
REFERENCES

Comelissen, R.L., and Hirs, G.G. (1998). Exergy analysis o f cryogenic air 
separation. Energy Conversion and Management. 39(16-18), 1821- 
1826.

Dhole, V.R., and Linnhoff, B. (1992). Distillation column targets. Computer 
Chemical Engineering, 12(9) 549-560.

Dincer, ร., and Erkan, D. (1986). Available energy analysis of a petroleum 
refinery operation. Applied Energy. 22,157-163.

Doldersum, A. (1998). Exergy analysis proves viability o f process 
modifications. Energy Conversion and Management. 39(16-18), 
1781- 1789.

Graveland, A.J.G.G., and Gisolf, E. (1998). Exergy analysis ะAn efficient tool 
for process optimization and understanding demonstrated on the 
Vinyl chloride plant. Computer Chemical Engineering. 22, 545-552.

Hinderink, A.P., Kerkhof, F.P.J.M., Lie, A.B.K., De Swaan Arons, J., and Van 
DerKool, H.J. (1996). Exergy analysis with a flowsheeting simulator
II. Application; Synthesis gas production from natural gas. Chemical 
Engineering Science. 51( 20), 4701-4715.

Morris, D.R., Steward, F.R., and Gilmore, C.A. (1999). Comparative analysis 
of the consumption of energy of two wood pulping process. Energy 
Conversion and Management, 00(2000), 1-12.

Mozes, E., Comelissen, R.L., Hirs, G.G., and Boom, R.M. (1997). Exergy 
Analysis o f the Conventional Textile Washing Process, Submitted, 
FLOWERS’97.



80

Oliveira, ร., and Homeeck, M .v .  (1997). Exergy analysis o f petroleum 
separation process in off shore plat forms. Energy Conversion and 
Management. 38(15- 17k 1577-1584.

Rivero, R., Rendon, c . ,  and Monroy, L. (1999) Calculation o f the exergy of 
crude oil mixtures, Instituo Mexicano del Petroleo. Mexico.

Szargut, J, Morris, D.R., and Steward, F.R. (1988). Exergy analysis Of 
thermal.chemical and metallurgical process.. New York: Hemisphere.

Zemp, J., Sergio, H.B., and Oliveria, M. (1997). Driving force distribution 
and Exergy loss in the thermodynamic analysis o f distillation columns. 
Computers Chemical Engineering Management. 21, 523-528.



APPENDIX A
SAMPLE CALCULATIONS



82

Table A .l Topping unit -  Mass, Exergy and Cumulative Exergy Balance

Mass Exergy Cumulative
__________________________ Kg/hr_________ kw_______ %________ k \ £ _________ %
Influents/Stream

Crude oil 189,356.00 2,618,714.380 79.640 2,756,541.452 80.345
Wild gasoline 618.00 8,542.069 0.260 9,291.979 0.271
Fuel gas 467.20 7,930.802 0.241 9,481.633 0.278
Fuel oil 1,855.52 26,024.726 0.791 27,961.506 0.815
Air 35,707.78 1.500 0.000 1.500 0.000
Hot oil 45,574.00 626,485.907 19.053 626,485.907 18.260
BFW 2,547.34 73.378 0.002 73.378 0.002
Electricity 405.960 0.012 1,053.505 0.031

Sum 276,125.84 3,288,178.722 100.00 3,430,890.860 100.00

Useful
Effluents/Stream

Off gas 1,187.00 16,043.500 0.488 17,237.469 0.502
LPG to Deet. 920.00 12,380.687 0.377 13,302.067 0.388
Whole Naphtha 28,904.00 411,119.624 12.503 441,715.453 12.875
Kerosene 27,510.00 377,124.733 11.469 405,190.637 11.810
Diesel to GOHDU 55,801.00 769,896.235 23.414 827,192.486 24 110
Diesel to Plant 3 1,473 00 20,278.816 0.617 21,787.980 0.635
Light gas oil 856.00 11,846.253 0.360 12,727.860 0.371
Heavy gas oil 8,105.00 112,263.920 3.414 120,618.684 3.516
Residue oil 65,218.00 873,334.330 26.560 938,328.521 27.349
Flue gas 38,030.502 7,759.695 0.236 7,759.695 0.226
Hot oil 45,574.000 624,942.107 19.006 624,942.107 18.215
Cooling water 87.900 0.003 87.900 0.003

Loss
Condensate water 2,547.34 37.157 0.001 0.000 0.000
others 51,063.764 1.553 0.000 0.000

Sum 276,125.84 3,288,178.722 100.00 3,430,890.860 100.00
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Section 1 -  Topping Unit
Total Exergy of the useful products :

Z /  B] — B offgas  ̂ B Ipg  ̂ B naph ' - ® k e r  o  ^ B Jo go +  B Jo 3

B \g o  +  B hg0 + B rc
=  16,043.500 + 12,380.687 + 411,119.624 + 

377,124.733 + 769,896.235 + 20,278.816 + 

11,846.253 + 112,263.920 + 873,334.330 

= 2,604,288.099 k w

Cumulative Exergy entering Section 1 :
z c > =  c crude +  C g o s o  + c  r e  +  c  J,b  +  c  air + c Ho,O » +

c bfw + c  11"
=  2,756,541.452 + 9,291.979 + 9,481.633 +

27,961.506 + 1.500 + 626,485.907 + 73.378 + 

1,053.505

= 3,430,90.860 k w

Cumulative Exergy of the Off Gas :
c  -  B , m„  v j  V r  . ท  . ท  -  c  1

o ffgas U ,  ^  1 f lu e g a s  ho lo il cond ensa te  )

=  1»043' f QC! X (3,430,890 .860 - 7,759.695 -
2,604,288. 099

624.942.107 - 37.157}

= 17,237.469 k w

Cumulative Exergy of the LPG :
r  -  B , „  t y  c  -  c  -  c  -  c  \

Ipg 1 f lu e g a s  ho lo il cond ensa te  i

= 12,380f 87 X {3,430,890.860 - 7,759.695 -
2,604,288.099
624.942.107 - 37.157}

= 13,302.067 k w
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Cumulative Exergy of the Whole Naphtha :
c nap h T J i

411,119.624
"̂""* x / y c  - c  - c  - c  }* £—1 1 f lu e g a s  h o lo il cond ensa te  f

X{3,430,890.860 - 7,759.6952,604,288.099 
624,942.107 - 37.157}

= 441,715.45 3 kw

Cumulative Exergy of the Kerosene : 
c  = ^ '-  y  /  V  r  .  r  .  r  _ c  \

kero ^   ̂ * £—1 1 f lu e g a s  h o lo i l  co n d e n sa te  f

377,124.733
X {3,430,890.860 - 7,759.6952,604,288.099

624,942.107 - 37.157}
= 405,190.63 7 kw

Cumulative Exergy of the Diesel to GOHDU :
c do_go ^ ฐ  X(2 C, - - c  11 c. }

769,896.235
2,604,288.099
624,942.107 - 37.157} 

= 827,192.48 6 kw

X {3,430,890.860 - 7,759.695

Cumulative Exergy of the Diesel to Plant 3 :
c . - c . c

20,278.816
X {3,430,890 .860 - 7,759.695 -2,604,288.099

624,942.107 - 37.157}
= 21,787.980 kw

Cumulative Exergy of the Light Gas Oil :
Q o  x {L- C[ ^ f l u e g a s  ^ “'''h o lo i l  ^ c o n d e n s a t e  1

=  — ;46'25j  X {3,430,890.860 - 7,759.6952,604,288.099
624,942.107 - 37.157}

= 12,727.860 kw
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Cumulative Exergy of the Heavy Gas Oil :
c B,„

hgo Z E
112,263.920

V /  Y  c. - c. - c  - c  ไ* 1 f lu e g a s  h o to i l  c o n d en sa te  y

X {3,430,890.860 - 7,759.6952,604,288.099 
624,942.107 - 37.157}

= 120,618.68 4 kw

Cumulative Exergy of the Reduced Crude :
c .  = รy  g  1 L—I 1 Mg'

873,334.330 
2,604,288.099 
624,942.107 - 37.157} 

= 938,328.52 1 kw

X  (Y  c  -  c . -  C  - C  1* 1 flu egas ho toil condensate y

X {3,430,890.860 - 7,759.695
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T able  A.2 Deethanizer Unit -  Mass, Exergy and Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kW %

Cumulative
Exergy

kW %
Influents/Stream

LPG from TPU 920.00 12,380.687 46.424 13,302.067 43.170
LPG from CRU 1,044.00 14,066.412 52.745 16,986.286 55.126
LP-steam 520.00 176.630 0.662 408.821 1.327
Electricity 44.756 0.168 116.146 0.377

Sum 2,484.00 26,668.485 100.00 30,813.320 100.00
Useful Effluents/Stream

Off gas 78.00 1,074.926 4.031 1,249.485 4.055
LPG to LPGU 1,886.00 25,426.274 95.342 29,555.274 95.917
Condensate water 520.00 7.861 0.029 7.861 0.026
Cooling water 0.700 0.003 0.700 0.002

Loss
Others 158.723 0.595 0.000 0.000

Sum 2,484.00 26,668.485 100.00 30,813.320 100.00

Section 2 -  Deethanizer Unit
Total Exergy of the useful products :

B 2 -  B offgas +  B Ipg

=  1,074 .926 + 25 ,426 .274 
= 26 ,501 .201 kW

Cumulative Exergy entering Section 2 :
I Cc — c jp g  1p U + c Ip g  cru + c ! p _ s1eam + c ejec

= 13,302.966 + 17~027.777 + 176.630 + 44.756  
= 30,813.320 kW

Cumulative Exergy of the Off Gas :
CÆ,  = | Ç x { E c 2 - c w }

= 2̂ °570 ^ 2 0 1  x {3Q’813-320 ■ 7-861}
= 1,249.485 kW
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Cumulative Exergy of the LPG to LPGU :
Clpg = | ^ - x £ C 2 -C„„J

= ^ > 0,8,3.320 - 7.861}
= 29,555.274 kw
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T able  A.3 LPG Treating unit -  Mass, Exergy and Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kw %

Cumulative
Exergy

kw %
Influents/Stream

LPG from Deet. 1,886.00 25,426.274 32.181 29,555.274 32.179
LPG from Plant 3 3,960.00 53,580.535 67.815 62,281.535 67.811
Air 5.19 0.000 0.000 0.000 0.000
LP-steam 4.00 1.359 0.002 3.145 0.003
Electricity 2.100 0.003 5.450 0.006

Sum 5,855.19 79,010.268 100.00 91,845.404 100.00
Useful Effluents/Stream

Vent gas & Disulfide 233.19 3,133.002 3.965 3,648.344 3.972
LPG Product 5,618.00 75,738.855 95.860 88,197.000 96.028
Condensate water 4.00 0.060 0.000 0.060 0.000

Losses
Others 138.350 0.175 0.000 0.000

Sum 5,855.19 79,010.268 100.00 91,845.404 100.00

Section 3 -  LPG Treating Unit
Total Exergy of the useful products :

z — B  „.. 1. +vent & a isu lj

=  75,738.855 
= 78,871.857

B lpg
+ 3,133.002

kw

Cumulative Exergy entering Section 3 :
I e 3 = c. . 1 + c, 1 + c + c, + c ,Ipg _ da el Ipg _ 3 air Ip-sleam elec

=  29,555.274 + 62,281.535 + 0.000 + 
3.145 + 5.450 

= 91,845.404 kw

Cumulative Exergy of the Vent Gas & Disulfide :
vent & distil/ I  •»

vem & distil/ ^  ^  V 3 cand )

=  738’ g3̂ '̂ 0527 x {91.845 .404 - 0 .060} 
= 3,648.344 kw
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Cumulative Exergy of the LPG product : 
Bc Ipa lpg X { I C 3 - c _ }

X {91,845 .404 - 0 .060}
I *

75,738.855 
= 78,871.857 
= 88,197.000 kW
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Table A.4 Naphtha Pretreating Unit -  Mass, Exergy, Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kw %

Cumulative
Exergy

kW %
Influents/Stream

Naphtha from TPU 28,904.00 411,119.624 50.687 441,715.453 49.952
Naphtha from Plant 3 23,770.00 337,957.156 41.667 363,108.179 41.062
Hydrogen from CRU 2,482.00 45,174.679 5.570 54,551.937 6.169
Fuel gas 130.87 2,222.800 0.274 2,657.459 0.301
Fuel oil 669.06 9,384.522 1.157 10,082.925 1.140
Air 12,030.18 0.000 0.000 0.000 0.000
HP-steam 11,600.00 4,998.456 0.616 11,569.241 1.308
Electricity 230.100 0.028 597.132 0.068

Sum 79,586.11 81 1,087.338 100.00 884,282.325 100.00
Useful Effluents/Stream

Off gas from D201 1,818.00 33,169.057 4.089 38,323.453 4.334
Off gas from D202 1,279.00 17,388.785 2.144 20,090.963 2.272
Off gas from D203 66.00 893.374 0.110 1,032.203 0.117
Treat light naphtha 8,181.00 108,806.572 13.415 125,714.864 14.217

to Plant 3
Treat light naphtha 19,649.00 261,304.199 32.217 301,910.273 34.142

to Isomerization unit
Treat Heavy naphtha 24,163.00 339,378.528 41.842 392,117.174 44.343
Flue gas 12,830.11 2,592.064 0.320 2,592.064 0.293

Condensate water 11,600.00 2,494.932 0.308 2,494.932 0.282
Cooling water 6.400 0.001 6.400 0.001

Loss
Others 45,053.425 5.555 0.000 0.000

Sum 79,586.11 811,087.338 100.00 884,282.325 100.00

Section 4 -  Naphtha Pre-treating Unit
Total Exergy of the useful products :

^ 4  —  ^ o f f g a s  (D 201 .D 202 .D 203) ^  l ip  _  3 ^  l ip  _ IS II แพ

= 33 ,169.057 + 17,388.785 + 893.374 + 
108,806.572 + 261,304.199 + 339 ,378.528 

= 760 ,940.517 kw
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Cumulative Exergy entering Section 4 :แะะะะ
2,657.459 + 10,082.925+ 0.000 + 11,569.241 + 
597.132

= 884,282.325 kW

Cumulative Exergy of the Off Gas (D201)
c Boffgas . D 20 !

offgas . D 201 z
33,169.057 

760,940.517 
=ะ 38,323.453

X { Z C  - - c„„„}

X {884,282.325 - 2,592.064 - 2,494.932}
kW

Cumulative Exergy of the Off Gas (D202) :
c offgas . D 202

ท
■๐  offgas ,D  202

Z  B 4
17,388.785

760,940.517 
= 20,090.963

X{ Z C, - c เน ^  -

X {884,282.325 - 2,592.064 - 2,494.932}
kW

Cumulative Exergy of the Off Gas (D203) :
c B . . .

offgas .D  203 Z  B
893.374

X{ZC4 - - CcoJ

X {884,282.325 - 2,592.064 - 2,494.932}760,940.517 
= 1,032.203 kW

Cumulative Exergy of the Treated Light Naphtha to Plant 3 :
CIln_ 3 B„

760,940.517 
= 125,714.864

X 1 Z C 4 -  -  c„,,,1,}

X{884,282.325 - 2,592.064 - 2,494.932}
Z  B
108,806.572

kW
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Cumulative Exergy of the Treated Light Naphtha to Isomerization Unit :
c  _  เท, f« . 1Y  p  p  . r  \

I เท, Iso ' ท  ' ■ ^  4 fluegas corn! )

= 261’3QA lg ? X (884,282.325 - 2,592.064 - 2,494.932}760.940.517
= 301,910.273 kw

Cumulative Exergy of the Treated Heavy Naphtha :
c  = ^"'" y (V  r  - r  .  r  \^ - ' thn ~  4 fluegas ^  c o n j f

= 339’328-328x {884 282.325 - 2,592.064 - 2,494.932}760.940.517
= 392,117.174 kW
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T ab le  A.5 Isomerization unit -  Mass, Exergy and Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kw %

Cumulative
Exergykw %

Influents/Stream
Treated light naphtha 19,649.00 261,304.199 96.393 301,910.273 95.696
Hydrogen from plant 3 453.00 8,248.202 3.043 9,960.345 3.157
HP-stream 2,900.00 1,249.575 0.461 2,892.219 0.917
Electricity 280.100 0.103 726.886 0.230

Sum 23,002.00 271,082.076 100.00 315,489.724 100.00
Useful Effluents/Stream

Off gas 853.00 11,836.634 4.366 13,902.523 4.407
Isomerate product 19,249.00 256,237.485 94.524 300,959.517 95.394
Condensate water 2,900.00 623.719 0.230 623.719 0.198
Cooling water 3.965 0.001 3.965 0.001

Loss
Others 2,380.274 0.878 0.000 0.000

Sum. 23,002.00 271,082.076 100.00 315,489.724 100.00

Section 5 -  Isomerization Unit
Total Exergy of the useful products :

^  '■ ^ 5  ^ o f f g a s  "̂ "" ^ Isomerate

=ะ 256,237.485 + 11,836.634 
= 268,074.119 kw

Cumulative Exergy entering Section 5 :

= 301,910.273 + 9,960.345 + 2,892.219 + 726.886 
= 315,489.724 k w

Cumulative Exergy of the Off Gas :
c  _  Æ°* X ( Y  c  . r  \

offgas D  '  ^  5 com/ f

=  แ ’836-634- X {315,489.724 - 623.719} 268,074.11 9
= 13,902.523 k w
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Cumulative Exergy of the Isomerate
c, B,

I  * 5
2 5 6 ,2 3 7 .4 8  5
2 6 8 ,0 7 4 .1 1  9 

=  3 0 0 ,9 5 9 .5 1 7

X { I C 5 - C o„J 

X { 3 1 5 ,4 8 9 .7 2 4

kW
6 2 3 .7 1 9 }
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T ab le  A.6 Catalytic Cracking Unit -  Mass, Exergy and Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kW %

Cumulative
Exergy

kW %
Influents/Stream

Treated heavy naphtha 24,163.00 339,378.528 34.594 392,117.174 37.698
Hydrogen from plant 3 288.00 5,223.321 0.532 6,307.457 0.606
Fuel gas 515.59 8,757.578 0.893 10,470.081 1.007
Air 9,954.39 0.000 0.000 0.000 0.000
Hot oil 45,574.00 624,942.107 63.702 624,942.107 60.081
BFW 2,180.00 54.315 0.006 54.315 0.005
HP-steam 5,900.00 2,542.324 0.259 5,884.370 0.556
Electricity 147.702 0.015 383.300 0.037

Sum 88,574.98 981,045.785 100.00 1,040,158.804 100.00
Useful Effluents/Stream

Off gas 2,279.00 33,691.222 3.434 40,684.770 3.911
Hydrogen 2,482.00 45,174.679 4.605 54,551 937 5.245
LPG to Deet. 1,044.00 14,066.412 1.434 16,986.286 1.633
Reformate product 18,646.00 242,287.200 24.697 292,580.627 28.128
Flue gas 10,469.98 1,924.870 0.196 1,924.870 0.185
Hot oil 45,574.00 626,485.907 63.859 626,485.907 60.230
HP-steam 1,769.90 939.395 0.096 2,174.288 0.209
LP-steam 5,900.00 2,051.324 0.209 4,747.919 0.456
Cooling water 22.200 0.002 22.200 0.002

Loss
Others 14,402.575 1.468 0.000 0.000

Sum 88,574.98 981,045.785 100.00 1,040,158.804 100.00

Section 6 -  Catalytic Reforming Unit
Total Exergy o f the useful products :

Y , B f2 = B o ffg a s  +  B 112 + B  1121, + B rdJbrmale
=  2 4 2 ,2 8 7 .2 0 0  +  4 5 ,1 7 4 .6 7 9  +  1 4 ,0 6 6 .4 1 2  +  3 3 ,6 9 1 .2 2 2  
=  3 3 5 ,2 1 9 .5 1 4  k W
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Cumulative Exergy entering Section 6 :
= c  11111 + C h + C/g + c  1111 +  c  1101011 + ct> + c  111111111 

c  111c
= 392,117.174 + 6,307.457 + 10,470.081 + 0.000 

624,942.107 + 54.315 + 5,884.370 + 383.300 
= 1,040,158.804

Cumulative Exergy o f the Off Gas :
r  _  B o ffg a s  x  f  y  Q  ท  _  Q  _  Q  .  Q  \

offgas p  6 fluegas holoil hp-sleam Ip-Steam y
A j  ^  g

=  3 3 ’6 9 1 '2 2 2  X {1 ,040 ,158 .804  - 1 ,924 .870  - 6 2 6 ,4 8 5 .9 0 73 3 5 ,2 1 9 .5 1 4
2 ,1 7 4 .2 8 8  - 4 ,7 4 7 .9 1 9  - 22 .20 0 }

=  4 0 ,6 8 4 .7 7 0  k w

Cumulative Exergy of the Hydrogen :
r  -  ____î i— v / y r '  . r  . r  - r  - c  )u •— - I  6 fluegas holoil hp-steam  Ip-steam  y

! B „ 
4 5 ,1 7 4 .6 7 9 X { 1 ,0 4 0 ,1 5 8 .8 0 4  - 1 ,9 2 4 .8 7 0  - 6 2 6 ,4 8 5 .9 0 73 3 5 ,2 1 9 .5 1 4

2 ,1 7 4 .2 8 8  - 4 ,7 4 7 .9 1 9  - 2 2 .2 0 0 }  
=  5 4 ,5 5 1 .9 3 7  k w

Cumulative Exergy of the LPG :

Cipg B Ipg

YsB 6
1 4 ,0 6 6 .4 1 2

ŒC  - c  - c  - c  - c  )6 fluegas holoil h p -s tea m  Ip -s tea m  y

X { 1 ,0 4 0 ,1 5 8 .8 0 4  - 1 ,9 2 4 .8 7 0  - 6 2 6 ,4 8 5 .9 0 7
3 3 5 ,2 1 9 .5 1 4  
2 ,1 7 4 .2 8 8  - 4 ,7 4 7 .9 1 9  - 2 2 .2 0 0 }  

=  1 6 ,9 8 6 .2 8 6  k w

Cumulative Exergy of the Reformate :
f __  J^  reformate ^  /~ I /~I I
reformate ^ - 1  ^  \  /  -! 6 fluegas holoil hp-steam  ^  Ip-steam  y

=  2 4 2 ,2 8 7 '2 P°:X  {1 ,040 ,158 .804  - 1 ,924 .870  - 6 2 6 ,4 8 5 .9 0 7
3 3 5 ,2 1 9 .5 1 4
2 ,1 7 4 .2 8 8  - 4 ,7 4 7 .9 1 9  - 2 2 .2 0 0 }

=  2 9 2 ,5 8 0 .6 2 7  k w
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Table A.7 Gas Oil Hydrodesulfurization Unit -  Mass, Exergy and 
Cumulative Exergy Balances

M ass

K g/hr

E xergy

kW %

C um ulative
E xergy

kW %
In flu en ts/S tream

H ydrog en  from  N PU 854.00 15,508.858 1.255 17,918.899 1.347
G as o il from  P lan t 3 22 ,994 .00 318 ,377 .215 25 .769 3 42,0 7 1 .0 84 25 .717
D iesel o il fro m  T PU 55,801 .00 769 ,896 .235 62.315 82 7 ,1 92 .486 62 .189
L igh t gas oil 856.00 11,846.253 0 .959 12,727 .860 0 .957
H eavy  gas oil 8 ,105 .00 112,263 .920 9 .087 120,618 .684 9 .068
Fuel gas 357.11 6 ,065 .650 0.491 7 ,251 .7 60 0 .545
Fuel oil 70 .89 994 .352 0 .080 1,068.353 0 .080
A ir 8 ,235.26 0 .000 0 .000 0 .000 0 .000
P rocess w ater 2 ,506 .40 34.903 0.003 34.903 0 .003
B F W 1,368.04 34.485 0.003 34 .485 0 .003
E lectric ity 4 69 .0 0 0 0 .038 1,217 .100 0 .092

Sum 101,147.70 1,235,490.871 100.00 1 ,330 ,135 .614 100.00

U sefu l E fflu en ts /S tream
O ff  gas from  D 3702 444.00 8,302.421 0 .672 9 ,031 .2 92 0 .679
O ff  gas from  D 3703 178.00 2 ,603 .655 0.211 2 ,832 .231 0 .213
W ild  gaso line 618.00 8 ,542 .069 0.691 9 ,291 .9 79 0 .6 99
D iesel o il p roduc t 31 ,365 .00 431 ,525 .763 34 .927 4 69,4 0 9 .5 06 35 .290

to  T ank
D iesel o il p ro d uc t 56 ,005 .00 77 0 ,5 27 .669 62 .366 8 38,172 .465 63 .014

to  P lan t 3
F lue gas 8 ,663 .26 1,345.513 0 .109 1,345.513 0.101
C o n d en sa te  w ate r 2 ,506 .402 46 .529 0 .004 4 6 .5 2 9 0 .003
C o o lin g  w ate r 6 .100 0 .000 6 .100 0 .000

L oss
S ou r w ater 1,368.036 19.857 0 .002 0 .000 0 .000
O thers 12,571.395 1.018 0 .000 0 .0 00

Sum 101,147.70 1,235,490.871 100.00 1 ,330 ,135 .614 100.00

Section 7 -  Gas Oil Hydrodesulfurization Unit
Total Exergy of the useful products :
ร -^  7 — ^ o f fg a s  (/) 3702.03703 ) ^ w _ g m o  "h ^  diesel _ um A' "f ^ diesel _ 3

770,527.669 
= 1,221,501 .577 MF
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Cumulative Exergy entering Section 7 :
ZC 7 = + c g 115017 3 + c,0 80 + c„. + c hg0 + c jg + c /o +

c  + c + c., + c .
=  1 7 ,9 1 8 .8 9 9  +  3 4 2 ,0 7 1 .0 8 4  +  1 2 ,7 2 7 .8 6 0  +  1 2 0 ,6 1 8 .6 8 4  

8 2 7 ,1 9 2 .4 8 6  +  7 ,2 5 1 .7 6 0  +  1 ,0 6 8 .3 5 3  +  0 .0 0 0  +  3 4 .9 0 3  
3 4 .4 8 5  +  1 ,2 1 7 .1 0 0  

=  1 ,3 3 0 ,1 3 5 .6 1 4  kW

Cumulative Exergy o f the Off Gas (D3702) :
c B,

offgas (D3702)
offgas (D37Q2)

I A ~ - C,Kgm - ^  - C J
8,302.421 

1,221,501.577 
-  6. 100} 
9,031.292

x{l,330,135.614 - 1,345.513 - 46.529 

kW

Cumulative Exergy of the Off Gas (D3703) :
ท

ร-ร __  offgas (D 3703)
^ - ' offgas (D 3 70 3) —

2,603.655
1,221,501.577 
- 6 . 100}

= 2,832.231 kW

X(ZC, - - c ,„ , - C J

X{1,330,135.614 - 1,345.513 - 46.529

Cumulative Exergy o f the Wild Gasoline :
c  = - c„ - c  11- c  }พ  _ gaso v - » r j  V Z — 7  fluegas cona o r  >L B1

=  8 ’5 4 -2 ' 0 6 9  X {1,330,135.614 - 1,345.513 - 46.5291,221,501.577
- 6.100}

= 9,291.979 kW

Cumulative Exergy of the Diesel Oil Product to Tank :
c B,

diesel _ tan k I  B,
4 3 1 ,5 2 5 .7 6 3  

1 ,2 2 1 ,5 0 1 .5 7 7  
-  6 . 100}

=  4 6 9 ,4 0 9 .5 0 6

X { IC 7 - c ^ m - c„„, - C J

X { 1 ,3 3 0 ,1 3 5  .6 1 4  - 1 ,3 4 5 .5 1 3  - 4 6 .5 2 9

kW



99

Cumulative Exergy of the Diesel Oil Product to Plant 3 :
r  -  X tv  c  -  c  -  c  -  c  \diesel _  3 ^ ’ ^  1 7 fluegas comI CM' f

= 1̂  X{1,330,135.614 - 1,345.513 - 46.529 
- 6 .100}

= 838,172.465 kw
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T ab le  A.8 Fuel Gas Treating Unit -  Mass, Exergy, Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kw %

Cumulative
Exergy

kw %
Influents/Stream

Off gas 3,741.00 57,414.747 98.749 66,313.556 97.477
LP-steam 1,750.00 608.462 1.047 1,408.324 2.070
Electricity 118.609 0.204 307.802 0.452

Sum 5,491.00 58,141.819 100.00 68,029.682 100.00
Useful Effluents/Stream

Fuel gas 2,363.00 40,321.654 69.351 48,206.365 70.861
Acid gas 282.00 1,869.144 3.215 2,234.646 3.285
Hydrocarbon 1,096.00 14,690.298 25.266 17,562.917 25.817
Condensate water 1,750.00 24.853 0.043 24.853 0.037
Cooling water 0.900 0.002 0.900 0.001

Loss
Others 1,234.969 2.124 0.000 0.000

Sum 5,491.00 58,141.819 100.00 68,029.682 100.00

Section 8 -  Fuel Gas Treating Unit
Total Exergy of the useful products :

Z D  _  D  I D  I ท
£>g —  D  f ue Igav I acidgas  ' ■๐ hydrocarbon

= 40,321.654 + 1,869.144 + 14,690.298 
= 56,881.097 kw

Cumulative Exergy entering Section 8 :
y  c  =  c  + c  +  cZ-f 8 offgas 1 Ip -steam  1  ̂elec

=  66,313.556 + 1 ,408 .324  + 3 0 7 .8 0 2  
= 6 8 ,0 2 9 .6 8 2  k w

Cumulative Exergy o f the Fuel Gas :
c  = ^ lem X i y  r  -  c  -  c  \fue  lg as V 8 cond CM' f

=  40,32J .  -6! 4 X {6 8 ,0 2 9  .682 - 24 .853  - 0 .9 0 0 }  56,881 .097
= 4 8 ,2 0 6 .3 6 5  k w
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Cumulative Exergy of the Acid Gas :
c  = ff-v /Y r - c  - c  \acdga, ~  „  l /L  ^  a n d  CW IL  B ร

1,869.144  
56,881 .097  
2,234 .646

X{68 ,029 .682  - 24.853 - 0 .900}  

k w

Cumulative Exergy of the Hydrocarbon :
c B

hydrocarbo ท
hvdrocarbo ท

Y b 7
:{£C. - c  w - C J

= 14/ 6 9 0 -?— x {6 8 ,0 2 9 .6 8 2  - 24 .853 - 0 .900}  56 ,8 8 1 .0 9 7
= 17 ,562 .917  k w
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T ab le  A.9 Sulfur Recovery Unit -  Mass, Exergy, Cumulative Exergy
Balances

Mass
Kg/hr

Exergy
kW %

Cumulative
Exergy

kW %
Influents/Stream

Acid gas from Plant 2 282.00 1,866.998 41.397 2,234.646 39.887
Acid gas from Plant 3 266.00 1,765.065 39.137 2,110.215 37.666
Fuel gas 34.50 588.450 13.048 703.518 12.557
Air 1,995.00 90.000 1.996 90.000 1.606
BFW 800.00 33.634 0.746 33.634 0.600
Electricity 165.861 3.678 430.425 7.683

Sum 3,377.50 4,510.008 100.00 5,602.439 100.00
Useful Effluents/Stream

Liquid Sulfur 472.00 2,511.924 55.697 4,507.768 80.461
HP-steam 583.00 374.122 8.295 865.930 15.456
LP-steam 174.00 91.114 2.020 210.888 3.764
LLP-steam 43.00 7.564 0.168 17.508 0.313
Cooling water 0.345 0.008 0.345 0.006

Loss
Stack gas 2,105.50 337.265 7.478 0.000 0.000
Others 1,187.674 26.334 0.000 0.000

Sum 3,377.50 4,510.008 100.00 5,602.439 100.00

Section 9 -  Sulfur Removal Unit
Total Exergy of the useful product :

^ ' )  ~  ^ h q  _ sulfur

= 2,511.924 kW

Cumulative exergy entering Section 9 :
ร  c  CJ c  0cidgm  2 acijgas _ 3 c  Jite Ig ,,1 c  mf "F c  ̂ 1. "F c

33 .634 + 430 .425 
= 5,602 .439 kW
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Cumulative exergy of the Liquid Sulfur :
c  -  ^ L x / y c  - c  -  c  -  c  -  c  1liq sulfur r j  i  9 hp-steam  Ip-steam lip-steam  C'»r 1

=  ^ 4 tt4 ^ t - x { 5 ,6 0 2 .4 3 9  - 8 6 5 .9 3 0  - 2 1 0 .8 8 8  - 2 ,5 1 1 .9 2 4
1 7 .5 0 8  - 0 .3 4 5 }

=  4 ,5 0 7 .7 6 8  JfcfF



104

T able  A.10 Energy Section -  Mass, Exergy, Cumulative Exergy Balances

Mass
Kg/hr

Exergy
kW %

Cumulative
Exergy

kW %
Influents/Stream

BFW to Boiler A&B 76,000.00 2,434.077 2.407 2,434.077 2.173
BFW to WHB 9,320.00 270.837 0.268 270.837 0.242
Sat. Steam to WHB 2,180.00 939.395 0.929 2,174.288 1.941
Fuel gas 770.90 13,094.109 12.946 15,654.601 13.973
Fuel oil 4,961.00 69.585.134 68.797 74,763.712 66.733
Air 86,610.73 0.000 0.000 0.000 0.000
Flue gas from all furnace 69,993.85 13,622.135 13.468 13,622.135 12.159
Electricity 1,200.000 1.186 3,114.115 2.780

Sum 249,836.48 101,145.687 100.00 112,033.765 100.00
Useful Effluents/Stream

Electricity from GT 1&2 5,200.000 5.141 12,035.728 10.743
Electricity from GT 3 5,500.000 5.438 12,730.097 11.363
HP-steam to Plant 2 36,100.00 15,555.532 15.379 36,004.258 32.137
HP-steam to Plant 3 51,400.00 22,148.319 21.897 51,263.682 45.757

Loss
Stack gas from Boiler 92,342.63 9,974.630 9.862 0.000 0.000

A&B
Stack gas from WHB 69,993.85 6,753.735 6.677 0.000 0.000
Others 36,013.471 35.606 0.000 0.000

Sum 249,836.48 101,145.687 100.00 112,033.765 100.00

Section 10 -  Energy Section
Total exergy of the useful products :

ร  * 1.  —  * ฟ ่« ( 1 . 2 4 3 )  +  B h11 111.11 m ,2  3)

= 5,200 + 5,500 + 15,555.532 + 22,148.319 
= 48,403.851 kW

Cumulative Exergy entering Section 10 :
y c  = c  + c  + c  + C + C + CL u  10 b/w _boiler  ^  6/u _  whb '  ^  sat _ steam fg  ' ๒-' fo  ^  air

= 2,434.077 + 270.837 + 2,174.288 + 13,094.109 
74,763.712 + 0.000 + 3,114.115 + 13,622.135 

= 112,033.765



105

Cumulative exergy of the Produced Electricity (Generator 1, 2 and 3) :
c Pr ltd 

elec
__ produced _ elec ^

10,700 110 ,100 0^= ~— xll2,033.76548,403.851
= 24,765.8245 kw

Cumulative exergy of the Process Steam :
ÿ

__ process _ steam ^  ^ " '
process _ steam 10

37.703.851 "110 A, , . 7«= —— xl l2, 033.76548.403.851
= 87,267.9401 kw

Cumulative Exergy of the Imported Electricity :
Z B - B__ elec .overall produced _ elec

^  e êc Im p
ใๅ'1 'C

12,610 - 10,700 
= 24.00%
= 7,958.333 kw

Overall Efficiency of Electricity Generation :
ๆovelec

Z B
c Imp

elec _ overall

+  1: d
X 100

_____________น ุ^ ______________ X 1007,958.333 + 24,765.8245
38.53 %

Overall Efficiency of Steam Generation :
= x 100/  steam 1

process _ steam

= 37- g l : ^ - x l 0 087,267 .9401 
= 43.20 %
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B.l ELEMENTAL ANALYSIS
Experimental Equipment : 
Analyzing Method ะ

Analyzer

CHOS/O ANALYSIS 
( PERKIN ELMER PE2400 SERIES II ) 
Pyrolysis in High-Purity Oxygen (Static- 
State Oxidation) Gas Chromatographically 
Separated by Frontal Analysis 
Quantitatively
Detected by Thermal Conductivity Detector 
Scientific and Technological Research 
Equipment Center,
Chulalongkom University

Table B1 Elemental analysis results
Sample name % Carbon 

(C)
% Hydrogen (H) % Nitrogen 

(N)
1. Crude oil 85.550 13.677 0.455
2. Wild gasoline 86.262 13.550 -

3. Whole naphtha 84.734 15.116 0.051
4. Kerosene 86.863 13.007 -

5. Diesel oil from TPU 86.603 13.257 0.026
6. Treated heavy naphtha 85.295 14.490 -

7. Reformate 86.765 12.819 0.127
8. Gas oil from TPU 85.827 12.005 0.037
9. Gas oil feed to GOHDU 86.439 13.314 0.075
10. Gas oil product from 
GOHDU

85.406 14.384 0.051
11. Reduced crude 86.957 11.985 0.490
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B.2 GAS CHROMATOGRAPHY
Experimental Equipment ะ PERKIN ELMER

Auto System XL, ARNEL

Table B2 Gas composition in gas streams
Component Off gas 

FGTU
Fuel gas Acid gas

s? u
LPG

product
Off gas 
from 
TPU

LPG
to

Deet.
h2 65.11 78.24 1.84 0.03 0.31 0.03
h2s 0.07 83.75 0.17 0.04
n h3 0.32 13.73
Methane 8.57 7.36 0.22 4.91 0.31
Ethane 7.25 5.02 0.16 0.12 9.37 2.36
Ethylene 0.01 0.01 0.08 0.01
Propane 8.72 4.16 0.10 38.32 34.25 21.14
Propylene 0.02

1
0.01 0.06 0.10 0.06

i-Butane 2.68 1.37 0.03 26.92 17.98 19.72
n-Butane 5.44 2.61 0.06 34.21 29.97 53.3
Butene-1
i-Butylene 0.03 0.08 0.70
t-Butene-2 0.02 0.01
c-Butene-2 0.01
i-Pentane 1.48 0.59 0.02 0.22 0.86 2.08
ท-Pentane 0.21 0.35 0.03 0.21
ท-Hexane 0.07 0.27 0.08 0.01 0.02 0.03
ท-Heptane
n-Octane

Total 99.98 99.99 99.99 100.00 98.05 100.00
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Table B2 Gas composition in gas streams (continued)
Component Off gas 

to
Deet.

Off gas 
LPGU

Off gas 
from 
NPU 

2D-201

Off gas 
from 
NPU 

2D202

Off gas 
from 
CRU

LPG
from
CRU

h2 0.26 0.01 84.59 12.35 40.25 0.03
h2s 0.04 0.02
nh3
Methane 0.84 5.28 4.41 14.12 0.03
Ethane 26.14 0.11 42.29 2.14
Ethylene 0.02 2.86 13.35 0.01
Propane 63.27 37.16 2.42 23.07 0.27 33.28
Propylene 0.26 0.08 0.07
n-Butane 4.63 28.59 1.48 11.01 0.49 33.6
i-Butane 4.00 33.21 2.21 25.06 1.39 29.66
Butene-1 0.04 0.04
i-Butylene 0.14 0.01 0.51 0.19
t-Butene-2 0.03 0.05
c-Butene-2 0.02 0.03
n-Pentane 0.50 0.61 0.82 10.07 0.82 0.79
i-Pentane 0.26 0.12 0.22 0.07
n-Hexane 0.02 0.01 0.07 0.02 0.12 0.01
n-Heptane
n-Octane

Total 99.98 100.01 100.00 99.99 99.98 99.99
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Table B2 Gas composition in gas streams (continued)
Component Hydrogen

from
CRU

Off gas 
from 

GOHDU 
(2D3703)

Off gas
GOHDU
(2D3702)

Light
Naphtha

Isomerate

h2 82.81 56.35 81.37
h2s 0.55
n h3
Methane 5.68 8.63 10.6
Ethane 4.34 5.73 2.77
Ethylene
Propane 4.25 5.11 2.94 0.18
Propylene 0.01
n-Butane 1.24 5.09 0.81
i-Butane , 1.43 14.58 1.30 1.45 1.82
Butene-1
i-Butylene 0.01
t-Butene-2 0.01
c-Butene-2
n-Pentane 0.19 1.99 0.16
i-Pentane 0.04 1.12 0.03 42.36 48.6
n-Hexane 0.02 0.82 0.02 55.12 48.83
n-Heptane 0.94 0.32
n-Octane 0.13 0.24

Total 100.01 99.99 100.00 100.00 99.99
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B.3 CRUDE OIL ASSAY
API Gravity ะ 35.0
Sulfur content: 0.829 wt%
Light Hydrocarbon Analysis

Wt % Vol %
Hydrogen Sulfide 0.00 0.00
Methane 0.00 0.00
Ethane 0.02 0.05
Propane 0.20 0.33
Iso-Butane 0.23 0.35
N-Butane 0.51 0.74
Iso-Pentane 0.83 1.14
N-Pentane 0.70 0.94

Table B3 Wide cut data

Initial Cut 
Point
(°C)

Final Cut 
Point
(°C)

Vol. Yield 
on Crud 
(vol %)

Wt. Yield 
on Crude 
(wt %)

API
Gravity

Cut A1 ' 0.0 78.1 5.8 4.5 -

Cut A2 78.1 100.0 3.4 2.8 64.8

Cut A3 100.0 147.6 9.0 8.1 55.2

Cut A4 147.6 229.6 16.4 15.5 44.4

Cut A5 229.6 332.5 24.7 25.0 32.7

Cut A6 1 332.5 373.2 7.7 8.0 27.8

Cut A7 373.2 850.0 31.6 35.1 18.5
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