of 25TFASDB which was compared 
to be less than the maximum strength (105 kg/cm2) of standard first class clay brick. Moreover, 
the study was important as it replaced 50% of top soil by flyash. The 25TFASDB bricks can 
be safely used in frame structure buildings as a non-load bearing walls and also in load bear-

ing walls in case of single storey constructions [15]. Ref. [16] suggested that the flyash-scrap 
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tire fiber composite offered a sustainable supplement to traditional insulation. This not only 
increased the competence of traditional insulation, but also helped in significantly reducing 
the environmental issues related to disposal of waste products.

2.5. Flyash utilization in different sectors

Since the last 30 years, flyash is not considered as hazardous waste; and researchers are exten-

sively exploring the area of research related to utilization of flyash in various sectors. The pro-

grams concerned with flyash utilization may be broadly analyzed as extenuating the effects of 
environment and considering disposal issues (low value–high volume utilization) [17]. Below 
are addressed some of the potential areas of flyash utilization.

2.5.1. Development of flyash-based polymer composites as substitute for wood

Recently, flyash-based polymer composites have been developed with jute cloth as reinforce-

ment and flyash as filler. This technology may be used as a substitute for wood which may 
have applications in door shutters, flooring tiles, partition panels, ceiling, wall paneling, etc. 
The technology of flyash-based polymer composite was developed by Regional Research 
Laboratory, Bhopal in collaboration with Building Materials and Technology Promotion 
Council (BMTPC) and TIFAC. A commercial plant is being based near Chennai for the above 
developed technology [18].

2.5.2. Flyash-based cement

According to the specifications of Bureau of Indian Standards, up to 35% flyash is permissible 
in PPC manufacture in India; whereas worldwide other countries permit up to 55% flyash 
utilization in PPC production. In such applications, 25% of cement production is meant for 
OPC and the rest 75% may be for PPC with 30% flyash content [18]. This would utilize around 
25 MT flyash, thereby replacing cement clinker with gross net saving of Rs. 2500 crores [19].

2.5.3. Role of bio-amelioration of flyash on soil

Recent studies recommend the use of flyash with organic compounds like cow manure, paper 
factory sludge, press mud, sewage sludge, farmyard manure, organic compost, and crop resi-

dues for upgrading degraded/marginal soil [20]. The beneficial effects of flyash along with 
soil organic matter are reduction in the availability of heavy metal and sludge pathogens [21]; 

improvement in nutrient concentration of soil and better texture quality, lesser bulk density, 
better porosity and content of mass moisture, and increase in content of fine-grained minerals 
[22]; improvement in biological activity of the soil [23]; reduction in the leaching of major 
nutrients [24]; and favorable for vegetation growth [25]. The utilization of swine manure 
along with flyash improved the accessibility of Ca and Mg in the soil, thereby balancing the 
monovalent and bivalent cations ratio (Na++ K+/Ca2+ Mg2+) that is detrimental to the soil [26]. 

The utilization of “slash” in a mixture of flyash, sewage sludge, and lime (60:30:10) had valu-

able soil ameliorating effect. The incorporation of “slash” in soil demonstrated positive effects 
on soil pH and Ca, Mg, and P content and reduction in the translocation of Ni and Cd [27] 
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and enhanced growth and yield of corn, potatoes, and beans in pot trials. Therefore, changes 

in flyash may enhance the quality of agricultural sector for crop production [28].

2.5.4. Flyash bricks

According to a study by Central Fuel Research Institute, Dhanbad, India, a technology is pro-

posed for the use of flyash in building bricks [17]. About 40–70% flyash is used in building 
bricks. The current scenario suggests a market with production of 100 billion clay bricks a year. 
In case, on technical acceptance of flyash brick which are environment friendly and economi-
cally viable, it may target at least 2 billion flyash bricks per year. This would consume approxi-
mately 5 million ton of flyash/year, hence generating a saving of around Rs. 200 million per 
year. There are several advantages of flyash bricks over conventional clay bricks. Apart from 
this, unglazed tiles for footpaths can be made from flyash bricks. The Government has to 
provide special incentives for such ecofriendly approach in the near future [25].

2.5.5. Flyash in distemper

The use of flyash in manufacture of distemper has replaced white cement. Several buildings in 
Neyveli, Tamil Nadu have been reported to use flyash distemper in the interior surface with 
satisfactory performance. This would decrease the cost of production of distemper by 50% [17].

2.5.6. Flyash-based ceramics

In order to provide superior resistance to abrasion, National Metallurgical Laboratory, 
Jamshedpur, India has developed ceramics from flyash [17].

2.5.7. Ready-mixed flyash concrete

In developed countries, ready-mix concrete is pretty popular; but in India, it utilizes less than 
5% of total cement consumption. Recently, the application of ready-mixed concrete has grown 

at a rapid rate. Several ingredients and quality parameters are strictly controlled in ready-mix 
concrete, which is quite not possible in concrete production at site and it may accommodate 
higher quantity of flyash [18].

2.5.8. Minefills

Almost one-third of Indian TPPs are near to pit heads. These mines heave sand for backfilling 
from river beds, normally 50–80 km away. The cost includes not only royalty, but also transpor-

tation cost of sand. An estimation suggests that about 15–20 million ton of ash per annum can be 

safely consumed in minefills generating an economy of about Rs. 1500 million per annum [19].

2.5.9. Flyash in road construction

Flyash is used in construction of roads as well. It saves surface soil which is usually used, 

avoiding formation of low lying areas [4]. Flyash is used in road construction for stabilizing 
and constructing sub-base or base; upper layers of pavements; filling purposes, etc. The use of 
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concrete with flyash (10–20% by wt.) is quite cost effective and enhances performance of rigid 
pavement. The mixture of soil with flyash and lime enhances California Bearing Ratio (CBR) 
to (84.6%). As per the reports, National Highway Authority of India (NHAI) is using 60 lakh 
m3 of flyash currently and proposed the consumption of another 67 lakh m3 in future projects.

2.6. Embankment

As an engineering material, the properties of flyash are somewhat unique. For the construc-

tion of embankment, soils are used; but unlikely flyash has a large uniformity coefficient due 
to clay-sized particles. The properties that affect flyash use in embankments include com-

paction characteristics, grain size distribution, shear strength, compressibility, permeability, 
and frost susceptibility. Among all, flyash used in embankments are Class F flyashes [17]. In 

order to develop road infrastructure in the country, conservative approximates about 15–20 

MT of flyash consumption in construction of road and flyover embankments per year in the 
environs of TPPs. It would yield a saving of around Rs. 100 crore per annum [20].

2.6.1. Roller compacted concrete

Flyash may be also consumed in compacted concrete dams. There are many dams in US which 

are reported to be constructed with high flyash contents. The heat of hydration is lowered by the 
use of flyash to allow thicker placements. Data regarding this may be found at the US Bureau of 
Reclamation. This may also be justified by the data reports of Ghatghar Dam Project in India [29].

2.6.2. Asphalt concrete

Asphalt concrete is basically a composite made of an asphalt binder and mineral aggregate. 

Both Class F and Class C flyash are used as a mineral filler to fill the voids and provide contact 
points between larger aggregate particles in asphalt concrete mixes. This application is used in 

conjunction or as a replacement for, other binders (such as Portland cement or hydrated lime) 
[29]. For use in asphalt pavement, the flyash must meet mineral filler specifications outlined in 
ASTM D242. The hydrophobic nature of flyash gives pavements better resistance to stripping. 
Flyash increases the stiffness of the asphalt matrix, thereby improving rutting resistance and 
mix durability [3].

2.6.3. Use of flyash in agriculture

In India, agriculture and waste land have been dumped with flyash. This accidental activity 
of waste management has improved permeability, texture, and fertility of soil; reduced bulk 
density of soil; improved water holding capacity/porosity; optimized pH value; improved 
soil aeration; reduced crust formation, provided micro nutrients like Fe, Zn, Cu, Mo, B, Mn; 
provided macro nutrients like K, P, Ca, Mg, S, etc.; worked as a part substitute of gypsum 
for reclamation of saline alkali soil and lime for reclamation of acidic soils; ash ponds pro-

vided suitable conditions and essential nutrients for plant growth; and helped to improve the 

economic condition of local inhabitants. Apart from this, crops yielded on flyash mixed soil 
are found to be safe for human consumption and to maintain groundwater quality [3]. The 

improvement in crop yield is recorded with flyash doses varying from 20 to 100 ton/hectare. 
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About 20–30% yield has increased out of 150 million hectare of land under cultivation, 10 mil-

lion hectares of land can safely be taken up for application of flyash per year. In order to take 
a moderate flyash dose of 20 m per hectare, it would consume 200 million ton flyash per year. 
The expected uptake is more than the annual availability of flyash; therefore the shortfalls 
may be met from 1500 million ton stock of flyash available in ash ponds. The field treated 
with flyash is expected to give additional yield of 5 million ton foodgrains per annum valuing 
about Rs. 3000 crore income [19].

3. Conclusions

As per Indian scenario, there is a vast difference in the production and utilization of flyash 
which is still considered as waste material. In India, the majority of flyash produced fall in 
Class F category. This chapter shows the chemical and physical analysis of Class F flyash for 
construction industry. Flyash has the capability to hold free lime that leads to lesser bleed 

voids and reduction of permeability to water and sulfate. Furthermore, the experimental data 

suggests that the strength of Class F flyash-based bricks and tiles with cement are far more 
as compared to standard clay and bricks. It also clarifies that physical properties of flyash are 
similar to local soil. With the use of Class F flyash, we may reduce the amount of soil used in 
the production of construction materials like blocks, tiles, roof materials, etc. Apart from this, 
the utilization of flyash as pozzolanic material in concrete mixture may prove to be economi-
cal. The use of additional waste material may provide both durability as well as economical 

means for ecological balance. For Indian condition, it is recommended that the Class F flyash 
may be used as filling material in construction work, i.e., buildings, roads, embankments, 
and low lying areas. Flyash is a lightweight material when compared to local soils, which is 

commonly used as fill material. As flyash is a lightweight material, as compared to commonly 
used fill material (local soils), it causes lesser settlements. India is an agriculture-based coun-

try. The overuse and inappropriate use of soil results in nutrient depletion, erosion, and other 

forms of degradation, hence the soil productivity declines; it also reduces the area available 

for agricultural use. By utilizing flyash as a fill material, an equal volume of top soil, which 
will otherwise be used in filling, can be saved. Recycling of flyash will conserve the natural 
raw materials and reduce the disposal cost. It will also create new revenues and business 

opportunities in civil engineering construction industry while protecting the environment.
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