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E.SO R.M . El- Dewieny , S.A. Farghal, and A.M. Riad 

strategy for a gas tur bine cogeneration system 1.:s to operate each unit at 
its maxinum power I :md the pr~.:) !It-call ~nd 1s :suppl1ed partially or 
totally from the thermal energy recovered from the exhaust gas by using ,] 
tint recovery steam gener ator (waste heat boiler) . The morcage of t.'1e 
process steam demand is supplied by the existing boiler system. roe most 
/!fCicient uti lhatioo of the wash ellergy 1s th. J{oy p;lrOJDCter t o oinialize 
the total energy coot for a gas turbine cogeneratl00 3ystea. The 
'l!timiza:.l00 lIDdel to the optiJ:I.ZIII operation proble!l of a cos;eneration plant E, be split 1nto an objective li.mction and iaposed constraints . 

~~_Co!!=~~~!~!~ 
E3dJ cogeneratlcn systen l s subjected to .:several constraints . For each 
btbine (steam or gas) the following constrainta should be satisfied :-

.... El8Ctd=_f!£""~C-eon~~!!~ 
F::r the stea:n alternati ves, aSsuming linear steam- flow '/er::sus electric: 
power character ist i c curves for the steam turbine ge~erator (doublu 
ertraction) and constant fract ion and heat 1~3es , the powel' ~uation for 
tlr~lne 1 may be ..... ntten i n the followi ng form : -

_e, 
"', 

PG t = Hhi "rti .. Mmi Knli + '\1 K1C LXi 

i.5 the gener ated electr i c pow~r; 

arc the high and medium pressure e xtructioo flous j 

(1) 

~rl ' ~ " mi 

"U is the 10'''' (condenser or exhaust ) pressure extraction flow; 

~1 ' lCrni , Kl1 aro const ant cocfficicntn ; nnd 

U(l is the loss constant. 

For the gas turbine alternatives , the generated electric power of turb1n~ i 
is given by: 

- ( 2 ) 

the thermal efficiency; and 

~he ratQ of fuel consumption, KW . 

1be total p"",er generated by t.'1e turbines plus the interchange power of the 
tie line (P

tl
) is equal to the el ectric load demand (LD) . 

This constr aint is given by : _ 

NT 
:0: PC! + ?u "LD 
1=1 

-- (3) 

""'--, 
rr Is the number of the turbine unit.:s . 

I>- cae!c!~L.!~~~tralnt 
the outp.lt power of each tu rbine 1 13 res t ricted by its upper and lower 
l.I.m t.:) , hence ; 
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T>Ie Qof\er :ollied )lotWOl'k opt.'--ll .. tlQr\ ~mlq •• 71 la ..-I "-0 W;"" u.. 
8 wrtlir.e opt.aiutU." prdIl •• n.. ..... ~ rl7 .c:t) IIIIlt Il..f' "'""'tI,,~ 
_lnt enanoe '>& A boo al .. 1:I1.O<I 11I tn. ...t-" _I,... b1 :Uo111t\C tIM: 
T:hr ot U. gr~ now to z .... o . IJndllr the o"' .... Un. atnlt4CY for .... ~Jrbj, .. 
"" ...... rott"" .y~rm, thI optllJdU':ian pr"OtIl __ till .... I1J ~l~. n.. 
().ItaGJI ~ ..... "nH _ to tIM: ain~ II .. latl..:..04 b7 .. hi", the 
opt 1lll. .. Uan pr~ wttll .... tplt ~ _ ~t p.I ror this 1.WI:t. 

l1111iUnr. to 19ro. ror..an atote . tho opti.&n QIIt;.o.It J><,lWrr, ruel 
~ti"" , H<I liM J>OIoII"" and tr..t total -cY _t _ ~"tod ~y 

..,lvUI tho! op!\r:uu;ioa pr<>tol_ rOl' -= al~t1 ... (a~ Ol' IN). n. .. 
","ooe.ll ,,"'- ~ I. S3t1~11d rl7 -= atlt.. ~r\., u.. __ ..w 
"", intoNlflce Pl'r1od ... 

Dlscou',t od CIOSIl now Wild .. 

The dI3C>CUnt.ed cull n .... _ly .. l .. ~ 1:Iu1d "" U\l'..at 1J"",_"u:: oon._ 
t>en~rtta th.n r~ t.ha .... t calli n""" Thl Int_l .... t.a "r n:wrn (t". r.te 
or :l1,.""",t at 1oIhi<il tile pl"ea«lt ""lw or -rl~ I, -:. equ.tl to til<:! 
F_~ ....w.e of !.he project c:QCIL:5i . tho' oet p~t _til and U.a I0Il; 

beno:rt~ _\n_~t ~tlt' at"I caLoul..otld ror -.tI .1~t~ ... to *t_ .... 
:00 .,.,.t ~c co&" ...... ""!an 8J"teoJ, For.1 ~.t.I..., .y"tor:o, U ... 
• ' '''' Lt.U _u _ u... t\Iel enor .... bl. to _. ¢IIrIt • .:.n aM 
"ln~_OI! 'DB!.uocI!Joe _ I-.eeI laUD"" !hi' '-"P.t... lOSt .... 11. :hi! 
'~~.t.l M.-.f!t 1.1 tt'.c ~ ....-. 

c.,,,. t...,. opU_ oper.tton pr :)<lle. of' ..en ~"uon ,yats!. 15 :solved , 
• ~ ""tput P<lWtO", ~ rIO"" ;:nn"~tlon and u .. ta lIn~ """"'" "'"' 1M> 
<:<:t.em:1J>e<l . To ~...." ... u.. -..J. berlert~ .. ,d OJOIIt, It I, 1"Iq'~11"f'd 
"",1~~ "he <:Qtl&1utlM f"'Cbl_ o¥er .U I"... ,t.t..... "t~ U e:.:!anUll 
!hIt 10LId:I be ~Ue<l tn ~_Il t:I .,.,.,.,.aUly Qet.el"!ll1ne the .q,.ct. or • 
""~."""':Ion . no.tlllition . ,. daily c:hr'onotocla.1 dati 0/ tl'A at ..... and 
.. t""u:o 1 _ .... '. I .t.d bf ~ollltJ dln.r1but l""". ':l-.oo 
p.-ll1ty ·i1nrJbuU_ .... """,,~etad !!!)' .. t:.>lIl11 a .... n .. of yd, .. 
rOf' eaeh leD<! ona IIwn assllJllnl tho Pf'OI-0IUtl"" ~ ocoorren..,.. ,_ "ol~_ 
wi thin t:1llt '.... :r -=rI lC*I 15 .. tt.tod ~ It.!! optlod"tlc , ",..",n, ,,"n 
!"N1.atlc ".1.1>_ • • lIeU dUtrl""Uon abaJl a III n~4'<1!A t~ .... " ,-... 
polnu, .nth • ~t.IftWrd 4ortlltion "r 116 of trw ~.....t ~t.--. t"" ;c-..... 
ana thI """'" bcunda. It u- .. tlllllt_ til clenM..d ~J b, " _ II, 
... ~hlly , the _~ ( .... ) of the ~\nl di.tdbutlgn II al"~'" by: 

. -. • 
- I7J 

- (8) 

A$1Ul::I.~S that tlle.~ _!III 11 .-.;ju l,..., . t til," pr_n I ... la Wll.<r. 
l~t dul rtbutlon, u.. .... oc.OIHty of' • • ut. k ( • OCIIIDlllOIt\on of 
e CIft"t.&Ul electrlo &011 pr-. .tea. _ na llio t rlbutlOl'l l can till wrHtan I, 
tile rcra, 

~k .. !'Cr" ) • . .- ( 9) 
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t .... lUI ~re ; .... 1. 

or ___ ':_''"', \I',.:.cu.1 _ pc .. to<l fC<" .l! • .,. ,Ul"" ' TJ"J 
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':'?'; ~ ara t/,,, ""t.;>ut __ """ .. ::.e _1 _ .. \l':t.<.: 
p&rl od • • noopeotl<clYi 

'. 
n 
£CI.1 

a c. ttw rrnm. of "'" ~.M ,.\-... 0.,. />Or ,-, 
~ \he ,_1 nudloc!r of Wr~l fto "'''t., _ 
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err"", ..c idl.tt"" t.o u.. _.ttan .-.I "",,",~oe .,...t..-- '...or.. ,to 
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1::.511 R. It. U --Doewi.ny, S .A. rarahal , lind A.H. Ri.c 

Tho acoolcrtlted dcp-ec1l1tiCl'! D(t) for Ye;lr t. 1& given by: ­

-" _ .m.- t . l) ( I S, 
~ - -rrr=ry- 0 -

Where . 
!:l l" the Initial inves!".llle:'1l.; 
S 1" the salvage value; 
L III the m.cber or re;r,r" of tiw ecOl'lCmic lirlt , 

The principal o~ UlIl debt ser ... loe pet) f or yeer t 111 g1ven by:­, 
p(t) : ..,-- { II>} 

Md tM int ..... 8S~ 00 the debt senlee Ht ) (01" YMr t i" Bi'.·~ by:­
'-1 

Ut) = DH{ ' 0 - ::E: 

1=1 
1'(1) ) 

'oChere . 
IO • ., ~ deat 1 '1_taent i 
DR :., the debt ri tl. 

--- (15) 

(16) 

The Llloremental <Ulan flewD [ the elan flaw dlfreroncea \leb;l'er\ OOICfIenlt.lcm 
,,It.crnIlUve l'ld the base cUll yr. diuCOJntld lind 8UIIned over t.l'Ie econcn.lC 
lUI of the Pl'O~t 1.0 arri'.'O [It th&!let I'reaent Worth (IIPW). nliO hiKhet' 
llPW the hlg."1rf' project contri.'cYtlC1'! tQ Ull1 nllt worth (If the equity 
In"clltor" . Th,~ tnt.""l /';It I of Mum and the net blmertt-Lnv."t.2nt ratlo 
art ~ bo C<llcu.liIte<l (01" .. ch lIltcr nattve to fln<J the IIIO&t eoon~c 
cogcncrat 1C1'! !Iralem. The I'Iet i)rellent 'oIorth OIPWI ; ttle d lfrf're betweetl 
the prcllent ,:,11,11 or t he dternatiyo rC VCflUe:I lind costa , Is a 1ven b)r: 

L cr{t) S 
IfP'J" t~l ~ilt" ("i:t)! - IE -- (la) 

~. 
I 1.3 t.'le _~ternol rote of retum; 
IF; Is t:'1C ~ity In ... e,,tclent Wh t oo b gl ...... by: -

~. 18 III <!led t.o cal C1Jlate the internal rllt o! of retum , (\he vIl~ of I 
It wluch II?'~ :0) . 

The net bc:".ent -i. nv~t.I!II!nt ~t !o 

L 
8/1;(r 

t: l 

(B/ I ) ill livvn by: _ 

__ S_(l/IE 
(1~1l 

The pM)jI!et. 1~ prot'1table '" long all We oot benefn -I r .... estment ratto (BIn 
1~ II1'llIiItflr ~n 1 . 

S£iISITIVlTt ANAUSlS ---------
If th, raot.ors ( i nlthl In''t8t!llent, OQ!Its, 1'e~(!faIe. lI<l1YOg' val U41 . and 
ec:oncai~ Ufe) the-. ."ter an eoonOlCdc ~e6sraent probl_ were known 
oerntnl), . the evaluation or Lho 1n" t~t pt'ofI~bil1 ty would ~1q:Ily be 
.. oet tr~nl.tlc aoolysl/1 , IUld there would bot no ~eed for a probabiUstic 
atud)' . ~~er, tllo nluas of ir;put r.ctor$ ror!lOSt. proctical problll!lll:l are 
not ItOCI.Iratelr Knc:wn Snd U,tlrtl 111 WlU811y r.;noert.alnt)' lOSOCilltld ... tUl thear. 



I4anscura I:lJllettn Vol. 11, No. 2 . ~r 1986 E. So;, 

To f'Ull)' ~t.and Ule eoona::ue attractl_u 0( II coe;eneratlcn project., 
it la r.oruont to perform II aenaltivlty nnalydll for the _t ailP\l.nc.n~ 
or th~ 8)IIt UI'IIlredi~table par~.n in the eoonomic ....aluatlm. For • 
cos_ration plant , th. _t sli1l[f1ew.t. war..ables in cIct~nlni It~ 
8IXII'ICD1c attractivenesl are the olootria "te, the ruel priC41, and tho! 
Clll'1t..1 cost. 1 po.rtlouUr a.se of aenalttvity anal)'ala is to tMC hl li11l, 
low, iI~ medlu.:a vallJe8 of the key ele.enta and <lOIIPIt. the vilue or :"'1(' 
I'lIaIIUre 0( merU .. ( i neerrw.l rate Of retlJrn , net pr08et'1t. worth and berleflt._ 
illvcstmlmt rat io ) fer ... orlOl>II OOIIblnatton oL tnoee thrM l_u er 
.. tl.ote, t~ providing 8 MInge of p<>"1ble r-..lb. 

APfUCl!ICNS 

To detl!nll1nc U1e ec:onoml.o and operatiOl'lOll ben.flt ~iatwd 'oIit.., a 
oogcnerati01 a)'lIt.Q:I, In IItmd of the trad i tional mode or sep!ll"3t.e hNt .nd 
po.oer lelMlrat t(ln , raJr <XlgetM!ratiOll dt.ematlves nre QOI\51~ and th .. 
discounted ca3h flow analyst:l t a usm to oet.er.l1ne the c:DIIt pre!'itabh 
oog~eration l ),:ltew!. The perrOl'llDnOtl a~I)'3l:l for each alternative I II 
Itvelled t.o I:Ieteraine the ~t e(f1elent OQ8e'W"Iatlc-l Alternative !re. thu 
arfle1M1cy pOint of view to dfiterm1ne wh.etbeI" :he -.st e«IIlCa1c dten'lltlve 
is the ~l eff1el..,t or noL. In tl\e bNe ta3e . two otl-f1rltd proee!l.:l 
ballorll ;lire ll13t;alLltd to -'lIPPly st_ to the plant 400-fslg st(Q1l '-!er . 

(lid! of the plant requir-*lts , the prQ0e3.S IlteiI:Ii and the eleet.-1e deirond::s, 
1.1 reprllHnted by • prQt.bil1ty dbtrlbu~t.Qfl. The prooot)ll.!. ty di.lltrlwtlon 
1~ ~racterlted by .. n and se.ndard deytat~on (I". pi ) . itAi proce33 3te<l!ll 
d_w or e s.uppl1l'd lit thr_ pre31lUre luY¥u (1iOO . 1$0 nnd 30 Pdll). The 
~l etIoef'O 11 reooYered fra:i the ste9il at the three pT~SI5\1re level~ by 
thrw pI"O(less s~ daaand$, and. iledlanlcal I1r l ve MCIt pr~.Jre stC3t'i 
turblM. The pl"QbnbtlitJ' d1.str1butlOfi or the proc~lls st_ and t."Ie al«:ltnc 
rnmKl..1 ar. ~lf1ad .. , {5O ,000 iC&Jhr, 1.56), (100,000 19Ihr ,3.33), 
(180,000 1C&hr, 6.61) , ~ (lIS KII , 1.66) reapect.1Yely. '!}yo 3dIonati~ 
dtava- ot the st_ wrblne alt.ernativliIOl l and Z) .re :Jha.in in Fig . I on1 
fig. 2 , rtlSpectlvely. n,e au turn!,.. oltemati_ () arid II) ar .. 3nowr. I., 
fig. ). 

T,.t set<en 

The .s~ turb1,.. all«""Mtivea contain fool' type:l of IStoaa. W" b1net1. Th<it 
d<Jta of the :It..ee& turbln8S :are taken froll (8J. These dJlta tor.: 

I 1)'p(! 1. Dcuble elftr&Ction ( nonoondan.sil\il ) : 
SteDII nOll Uatb,tlOllli are: Xl ~ 285, 13 '" 180, X4" 1)1. ~, X5 -6 701lrd 
Power now l1Ja1tiltions ani: 7.$" PCI ( 18.74 , 

I Type Z. Single extraction ( lXlDOOIKieflStn811 
St~ flQw llaitotiOllli are: 16", 1'18 , r ( , 140 , 5 ( xa , 80: and 
~ flo.t l1m1t.atiOllli are: 3.5" PG2 " 9.1; . 

I Type 3. S~e ertrao::tlon (oondensing), cond~te at 0.5 P31S: 
St_ now lLmtlUons are. X9", 1~ , Xl0" 140. 5 ~ XII ,80: aoC 
Power now Ulliuttons a~, 1.0, PC), 16.8 . 

• Type 4. lI'tI'ItIOI'Idens11lS (bAc;c pr e$SUl'e)j 
aten f10I ltlllltllt.1ons are: Xp' ]7: aoC 
I'CWi!Ir' now llJ:I1l11tions ~: 0.2' !'Gil ~ 2. 
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