Chapter 6

Exergoeconomic Optimization of
Alternative Options

Exergoeconomic optimization of two alternative options available with the fertilizer plant
in terms of fuel (steam) source is examined in this chapter. Firstly, the AAVAR system is
simulated in combination with 8 MW gas turbine power plant, instead of the independent
boiler for steam source, which is also the part of fertilizer company infra-structure. In this
case, the steam generated at HRSG is considered as heat source. The system is optimized
exergoeconomically and the cost of steam generated at HRSG is estimated for minimum
cost of power generation. The optimum cooling cost for AAVAR .system is estimated
considering steam generated at HRSG as heat source. Section 6.1 deals with the details of
the alternative option.

Next alternative option available is tapped steam from the 50 MW steam turbine
power plant which is the major source electricity for the fertilizer plant. Section 6.2
describes the exergoeconomic optimization of the AAVAR system using tapped steam
from a certain stage of the steam turbine of the plant as heat source. The losses in various
components are identified and the cost of steam tapped from the steam turbine is
estimated for the minimum cost of power generation by the steam turbine. This tapped
steam is utilized as a heat source for AAVAR system and the cost of cooling generated

by the system is estimated.

6.1 Steam Generated at HRSG as Heat Source

The existing AAVAR system is equipped with an independent boiler generating saturated
steam at 15 bar for the purpose of using it as fuel in the generator. With this arrangement,

it is found that the generation cost of steam is 900 /1000 kg. It will be worthwhile to
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consider other options of steam generation and its utilization as fuel to AAVAR system
as some of them are readily available in the fertilizer unit. Keeping this in mind, the
present study is carried out to try two additional sources of heat energy available in the
plant. The first among them is the partial use of steam generated in the Gas Turbine- Heat
Recovery Steam Generator (GT-HRSG) plant as heat source for AAVAR system. It
should be noted that GT-HRSG plant acts as a captive power plant catering to the need of
power requirement in the fertilizer plant. This section examines the option for the
reduction of cost of brine chilling using AAVAR system through exergoeconomic
optimization using the steam genérated from HRSG partially. It is expected that if the
steam generated by the use of waste heat at the GT-HRSG plant as fuel for AAVAR
system, there could be significant reduction in the steam cost and hence the cost of
cooling.

The following sections give the step by step procedure adopted for the
exergoeconomic optimization scheme employed earlier for the existing system. As the

details of the scheme are presented earlier, the following section may not repeat the same.

6.1.1 System Simulation

Using the steady state online data, the system simulation is carried out and the
missing data are generated. The assumptions underlying the GT-HRSG system model

include the following:

@

The GT-HRSG system operates at steady state.

Laws of ideal gas mixture apply for the air and the combustion products.

®

The combustion in the combustion chamber is complete.

Heat loss from the combustion chamber is 2 % of the fuel LHV.

In the GT-HRSG plant model, two types of independent variables are identified,
decision variables and parameters. The decision variables are varied in optimization
studies, but the parameters remain fixed. All other variables are dependent variables and

their values are calculated using the thermodynamic model.
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The compressor pressure ratio (p,/ p,), isentropic compressor efficiency 7,,
effectiveness of air preheater y,,. , isentropic tufbine efficiency 7,, temperature of air
entering the combustion chamber 7, and temperature of the combustion product entering
the turbine 7, are considered as decision variables. The dependent variables include the

mass flow rates of the air, combustion products and fuel, the power required by the
compressor, the power developed by the turbine and pressure and temperature of plant

components as follows:

Air compressor T,
Air preheater D3 Pe- T
Combustion chamber Py

Gas turbine D> T
HRSG T

Parameters are independent variables whose values are specified. They are kept fixed in
optimization study. In this model, the following parameters that are fixed are identified.
o System Products
» The net power generated by the system is 8 MW
» Sa‘gurated water vapour supplied by the system at p; =15 bar
o Air Compressor

» T =298.1K, p, =1.013 bar

> Air molecular analysis (%): 77.48 (N,), 20.59 (0,), 0.03 (CO,), 1.90 (H,0).
¢ Air Preheater

> Pressure drop: 3 % on gas side and 5 % on the air side.
e Heat Recovery Steam Generator

> T, =298.1K, p, =15 bar, p, =1.013 bar

» Pressure drop: 5 % on gas side.

Combustion Chamber

> T,=298.1K, P, =12 bar
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> Pressure drop: 5 %
» Temperature of combustion product 7, =1520K

Using the assumptions listed, a standard set of governing equations are available in
literature. This involves consideration of several individual control volumes identified

with reference to various components of the plant.

Air Compressor

The temperature of the air inlet to compressor, 7, =298.1K. At this temperature, the

enthalpies of all the constituents, nitrogen, oxygen, carbon dioxide and water vapour are
taken from Table F1 of Appendix F while these properties at the temperature other than
reference temperature are calculated with the help of Table F2 of Appendix F. Then the
enthalpies of all the constituents are added on molar basis and the enthalpy of the air inlet

to compressor is calculated on molar basis. ,
h = 0.7748h, (1)) + 0.2059}:02 (7)) +0.0003A, (17)+0.019h, (7)) (6.1)

The molecular weight of the air inlet to compressor is calculated using

M, =0.7748M,, +0.2059M, +0.0003M, +0.019M,,, (6.2)

Using these values, the enthalpy of air on mass basis is calculated using

h=h/M, (6.3)
The temperature at the end of compression is calculated using

Ya—!

T, =T 14— (-&J " | (6.4)
Nac 1\ Py

Where isentropic efficiency of the compressor 7,.=86% and pressure ratio
(p,/ p)) =10. At this temperature, the enthalpy of the air leaving the compressor (4, ) is

calculated following the same procedure as applied for 7|.

Air Preheater
The pressure drop on the air side of the air preheater is considered as 5 % as suggested by
Tsatsaronis et al. [114]. The pressure of the air coming out of the air preheater is

estimated using
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2y =p,(1=Ap, ,py) Wwith Ap, ., =0.05 (6.5)
The temperature of the air coming out of the air preheater (7;) is calculated using the

" effectiveness of the air preheater:
L-T,
T,-T,

(6.6)

Xapn =

For the base case, the effectiveness of air preheater is considered as, ¥, =75 % which
will give the temperature of the air (7}) at the exit of air pfeheater. The enthalpy of the air
coming out of the air preheater (4,) is calculated following the same procedure as applied
for air at temperature 7,.

By energy balance across the air preheater, the temperature of the gas (7})
leaving from the air preheater is calculated.
m,Cp (L, =T,)=m,C, (T, -T;) (6.7)
The specific heat of air and gas is taken from Tsatsaronis et al [114].

C,, =1:005 kI/kgK, C,, =1.17 kl/kgK

Combustion Chamber

Denoting the air fuel ratio on molar basis as A, the molar flow rates of the fuel, air and
the combustion product are related by

n n

=2, L =1+4, (6.8)
17 Aa

Where f, p and a denote fuel, combustion product and air, respectively. For complete

combustion of methane the chemical equation takes the form

ACH, +[0.7748N, +0.20590, +0.0003CO, +0.019H,0]

6.
—> [IJn%][xNzN2 +x0202 +xCOZC()2 + leOHZO] (6.9)

Using the temperature of the combustion product from the combustion chamber

(7, =1520K) and the energy balance across the combustion chamber, air fuel ratio (1)

and enthalpy of combustion product (4, ) are estimated.
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1+ A)* b, =0.7748* by, (T,)+(0.2059—22)* h, (T,)-+(0.0003 + ) * B, (T +
(0.019+24)*h,, ,(T;)

(6.10)
~0.024*LHV+h, +ﬂ,*h/ ~(1+A)*h, =0 (6.11) ’
Where hf =-74872 kJ/kmol and LHV=802361 kJ/kmol and 2 % loss is considered as
suggested by Bejan et al. [155]. Solving Egs. 6.10 and 6.11 forA and enthalpy of

combustion product on molar basis are calculated. Their values are A4 =0.03006 and
h, =10921 kJ/kmol. Once the air fuel ratio is calculated, the molar analysis of the
product can be decided by balancing mole fractions of carbon, oxygen and nitrogen of the

combustion product in Eq. 6.9. Table 6.1 gives the mole fraction of the constituent gases

in the combustion products estimated.

0.7748 0.2059-24
Xy, =7 X, =———————
P+ A : 1+4
(6.12)
= 0.0003+4 . = 0.019+24
Y A Y
Table 6.1 Molar Analysis of the Combustion Product
component N, 0, CO, H,O
Mole fraction 0.7522 0.1415 0.02947 0.07681

Using the mole fractions of the constituents, the molecular weight of the combustion
product is calculated as

My=xy *M, +x, *M, +Xco *Mey +3,,*M, , (6.13)
Enthalpy of combustion product on mass basis (kJ/kg) is calculated using

h=hIM, . (6.14)

The pressure drop in the combustion chamber is considered as 5% [114] then the pressure

of the combustion product is calculated using -
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Py =Dps(1-Apy) with  Ap,. =0.05 : (6.15)
Gas Turbine

Combustion product from the combustion chamber at temperature 7, and P, enters the
gas turbine and expands to the final pressure p, =1.099 bar . The temperature of the gas
at the exit of the gas turbine (7}) is calculated using

7

T =T, 41— 1—(5—’&)7“ 6.16
s = Ay Ner (6.16)
, ? |

a

Where, 77, =0.86 for the base case. At T;, the enthalpy of exhaust gas & , is calculated

in terms of kJ/kmol using

h, = Xy Iy, () + %0, o, (T5) + X, hico, (T5) + % ol o (T5) (6.17)
i

by = .A,j_ ’ (6.18)

Considering the control volume enclosing the compressor and turbine

Wer =na(l—hy)+n,(h, —h)" (6.19)
Wer 0 o

——=(h —h)+(1+A)(h, —hy) (6.20)
Aa

Here all the enthalpies are in kJ/kmol. Converting to a mass rate basis and solving, the

mass flow rate of air is

W o
o= e Wer (6:21)
A+ A)(h, —hs)+ (- )

After calculating the mass flow rate of air, mass flow rate of fuel is found using

0y =il M), | (6.22)
my =A| —— |ma .

1 M,

Then the mass flow rate of gas trough turbine is
Mg = Ma+my (6.23)

The gas leaving from the turbine passes through air preheater and is used for preheating

the air going to the combustion chamber. The temperature of the gas leaving from the air
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preheater (7, ) is calculated by energy balance through Eq. 6.7 and enthalpy at the same

temperature is calculated using

hy = Xy, g, (L) + %0, P, (T) + X0, oo, (Tg) + Xy 0Py ,0 (T5) (6.24)
N
by =—2- 6.25
=t (629)

On the gas side of air preheater, pressure drop is considered as 3 % [114], then

Ps =ps(0=Ap, ,py) with Ap, ., =0.03 (6.26)

Heat Recovery Steam Generator .

The energy of the exhaust gas is utilized in HRSG for steam generation at 15 bar
saturated. Owing to the presence of sulphur in natural gas; corrosive sulphuric acid can be
formed when the products of combustion are sufficiently cooled. This can be guarded

against by maintaining the temperature 7, above 450 K. By energy balance

my(hy = k) =mg C, (h —h,) (6.27)

Thus, solving Eq. 6.27, it is seen that the steam generation rate in HRSG is

m, =3.25 kg/sec which is quite closer to the requirement of steam (fuel) in AAVAR

system. Allowing a pressure drop of 5 % in HRSG [114], the pressure of the gas leaving
the HRSG is '

P, = Ps(l=Apypge) With Ap,q. =0.05 (6.28)

The air inlet to compressor is at 7, and p,, and is considered as ideal gas

mixture. The entropy of all the components at temperature 7, . and p,,, (s.(T)) is taken

from Table F1 of Appendix F and entropy at other temperature and pressure is calculated
with the help of Table F2 of Appendix F. After calculating the entropy of all the

component of the air, the entropy of the air inlet to compressor is calculated in terms of
kJ/kmol

5, =0.7748s, (1) +0.2059s, (5;)+0.000350, (1) +0.019s, o(T;) (6.29)

s =-§—’ (kJ/kg) (6.30)

a
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The air at stations 2 and 3 is at pressure other thanp, . Then entropy of air at

temperature 7, and P, is calculated as

pou

* *
5,=0.7748 SNZ(TZ)-Rln(WH+o.zoS9{soz(7;)~R1n(~m0'2059 P, H+

r ’ i (6.31)
* *
0.0003] scq, (Tz)_RM(WJ}Qm{Sw@)ﬁmn[o.ow A H
i P , 7
& LA% (ke) | (6.32)

[

Here p, = p,,, . Similarly entropy of air at 7, and p, (s;) is also calculated.

At station 4, combustion product is considered as ideal gas mixture. The mole fraction of
all the components can be estimated using Eq. 6.12. Using these mole fractions, the

entropy of combustion product at station 4 is found using following relations in terms of
kJ/kmol.

, xy ¥ : X, *
5y =Xy, [sNz (E)~Rln(uj]+xoz {502 (ZI:)»RIn( o P H-{—
b P

* ' - . (6.33)
*eo, {Scoz ) —Rm(M‘HHyzo {sﬁzo@) ~Rm(MH
pl pl
5, =_AEIL (kJ/kg) o (6.34)

14

Similarly, entropy at ‘stations 5,6 and 7 is alsb calculated.
6.1.2 Exergy Analysis

The exergy of the working substance (streams) in all the components of GT-HRSG
system possesses physical and chemical components, physical exergy and chemical

exergy are estimated using the procedure given in Sections 6.1.2.1 and 6.1.2.2.

6.1.2.1 Physical Exergy

As discussed in Chapter 4, the physical exergy component is associated with the

work obtainable in bringing a matter from its initial state to a state that is in thermal and
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mechanical equilibrium with the environment. The air inlet to compressor at station 1 is

atT

s and p, .. Therefore 7 =h, and 5, =s, then from Eq. 4.2, physical exergy at

station 1 will be zero. Applying the same Eq. 4.2, the physical exergy at stations 2 and 3
are calculated.

To calculate the exergy of combustion product and exhaust gas from the turbine,

it is considered that they are reduced to 7, =25°Candp,, =1.01325 bar. At this

temperature, some condensation of water will occur and gas phase containing saturated
water vapour in equilibrium with saturated liquid water phase. On the basis of 1 kmol of
combustion products formed, the gas phase at 25°C would consists of 0.9232 kmol of dry
products (0.7522 Ny, 0.1415 O,, 0.02947 CO») plus #, kmol of water vapour. The partial
pressure of water vapour would be equal to the saturation pressure,

P,(25°C)=0.0317 bar : The amount of water vapour is estimated using
p,=x,p (6.35)

ie., 0.0317 bar =—— 2 (1.01325 bar) (6.36)
0.9232+n,

Solving Eq. 6.36, n, =0.0298 kmol . Thus for the case of combustion products given in

Table 6.1, the composition of the combustion product at 25°C and 1 atm reads
0.7522 N», 0.1415 O,, 0.02947 CO, ,0.02982 H,0 (g), 0.04699H,0 (1)

Where, the underline identifies the gas phase. Using these values, enthalpy of combustion

product at 25°C and 1 atm as
hy,, =0.7522N, +0.14150, +0.02947CO, +0.02982 H,0(g) + 0.04699 H,0(]) (6.37)

By, = %4— kl/kg | (6.38)

r

The physical exergy at station 4 of Fig.3.3 is calculated using

PH “

Es =m,[(By—hy,)=Ty(s, = 50,) | (6.39)
Using the same value of enthalpy at reference condition, physical exergy at stations 5, 6
and 7 are calculated. The feed water inlet to HRSG at station 8 is maintained at 15 bar
and considered at reference temperature. At given temperature and pressure, its enthalpy

and entropy is calculated using inbuilt subroutine of EES software. Similarly the enthalpy
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aﬁd entropy of feed water to HRSG at reference temperature and pressure are calculated
using inbuilt subroutine of EES software. Using enthalpy and entropy at actual condition
and at reference condition, the exergy of feed water to HRSG is calculated using Eq.6.39.
At station 9, steam is generated at 15 bar saturated. The enthalpy and entropy of steam at
15 bar saturated and at reference condition are calculated using inbuilt subroutine of EES
software and using Eq. 6.39, its physical exergy is calculated. Natural gas, maintained at
10 bar pressure, is used as a fuel in the combustion chamber of gas turbine. The physical

exergy of fuel at station 10 is calculated as

. })H .
Ew =mpo I:hm —hy =T, (5, ~—SO):|
Since T}, =T, the above equation reduces to

PH
Pio

Ew =mioRT,In2e | (6.40)
‘ Py :

6.1.2.2 Chemical Exergy

At stations 1, 2 and 3, air is stable with environment so its chemical exergy is
~ considered as zero. At dead state corresponding to the mixture at station 4 consists of
liquid water phase and a gas phase. The new mole fraction of a gas phase is calculated

using Eq.6.41 and found as

B Xy, _ Xp,
S . o, =
Xy, T X0, T X¢p, +1, _ Xy, T Xp, + X, +1,
X,
_ co, _ n,
yCOz - sz()(g) - (641)
Xy, +Xp + X 0, Xy, + X, +Xeo +0,

Yy, =0.7893, y, =0.1485, 3, =0.03093, y,, ,,, =0.03129.

Now the chemical exergy for the k™ component is calculated and added together

to find total chemical exergy using following equation

e =3 e +RT,Y y,Iny, (6.42)
This is the chemical exergy of gas portion. The chemical exergy of liquid portion is

separately calculated and added together to find total chemical exergy. The chemical

exergy of individual component (e;” ) is given in Appendix G.
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E(’H = rhg [(xN2 + Xy, +Xeo, +nv)ec” +Xy.00) *eﬁi‘;}(,}] (6.43)

The chemical exergy calculated using Eq. 6.43 is expressed in kJ/kmol which can then be
converted in to kJ/kg by dividing it by molecular mass of the combustion product. The
chemical exergy at stations 5, 6 and 7 will remain the same. Chemical exergy of water,
steam and natural gas (CH,) at stations 8, 9 and 10, respectively, are taken from of
Appendix G. The total exergy flow at stations 4 to 10 will be the sum of physical and
chemical eiergy. Table 6.2 gives the properties and parameters at each stations of the

‘GT-HRSG plant along with the estimated values of exergy.

Table 6.2 State Properties for Gas Turbine Power Plant

Stations l;;l:‘is ls’res- Temp. Specific Specific ~ Physical Chemical  Total
rate ure. K Enthalpy Entropy  Exergy Exergy Exergy
ke/sec bar kd/kg kJ/kgK kW kW MW
1 24.09 1.013 298.10 -164.60 6.7860 0 0 0
2 24.09 10.13 621.30 17%.90 7.0700 6257 0 6257
3 24.09 9.63 894.50 488.20 7.4960 10627 0 10.63
4 24.49 9.15 1520 386.30 8.3370 25177 83.99 25.26
5 24.49 1.099 985.50 -279.10 8.4210 8260 83.99 8344
6 24.49 1.066 754.70 -554.80 8.1120 3768 83.99 3.852
7 2449 1.013 450 -904.30 7.5350 915.50 83.99 0.9995
8 3.25 15 298.10 106.10 0.3666 4.56 8.13 0.01269
9 3.25 15 471.50 2791 6.4440 2845 8.13 2.853
10 0.41 12 298.10 155.3 20896 21.05

6.1.2.3 Definition of Fuel, Product and Loss for Various Processes

Using the exergy estimated at each station as given in Table 6.2, fuel, product and loss
. are to be calculated for all the components in a similar manner as that used in Chapter 5,
Section 5.1.2. The step by step procedure adopted is given in Section 5.1.2.1 of Chapter
5. It should be recollected that GT-HRSG is one option to act as the source of heat energy
(fuel) for AAVAR system. As such there are six components for the GT-HRSG plant for
which fuel, product and loss are estimated as per the requirement of exergoeconomic

analysis. Table 6.3 summarises the same and its numerical values are given in Table 6.4.
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Table 6.3 Component-wise Fuel, Product and Loss of GT-HRSG Power Plant

Component Fuel ( E #) Product (Ep ) Loss (EL)
AC K Eae B °
APH Es—Es Es-Ex ’
cc E3+ Em E4 °
GT E4~Es En+En °
HRSG Eem v Eo- s 0
System Eio (Eqg—Es)+En E;

Table 6.4 Exergy Analysis Result for Gas Power Plant

Component Ey Ep E, Ep Y 0 g f
kKW kW kW kw % % % Yo
AC 8298 6257 0 2041 9.693 0 22.15 75.41
APH 4491 4369 0 122.3 0.5808 0 1.327 97.28
cC 31678 25261 0 6417 30.48 0 69.67 79.74
GT 16917 16299 0 618.4 2.938 0 6.713 96.34
HRSG 2853 2840 0 1257  0.0597 0 0.1364  99.56
System 21052 10841 999.50 9211 43.76 475 100 51.50

6.1.2.4 Results and Discussions

The outcome of the exergy analysis of the gas turbine power plant is given in
Table 6.4. The total exergy supplied to the system is 21052 kW, out of which 10841 kW
(51.50 %) is converted to useful product, 9211 kW (43.76 %) exergy is destroyed and
999.50 kW (7.75%)) is lost to the environment.

The maximum exetgy destruction is found in combustion chamiber. To reduce the
exergy destruction in combustion chamber, inlet temperature T3 should be increased. It
can be achieved by increasing the air preheater’s effectiveness or compression ratio of the
compressor. The effectiveness of APH is already high, the compression ratio of the
compressor should be increased or isentropic efficiency of the compressor should be

improved.
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The next highest exergy destruction is in air compressor which can be reduced by
improving its isentropic efficiency. The next is the gas turbine in this category. The
exergy destruction in the combustion chamber and gas turbine can be reduced by
increasing the inlet temperature T4 and irnproving’the isentropic efficiency but at the
same time the investment cost of gas turbine and combustion chamber will increase
which can increase the product cost. So the optimum temperature should be selected.
During implementation of all these improvements, optimum condition should be

considered.
6.1.3 Exergoeconomic Analysis

The essence of the economic analysis is the identification and inclusion of various cost
heads incurred in the estimation of the total cost for the production. In the present case,
the total cost involved in the power generation by the gas turbine consists of many cost

heads. Thus, in general, the economic analysis of the system requires the estimation of

levelized O&M cost of component (Z + ) and fuel cost rate (C; ). Zi should be estimated
for each component for GT-HRSG plant using TCI, B,y and 7 (Refer Eq.4.18). The fuel

cost rate (C'_f) is governed by the source of heat energy used for the system. The

estimation of Z« and C; are explained in the following section.
6.1.3.1 Levelized O&M cost (Zx)

The purchase equipment costs of each component are calculated using the cost model of
each component given in Appendix H for the year 1994. Using the M&S coét index, they
are converted for the year 2009. Using Table 4.1, the TCI related to each component is
found. The levelized O&M cost of each component is found using Eq. 4.18. Considering
the plant life of 8000 hours, Capital Recovery Factor (8) = 0.1061, O&M cost (y) =
1.092 % of total investment cost of the component [1 14}, the values of levelized O&M
cost for each components are determined. The estimated values of Levelized O&M cost
for all the components of GT-HRSG are given in Table 6.5. It can be seen that for each

components of the GT-HRSG plant, a number of cost heads are involved in the
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estimation of TCI. TCI consists of FCI and Other Outlays. DC and IC constitute FCI,
while Other Outlays consists of start up cost, working capital cost and allowance for
funds. DC consists of on-site (ONSC) and off-site (OFSC) costs while IC consists of

engineering & supervision, construction and contingency costs.
6.1.3.2 Fuel Cost

The plant uses natural gas (methane) as a fuel. The market prize of methane for the year
2009 is considered as 4.3 $/mm BTU (Imm BTU = 1055.06 MJ). If the LHV of methane
is considered as 50 MJ/kg, then the cost of fuel will be 0.2 $/kg or 10 I/kg.

6.1.3.3 Cost Flow

To calculate the exergy cost flow at each station of the gas power plant, the cost balance

equations are modelled as explained below.

Air Compressor

et Ei—ca Eaten Ent Zac =0 ' (6.44)
Air Preheater

¢y Ex—c3 Es+cs Es—ce Es+ Zapn =0 , (6.45)
Cs = Cs : (6.46)

Combustion Chamber

e E3~é4 E4+Cf+Z(:c =0 A (6.47)

Gas Turbine

ca Ei—cs Es—ci Evn—cn En+Zor =0 (6.48)
s =Cs (6.49)
én = é12 ) ) (6-50)

Heat Recovery Steam generator
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6 Es—c1 E1+cs Es—cs Eo+ Z s =0 (6.51)
o =C1 (6.52)

Out of these variables, ¢; ...ég,éu,én and C,, the last is known which is the cost of fuel

in combustion chamber. The cost of air at compressor inlet and cost of water at inlet to

HRSG (¢ and ¢s) are considered as zero. The remaining 9 are calculated by solving
Egs. 6.44 to 6.52 using EES software. The cost per unit exergy /MJ) and cost flow rate
(/sec) for each flow of the system are calculated and shown in Table 6.6. For this

~ calculation, known values of E; to Er are used.

Table 6.6 Unit Exergy Cost and Cost Flow Rate for Gas Power Plant

Flows Unit exergy cost Exergy flow Cost flow rate
IMJ MW Ifsee

1 0 0 0

2 1.1850 . 6.2570 7414
3 0.9598 10.6300 10.200
4 0.6175 25.2600 15.600
5 0.6175 83440 5.152
6 0.6175 3.8520 2.379
7 0.6175 0.9995 0.617
8 0 0.0127 0

9 0.9238 2.8530 2.635
10 0.2000 21.0500 4.210
11 0.7261 8.2980 6.025
12 0.7261 8.0000 5.809

6.1.4 Exergoeconomic Evaluation

After calculating the cost rates at each station of the plant using cost rate of fuel (C ) as

an input the cost rate of product (C’ p ), cost rate of fuel per unit exergy (¢, ), cost rate
of product per unit exergy (c,,), cost rate of exergy destruction (Cox ), cost rate of

exergy loss (Cir. ), the relative cost difference (7, ) and exergoeconomic factor ( f, ) for
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each component are calculated using Eq. 4.20 to Eq. 4.27 and given in Table 6.7. Based
on these fesults, the system is exergoeconomically evaluated following the methodology

suggested by Bejan et al. [155] and discussed in Section 4.2.3.

Table 6.7 Results of Exergoeconomic Anralysis for Gas Power Plant

Component Gk Cpik Cou Cri Zk Te % &
IMI IMI g T Zhr % % %
AC 0.7261  1.1850 5334 0 5000 4838 6318 7541
APH 0.6175 0.6375 2718 0 4342 1378 325 97.28
cc 0.4549  0.6175 10509 0 45180 412 3574 7974
- GT 0.6175  0.7261 1375 0 4998 78.43 1760 9634
HRSG 0.6175 0.9279 2794 0 3146 99.12 5028  99.56
System 02000 0.7790 6632  719.70 13640 6498  289.50  51.50

6.1.4.1 Results and Discussions

The following observations are made from the results shown in Table 6.7.

() The r value for the compressor is highest among all the components, indicates
that, for this design configuration, particular attention should be paid to air
compressor. The air compressor has the lowest exergetic efficiency and second
largest rate of exergy destruction cost. Therefore, it would be cost effective to
reduce the exergy destruction in compressor by increasing the isentropic
efficiency. By using multi stage compressor and providing the Intercooling
between the stages, the power consumption by the compressor can be reduced.

(i)  The HRSG has the second highest » value but having high exergetic efficiency
and low rate of cost of exergy destruction. So this component is "wdrking properly.

(i)  The combustion chamber has the next highest r value. This is due to the very
high exergy destruction costs and extremely low f value. The logical conclusion

would be to try to decrease the exergy destruction in the combustion chamber by

increasing the air preheating temperature Tj.
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6.1.5. Exergoeconomic Optimization

The exergoecoriomic optimization of the system requires a thermodynamic model and a
cost model. The thermodynamic model gives the performance prediction of the system
with respect to some thermodynamic variables such as exergy destruction, exergy loss
and exergetic efficiency. The cost model permits detailed calculation of cost values for a
given set of the thermodynamic variables. For each component, it is expected that the

investment cost increases with increasing capacity and increasing exergetic efficiency.
6.1.5.1 Estimation of B,,»n, and m,

Using the value of cost flow at each station and the results of exergoeconomic evaluation,
the exergoeconomic optimization of the system is carried out at component level using
Eq. 4.29. To solve this equation for local optimum by curve fitting technique, the

equivalent power law is found and the required value of B, and #, for each component
are determined for the selected value of m, as explained below.

Air Compressor

For Air Compressor, efficiency of the compressor ( 77,.) and compression ratio (r,) are
considered as decision variables. For the variation of isentropic efficiency of air
compressor from 0.85 to 0.89, the necessary data are generated as explained in Chapter 4,
Section 4.3. For the generation of data, value of m,. =0.95 as suggested by Bejan et al.

[155] is taken. Table 6.8 gives the generated data for carrying out regression fit to obtain

B, and n,..

Table 6.8 Generated Data Using Investment Cost Equation for Air Compressor

095

Nac T Ep.ac Epsc  EraclEvbac  7C] sc ! Epac
0.85 8 5266 1.998 2.635 117239
0.86 5.575 1.936 2.88 159992
0.87 10 5.853 1.879 3.114 231363
0.88 1 6.102 1.827 3339 374238
0.89 12 6.328 1.778 3.559 803096
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From Fig. 6.1, the values of B,. and n,,. for the selected value of m,.of 0.95 are found

to be 251.88 and 6.17, respectively.

800000, —r=

—o-1pc=251.881-Ep/Ed® 171
800000 -

700000

600000+

0.85

500000

Iac’Ep ac

400000,

300000}

200000,

H

100000
256

Ep.ac/Ep,ac
Fig. 6.1 Plot of Investment cost v/s Exergetic Efficiency for Air Compressor

Air Preheater

Air preheater is a device used to recover waste heat of exhaust gas from the gas turbine.
By varying the effectiveness of air preheater, the amount of heat recovered can be varied
so the effectiveness of air preheater is considered as decision variable. For the range of
values of effectiveness from 0.70 to 0.79, data related to exergy of product and

destruction are generated and is given in Table 6.9.

Table 6.9 Generated Data Using Investment Cost Equation for Air Preheater

0.6

Xary Eparn Eparn Epapn! Eparu TCl 4y, 1 E p,apH
0.7 3.97 0.2067 19.18 3223
0.71 4.03 0.1938 20.81 3271
0.72 410 0.1805 22.73 3321
0.73 4.17 0.1669 25.00 3373
0.74 424 0.1528 27.75 3428
0.75 4.31 0.1383 3115 3486
0.76 438 0.1235 35.46 3548
0.77 4.45 0.1083 41.10 3612
0.78 4.52 0.0927 48.78 3681
0.79 4.59 0.0766 59.89 3754
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Fig. 6.2: Plot of Investment cost v/s Exergetic Efficiency for Air Preheater

For air preheater with effectiveness ( z,,, ) of it as decision variable, the Fig. 6.2 shows
that the value of B,,, and n,,, are found to be 2178.86 and 0.135, respectively for the

selected value of m,,,, of 0.6

Table 6.10 Generated Data Using Investment Cost Equation for Combustion
Chamber

T E PCC Epcc Epccl E pec  TClee,! E pLC
1500 24.97 6.02 4.19 2776
1501 24.95 6.03 T 414 2792
1501 24.93 6.03 4.13 2808
1502 2491 6.04 4.12 2824
1502 24.90 6.05 4.12 2841
1503 24.88 6.06 . 411 2857
1503 24.86 6.06 4.10 2874
1504 24.84 6.07 4.09 2891
1504 24.83 6.08 4.09 " 2908
1505 24.81 6.09 4.08 2925




Combustion Chamber

For combustion chamber, the temperature of combustion product (7, is considered as
decision variable. For the variation in T, from 1500 K to 1505 K, the required data are

generated and given in Table 6.10.

2925 ¥

28951

2865

T

2835}

lcc/Ep,cc

2805

2775 . 1 . I . i L L 1 i 1 L 1 :
4.07 4.08 4.09 4.1 4.1 412 413 4.14 4.15

Ep,cc/Ep,cc

Fig. 6.3 Plot of Investment cost v/s Exergetic Efficiency for Combustion Chamber

For combustion chamber, the slope of the graph is negative so the value of #,.. can not

be defined. So it is assumed as unity as suggested by Bejan et al. [155]. Fig. 6.3 shows
that the value of B,. and n,. are found to be 1001 and 1, respectively for the selected

value of m,..of 1.

Gas Turbine

For gas turbine, isentropic efficiency (7, ) and temperature of combustion product (7} )

are considered as decision variable. The generated data are shown in Table 6.11. The

graph, given in Fig. 6.4 shows that the value of B, and ng,are found to be 404.59 and
1.828 for the selected value of m,,, of 0.65.
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Table 6.11 Generated Data Using Investment Cost Equation for Gas Turbine

0.65

Ner T Epgr Encr Evgrl Epgr TCly | Epcr
0.84 1515 16.79 0.776 21.63 113159
0.85 1517 16.54 0.696 23.77 132019
0.86 1519 16.31 0.6198 26.32 157485
0.87 1521 16.09 0.5473 294 193539
0.88 1523 15.88 0.4781 33.22 248144

260000 T T =T T T Y T T T T

—o-y=404.504-x 82808 -
240000 '

H
i

220000

T

200000

T

180000}

IgT/Ep.GT"%

160000+

140000

120000}

100000 ; ; ; i L ) : ) : 1 : 1 :
20 22 24 26 28 30 32 34

Ep.c1ED:GT
Fig.6.4 Plot of Investment Cost v/s Exergetic Efficiency for Gas Turbine

Heat Recovery Steam Generator

For HRSG, temperature of the exhaust gas coming out of the turbine (7} ) is considered
as decision variable. The data generated for the variation in 7 are given in Table 6.12.
The Fig. 6.5 shows that the value of B, and n,,; are found to be 245553 and 0.0077,

respectively for the selected value of m,,; of 0.85.
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Table 6.12 Generated data through investment cost equation fer HRSG

0.85

Ts Ep,ursc Epmrsc  Erurse! Ep,urs TCl s | E piivsc
768.2 3.46 0.1363 25.39 251105
766.0 3.34 0.1127 29.66 251791
7637 3.23 0.0905 35.73 252491
7615 3.13 0.0694 45.06 253206
739.2 3.03 0.0494 6121 253934
7570 2.93 0.0305 96.04 254677
7547 2.84 0.0126 22620 255433
255500 : - .
255000 i
254500 .
3 254000 i
[~]
o |
w
o 253500 .
X
& |
\% 253000 ~
@ |
T 252500 i
252000 i
25150[;_ “'ﬁ"yHRSH=245553'XHRSGO.00766671_
251000 ' L . I - i . . -
25 70 115 160 205 250

Ep HrsG/ED HRSG

Fig. 6.5: Plot of Investment cost v/s Exergetic Efficiency for HRSG

Table 6.13 summarises the component-wise parameters, By, n; and m; estimated along

with the decision variable.
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Table 6.13 Values of B,,n, and m, for various components

Component Decision variable B, n, my,
AC Nac & 1, 251.88 6.17 0.95
APH Xarn 2178.86 0.135 0.6
CcC 7 1001 1 1
GT Nor & T 404.59 1.828 0.65

HRSG T 245553 0.0077 | 0.85

6.1.5.2 Optimisation Through Case by Case Iterative Procedure

Optimum values of exergetic efficiency (&), the capital investment (Z""), the

orr

2"y and the exergoeconomic factor ( /") can be calculated

relative cost difference (

using Egs. 4.37, 4.45, 446 and 4.47, respectively. Through an iterative optimization

procedure, optimum solution can be achieved, with the help of calculated values of

CpotsCpiot>Cri and OBF and the guidance prdvided by the values of Ag, and Ar,,
calculated using Egs. 4.50 and 4.51. '

Table 6.14 summarizes the results obtained from the case-by-case iteration carried out
starting from the base case (base case is the case evaluated using the data of the existing
system) to the optimum case. A total of seven iterative cases are presented and the
resulting cases are given as cases I to VII out of which the case IV is found to be the

optimum. Each of these cases is obtained through a series of study of positive or negative

effects on Cpu and Cp.. by varying each decision variable. The change in the decision
variables are governed by A, and A, . The details of the case by case iterative procedure

for exergoeconomic optimization of AAVAR system is discussed in the following
paragraph and the output given in Table 6.14. In the base case, the unit product cost of
electricity is 2.61 I/kWh and production cost of steam is 810 I/1000 kg and total

generation of steam is 3.25 kg/sec.
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From base case to case-I:

The highest value of Ar,,, shows that the product cost of air preheater is very
high. It also suggests that the effectiveness of air preheater should be increased. The
effectiveness of APH is increased from 0.75 to 0.8. With this, the cost of electricity is
reduced to 2.51 I/kWh and cost of steam is 830 I/1000 kg. But the major heat is
recovered from the exhaust gas; the rate of steam generation is reduced to 2.9 kg/sec
which is not sufficient for absorption refrigeration system. Therefore this parametric

variation is kept pending for later stages.

From case-1 to case-1I:

The next highest Ar,,,, suggest that the exergy destruction in HRSG can be
reduced by decreasing 7. It can be achieved by increasing the effectiveness of APH
which is already checked in the previous iteration. By reducing the air compressor
pressure ratio, the heat recovery at APH can be increased and temperature 7, can be
reduced. The air compressor pressure ratio is reduced from 10 to 9. With this, Ar,,, is

reduced but not sufficient reduction in the product cost is achieved. In this condition, the

rate of steam generation is 3.15 kg/sec and the cost of steam is 840 ¥/1000 kg.

From case-II to case-111

The next highest Ar,. value suggests that the exergy destruction in the
combustion chamber should be reduced. The highest exergy destruction cost can be
observed in the combustion chamber in Table 6.6 also. The exergy destruction in
combustion chamber can be reduced by increasing the temperature 7, which can be
achieved by increasing the compressor efficiency up to 0.87. But the compressor
investment and maintenance cost is so sensitive with compressor efficiency. The increase
in compressor efficiency results in increase in the Ar,. and therefore, increase in the

product cost.
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From case-1II to case-IV

The decrease in the compressor efficiency up to 0.85 will give reduction in the
product cost. The cost of electricity generation will be 2.56 I/kWh and that of stéam will
be 8§10 /1000 kg with steam generation rate 3.2 kg/sec.

From case-1V to case-V

The next highest production cost is observed with gas turbine, From Table 6.6, it
is observed the investment cost of turbine is very high which can be reduced by
decreasing the efficiency of the gas turbine up to 0.85. But doing so, is resulting in

increase in production cost

From case-V to case-V1
Opposite to the above step, increase in the gas turbine efficiency up to 0.87 results

in increase in the investment cost and subsequently increase in the product cost.
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From case-VI to case-VII

-To reduce the exergy destruction in combustion chamber and gas turbine, the

temperature 7, can be increased but it will increase the investment cost of gas turbine

and combustion chamber. So the optimum temperature should be decided. The reduction

in 7, up to 1227 °C results in decrease in the production cost. The cost of electricity

generation is 2.6 ¥/kWh and cost of steam generation is 800 I/1000 kg with 3.3 kg/sec

steam flow rate.

From case-VII to case-VIII

| Combining all the favourable parameters, including effectiveness of air preheater,
the production cost is reduced. The cost of electricity generated is 2.49 I/kWh and cost of
steam 790 /1000 kg with steam flow rate 3 kg/sec. Here minimum product cost is
achieved but the rate of steam generation is less than the requirement. The required steam
is 3.14 kg/sec. If the rate of steam generation is to be maintained above 3.14 kg/sec, then

the case-IV is to be considered as optimum one.

Considering case IV as optimum, the steam generated at HRSG will have the cost
810 Rs/1000 kg and using this steam as fuel in AAVAR system, the cooling cost for the

cooling generated at evaporator will be reduced from 1.35 ¥/sec to 1.07 Isec.
6.1.5.3 Resuits and Discussions

Various data generated during the optimization procedure using a case by case
- approach adopted in the present study of gas turbine power plant with HRSG is given in
Table 6.14. The comparison of optimum case with the base case is given in Table 6.15.
From the study, it can be seen that the cost of electricity is reduced by 4.60 % (2.61
I/kWh to 2.49 ¥/kWh) with corresponding decrease in exergy destruction of 15.65 %
(6632 Z/hr to 5594 3/hr). The cost of steam generated at HRSG is also reduced from 810
/1000 kg to 790 /1000 kg. When AAVAR system is associated with the HRSG, the
cost of cooling at evaporator is reduced to 4853 I/hr to 3910 I/hr. It shows that the steam

“generated at HRSG is more economical compared to steam generated at independent
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boiler as a fuel for AAVAR system. The table shows that this improvement is achieved at
the slight reduction in exergetic efficiency by 2.75 %. It should be observed that the rate

of power generation and rate of fuel consumption are maintained constant.

Table 6.15: Comparison between base case and the optimum case for GT-HRSG

Properties Base Case Optimum Case % Variation
Fuel Cost C o 02 IMI 0.23/MJ 0
Product Cost Cp 20912 Zfhr 19955 I/hr 4.58%
Cost of Electricity 2.61/kWh 2.49 ¥/kWh 4.60 %
Destruction Cp.or 6632 3/hr 5594 3fhr 15.65 %
Exergetic Efficiency ¢ % 51.50 % 50.08 % 2.75%
Generated Steam Cost 810%/1000 kg 790 %/1000 kg 247 %
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6.2 Tapped Steam as Heat Source

As mentioned earlier, the cost of steam generated in the independent boiler is about 900
¥/1000 kg (Chapter 5) and steam generated in HRSG of gas turbine power plant is 790 to
810 /1000 kg (Section 6.1 of this chapter). The cost of cooling produced using the above
mentioned sources of fuel (steam) for the existing and alternative option of steam
generation in GT-HRSG is calculated émd presented. As a second option for the
reduction of cost of brine chilling, the use of tapped steam from steam turbine of existing

steam power plant is analysed through exergoeconomic optimization in this section.
6.2.1 System Simulation

From the available online data, the system is simulated through energy balance and mass
balance for all the components and missing data are generated. The following
assumptions are considered.

e The power plant system operates at steady state.

e Ideal gas mixture principles apply for the air and the combustion product in the

boiler
e The combustion in the combustion chamber of the boiler is complete.
* Super heater and economizer are not considered as independent part.

¢ Efficiency of the draught fan 80%

In the steam turbine plant model, two types of independent variables are identified,
decision variables and parameters or independent variable. The decision variables are
varied in the optimization study, while the parameters remain fixed. All other variables
are dependent variables and their values are calculated using thermodynamic analysis.

Temperature of the combustion product in the boiler furnace T4, pressure of the
steam generated Py, isentropic efficiency of the turbine 1y and condenser pressure Py are
considefed as decision variables (refer Fig. 3.4)

The following are the fixed parameters used in the present optimisation:

e System product

» The net power generated by the system is 50 MW
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e Boiler
» FD fan draught 472 mmWC
» ID fan draught 230 mmWC
» Air molecular analysis (%): 77.48 (N,), 20.59 (O,), 0.03 (CO,), 1.90 (H,0).

» Gas side pressure drop in the boiler 170 mm WC approx.

o Steam turbine
» First extraction pressure and flow rate 17 bar and 7.67 TPH
» Second extraction pressure and flow rate 7 bar and 6.6 TPH
» First extraction pressure and flow rate 4 bar and 10 TPH

o Surface condenser
» Design temperature 100°C
> Cooling water flow 92 m*/hr

The dependent variables include the mass flow rates of the air, combustion
products and fuel, the power consumption by the pump and draught fan moreover turbine
exit temperature and pressure. Based on the assumption listed, several control volumes
considered and set of governing equations developed are given below:

Steam Turbine

For the power generation of 50 MW by the steam turbine, the pressure and
temperature at station 1 are given and pressure for stations 2 to 5 are given. Considering
the isentropic efficiency of turbine during expansion of steam as 80 %, the actual

enthalpies at stations 1 to 5 are calculated. Then by energy balance,

my (B = hy) + (mi—m2)(hy — By) + (my = ma—m )by — hy) +ms (hy —hy) =W

(6.53)
whére ms = m1—m2—ﬁ?3ulh4
Condenser
ms(hy ~hy) = ms C, (T —Thy) (6.59)
Open Heater
ﬁ’lshg = my k4+l’h7/’h + o h, (6.55)

Closed Heater-1
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ms by +myy By, by, = mig By, +mo by . (6.56)

Closed Heater-I1

> (s = hy) = mus (g —y3) (6.57)
Solving Egs. 6.53 to 6.57, the mass flow rates of steam at stations 1 to 15 are obtained.
Fig. 6.6 illustrates the various station points from 1 to 15 of the steam cycle of the plant

on T-S diagram.

500 T T
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X, i Py i 5 i 5. H 5 L]

Fig. 6.6 T-S Diagram of Steam Flow Through Steam Turbine

Steam flow from tapping from steam turbine at 17 bar (stream 2) is distributed in
two flow, 3.2 kg/sec steam is proposed to divert to AAVAR system as a fuel (station 17)
while the remaining steam is supplied to open heater (station 16). Steam from station 17
is throttled to 15 bar (station 18) which is the designed pressure of steam as a fuel for
AAVAR system. It is assumed that all the latent heat of steam is consumed in the
generator of AAVAR system and condensate comes out at station 19. The condensate is

pressurized up to the pressure of 133 bar (station 20) with the help of pump-3 and mixed
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with the stream flow 15. Mixing of both the streams gives stream 21 which is supplied
back to the boiler. From the known properties of steam, the enthalpy and entropy of
steam at stations 16 to 21 is estimated with the help of EES software.

Boiler

The ultimate analysis of the coal used in the boiler is given in Table 6.16. Using the
percentage of each element, the stoichiometric air fuel ratio is calculated. Cohsidering 20
% excess air supply, the actual air fuel ratio is calculated as explained below.

5.925C+2.53H, +0.2810, +0.05N, +0.181S + Ash+a(O, +3.76N,)

(6.58)
- bCO, +cH,0+dS0, +eN,

From Eg. 6.58

C:5925=b

H,:253=c¢c

S:0.181=d
0:0281x2+ax2=2xb+c+2xd
N:0.05x2+ax2x3.76=2xe

Table 6.16 Analysis of the Coal Used

Element % m, kg M, n=m /M,
C 71.1 12.00 5.925
H, 5.1 2.016 2.530
0, 9.0 32.00 0.281
N, 1.4 28.01 0.050
S 5.8 32.06 0.181

Ash 7.6 — —
100

Solving the above relations, a=7.09 ande=26.71. Then the combustion

equation with stoichiometric air will be

5.925C +2.53H, +0.2810, + 0.05N, +0.1818 + Ash +7.09(0, +3.76N,)

6.59
> 5.925C0, +2.53H,0+0.181S0, +26.71N, + Ash (6.59)

With 20% excess air, the combustion analysis will be
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5.925C +2.53H, +0.2810, +0.05N, +0.1818 ++ Ash+7.09x1.2(0, +3.76N,)

(6.60)
— bCO, +cH,0+dS0, +eN, + fO,

From the above equation

C:5.925=bh

H,:253=c¢

S:0.181=d
0:0281%x2+7.09x2%x12=2xb+c+2xd+2x f
N:0.05%x2+7.09x2x3.76 x1.2=2xe

Solving the above relations, f=1.419 and e=32.04. Then the combustion equation

with 20 % excess air will be

5.925C+2.53H, +0.2810, +0.05N, +0.181S + 4Ash+8.51(0, +3.76N,)

6.61
—5.925C0, +2.53H,0+0.18150, +1.4140, +32.04N, (661)

Using Eq. 6.61, the mole fraction of each element of combustion product is calculated

and is given in Table 6.17.

. Table 6.17 Analysis of Combustion Product

Element Mole Mole fraction Molecular Mass of element
n x=ni2n weight, M m=nxM
CO, 5.925 0.1408 44 260.70
H,0 2.530 0.0601 18 45.54
SO, 0.181 0.0043 64 11.58
g, 1414 0.0337 32 45.44
N, 32.040 0.7611 28 897.12
Z n . 42.096 1.6000 1260.38

The mass of air supplied for 100 kg coal is given by
m,, =8.51x(32+3.76x28)=1168.25kg

Air fuel ratio

A/F:mw/
m,;

A/F=U68-2%00=11.68

Mass flow rate of exhaust gas =1260.38 kg for 100 kg coal.
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The gross calorific value (GCV ) of the coal, measured using calorimeter is found to be
23 Ml/kg.

Forced Draught Fan

The forced draught fan used in the boiler creates draught of 472 mmWC. The
temperature of environment air (To) and isentropic efficiency of FD fan are taken as
298.1K and 80%, respectively. The temperature of air at the exit of FD fan can be
estimated using |

7271
) 1 Ya
Ty =T, 1+ —— (fﬁi} -1 - (6.62)
: N\ Po :
At this temperature, To3, the enthalpies of all the constituents, nitrogen, oxygen, carbon
dioxide and water vapour are calculated using the Eq. F2 of Appendix F. Then, enthalpies
of all the constituents are added on molar basis and the enthalpy of the air inlet to

compressor is calculated on molar basis using

by, = 0.7748hy (T,3)+0.2059h, (T,;) +0.0003%c, (T)3)+0.019%, (1)) (6.63)
The enthalpy of air on mass basis is, then, calculated using

hy=hyI M, | (6.64)
For the existing case, the temperature of combustion product is taken as 1500 K. Then

the enthalpy of combustion product is estimated using

oy =xy by (Tog) + X0,y (Tyy) + X0, oo, (1)) + xyzohy,og (T ) + x50, h0, (14) (6.65)
The c’ombustion product traverse through evaporation zone during which 170 mmWC
pressure drops takes place and temperature of gas at the exit of evaporation zone is found
to be 160°C during normal operation of the plant. The enthalpy of combustion product at
station 25 is given by

hys = Xy, hm (Ty5) +x,, ha2 (T5)+ Xco, o, (Trs) + xHZOhHZOg (T5) + Xs0, }"’So2 (T35) (6.66)
Induced Draught Fan

The ID fan creates draught of 230 mmWC. The temperature and enthalpy of the gas at
the exit of ID fan is found for isentropic efficiency of ID fan, 7,, = 80%, at 80 % using
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Ya
T, =T 14— (@J -1 (6.67)

g = hys +Wp, (6.68)
The work done by the FD fan and ID fan are estimated using

. :ABWMXVOXTOXA/Fxmf (6.69)
FDfan 273.15x% N r0fem
AP V. xT.% Al F +1
I/VlDfa,, = Dfan X Vg Xdy5 X X (mf ) (670)

273.15% 150
where, ¥, =0.7835m" is the volume of air at NTP and 7, =298.1K

Using the enthalpy balance in the evaporation zone of the boiler, the mass flow

rate of gas(m,) in the boiler is calculated for the given rate of power generation.

my (= hyy) = m, (o = Pis) | (6.71)
 After calculating the mass flow rate of gas, mass flow rate of fuel can be found as
the mass of exhaust gas for 100 kg coal combustion is available from Table 6.17. Using
the value of Air Fuel ratio and flow rate of fuel, flow rate of air can be estimated for the
given rate of power generation.
The entropy of steam and water at stations 1 to 21 is calculated using the in built
subroutine of the EES software at the given temperature and pressure. Th¢ air at station

23 is at pressure other thanp,,. Then entropy of air at temperature 7T,; and p,, is

calculated using

. * 4
$5 =0.7748 {SNI (T;)~R*In (WH +02059 [soz ()~ Rl (mo.zo? Pz H +
0 0 ‘

* ' %
0.0003 {smz (T,)~R 1n[9MH - 0.019[%(, (T,)~R ln[ 0.019% p,, H
po # po

(6.72)
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5, =LA(kJ/kg) (6.73)

a

At station 24, combustion product is considered as ideal gas mixture. Table 6.17 gives the
mole fraction of all the constituents. Using the mole fractions, the entropy of combustion

product at station 24 is found using following relation in terms of kJ/kmol.

. i x, ¥ x, *p,
Son = Xy, sNz(TM)—Rm( v P } +3,, {so,a;n«fem( a2 ﬂ+
L Py Po
i X ¥ Xyo *D ,
¥co, | Sco, (Tza—mn[—(—‘ﬁf“—} + X0, | S0, Do)~ R1n »———] + (6.74)
L by ' by
I Xs0, * Py
Xs0, | Ss0, (T))—RIn}| ———
L Py
. .
Spy = A—;i—(k.}/kg) (6.75)

14
Similarly, the entropy at stations 25 and 26 are calculated at corresponding temperature
and pressure. It should be noted that station 22 represents fuel (coal) at boiler inlet,
station 27 represents the rate of power generation while the stations 28 and 29 represents

cooling water inlet and exit to condenser.
6.2.2 Exergy Analysis

The theoretical description of exergy and its components is given in Chapter 4. In this
section, the estimation of the two components of exergy, viz. physical and chemical

exergy for each station is given.

6.2.2.1 Physical Exergy

For the stations 1 to 21, the working fluid is either steam or water. At
T, =25°Cand p,, =1.01325 bar, their enthalpy 4, and entropy s, are found using EES
software. Then the physical exergy at stations 1 to 21 is found using Eq 4.2.

Station 23 represents the exit condition of air at FD fan which is the inlet to the

combustion chamber of the boiler. To calculate the exergy of air at station 23, its

enthalpy and entropy at Ty and P are found using the following:
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Iy, = 07748k (T;)+0.2059%, (T,)+0.0003h, (1) +0.019M, o(T;) (6.76)

The molecular weight of the air inlet to combustion chamber of the boiler is calculated

using

M, =0.7748M, +0.2059M, +0.0003M, +0.019M,,, (6.77)
Using these values, the enthalpy of air on mass basis is calculated using

Poy = hog | M, (6.78)
Spp = 0.7748sy, (T5) +0.20595, (T;) +0.0003s¢0, (75) +0.019s o (T5) (6.79)

Sy
=22 (kJ/k 6.80

SOa M ( g) ( )

Using enthalpy and entropy of air at exit of FD fan and at reference state, the exergy at
station 23 is found using Eq. 4.2

To calculate the exergy of combustion product and exhaust gas from the boiler, it
is considered that they are reduced to T,=25C and p,, =1.01325bar. At this
temperature, some condensation of water will occur and gas phase containing saturated
water vapour in equilibrium with saturated liquid water phase. On the basis of 1 kmol of
combustion products formed, the gas phase at 25°C would consists of 0.9399 kmol of dry
products (0.7611 Na, 0.0337 O, 0.1408 CO,, 0.0043 SO,) plus n, kmol of water vapour.
The partial pressure of water vapour would be equal to the saturation pressure,

P,(25°C)=0.0317 bar . The amount of water vapour is found using

p,=x,p (6.81)

71
0.0317 bar=——(1.01325 b 6.82
A= 0939957, ¢ ) | (6.82)

Solving Eq. 6.82, n, =0.03035 kmol .

Thus, the composition of the combustion product as given in Table 6.17 is to be modified
for the condition at 25°C and | atm and is given as under:

0.7611 N,, 0.0337 O,, 0.1408 CO, . 0.0043S0, , 0.03035 H>0O (g), 0.02975H,0 (1).

The underline indicates the gas phase. Enthalpy of combustion product at 25°C and 1 atm

is given
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B = Xy, by, (05 + X0, 1y, (Ty) + %o, Peo, (To) + %0, hyo, (T35) + xnzohffzog (To) + %y ohy,0,(To)

(6.83)
P
Fyy =24 J/kg (6.84)
M,
S = (xy, 5n, (T) + %080, (15) + X, S0, (Ty) + X,0,51,0, (Ty)+xy.0,5m,0, (1))
Som =5A9;i kI/kgK | (6.85)

P
Now, the physical exergy at station 24 is calculated using Eq. 4.2. Using the same value
of enthalpy and entropy at reference condition, physical exergy at station 25 and 26 is

.also calculafed.

6.2.2.2 Chemical Exergy

At the station 1 to 21, the working fluid is steam or water. When it is brought to
the equilibrium with the atmosphere, it will be in liquid state. Chemical exergy of water

as selected from Appendix G.
e =45 kJ/kmol ' (6.86)

waier
At station 23, air is stable with environment so its chemical exergy is considered
as zero. At dead state corresponding to the mixture at stations 24 to 26 consists of liquid

water phase and a gas phase. The new mole fraction of a gas phase is calculated as,

~ Xy, _ Xo,
v, = , Yo, =
Xy, +Xo +Xeg, FXgo 1, Xy, X, +Xco, + X, 1,
X,
C0, n,
Yeo, = Yoy = (6.87)
. . 2(g)
Xy, TXo, ¥ Xeo, T X0, TH, Xy, T Xg, +Xco, +Xgp, 1,
Xs0,

Yso, =
Xy, + %o, +Xpp, +Xgo TR,

They are found as

Yy, =0.7844, y, =0.03473, y,, =0.1451,yg, =0.004432, y, ;. =0.03129
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Table 6.18 State Properties for Steam Power Plant

Stations  Mass Pres- Temp.  Specific  Specific Physical Chemiecal  Total

flow sure. °C Enthalpy Entropy Exergy Exergy Exergy
rate bar kd/kg kd/kgK kW kW MW
kg/sec

1 56.86 96.00 500.00 3379.00  6.6210  80161.0 142.10 80.30
2 7.08 17.00 286.40 3000.00  6.7970  6928.00 17.70 6.95
3 3.11 7.00 205.20 2856.00 69100  2488.00 777 2.50
4 5.20 4.00 160.00 277500  6.9810  3633.00 13.01 3.65
5 41.47 0.10 45.82 2353.00 74250  5973.00 103.70 6.08
6 41.47 0.10 45.79 191.70 0.6489 116.90 103.70 0.22
7 41.47 4.00 45.88 192.10 0.6489 133.30 103.70 0.24
8 53.66 2.00 120.20 504.70 1.5300  2850.00 134.10 2.98
9 6.99 6.00 158.80 670.60 1.9310 694.60 17.47 0.71
10 6.59 4.00 143.60 669.2¢ 1.9310 684.90 17.47 0.70
11 53.66 135.00 123.60 518.80 1.5360  3607.00 134.10 3.74
12 53.66 134.00 154.00 657.50 1.8680  5641.00 134.10 5.78
13 3.88 15.00 198.30 844.80 2.3150 617.80 9.70 0.63
14 3.88 7.00 165.00 838.50 23150 593.60 9.70 0.60
15 53.66 133.00 190.00 813.30 22190  8396.00 134.10 8.53
16 3.88 17.00 286.40 300000  6.6210  3999.00 9.70 4.01
17 3.20 17.00 286.40 3000.00 6.6210  3299.00 8.00 3.31
18 3.20 15.00 198.30 2791.00 6.4440  2800.00 8.00 2.81
19 3.20 15.006 19830 844.80 2.3150 509.70 8.00 0.52
20 3.20 133.00 201.60 858.40 2.3150 553.30 8.00 0.56
21 56.86 133.00 190.60 815.80 2.2240  8948.00 142.10 9.09
22 8.99 1.06 25.00 -~ - 0 206863 206.90
23 105.10 1.06 29.90 -159.60 6.9640 528.50 0 0.53
24 113.40 1.013 122700  -951.10 8.6080 97601 9263 106.90
25 113.40 1.00 160.00  -2237.00 7.1370 1565.00 9263 10.83
26 113.40 1.019 163.50  -2233.00 7.14 1879 9263 11.14
27 - -- - - - - - 50
28 2555.00 1.013 33.00 138.30 0.4777 1141 6388 7.53
29 2555.00 1.013 41.38 173.30 0.5906 4666 6388 11.05

Now the chemical exergy for the k™ component is calculated and added together

to find total chemical exergy using following equation
e =3 ye +RT,Y y, Iny, (6.88)
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This is the chemical exergy of gas portioh. The chemical exergy of liquid portion is

separately calculated and added together to find total chemical exergy. The chemical

exergy of individual component (ef” ) is taken from Appendix G.

ECH = mg [(x,\,2 + X, +Xep, +Xg0, 1, )eCH + X400 * eg‘;’o(,)] (6.89)
This is the chemical exergy in kJ/kmol. It is then converted in kJ/kg by dividing it by
molecular mass of the combustion product. The chemical exergy at stations 24 to 26 will
remain same. Standard chemical exergy of coal is taken equal to its GCV. The total
exergy flow at all the stations will be the sum of physical and chemical exergy. Table
6.18 gives state properties and total exergy along with its components for various stations
from 1 to 29.

6.2.2.3 Definition of Fuel, Product and Loss for Various Processes

For all the components of the steam turbine power plant, fuel, product and loss are
defined as given in Chapter 4, Section 4.1.1. They are summarized in Table 6.19 and

calculated values are given Table 6.20.

Table 6.19 Fuel, Product and Loss for various Components of Steam Power Plant

Component Fuel (Er) Product (Ep) Loss (£1)
Boiler Furnace Es+ Exs+ Ez6— Eas Ex 0
Boiler HX © Eoa—Eos Ey-Ea 0
Steam Turbine Ev—(E,+ Es+ Ea+ Es) E’; 0
Turbine Cond. Assly. Ei—Ey—Es—E4~Eg EK:; 0
Condenser — - 0
Overall System En+Wpp + Wy, EZ; Ezs+(Ezo— Eas)
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Table 6.20 Exergy Analysis of Steam Power Plant

Component s Eﬂ E, ‘ED % K G y
MW mw Mw MW % % % %
Boiler Furnace 207.70 10690 0 100.80  48.53 0 7046  51.45
Boiler HX 96.04 7121 0 24.82 1195 0 1734 74.15
Steam Turbine 61.14  50.00 0 11.14 536 0 7.78  81.78
Turbine Cond. Assly. 6700  50.00 0 17.00  8.18 0 11.87 7463
Condenser - - 0 586 282 0 409 6020
Overall System 207.80 50.00 1467 143.10 6888  7.06 100 24.06 -

6.2.2.4 Results and Discussions

The outcome of the exergy analysis of steam turbine power plant is given in Table 6.20.
The total exergy supplied to the system is 207.80 MW. Out of which 50 MW (24.06 %) is
converted to useful product. 143.10 MW (68.88 %) exergy is destroyed and 14.67 MW
(7.06 %) is lost to the environment. The maximum exergy destruction is observed in
boiler furnace. To reduce the exergy destruction in boiler furnace, the furnace
temperature should be increased. For that, turbulence can be created and better air

preheater can improve the performance. The next component in this category is boiler
Y heat exchanger. To reduce the exergy destruction in heat exchanger, effectiveness of the

same can be improved.
6.2.3 Exergoeconomic Analysis

The economic analysis of thermal system requires the identification and inclusion of
various cost heads incurred in the estimation of the total cost for the production. In the
present case, the total cost involved in the power generation of steam turbine consists of

many cost heads. Thus, in general, the economic analysis of the system requires the

estimation of levelized O & M cost of component ( Zi) and fuel cost rate (Cr). Zi

should be estimated for each component for steam power plant using

TCI, B,y and 7 (Refer Eq.4.18). The fuel cost rate (Cy) is governed by the source of
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heat energy used for the system. The estimation of Zi and Care explained in the

following section.
6.2.3.1 Levelized O&M Cost

For estimation of the cost of boiler, turbine, condenser and pumps, the cost models
suggested by Silveira et al. [139] are used and are given in Appendix H. These cost
models gives the total capital investment including the installation cost, electrical
equipment cost, control system cost, piping cost and local assembly cost. Using the
Marshall & Swift cost index, they are converted for the year 2009. The operation and
maintenance cost of each component is found using Eq. 4.18 in which the plant life is

considered as 8000 hours, Capital Recovery Factor (f#) = 0.1061, Operation and

Maintenance cost, ¥ =1.092 % of total capital investment. The values of operation and

maintenance cost ( Z ) for each component are given in Table 6.22.
6.2.3.2 Fuel Cost

The plant uses coal as a fuel. The market price of coal for the year 2009 was I 3000 per
1000 kg. So cost of fuel is considered as ¥ 3/kg coal.

6.2.3.3 Cost Flow

Applying the formulation of cost balance equations and the definition of fuel,
product and loss (Refer Table 6.20); the exergoeconomic cost balance equations for each
component of steam power plant are formulated in the following forms:

Considering boiler, turbine and turbine condenser assembly as a control volume,

following cost balance equations are modelled.

Boiler

¢ En+ ¢y Exs+ 23 (Eas— Eas)— a5 Eas—c1 Evt Zgr, =0 ( (6.90)
cn =cas (6.91)
€ = Cos (6.92)
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C25 = Cas , (6.93)

cn=cn (6.94)

Steam Turbine

¢1 Ev—c2 Ex~c3 Es—c4 Ea—cs Es—cz En+Zsr =0 (6.95)
¢ =c (6.96)
ci=cs (6.97)
cr=ca (6.98)
o1 =cs (6.99)

Out of these variables, ¢i...cs and €2 ...C , the fuel cost ¢ is known. The remaining
10 are calculated by solving Egs. 6.90 to 6.99 using EES software. The cost per unit
exergy (X/MJ) and cost flow rate (%/sec) for each flow of the system are calculated and

shown in Table 6.21. For this calculation, known values of Ey to Es and Ex to Ex are

used.

Table 6.21 Unit Exergy Cost and Cost Flow Rate for Steam Power Plant

Flows Unit exergy cost Exergy flow Cost flow rate
IMJ MW Z/sec
i 0.4025 80.300 32.320
2 0.4025 6.945 2.796
3 0.4025 2.495 : 1.004
4 0.4025 3.646 1.468
5 0.4025 6.077 2.446
22 0.1319 204.500 26.980
23 0.5540 0.529 0.293
24 0.1319 106.900 14.100
25 0.1319 10.830 1.429
26 0.1319 11.140 . 1.470
27 0.5540 50.000 27.700
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6.2.4 Exergoeconomic Evaluation

Solution of the cost balance equations will give the cost flow rates at each station of the
plant and cost rate of product (C ) using cost rate of fuel as an input (Crs). After that,

cost rate of fuel per unit exergy (¢, ), cost rate of product per unit exergy (c,, ), cost

rate of exergy destruction (Cp,k ), cost rate of exergy loss (CL,k ), the relative cost
difference (r,) and exergoeconomic factor ( f, ) for each components are calculated

using Eqs. 4.20 to 4.27 and given in Table 6.22.

Table 6.22 Results of Exergoeconomic Analysis

Component CFk Cpk Coux Crx Zk Ji G £
% % Yo
TIMJ IIMJ F/nr Z/hr Irhr
Boiler furnace 0.13 0.13 47167 0
. 22695  27.80 24130  34.68
Boiler HX 0.13 045 11790 0 _ .
_ Turbine 0.40 0.55 16143 0 11117 4080 3762  81.78
Turbine Condenser
0.40 0.55 24710 0 11187 3120  37.17 7463
Assembly ’ .
Condenser - - 8567 0 70 0.80 - 60.20
System 0.48 0.55 242144 25227 34328 1140 1595  24.34

6.2.4.1 Results and Discussions

The following observations are made from the exergoeconomic analysis of steam power

plant with regeneration shown in Table 6.22.

(i) The r value for the boiler is found highest among all the components. The boiler
has lowest exergetic efficiency. In combustion chamber of the boiler, the
maximum exergy destruction is observed from the Table 6.20. It suggests that
the temperature of the combustion product should be increased by modifying the
boiler design. '

(i) In the evaporation zone of the boiler, the next highest exergy destruction is

observed from the Table 6.20. It suggests that the boiler pressure and
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temperature should be increased. The turbine is having the next highest » value
and exergy destruction cost. It suggests that the isentropic efficiency of steam
turbine should be increased by increasing the investment cost.

(i)  The condenser is having very low f value and higher exergetic efficiency. It
suggests that the condenser of the plant working properly as it is having less

investment cost and less exergy destruction.

6.2.5 Exergoeconomic Optimization

The exergy analysis suggests improvement in the thermal system which is associated the
increase in investment and Operation and maintenance cost. These two are conflict in
nature. The exergoeconomic optimization provides optimum condition between

‘ improvement in thermal performance of the system and increase in the cost.

6.2.5.1 Estimation of B,,n, and m,

Using the value of cost flow at each station and the results of exergoeconomic evaluation,
the exergoeconomic optimization of the system is carried out at component level using
Eq. 4.29. To solve this equation for local optimum by curve fitting technique, the

equivalent power law is found and the required value of B, and n, for each component

are determined for the selected value of m, as explained below.

Boiler

For boiler, the temperature and pressure of the steam generated by the boiler are
considered as the decision variables. With the variation of temperature and pressure of
steam generated in the boiler, the variation of exergetic efficiency of the boiler and total
capital investment are generated in the form explained in section 4.3 and given in Table
6.23. The required graph is plotted as shown in Fig. 6.7. By curve fitting technique, the
required power law is developed as shown in the Fig. 6.7. The figure shows that the value

of B, and ny are found to be 1.36x10” and 4.5598 for the selected value of m,, of

0.78 as suggested by Bejan et al. [155].
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Table 6.23 Generated Data Using Investment Cost Equation for Boiler

. . 0.78
psy bar Ty °C Epm/EpsL  TCl, | Epp,
94 490 0.5734 1078000
96 494 0.5760 1100000
28 498 0.5786 1123000
99 502 0.5804 1139000
100 504 0.5817 1151000
TR T 10—
1.150x108|~%Yp1 =1.36116E+07"xg 4.55977 .
© 1.140x%1051 -
©  1.130x10%F s
=1
. !
py 1.420x1081 -
w |
B 111001080 .
1.100x108}- -
1.090x105}- .
1.080%x1081- -
1070X106 1. i . 1 \ 1 e 1 3 1 i 1 I i L i A
0.573 0574 0575 0576 0577 0578 0579 058 0581 0582

Ep BL/Ep,BL
Fig. 6.7 Plot of Investment cost v/s Exergetic Efficiency for Boiler

Steam turbine

For steam turbine, the isentropic efficiency is considered as the decision variable.
Parametric variation of various properties with respect to isentropic efficiency is carried
out and the following Table 6.24 is generated and the graph of investment cost v/s
exergetic efficiency is plotted for the steam turbine as shown in Fig. 6.8 with t\he required
’power law through curve fitting technique. The figure shows that the value of B, and
ng, are found to be 364648 and 0.1384, respectively for the selected value of mg, of 0.9

as suggested by Bejan et al. [155].
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Table 6.24 Generated Data Using Investment Cost Equation for Steam Turbine

1

0.9

Asr Epsr Epsr Epgsrl Epsr TClgy / E p.ST
0.75 14.85 50 3.3660 430252
076 . 14.07 50 - 3.5530 434163
0.77 13.31 50 3.7560 438057
0.78 12.57 50 3.9780 441935
0.79 11.85 50 42210 445798
0.80 11:14 50 4.4880 " 449645
0.81 10.45 50 4.7840 453477 )
0.82 9.78 50 5.1120 457294
0.83 9.13 50 5.4790 461096
0.84 8.49 50 5.8900 464883
465000 ——— - . —— : . . x 1
| —2-yo1=364648 XgT0.138389 4
460000} .
455000} .
» !
° =

% 450000- .

A

w ~ i

-

445000} 4
440000} .
435000} =
430000 ) i 1 i L 1 X L A i 1

3 35 4 4.5 5 5.5 6
Ep sT/Ep,sT

Fig. 6.8 Plot of Investment Cost v/s Efficiency for Steam Turbine

Table 6.25 summarises the component-wise parameters, By, m and my estimated along

with the decision variable.
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Table 6.25 Values of B,,n, and m,

Component Decision variable B, ny, m,
Boiler Py & Ty 1.36 x 10’ 4.5598 0.78
Steam Turbine Nsr 364648 0.1384 0.90

6.2.5.2 Optimisation Through Case by Case Iterative Procedure

Optimum values of exergetic efficiency (&"), the capital investment (Z2""), the

orT

2"y and the exergoeconomic factor ( /") can be calculated

relative cost difference (

using Egs. 4.37, 4.45, 4.46 and 4.47, respectively. Through an iterative optimization

proceduré, optimum solution can be achieved, with the help of calculated values of

C o, Csor,C o and OBF and the guidance provided by the values of Ag, and Ar,,

calculated using Egs. 4.50 and 4.51.

Table 6.26 summarizes the results obtained from the case-by-case iteration carried out
starting from the base case (base case is the case evaluated using the data of the existing
system) to the optimum case. A total of seven iterative cases are presented and the
resulting cases are given as cases I to VII out of which the case VI is found to be the

dptimum. Each of these cases is obtained through a series of study of positive or negative
effects on Cpu and Cpsy, by varying each decision variable. The change in the decision

variables are governed by Ag, and Ar, . The details of the case by case iterative procedure

for exergoeconomic optimization of AAVAR system is discussed in the following
paragraph and the output given in Table 6.26. In the base case, the unit product cost of
electricity is 1.99 T/kWh and production cost of steam is 395 /1000 kg.

From base case to case-I

The highest value of Ar, shows that the product cost of air preheater is very

high. It suggests that the isentropic efficiency of the steam turbine should be increased.
The isentropic efficiency of the steam turbine is increased from 80% to 85%. With this
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the cost of electricity is reduced to 1.91 T/kWh and cost of steam extracted from the

turbine and proposed to be utilized in absorption refrigeration system is reduced to 391
%/1000kg steam.

From case-I to case-Il

The highest Ar, suggest that the exergy destruction can be reduced in the

evaporation zone of the boiler by increasing the temperature of steam generated. Higher
rate of exergy destruction in the evaporation zone of the boiler can be identified from the
Table 6.20. In this regards, the temperature of steam is increased from 500°C to 505°C.
This will result in the increase in the investment cost of boiler and subsequently the cost
of electricity and the cost of steam extracted from the turbine are slightly increased. But
the higher temperature of steam reduces the cost of exergy destruction which results in
reduction of objective function (OBF). Increase in the temperature beyond this is not so

effective.

From case-II to case-III ,
More rises in the steam temperature gives adverse effect on the product cost and

on the objective function.

From case-III to case-IV
Further reduction in the exergy destruction in the evaporation zone of the boiler
can be carried out by increasing the steam pressure. The steam pressure is increased from

96 bar to 98 bar. With this, the product cost and objective function is slightly reduced

From case-1V to case-V
Further increase in the pressure from 98 bar to 100 bar gives slight increase in the
product cost but reduction in the objective function as the cost of exergy destruction is

reduced. So this pressure is accepted as optimum one.
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From case-V to case-VI

From Table 6.20, it is observed that the exergy destruction is very high in the
combustion chamber of the boiler. This exergy destruction can be reduced by the increase
in the temperature of the combustion product. Increasing the temperature of combustion
product from 1500°C to 1510°C, the cost of electricity generated is reduced to 1.91
I/kWh and the cost of steam extracted will be 389.3 /1000 kg. Beyond this temperature
in the boiler furnace, the ace melting temperature is achieved so accepting this

temperature of the combustion product as optimum one.

From case-VI to ease-VII

To reduce the temperature difference between combustion product and steam
generated in a boiler to reduce the exergy destruction, the temperature of steam is
increased to 510°C. But it is giving adverse effect on the performance of a system. Hence
case VI is found to be optimum one. With this optimum conﬁguration of steam power
plant (case-VI), the cost of steam at station 2 is found to be 389 ¥/1000 kg. Using this
steam as fuel in AAVAR system, the cost of cooling at evaporator can be reduced to 0.68
I/sec.
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6.2.5.3 Results.and Discussions

The results of the exergoeconomic optimization of steam power plant are given in Table
6.26. Table 6.27 represents a comparative study of the final cost optimal configuration
with that of the existing configuration (base case). It is seen that the overall
exergoeconomic cost of the product (electricity) is decreased by about 4.02 % (1.99
I/kWh to 1.91 I/kWh) with corresponding 4.17 % decrease (0.48 I/MJ to 0.46 I/MJ) in
the fuel cost which resulted from the reduction in consumption of fuel. The cost of
tapped steam is reduced from 395 /1000 kg to 389.3 I/1000kg. The cost of exergy
destruction is also decreased by 13.27 % and that of exergy loss is decreased by 12.34 %.
Overall improvement in the system performance is realized by the increase in the
exergetic efficiency by 7.64 %. If the taping steam is used a fuel for VAR system then the
cooling cost will be reduced from 4853 T/hr to 2448 T/hr.

Table 6.27 Comparison between Base Case and Optimum Case for Steam Power
Plant

Properties Base Case Optimum Case % Improvement
Fuel Cost C 10t 0.48 IMJ 0.46 IMJ 4.17
Product Cost Cp 1.99 TkWh 1.91 IkWh 4.02
Steam Cost Cg 395 /1000 kg 389.30 /1000 kg 1.45
Loss Cp o 25227% /hr 22113 Thr 12.34
Destruction CD,,O, 242144 3/hr 210019 Trhr 13.27
Exergetic Efficiency # 2434 % 26.18% 7.64

6.3 Comparison

A one to one comparison of the outcome of the exergoeconomic optimization of the
existing AAVAR system using steam from the independent boiler as heat source, the first
option of switch over of heat source to steam from HRSG of GT-HRSG system and the
second option of switch over of heat source to tapped steam from steam power plant is
carried out. The cost of steam generated in independent boiler is found to be 900

%/1000kg and thereby the cooling cost of AAVAR system is 1.36 I/sec. The alternative
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first option for steam generation such as GT-HRSG and tapped steam from steam turbine

are identified in the fertilizer industry itself and compared in the Table 6.28.

Table 6.28 Comparison of Cost of Cooling for Options of Heat Sources

GT-HRSG  Tapped steam
{Option—1}  (Option —2) '

Steam cost T/1000kg 790 389
Cooling cost of AAVAR X/sec 1.086 " 0.68
Cost associated with exergy loss I/sec 0.617 1.470
Cost associated with exergy loss T/MWs 0.077 0.029

Table 6.28 compares the cooling cost of Option 1 and Option 2 examined in the present
study. It is seen that the tapped steam from steam turbine is quite economical as fuel for
AAVAR system compared to steam generated at GT-HRSG. The reason behind the
difference is the cost of exergy loss from the system. In case of GT-HRSG, the exergy
loss takes place in the form of exhaust gas at 177°C (station 7). The unit exergy cost
associated with exergy loss is 0.617 I/sec (Refer Table 6.6). As the power generation
capacity of GT-HRSG is 8 MW, the cost associated with loss per unit power generation is
0.077 I/MWs. While in the case of steam power plant, the exergy loss takes place in the
form of exhaust gas from the boiler at 163.5 °C (station 26). The unit exergy cost
associated with exergy loss is 1.47 I/sec (Refer Table 6.21). As the power generation
capacity of steam power plant is 50 MW, the cost associated with loss per unit power
generation is 0.029 I/MWs. The low exergoeconomic loss in steam power plant reduces

the cost of power generation and tapped steam from steam turbine.

Since the second option of switch over form the existing heat source of the
independent boiler to tapped steam of steam power plant is found to be the best techno-
economically, it is proposed to switch over from the existing heat source of steam from
independent boiler to tapped steam from 50 MW steam power plant. The saving in the

steam cost per 1000 kg steam will be 511 /1000 kg. The annual steam consumption in
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AAVAR system is 90403200 kg/year. Therefore, the annual saving in the monetary term
will be ¥ 46196035/-, |

| The switch over is possible only by laying down steam pipe to transport steam
from the steam power plant to AAVAR plant which is about 1 km apart. To associate
AAVAR system with steam power plant which is about 1 km far from AAVAR system, it
is required to establish steam pipe line from steam power plant to AAVAR system. The
tapping at steam turbine stage at 17 bar is made up of 6 inch carbon steel pipe of A106
Grade-B Seamless Schedule 40 IBR. It is suggested to extend same pipe line up to
AAVAR system. The material cost of pipe is ¥ 1008 per meter length (Appendix-I)
which includes supporting systems and bends. Therefore, the total cost of pipe for one km
will be T 1008000. The insulation cost will be ¥ 450 per meter length of pipe. Therefore,
the total cost of insulation on 1 km pipe line will be ¥ 450000. The total installation cost
including pipe material cost and insulation cost will be I 1458000. The total saving in

steam cost indicates that this installation cost can be recovered in 12 days only.
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