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Abstract

The energy assessment must be made through the energy quantity as well as the quality. But the usual energy analysis
evaluates the energy generally on its quantity only. However, the exergy analysis assesses the energy on quantity as well as
the quality. The aim of the exergy analysis is to identify the magnitudes and the locations of real energy losses, in order to
improve the existing systems, processes or components. The present paper deals with an exergy analysis performed on an
operating SOMWe unit of lignite fired steam power plant at Thermal Power Station-I, Neyveli Lignite Corporation Limited,
Neyveli, Tamil Nadu, India. The exergy losses occurred in the various subsystems of the plant and their components have
been calculated using the mass, energy and exergy balance equations. The distribution of the exergy losses in several plant
components during the real time plant running conditions has been assessed to locate the process irreversibility. The First
law efficiency (energy efficiency) and the Second law efficiency (exergy efficiency) of the plant have also been calculated.
The comparison between the energy losses and the exergy losses of the individual components of the plant shows that the
maximum energy losses of 39% occur in the condenser, whereas the maximum exergy losses of 42.73% occur in the com-
bustor. The real losses of energy which has a scope for the improvement are given as maximum exergy losses that occurred

in the combustor.
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1. Introduction

The exergy method of analysis is based on the Second law of
thermodynamics and the concept of irreversible production of en-
tropy. The fundamentals of the exergy method were laid down by
Carnot in 1824 and Clausius in 1865. The energy-related engi-
neering systems are designed and their performance is evaluated
primarily by using the energy balance deduced from the First law
of thermodynamics. Engineers and scientists have been tradition-
ally applying the First law of thermodynamics to calculate the
enthalpy balances for more than a century to quantify the loss of
efficiency in a process due to the loss of energy. However, in re-
cent years the Second law analysis, herein after called the exergy
analysis, of energy systems has more and more drawn the interest
of energy engineers and scientific community. The exergy concept
has gained considerable interest in the thermodynamic analysis of
thermal processes and plant systems since it has been seen that the
First law analysis has been insufficient from an energy perform-
ance stand point. The exergy method of analysis has been devel-
oped and has been used in Russia, Europe, Germany and Poland
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from the year 1960 [1-2].

Based on the Second law of thermodynamics, the exergy
analysis represents the third step in the plant systems analysis, fol-
lowing the mass and the enthalpy balances. The aim of the exergy
analysis is to identify the magnitudes and the locations of exergy
losses, in order to improve the existing systems, processes or com-
ponents, or to develop new processes or systems [3]. This analysis
allows one to quantify the loss of efficiency in a process due to the
loss in energy quality. It cannot apparently point out how the proc-
ess can be enhanced. However it can specify where the process
can be improved and therefore, it will signify what areas should
be given consideration. The simple energy balance will not some-
times suffice to find out the system flaws. In such circumstances
the exergy analysis is well thought-out to be significant to locate
the systems imperfections. Recently a large number of studies
based on exergy analysis have been carried out by many research-
ers all over the world in various system applications [4-11].

Horlock et al. [12] estimated the rational efficiencies of three
modern fossil-fuel power plants using the exergy calculations.
They analyzed the effect of water or steam injection on the ra-
tional efficiency of the plant. The relation between the irrevers-
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ibility in combustion and the loss of exergy due to mixing in the
exhaust was also considered in their analysis. Rosen [13-15] has
applied exergy analyses to a wide range of processes including the
production of hydrogen and hydrogen-derived fuels, electrical and
thermal power generation, thermal energy storage, and the energy
utilization of countries. He also examined the several significant
implications of exergy analyses in the fields of environmental im-
pact and economics.

Jin et al. [16] analyzed two operating advanced power plants
using a methodology of graphical exergy analysis. They pointed
out the inefficient segments in the combined cycle plant. They
stated that the inferior performance of the combined cycle plant
are due to the higher exergy loss caused by mixing in the combus-
tor, the higher exergy waste from the heat recovery steam genera-
tor and the higher exergy loss in the bottoming cycle. Moran et
al. [17] provided a brief survey of exergy principles and analyses
along with emphasis on areas of application. They concluded that
the exergy balance can be used to determine the location, type,
and true magnitude of the waste of energy resources, and thus can
play an important part in developing strategies for more effective
fuel use. Salih Dincer calculated exergies of the physical and the
chemically reacting processes using the exergy analysis [18]. He
also reported the calculation of exergy efficiency of a petroleum
refinery including only separation, heating and cooling processes.
In the present work, an exergy analysis has been performed on
S0MW, power generation capacity, unit V of thermal power sta-
tion-I of Neyveli Lignite Corporation Limited, Neyveli to find out
the exergy losses in various components of the plant. The exergy
efficiency of the plant and its individual components has also been
evaluated and the plant’s real losses of energy are computed.

2. Description of the plant

A schematic diagram of the plant with its various significant com-
ponents, considered for the present study is shown in Fig. 1. The
continuous supply of de-mineralized water is ensured to the con-
denser hot well for the normal running of the plant at SOMW,_ load
condition. The condensate extraction pump (CEP) feeds the feed
water to the ejector (Ejec) from the hot well. After the ejector exit,
the feed water passes through the gland steam cooler (Cgs), and the
low pressure heaters (Hyp). From the outlet of the last low pressure
heater (Hyps) the condensate enters into the de-aerator shell which
is situated at 42 m height from the ground level. Two feed pumps
are provided to supply the condensate from the de-aerator to the
high pressure heaters (Hgp). Then the condensate passes through
the bottom economizer (B. Econ), the boiler condenser (B. Con),
the top economizer (T. Econ) and finally it enters into the boiler
drum. There is a continuous circulation of water between the drum
and the water walls and a part of the feed water is converted into
steam.

The steam is separated in the boiler drum and supplied to the
super heater section and the boiler condenser section. The super
heated steam produced in the super heater then enters into the tur-
bine through the turbine stop valve. After expansion in the turbine
the exhaust steam is condensed in the condenser and is used for
the closed cycle as shown in Fig. 1. For regenerative heating of

the condensate, the steam extracted from the various points is also
shown in the schematic diagram (Fig. 1).
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Figure 1. Schematic diagram of the plant at NLC Neyveli

3. Methodology

The several components of the plant are grouped into three sub-
systems namely, boiler subsystem, steam cycle or thermal cycle
subsystem and cooling tower subsystem as shown in Fig. 2. The
components of the boiler subsystem are the combustor and the
heat exchangers. Steam cycle subsystem includes the components
such as, the turbine, the condenser, the feed water heaters and the
pumps. The circulating water pump, the cooling tower and the fans
constitute the cooling tower subsystem. The imaginary boundaries
enveloping the components of the boiler subsystem, the steam cy-
cle subsystem, the cooling tower subsystem and the total plant are
denoted respectively by the control surfaces “S;”, “S,”, “S;”, and
“S” as shown in Fig. 2. The mass, energy and exergy flow across
the control surface have been used for the exergy analysis calcula-
tions of the individual subsystem.
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Figure 2. Subsystems of the plant

124



T. Ganapathy, N. Alagumurthi, R.P. Gakkhar and K. Murugesan / Journal of Engineering Science and Technology Review 2 (1) (2009) 123-130

The exergy analysis has been carried out for each component
in the subsystems, to evaluate the exergy losses in the individual
component and then the analysis is performed on the overall in-
dividual subsystems, to find out the exergy losses in each susb-
system. Finally the exergy analysis for the overall plant has been
carried out and the total plant exergy losses have been computed.
The energy and the exergy losses of the components of each sys-
tem have been determined using their mass, energy and exergy
balance equations. The exergy destructions for each components
and subsystems are then compared and presented. The energy and
exergy efficiencies have also been computed for the individual
components as well as for the overall plant.

4. Exergy analysis

The exergy analysis is the combination of the First and Second
laws of thermodynamics. In this analysis the heat does not have
the same value as the work, and the exergy losses represent the
real losses of work. When analyzing novel and complex thermal
systems, experience needs to be supplemented by more rigorous
quantitative analytical tools. Exergy analysis provides those tools
and it helps in locating weak spots in a process. This analysis pro-
vides a quantitative measure of the quality of the energy in terms
of its ability to perform work and leads to a more rational use of
energy. In general, the specific exergy denoted by “€” is calculated
using the equation as given below.

8:gk.e—’—gpﬁ—’—’gph_’_gch ( 1 )

Where, & . and g, . are exergy due to velocity (or) kinetic en-
ergy and exergy due to potential energy respectively. €y, is physi-
cal exergy i.e. exergy due to temperature difference and pressure
difference with respect to the reference point and €, is chemical
exergy (i.e due to reactions). In the present analysis, it is assumed
that the exergy due to kinetic energy and potential energy are
negligible. Also, for the exergy calculations, the atmospheric tem-
perature and pressure are taken respectively as 30°C and 101.325
kPa.

4.1 Boiler subsystem

The energy losses (Q) of'the subsystem components are determined
using the energy balances of the First law and similarly the exergy
losses () are calculated from the exergy balance equa-
tions of the Second law. Then using the energy losses the energy
efficiency (the First law efficiency) is calculated and the exergy
efficiency (the Second law efficiency) is determined using the ex-
ergy losses.

4.1.1 Combustor

For a combustor as shown in Fig. 3 the mass, energy and exergy
balances are

i+, = i @)

i (hy —hg)+1i, (hy —hy) = Oc 3)

n'af(sf—ag)+rha(aa—sg)—EQC:ic @)

where the fuel (lignite) enters the combustor at ambient tempera-
ture and pressure and heat energy losses occurs at 70°C.

Qe
,
#
#
Fa
5 £
iy o £
Fuel, 30°C Ry | i, Products of
’ Combustor = + Combustion,
%a hg 1250°C
Alr, 160°C —I- - =
m, In g

Figure 3. Energy and exergy balances for combustor

4.1.2 Super heaters

The super heaters of the plant include roof super heaters, screen
super heaters and convective super heaters. The energy and exergy
balances of the super heaters are shown in the block diagram (Fig.
4). The equations employed for the analysis of the super heaters
are
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Figure 4. Energy and exergy balances for super heaters
Mass balance:
For gas side:
m,, =m =m
1 0
7% 80sn g (5)
For steam side:
msi = mso = ’hs (6)
Energy balance:
mg (hgiSH - hg‘)SH ) +mg (hsi - hso) = QSH (7)
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Exergy balance:

mg(ggis,, _ggOS,,)+ms(gsi _8sn)_EQS” :ISH

®)

where the heat losses from the super heaters occur at 65° C.

4.1.3 Heat recovery system

The heat recovery system consists of the two economizers and
three air pre-heaters as shown in Fig. 5. The following equations
are obtained from the mass, energy and exergy balances for the

analysis of the heat recovery system.
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Figure 5. Heat recovery system

For air:

mai = mao = ma

For water:

mwi = mwo = mw
For hot gases:

My =My, =1,

l’i’lg (hgi - hgo) + mw(hwi - hwz)) +
+mu (hai - hau) = QHE

+ma(8ai _Sau)_EQH = IHE

E

./

Airin, Mg

h
i WP £y

&)
(10)
an

(12)

(13)

where the heat energy losses from the system occur at 40°C.

4.1.4 Overall boiler subsystem

The overall boiler subsystem of the plant is indicated by the con-

trol surface “S;” as shown in Fig. 2. The overall boiler losses are
calculated using the indirect method of energy losses [19]. The
energy efficiency of the boiler is then calculated from these losses.
The exergy losses and the exergy efficiency are determined using
the equations given below.

m (e, —¢€,)+m,E,—€,)+ (14)
+m (g, —ss)—EQB =1,

Wy =[m,(es —¢,,)/me ]x100 (15)

4.2 Steam cycle subsystem

This subsystem includes five important components namely,
steam turbine, condenser, feed water heaters, main condensate
pump and feed pumps. The mass, enthalpy and exergy balances of
the subsystem components are detailed in this section. The equa-
tions of energy balances for each component as given below are
used to find out the energy losses whereas the exergy destructions
are found out from the exergy balances.

4.2.1 Steam turbine
The various state points (28 to 34) at which the steam is extracted

for regenerative purposes are indicated in Fig. 1. The mass, energy
and exergy balances for the steam turbine are

34
my =m, + me

(16)
x=28
34 ) )
myhy —myhy — zmxhx -Wr=0r a7
x=28
34 . . .
mlgl_mZSZ_zmxgx_WT_EQT =1y (18)
x=28

where the dryness fraction of steam at the turbine exit is denoted
by x, = 0.88 and the heat loss occurs from the turbine surface at a
temperature of 38°C.

4.2.2 Condenser

The exhaust steam from the turbine enters into the condenser at
46°C and leaves it at 42°C. The mass, energy and exergy balances
of the condenser (Fig. 1) are given by

m2 :m3

(19)

tity (hy = h3) = Ocon (20)
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my(€y —€3) = Eg, = 1con

@h

where the heat rejection from the condenser takes place at 38°C.

4.2.3 Feed water heaters

There are four low pressure heaters and three high pressure heat-
ers used for regeneration in the plant. The mass, energy and ex-
ergy balances for the analysis of the feed water heaters system as
shown in Fig. 6 are as follows:

My Mgy g Tty Mgy
.

Mg Titag

Titag

Ths

Mgy Htg

.

Figure 6. Feed water heaters

34
me + me tMgg =My + My + Mg
x=28

(22)

34
nghg + mehx +Mghgy — it by, —
x=28

) (23)
=ity hyy =g ohg o = Oy
34
Mme€q + megx t M€ g9 =M 8 4 —
x=28 (24)

— M€y —Mg€g10 —Ey =Ly

where the heat losses from the system occur at an average tem-
perature of 30°C. The energy and exergy losses in ejector, gland
steam cooler and de-aerator are neglected because of negligible
magnitude. It can be noted that the exergy loss due to the heat loss
from the feed water heaters (at ambient temperature) is zero.

4.2.4 Condensate extraction pump

The following equations represent the mass, energy and exergy
balances for the condensate extraction pump as shown in Fig. 1.

n"l3 = ”i’l4 (25)
tity (hy = hy) + Wegp = Ocpp (26)
iy (€3 —€4) + Wegp = Iogp (27)

where the heat losses from the condensate extraction pump (CEP)
occur at ambient temperature. It can be noted that the exergy loss
due to the heat loss from the pumps (at ambient temperature) is
Zero.

4.2.5 Feed pumps

The mass, energy and exergy balances of the feed pumps give
the following equations to find out the energy and exergy losses.
It can be noted that the exergy loss due to the heat loss from the
pumps (at ambient temperature) is zero.

i =1 o (28)
Mg (h gy = ) + Wep = Opp (29)
M i (€ gy _8ﬁ70)+WFP =Ipp (30)

4.2.6 Overall steam cycle subsystem

The overall steam cycle subsystem of the plant is indicated by the
control surface “S,” in Fig. 2. The energy and exergy losses are
determined from the mass, energy and exergy balance equations
given below. The First law efficiency and the Second law effi-
ciency of the subsystem are calculated from these losses.

”i’l] = m14 (3 1)
my (hy = hyy) = Ocon —Wr = Osc (32)
ml (81 - 814) - EQC(m - WT - EQSC = ISC (33)
4.3 Cooling tower subsystem
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Figure 7. Cooling tower subsystem
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The schematic diagram of the cooling tower subsystem for the
50MWe plant is shown in Fig. 7. Since the heat losses and exergy
destructions at each component of the subsystem are very small,
they were not included in the analysis. The energy loss of the overall
cooling tower subsystem has been calculated as 3.63%. The energy
and exergy losses are found out using the following equation.

For air:

m dip = m aogy = Mg, (34)
For water:

My =1 (Do — D) (33)

ma(;r [((D‘wcr - O‘)ai(;r )hmw + (h

+Ocon T Wepp Wi = Ocr

- hao(ir )] +

aicr

(36)

- maiCT )8 mw + (8 aicr —¢& aocr )] +

Jan - EQCT = ICT

dcr [(0)“0(77
. . 37
+FE 0, T Wewp +

In this analysis, the control surface “S;” includes the region
of mixing between the hot water, humid air, and the ambient air.
The makeup water is assumed to enter the system at ambient tem-
perature and pressure.

4.4 Exergy analysis of the overall plant

The exergy analysis is carried out for the overall SOMW, plant by
considering the energy and exergy flows across the control surface
“S” (Fig. 2). The energy balance and exergy balances are given by
the equations 38 & 39 respectively. From these equations the total
energy losses (Qpun) and the total exergy losses (Ipi.,) of the plant
have been deduced. The First law and the Second law efficiencies
of the plant have then been evaluated [16].

n'afhf +m,h, + ma” [(oaao” -0, )h, +

. . (38)
+ (haiCT - hauCT )] - mghg - Wnet = QPlant
m(e,—¢,)+m,(e,—¢g)+m, [(®, -
- w“icr )8 mw + +(8 dicr —& aocr )] - (39)
- Wnet ™ Ovtim = IPlant

5. Discussions

The operating data of the plant components such as, combustor,
super heaters, top economizer, bottom economizer, top tubular air
pre-heater, bottom tubular air pre-heater, cast iron air pre-heat-

er, steam turbine, condenser, feed water heaters, main conden-
sate pump, feed water pump, cooling water, makeup water, air,
induced draft fan, and circulating water pump of the unit V of
Thermal Power Station-I, Neyveli Lignite Corporation Limited,
Neyveli at SOMW, grid load, collected by one of the authors [19]
and have been used for the present exergy analysis to calculate
the enthalpies and exergies at different state points. The energy
and the exergy losses of these components have been determined
using the equations given in the previous section.

From the energy analysis, the overall plant energy losses are
calculated as 73%. The comparison of energy losses between dif-
ferent components is given in Fig. 8. It can be observed that the
maximum energy loss (39%) occurred in the condenser. This is
due to the reason that heat energy expulsion from the condenser is
83.308 MW. Thus the First law analysis (energy analysis) diverts
our attention towards the condenser for the plant performance im-
provement. Since the condenser temperature of 42°C and water
inlet temperature of 30°C were used in the analysis, the maximum
possible power production from the energy expelled in the con-
denser would be only 3.16 MW, thereby reducing the total plant
energy losses to 70% at the most. Approximately half of the total
plant energy losses occur in the condenser only and these losses
are practically useless for the generation of electric power. Thus
the analysis of the plant based only on the First law principles
may mislead to the point that the chances of improving the electric
power output of the plant is greater in the condenser by means
of reducing its huge energy losses, which is almost impracti-
cable. Hence the First law analysis (energy analysis) cannot be
used to pinpoint prospective areas for improving the efficiency of
the electric power generation. However, the Second law analysis
serves to identify the true power generation inefficiencies occur-
ring throughout the power station.

Com parison of Energy Losses in the Power Plant and
Components
20
B0 T3.08
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i § & ° i 3 )
O L ; i i 2

Figure 8. Comparison of energy losses in the plant and components

The comparison of exergy losses between the different sub-
systems of the plant are shown in Fig. 9. It can be noted that the
maximum exergy loss occurs in the Boiler Subsystem (57.35%).
Also out of this, 42.73% losses took place in the combustor only.
That is approximately 60% of the total plant exergy losses oc-
cur in the combustor. This may be due to the irreversibility of the
combustion process in the combustor. The percentage of exergy
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losses for the plant components are compared and shown in Fig.
10. The total plant exergy destruction is calculated as 73%.

Comparison of Exergy Losses in the
Power Plant and Subsystems
80 73,005

2 70
S 60 - 57,3485
= &0 -
$ 40 1
w 30 4
‘E 20 4 15.4
#4101 . 17

0 .I =

Boiler Steam Cooling Total Plant
Cycle Tower

Figure 9. Exergy losses in the plant and subsystems

The Second law efficiency (the exergy efficiency) of differ-
ent components is also calculated and their comparison is depicted
in Fig. 11. It can be noted that the exergy efficiency of the turbine,
the feed water heaters and the heat exchangers are 81.2%, 81.2%,
and 72.1% respectively. The exergy efficiency of the boiler and
the condenser are calculated as 41.72% and 28.75% respectively.
The overall plant exergy efficiency is 27%. Thus the exergy anal-
ysis of the plant pinpoints that the prospective improvement in the
combustor can improve the overall plant efficiency.

Comparison of Exergy Losses in the
Power Plant and Subsystems
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Boiler Steam Cooling Total Plant
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Figure 10. Exergy losses in the components of the plant

Second Law Efficiency of the Plant and the
Components
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Figure 11. Second law efficiency of the plant and components

6. Conclusions

An exergy analysis was performed on an operating unit V of Ther-
mal power station-I, at Neyveli Lignite Corporation Limited, at
S0MW. output and the energy losses and the exergy destructions
of the steam power plant components have been calculated. Exer-
gy analysis results show that over 57% of exergy losses take place
within the boiler system. Out of this, 42.7% of exergy loss occurs in
the combustor only. This may be due to the irreversibility inherent
in the combustion process, heat loss, incomplete combustion and
exhaust losses. This study pinpoints that the combustor requires
necessary modification to reduce its exergy destructions thereby
the plant performance can be improved. The exergy efficiency of
the plant is 27%. But the results of energy analysis show that the
major energy losses occurred in the condenser (39%). However,
these energy losses in the condenser cannot be practically utilized
for the improvement of the power output of the plant. The first law
efficiency of the plant is 27%. Hence the exergy analysis locates
the system or component where-in the necessary attention has to
be paid to improve the performance of the plant.
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