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Abstract- In this paper, mass flow rate of flue gas at inlet & outlet for pulverized coal power plant are
analyzed with consecutive steps. For this required coal input for a specific power generation is determined
with help of ultimate analysis of coal. It is observed that mass flow rate of flue gas depends mainly on the
characteristics of the coal as it fixes the amount of coal required and imposes many condition on flue gas
purification. Low sulfur content in coal rises electrical resistivity of flue gas so additional additives are
added to lower its resistivity. Nature of flue gas, temperature, design, operating methods & conditions,
excess air drawn for combustion effects electrostatic precipitator efficiency thus particulate materials
removal. Purification methods also determines mass flow rate. Flue gas desulfurization unit has variable
SO, collection efficiency with respect to liquid to gas ratio. Addition of different types of chemicals such as
Adipic Acid, Magnesium Oxide improves SO, collection efficiency. After disposal of fly ash in electrostatic
precipitator, removal of sulfur pollutants in flue gas desulfurization unit & liquid slurry in demister mass
flow rate in outlet is found. After modeling inlet & outlet mass flow rate of flue gas this model is applied for

determining the mass flow rate of flue gas for a 500 MW pulverized coal power plant.
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1. INTRODUCTION

Mass flow is the measurement of flow rate without
consideration of the process conditions. It is an ideal
measurement of flow since it is not affected by variation
in properties such as pressure, temperature of flow [1].
Flow rates are expressed in mass basis or volume basis.
Large number of Industries use volumetric flow rate
since it could be measured easily, a lot of direct
numerical formulas available from USEPA or EN
12952-15 to calculate volumetric flow rate. To measure
volumetric flow rate differential pressure, vortex
shedding, turbine flow meters, averaging Pitot tube a lot
of methods are available. But this measurement is
effected by variation in pressure, temperature & need to
measure a lot of parameters such as differential pressure,
absolute pressure, absolute temperature etc. However,
mass flow rate measuring devices such as thermal mass
flow meter & Coriollis mass flow meter may remove
these difficulties. Mass flow rate can be found from
volumetric flow rate multiplied by density. Density of
flue gas varies with temperature & pressure. Different
power plants operate in different temperature &
pressures. It creates a need for standard to compare
different volumetric flow rates, to convert actual flow
rate to STP flow rate. Measurement of volumetric flow
rate needs a lot of instruments to measure different

parameters which may be error-prone as velocity and
pressure could be asymmetric across the cross section
due to geometry. Calculation of mass flow rate is
important for power plant designing. For calculation of
mass flow rate it is necessary to know the flue gas flow
process. Figure 1 describes the flow diagram of flue gas
for a pulverized coal power plant using limestone slurry
in FGD system.

2. DESCRIPTION
In electrical output method power output is given. For
producing required amount of energy more heat energy
need to be supplied in boiler as thermal efficiency, gy, of
the cycle is less than unity. So required boiler heat supply
is,

h _ Poutput
boiler —
Dtn

1)
Boiler doesn’t utilize the whole energy supplied by flue
gas. In order to obtain high boiler efficiency it is
necessary to grind the coal to a high degree of fineness
[4]. If boiler has efficiency, gpeier then energy required to
be supplied by coal,

heoar = Rpoiter /Mboiter (2)
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Figure 1: flue gas with limestone slurry process flow diagram [2,3]

Amount of coal required per second depends on the
calorific value which is an internal property of coal.
Higher calorific value coal minimizes the amount of coal
& air required. Coal power plant is a source of
environmental pollution as it emits fly ash, SOy, mercury
in air, it also contains arsenic, bismuth, antimony,
phosphorus and lot of potentially hazardous elements in
the sludge [5] that causes water & soil pollution. High
calorific value coals are preferred for use in power plants
as it reduces emission per power generation, reduces
machinery size & cost. It also reduces erosion, servicing
of machinery due to less slagging than low-grade coals.
The amount of coal required per second,

heoal (3)

calorific value of coal

Meoar =

At least stoichiometric amount of air is required to
burn this coal perfectly. Stoichiometric air is the
theoretically minimum amount of air to burn the fuel
where no fuel particle remains unburned. But in case of
solid fuels some particles always remain unburned which
is harmful, reduces efficiency, increases fuel cost. So,
excess air is supplied for proper burning of fuel. One
major disadvantage is the heat loss for heating the excess
air. Therefore, optimized amount of excess air need to be
selected for coal burning. Individual component masses
of coal are essential to calculate the stoichiometric air.
Analysis of coal is carried out by following methods.

e Proximate analysis
e Ultimate analysis
e Calorific value

Ultimate analysis of coal consists in the
determination of percentage of carbon, hydrogen,
nitrogen, oxygen, sulfur, phosphorus in the coal. This
analysis is done in dry basis. So, the percentage of
components of coal found in this process is different

from actual percentage of coal as moisture is present at
firing condition
% Of cnmponent Of coal firing condition
100 — % of moisture (4)

100
X % of component gry pasis

Individual component masses can be found from
equation (5).

mcamponents =% Of Componentfiring condition X Mcoal (5)

In pulverized coal power plant some sulfur and ash
are deposited in the furnace which varies with nature of
coal. Ash deposition, y is normally 20% for this type of
power plant. So mass of sulfur and ash remaining in flue
gas,

ms.f.g = (1 - x) X Mg (6)

Mashfg = 1- y) X Mgsp @)

Oxygen required to burning this component is given
by equation (8).

Mcomponentsx(atomic mass of oxygenxno.of atoms) (8)

Moxygen =

atomic mass of componentxno.of atoms

Small amount of oxygen, Seyygen is supplied by coal
itself. Total amount of oxygen, Toyygen required from air,

Toxygen = Zmoxygen — Soxygen (9)

Oxygen has 23.14% mass of air. Total air supplied for
combustion, my;,
Mair =
(1+fraction of access air)x(Emoxygen—Soxygen ) (10)
0.2314

After deposition remaining components of coal and
air drawn forms up the flue gas at inlet.
Minter = M + mpy + m, + my + ms.f.g + mash.f.g + Mair (11)
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As coal power plants are source of pollutes, flue gas
goes through several cleaning stages.

e Electrostatic precipitator for dust particle

collection
e  Flue gas desulfurization unit for so, removal
e Demisters to prevent wash away of scrubber
liquids

All electrostatic precipitator operates in efficiency
greater than 99% to reduce emission. Electrostatic
precipitator efficiency depends on dust resistivity, gas
temperature, chemical composition (of dust and gas) and
particle size distribution. Temperature and chemical
composition of the dust and gas stream are factor which
can influence dust resistivity. Conduction through dust
particles occurs in two ways: surface conduction, volume
conduction. Volume conduction occurs through material
and a property of material. Surface conduction occurs
through liquid or gases adsorbed by particles [6].
Electrical resistivity is also an important parameter that
determines ESP efficiency. If the dust electrical
resistivity exceeds 10™-10"Q.cm it is called high
electrical resistivity. If resistivity lies between
10"-10"Q.cm it is in optimal range for collection [7].
Particle charge dissipates slowly in collection plate
which creates difficulty in dislodge when particle have
higher electrical resistivity. Low resistivity particles
rapidly lose their charge and pick up the charge of the
plate and repels back to the gas stream. Both type of
resistivity reduces collection efficiency of ESP. One
process to reduce electrical resistivity is adding
conductive components such as Steam, Ammonia (NH3),
Sulfur Dioxide (SO,), Sodium Carbonate (Na,COs3). If
conductive components are added then,

Mesp(intet) = Minlet T Madded (12)

Where, Megyiniey = Mass of flue gas entering ESP,

Magded = mass of components added for particle
conditioning.

Low sulfur coals have high electrical resistivity due to
less conductive gases in flue gas. Adding additives are
costly, increases instrument sizes and they also need
separation from flue gas due to pollute emission
regulation. Another method is to lower its temperature.
Resistivity of flue gas for low sulfur coals sharply
decreases if the flue gas temperature at the ESP inlet is
reduced t0100°c [8]. ESP collection efficiency is given

by 9], L
0(d) = 1— exp {—w(d). -} (13)

Where, n(d) = precipitation efficiency for a particle
with diameter, w,(d)= theoretical migration velocity,L
length of electric field, h = wire plate distance, v
kinematic viscosity coefficient.

Total precipitation efficiency, n.(d) can be calculated
by,

De(d) = T8me g, (). p(d) »
Dust removal in ESP,
Mash(removed) = I](:(d)'Wla.sh.f.g 15)(

So, mass at ESP outlet,
Mesp(outlet) = Mesp(iniet) — Mash(removed) (16)

Table 1: input parameters for mass flow rate determination of a
500 MW power plant

Characteristics Case values

500MW
9496 KJ/Kwh

Gross power generation
Gross cycle heat rate

Thermal efficiency of the cycle 44%
Boiler thermal efficiency 9496KJ/KWh
Percent excess air 33%
Sulfur in gas stream 95%
Fly ash in gas stream 80%
Electrostatic precipitator 99.5%
efficiency
Hot gas temperature 149-C
Coal moisture content (as fired) 9.80%
Coal analysis (dry basis)
Carbon 65.41%
Hydrogen 1.18%
Oxygen 7.34%
Sulfur 3.50%
Ash 17.74%

Coal heating value (as fired)
Environmental regulatory
constraint

24428 KJ/Kg

Sulfur dioxide emission limit 520 ng/J
Scrubber system characteristics

(TCA)

Scrubbing pH 5.65
Liguor Mg and cl 0 ppm
Number of beds 3
Number of grids 4
Heights of spheres per bed 5in. (127mm)

Scrubber gas velocity

SO2 removal efficiency
99.3% (assume)

Water entrainment at demister
gas

12 ft. /sec (3.0 m/s)
86% (assume)
99.3% (assume)
0.1% wit. of flue

SO, removal efficiency of a FGD system is a function
of scrubber module design, as well as gas conditions and
process conditions including inlet SO, concentration,
flue gas velocity, slurry composition, liquid to gas ratio
and slurry pH. Although scrubber chemistry is not fully
predictable semi empirical models can adequately
predict the performance of current limestone system [2]
[3]. Scrubber performance for SO, removal is found
based on the semi empirical formula developed by
Bechtel Corporation with Tennessee Valley Authority
Shawnee Test Program using packed bed and spray
tower absorbers. For a turbulent contact absorber (TCA),
the sulfur dioxide removal efficiency is given by [10],

L 0.81
Uso, = 1 —exp {—2.05x 107* (E) v036 x exp [4.3 X
107y (2 4+ N) +0.81pH — 1.7 x 107450, + 7.9 X 17)
1075Mg + 1.3 x 10~5cl]}

Where, n,,=fraction of SO, removed from flue gas,
L/G =liquid to gas ratio (gal/1000acfm at scrubber outlet
conditions), V =flue gas velocity at contactor conditions
(ft. /sec), h = Static packing height (in.), d =packing
diameter (in), N =number of TCA grids, pH =inlet
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slurry pH, SO,=inlet SO, concentration (ppm) Mg
=effective Mg™ concentration (ppm), ¢l =liquor cl
concentration (ppm)

Mass of sulfur content removed in FGD system,
ms(removed) = I]soz'rns.f.g. (18)

Some ash or dust particles escaped from ESP are also
entrained in the liquid. Mass flow rate at FGD outlet,

MEgGp(outiet) = Mesp(outlet) — Ms(removed) (19)

Flue gas desulfurization causes entrainment of
scrubber liquor droplets in flue gas which is a source of
potential chemical pollutants. Although the quantitative
determination of entrained liquid levels in gases leaving
scrubber demisters has long been recognized as an
important goal, no satisfactory and convenient methods
are available [11]. Carnahan et al [12] [3] taken water
entrainment as 0.1% mass of flue gas.

Moygrer = (1 + 0.001)Mpgpoutier) (20)

For case study a 500MW power plant is selected with
input parameters shown in Table 1from Carnahan, et al in
[12], [3]

Here the output is 500MW. The efficiency of the
overall system can be found by multiplying 5y, and 1ygijer

or from equation (21).
3600

gross cycle heat rate(kj/kwh)

Doverall = (21)
To generate 500MW power, 1351.35MJ energy is
required per second that is supplied from 55.32 kg of coal
at firing condition (equation 3). Percentage of
components of coal at firing condition from ultimate
analysis (dry basis) are C=59%, H=4.24%, N=1.06%,
0=6.62%, S=3.16%, Ash=16%. So, mass of each
components are C=32.64kg, H=2.35kg, N=0.59kg,
0=3.66kg, S=1.75kg, Ash=8.85kg, Moisture=5.42kg
(using equation 4, 5). Mass of Sulfur and Ash in flue gas
are 1.66kg, 7.08kg (equation 6, 7). Neglecting Nitrogen
oxidation C, H, S components of coal are burnt in the
presence of Oxygen. Oxygen required for burning C, H
and S is 87.04kg, 18.8kg, and 1.75kg. Coal itself supplies
3.66kg of Oxygen and it has 23.14% mass of air. Total
Oxygen required from air is 103.93kg that comes from
449.14 kg of air. So, mass flow rate of flue gas at inlet is
502.54kg (equation 8, 9, 10, 11).

If Sulfur content in flue gas is high it lowers electrical
resistivity of flue gas so it doesn’t require addition of
conductive gases for particle conditioning. Then inlet
mass at furnace is equal to mass of flue gas at ESP inlet.
ESP’s removes dust, grit from flue gas. Its collection
efficiency depends on particle size, electric potential,
plate length and increases if this parameters increases
[13] [14]. Mass flow rate at ESP outlet for efficiency of
99.3% is 495.5kg. FGD system efficiency depends on
liquid to gas ratio, SO, concentration etc. As liquid to gas
ratio increases efficiency of FGD system increases, but it
also increases pressure drop of flue gas which requires
more energy for reheating. Its efficiency ranges from
50% to 98%. The highest removal efficiency achieved by

wet scrubbers, greater than 90% and the lowest for dry
scrubber’s less than 80% [15].1t is also observed that
addition of different types of ions such as Magnesium,
Adipic acid may increase FGD system efficiency from
85% to 95-97% [16]. For 86% efficiency mass of flue gas
reduces to 494.07 kg. In this process small amount of
scrubbing liquid are carried away which may also cause
chemical pollution. To prevent this demisters are used
which causes water entrainment of 0.1% weight of flue
gas approximately. So mass flow rate at outlet becomes
494.57kg. SO, emission limit can be calculated using this
formula,
Mg f.g(kg) " Ms.removed(kg) 6

power (MW) x 10 (22)

m502 (emitted)/] =

From which it is visible that SO, emission from this
power plant is 464.8ng/J. That is below regulatory
st%ndards. Another expression of SO, emission is grain/
ft.°.

3. CONCLUSIONS

Environmental agencies and different
organizations such as EU explicitly require the annual
mass emissions of SO, NOx and dust for large
combustion plants with assured quality of the report.
Conversion of volumetric flow rate to mass flow rate by
ideal gas laws assumes a density of overall gas for
different temperature and pressure. But gas density and
volumetric flow rate varies within the system so it’s
become difficult to find the mass flow rate and mass of
individual components.  Determination of pollutant
emissions may provide desired accuracy using above
method cause it is done using material balance sheet.
Though it is a lengthy process it is useful in software
designing for flue gas monitoring and calculation method
is cheaper sometimes better than measurement.
Empirical formulas may vary with system, but material
balance formulas are unique to all system.
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