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ABSTRACT

A combined cycle power generation scheme for the Ralph Parsons
Gi1/Gas plant was studied as an alternate to the steam turbine power
generation system to see if energy can be saved in a cost effective way.
Using the same amount of coal as the present system, generates an excess
of 22.2 megawatts of electrical power or 10.6% of the 210 MW generated in
the 0i1/Gas Complex at a cost of $610/KW. If electricity is exported at
$.025/KW-hr the annual gross revenues are 4.3 million dollars a year.
This is a 19% return on investment, using a discounted cash flow analysis.
From a2 1ife cycle cost stand point, this is & total revenue of 56.5 million
dollars over the 20-year 1ife of the plant.

The combined cycle alternate, which usas present state-of-the-

art equipment is a cost effective way to better utilize energy.
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INTRODUCTION

This report examines the present power generation scheme of
the Ralph M. Parsons 0i1/Gas Complex Conceptual Design to determine if
the efficiency of the power generation system could be improved in a cost
effective manner.

The alternative to the present system is a combined cycle
utilizing low Btu fuel gas from the low Btu gasifier {unit 24) in a gas
turbine, then using the hot exhaust gases in a heat recovery boiler to
generate steam for process requirements and additional electric power

generation.

The combined cycle was chosen as an alternative because (1)
higher thermal efficiencies (35-45%) than straight rankine cycie efficiencies
can be expected, and (2) current state-of-the-art gas turbines, heat

recovery boilers and other equipment can achieve these higher efficiencies.
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DESCRIPTION QF PRESENT SYSTEM

The present power and steam generation system shown in Figure
1 burns low Btu fuel gas from a low Btu gasifier (unit 24} in boilers
for 1200 psig steam generation. The steam generated in this boiler is
then used in the process for process steam turbine drivers, and the steam
turbine generators for 210 MW of electric power production. The power
generation turbines each have three extraction points, at 60C psig, 300 psig
and 150 psig, for use in feedwater heaters that service the large waste

heat boiler.

DESCRIPTION OF THE COMBINED CYCLE ALTERNATIVE

The combined cycle altermative must generate the same amount
of steam for pracess use, steam turbine drivers in the process area and
electric power requirements for in-plant use as the present system.

The combined cycle system shown in Figure 2 consists of a fuel

gas preheater (Appendix A), two gas turbine-generators producing 112.7

megawatts each (Appendix C), one 1200 psig waste heat steam generator which

uses the hot exhaust gases of the gas turbines to generate 1,508,000 1b/hr of steam
(Appendix A), one each 150 and 25 psig waste heat sieam generators utilizing

the hot gas from the large waste heat boller {Appendix A). The1,508,000 1b/hr of
1200 psig steam generated in the large waste heat boiler is used for pro-

cess with the balance of 131,500 Tb/hr used in a steam turbine {Appendix D)

for electric power generation. The turbine has one extraction point of

109,650 1b/hr of 300 psig, 619°F for feedwater heating. Because of the

reduced amount of steam generated, the number of deaerators has been

134<
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decreased from 2 (32-1307,08) to one {32-1307), the number of condensate
pumps has been reduced from 4 (32-1501,02.03,04} to two (32-1501,02), the
number of feedwater heaters has been reduced from 4 (32-1303,04,05,06) to
two (32-1303,04), and the number of feedwater pumps has been decreased

from 4 (32-1505,06,07,08) to 2 (32-1505,06}.

ECONOMIC ANALYSIS

Installed costs shown in Table 1 for the combined cycle equip-

ment and for the equipment in the present design are from references 1,

2,5,7,8 and calculations in the appendices. From Table 1, the installed
cost of the combined cycle alternative is 99.1 million dollars while the
installed cost of the present power generation unit is 85.6 million
dollars, the increase in cost for the combined cycle alternative is 13.5
million doilars.

The combined cycle generates a surplus of 22.2 megawatts of
electricity over and above the requirsments of the plant. This is an
instalied cost of %610/KW. For this analysis, the electric power would
be exported for revenue at a price of $ .025/KW-hr base cost and $.033/
KW-hr optimistic price. These prices are given in Section XII, basis for
fuel and utility costs. At § .025/KW-hr, the gross revenue is 4.3 million
dollars per year and at $.033/KW-hr the annual gross revenue is 5.7 million
dollars. This assumes a 330 day operating year as specified in the 011/
Gas Conceptual Design. In addition the operating and maintenance costs

for the present system and the combined cycle alternate are equal.

157«
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Discounted Cash Flaw Analysis

A discounted cash flow analysis was performed using the two
selling prices of electricity to obtain a rate of return on the additional
capital investment for the combined cycle alternate. The following

bases were used:

1) 20 year project life
2} 16 year SYD depreciation
3) 52% combined state and federal income tax

4) No investment tax credit

5) 100% equity

The rate of return using § .025/KW-hr for the price of electri-
city is 19% and the rate of return using $.033/KW-hr is 24.8%, each one
being above the rate of return of 12% specifed by Ralph Parson's as the

9).

minimum desired rate of return on tha 0ii1/Gas Comp]ex( The yearly

tabulation of the discounted cash flow analysis 1s shown in Tables 2 and 3.

LIFE CYCLE COST ANALYSIS

The life cycle cost analysis assumes that 100% of the additional
capital cost for the change in power generation schemes must be borrowed
at 9% interest for the 20-year project 1ife. This results in uniform
annual payments of $1.48 million dollars on the loan. This cost is sub-
tracted from the annual revenue of 4.3 million dollars to obtain a net
yearly revenue of 2.82 million do11ar§ per year, or 56.6 million dollars
over the 1ife of the plant., Using $.033/KW-hr, the net annual revenue R
is 4.27 million dollars per year, or 85.3 million dollars over the life |

of the plant.

199<
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CONCLUSICN

At a cost of $610/KW, the combined cycle power generation scheme
provides a minimum gross revenue of 4.3 million dollars, with a rate of
raturn of 19% on the additional capital investment. The combined cycle
alternate steam and power generation scheme is a cost effective way to
generate steam and electric power in the U0i1/Gas Complex using present

state-of-the-art equipment.

<(}0<
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TABLE 2

Discounted Cash Flow for

Electricity Selling Price of §..025 /Ki-hr

0K KRR KRRk R K KKK KK KK KO ROK RO OR OO RO RO R KR RO KR R R KKK KRRk

100 FERCENT EQUITY
9 FERCENT INTEREST

THE CALCULATED RATE OF RETURN I5 19,04 PERCENT

YEAR GROSES LASH ANNUAL
FLCW DEFREC
1 4305 1592
2 4305 1492.5
3 4305 1393
4 4305 1223.5
7 4305 11794
b 4305 1094,3
7 4305 P93
B 4305 895.5
g 43035 794
10 4305 6965
11 4305 597
12 4305 497,35
1z 43035 378
14 4305 298.5
15 4303 199
14 4303 P93
17 4305 0
18 4305 9]
19 43035 0
290 4305 0
TOTAL 846100 13532

ANNUAL
TAX

1410.76
1462.5
1514.24
1565.98
1617.72
1667.46
1721.2
1772.94
1824.48
1874.42
19228.1¢4
197¢.9
2031.464
2083.38
2135.12
2186.86
2238 .4
2238.6
2238.4
2238.4

37735.36

Note: Figures are in thousands of doliars.

Ul =<

NET CASH
FLOW

28%4.24
2842.85
2790.76
2739.02
2687.2
263554
258B3.8
2532.06
2480.32
2428.38
2376.84
22235.1
2273.36

2221.62

i i

2149.88
2118.14
20646.4
L2064.4
2066.4
20846.4

48344 .64

0 FERCENT TAX CREDIT ON
0 FERCENT OF INVESTHMENT

DISCNTD

CASH FLOW

1544.044
13356.053
1139.417
?71.3461
827.7349
705.0617
400,3078
Z10.B885¢8
434,.5778
J67.4846
313 .978B&
265, 6663
226.3545
192,0221
164.97357
145.19243
126.2576

156399.4
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TABLE 3

Discounted Cash Flow for Electricity

Selling Price of $.033/KW-hr
3 SR R OKK KK 3K OR KKK KK KK 0K 3R K K0 K 0K 3 K KK 20K 3K 3K 3 K K K KK KK 0K KKK Ok Rk KK

O PERCENT TAX CREDIT ON
0 FERCENT OF INVESTMENT

100 PERCENT EQUITY
§ FERCENT INTEREST

THE CALCULATED RATE OF RETURN IS 24.746 FERCENT

YEAR GROSS CASH ANNUAL ANNUAL NET CASH DISENTD
FLOW DEPREC TAX FLOW CASH FLOW

1 S744 1592 2160.08 3585.92 3118.1921
2 S746 1492.5 2211.82 3534.18 24672.348
3 5744 1393 2263.36 3482.44 2289.7561
4 57454 1293.5 2315.3 3430.7 192451.514
S 57448 1194 2387.04 3378.96 1479.74
& 5744 i0%4.3 2418.78 3327.22 1438.44%
7 S744 295 2470.52 3275.48 1231.374
8 5744 895.5 2522.26 3223.74 1053.844
2 2744 7946 2574 3172 ?01.46804
10 5746 694,30 2625.74 3120.26 771,280%
11 . S744 597 2677.48 3068.52 659.3576
12 3746 497 .5 2729.22 30146.78 563.8577
13 S746 398 27B0.?6 29465.04 481.9019
i3 . S744 298.5 2832.7 2%913.3 411,7328
15 5744 199 2884.44 2841 .,56 351 .546%7
16 w744 79.35 2936.18 2809.82 300.2708
iz S746 0 2987 .92 2758.08 256.297
i8 5746 0 2987,%92 2758.08 222.847
19 S744 0 2987.92 2758.08 193.7974
20 5746 0 2787.92 2758.08 168.5195
TOTAL 114920 13532 S2721.74 62198.24 20728.86

Note: Figures are in thousands of dollars.

pet BP2AS
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APPENDIX A

Heat Exchanger Area and Cost Calculations

The method for calculating heat exchanger heat transfer areas,
and installed costs with examples is given below.

The heat transfer in & heat exchanger is:

q = mfg x C. x AT

p fg
where:
hfg = mass flow of fluid, 1b/hr
Cp = constant pressure specific heat of fluid, Btu/T1b-°F

Ang = change in temperature of the fluid, °F
The heat transferred is also:

qg=UxAx aTm

whare:
U = pverall heat transfer coefficient, Btu/hr-ftz-—"F
A = area of exchanger, ft2
AT, = log mean temperature difference of the exchanger, °F
(GTD - LTD)
AT & —e—m—me
™ 1n{GTD/LTD}
where:
GTD = the greatest temperature difference of the fluids
LTD = the least temperature difference of the fiuids.

g <
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EXAMPLE:

Calculation of Required Area for the Fuel Gas Preheater (Figure 2)

From Figure 2:

hfg = 2,189,643 ibm/hr

Ang = 1226°F - 822°F

and from raference 3,

Cp = .32 Btu/1b-°F.

Therefore,

= 2,189,643 x .32 Btu/1b-°F x (1226°F - 822°F)

Eal
]

283.1 MM Btu/hr.

The log~mean temperature difference is:

1126°F - 142°F
&Tm =
Tn(1126°F/142°F)

= 475°F

Using a value of 9 from reference 6 for the over-all heat transfer coef-

figient U we have:

283.1 = UAATm

283.1 x 10°

9 x 475

A

= 66,222 ft°

RO5<
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From reference 1, the 4th quarter, 1976 installed cost per
foot for this type of exchanger is $47.54. Assuming 10% inflation, the

1978 price is:
_ 1.5 _
$47.54 x {1.1) = $84.85
Therefore, the total installed cost is:

A x $54.85
66,222 ft% x $54.85/t2
$ 3,632,278

o
u ]

The methad used for calcylating the required surface areas and
installied costs of steam generators is similar to the heat exchanger

calculations.

1200 psi Heat Recovery Beiler Calculations

From Figure 2:

m

s © 1,098,278 ib/hr
AT = 950°F - 569°F
ahSH = 187 Btu/Tb

Therefore, the heat transferred in the superheater is:

gy 1,098,278 1b/hr x 187 Btu/lb

Gy 205 MM Btu/hr

The 1og mean temperature difference between the two streams is:
éTm = 330°F.

Lo <
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From reference 2, U = 6 Btu/hr-“F-ftz.

The superheater area is:
205 MM Btu/hr

6 Btu/hr-°F-ft2 x 330°F
2

A

SH =

ASH = 103,535 ft

The heat transfer in the boiler is:

g = m heo

where;:
9p = heat transfer in the boiler

m = mass flow of steam in boiler.
From Figure 2:
m = 1,507,922 1b/hr

This mass flow differs from the superheater mass fiow, since
some saturated steam is extracted from the boiler for process use and
does not pass through the superheater.

From reference 4:

hfg = 606 Btu/ib
Qg = 1504922 1h/hr x 606 Btu/lb

qg = 913.8 MM Btu/hr

From reference 2:

2

U = & Btu/hr-fLto°F

AL PAS
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and from Figure 2:
= °
&Tm 163°F
Ay = 913.8 M Btuxhrf/ 6 Btu/hr-"F-ft2 x 163°F
Ay = 934,355 £t
where: AB = syrface area of boiler heat ftransfer.
The heat transfer in the economizer is:
g = me&T
From Figure 2:

m= 1,507,922 Ib/hr

AT = 569°F - 484°F
qg = 1,507,922 1b/hr x 1 Btu/1b-"F x (569°F - 484°F)
qp = 128.2 MM Btu/br

From Figure 2:
= ]
aTm 85°F
and from reference 2:
U = 9 Btu/hr-ft2-°F

123.2 MM Btu/hr

A = 5
g Btu/hr-ft=-°F x B85°F

2

p -
1

167,582 ft

2U8<
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whera: AE = gurface area of economizer heat transfer.
The TOTAL AREA is:

Ar = 103,535 f12 + 934,355 Ft2 +167,582 ft°
Ap = 1,205,473 £42

Installied cost per square foot was determined from Reference 2,

therefore, the cost for the boiler is:

C =1,205,473 ft2 x $15.95/Ft% = $19.227,294
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APPENDIX B

Electrical Power for Export

The additional electric power generated by the combined cycie
alternative was claculated by subtracting the electric power requirements

of the 0i1/Gas plant from the total power produced by the combined cycle:

Prat = Pec ~ pn/g
whera;
Pnet = excess electric power
pcc = electric power produced by the combined cycle
Png = electric power required by the 0714 as compiex
Therefare:

Play = 232.18 MW - 210.0 M

Pnet = 22.2 MW

<10
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APPENDIX €

Gas Turbine-Generator Work and Cost Calculations

For a turbine inlet temperature of 2000°F, the air to fuel
ratio calculated from the adiabatic flame temperature 73 3.35. There-

fore, the mass flow of air into the compressor is:

m. = a/f x Me -

From Figure 2, hf = 1,525,407 1b/hr

m, = 3.35 x 1,525,407 1b/hr

ha = §,110,113 1b/hr - 1419 1b/s

This mass flow dictates two gas turbines, since present designs
are limited to mass flows of air in the 750 1b/s range(g). So for each
turbine ﬁa = 2,555,057 1b/hr.

Compressor power, assumine an efficiency of 87.5% is:

wc = (ma Cpa aTa)/.875
where:
Nc = compressor power, Btu/hr
ha = mass flow of air = 2,555,057 1b/hr
Cp = constant pressure specific heat of air(a) = ,28 Btu/1b-°F
a
aTa = change in temperature of air through the compressor =
(775°F - 60°F) (from Figure 2)
Therefore:

e = (2,555,057 ib/hr x .28 Btu/1b°F x 415°F)/.875

211



of 98% is

where:

is:

where:
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NC = 339.3 MM Btu/hr

The heat transferred in the combustor, assuming an efficiency

then:

Q% = ((ﬁACpaATa) + (ﬁfcpfﬂTfJ) / .98

Qin = heat transferred in combustion, Btu/hr

aTa = change in temperature of the air = 2000°F - 475°F {from
Figure 2)

ﬁf = mass flow of fuel gas - 762,704 1b/hr (from Figure 2)
CP = constant pressure specific heat of fuel gas - .32 Btu/Tb—°F(3)
f

ATf = change in temperature of fuel gas = 2000°F - 680°F (from
Figure 2)

qin = (2,855,000 x .28 x 1525°F) + (762,704 x .32 «x 1320°F)/.98

Q;,.= 1442 MM Btu/hr

The power out of the turbine, assuming an efficiency of 87.5%(B)

W= I
N (mpCp an).S?S

p
wt = turbine power, Btu/hr
ﬁp = mass flow of products of combustion - 3,317,761 1b/hr (from
Figure 2)
Cp = constant pressure specific heat of products = .30 Btu/1b-°F(3)
p

ATp = change in temperature of products through the turbine,
2000°F - T16Q0°F (from Figure 2)

2z~
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W, = 3,317,761 Tb/hr x .30 Btu/1b-°F x 840°F x .875

Ht = 731.6 MM Btu/hr

The net power out is then:

W

wnet T M

C
Nnet = 731.6 MM Btu/hr - 339.3 MM Btu/hr
Nnet = 392.3 MM Btu/hr

The electrical power out of the generator, assuming a 98%

efficiency, is:

3
]

g -98 (wnEt)

.98(.29307 W/Btu/hr}{392.3 MM Btu/hr)

0
il

112.7 MW

The installed cost for the gas turbine-generator set is $173/KW
from Reference 7. Therefore, the total cost for twe gas turbine generator

sets is:

CGT = $173/KW x 2 x 112,700 KM

= $38,994,280

<13«
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APPENDIX D

Calculation of Steam Turbine Work and Cost

From Figure 2, the total mass flow of steam into the turbine
1s 131,500 Th/hr with 109,650 Tb/hr extracted at 300 psig, 619°F for the

feedwater heaters, The power out of the steam turbine-~generator is:

Per = (hSE X Ahep) + (ﬁsc X ahsc)

where:
Por = power out of steam turbine.

= mass flow of steam extracted at 315 psi, 619°F - 109,6501b/hr
(from Figure 2)

Mee

ﬂhSE = enthalpy change of steam extracted = 139 8tu/Ib
Mo = mass flow of steam condensed = 21,850 Tb/hr (from Figure 2)

ahsc = enthalpy change of condensed steam = 357 Btu/lb

Per = (109,650 1b/hr x 139 Btu/1b) + (21850 1b/hr x 357 Btu/1b)

pST = 23.0 MM Btu/hr

The generator power, assuming an efficiency of 98% is:

Pg = -98 (Pgy)
Pe = .98 (.29307 W/Btu/hr)(23.0 MM Btu/hr)
Po = 6.6 MM

An installed cost of $118.4/KW for the steam turbine-generator
set is from Reference 7, and an estimate of $175,000 additional for each

extraction point was supplied by Westinghouse Co.

2id=<
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The total instailed cost is then:

= 6,600 KW x $118.4/KW + $175,000
= $956,440

Cor

wls<
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