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AZSTRACT

This paper pressnts an optimization schemws 5 335083 Lho ecOROMIC
operational benefits ussociated with the cogonerstion systema f{rom Lna
sty :trmpr: pergpective., The economic assessmenty are based oo
exenining the increass (n tho investment ccat for the alternative Deing
soaraidered relative tn the alternative o whicn it 15 belng eompared and
deterzining whether c=he savingas in prnaol cperating cost  pstifly Lhe
imcreased Lovestment. For this purpose, ¢ discounted cash [low analysls o=
mploy=d %o provids a discountec mesure of project worth such & the neg
present worth, interns] rate of return,or net benefit- investzest ratlo. A
srocduction similation medel 18 used to similsle the optlmim operaticn
problem and to dotermine the optimm opersting casl. A smsitivity smalysis
Far the mesr significant or unpredictable porumeters Ln the =conoild
gvaluation iz perforosd For oo albernative.

INTRIOUCTION

Copemeration can affer 3 method bo reguce the gmount of wW=ste enorgy by
nimiltansously procusing electricity and ugeful tharmal endérgy from o
comnon primary anergy source. Beaause of (ts potential for efTiclent wae of
CMMTEY; 1on 14 recetving logroasing attentlost from botn lndustrles
and ubilitins. In recent Years; new Fortors fEve amerged to  make
oogensrotion  inereasingly asttractive [1). Most ioportent das been the
anormous awealation of energy prices gwer Lhe last decade, whith hoa maoe
woergy =Ticiemey an loportant econemip Taetor (or sost industrial  snergy
ustrs. the overall &ffact of Uhese Factora has besn bo stisulabe interenc
In ocogenepFation od 2 meens to lower cnergy aoEta dnd to achiove nationsl
anergy conservation goals. Becsuse of the efficlemcy of cogenerstion
systems, they of fer economle banefits Lo both the Indestey bnd Lhe Loility.
Co-operative efforts betwsen industry »nd utilities can lead to tie
Implementation of the dptimm ongensraticn avatema, proviging Lemefity to
ipdustry, otilities, ond apcisty.

Cogeneration may be sn atbractive or an umatlrgctive component of an energy
atrgtegy in terma of 110 effects o capital and operating oests, what it
does ta consumption of oll and natural gas, tax effects, polluticon, .. &to.
Although cogenarution should be ewalusied as part of any plant energy
manggement program, srperience (2,31 has shown that (L con most esally b
Juseifiad under Lhe Fallouing olfeusstances:-

? development of gross-poots fenilibies,

® nujor exporslons o sxiating fecilitles wWhich inoredfe process  haat
demands andfor process energy rejection, and

® shen olg procesn mmo/or powar plant equipment is being replaced, offering
the opportunily Lo upgrade the energy supply sysStem,

Kiroy, et sl. (9] heve pressnted a typicsl syatem anslyais ond design
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procedure for developlng & ooat affective ocogensration facility. The
existing power syatem Lnoluded (our ges turbine driven gensrstors with
waste hest bollers, and stess plant consisting of seven Fired bollers. &
comparntive design analysis wes doveloped Cor the uprat and raferaishing
of tha ln:hmrﬂl oogenoration facillby. Sovera] uti-'?nu- [ ]
geaigns wers develaped for the gos turbine plant and compared with the o
mubatacion option on the basis of (nitial capital investasst wnd snmusl
cperating coat,

Kovasik  [5] has presented an oconomic annlysls proosdurs For cogeneratios
plants, Thes boos ocsss woB 6 provess hesting plunt te supply the stsss
demmnd and the alscbric demand wes supplisd from the utility. Dade Oase
haa the Llowest (nvestment cost , but annual cperating ocata were nigher
than those evailsble with cogenerstion alternstives, The econanis
svalustion [or each slterpative weas besed on the gross payout period.

Wohlsohlegel, st al. [6) have presented a Cypi=al system smalysis for
lngorporating & gos  Lurbine cogensrobion system (nto & repressntalive
industrial procesa. Four configurstions for issorporsting s gas ‘furbine
Ware prasgentad. A mothemsticsl mode]l nesed on L dlssounted csah [low and
the more commonly used simple paybeck evalustion teshaigues vere u3sd [or
the esnonio svalustion of esch oconfiguration.

The economjc evaluation in referesces [4,5] ore bosed on »  leea
sophdsticatcd Lochnigues, wech a8 ™ groas payout pericd ® or ™  paybeck
period ®. These techniques csn provide nn sasy method for quiskly ranking
gnd alimireting alternstives oot ooy b porticularly umatirmellve,
However; these bochniques are applicsble only iF the samia] opersting odsts
tlo not chenge slgnificantly with tioes. Thus, these techaiquees do not fLruly
reflest the profitability of & invescoent, neglect the Lifs of
assets, and do not Properly the time value of the money. llac, the
pacalation rates o the opersting cosizs and The pouer Plronassd sost ore
not teken into  conslderation. in refermcss [4=4], the optias
operation problam for each altermstive i3 solved over one hour sa »
repredentation for a3 year and the slectric snd

pasumed to be fixed during the yesr. Althougn the above sasumptiona hignl
Mimplify the asimilstion of the pperstion problem,

poaessment Y not  be acourate because bhe oost sffeotivonesa of
oogeneration ia grestly sfTected by the gmemio charscteristics of the
thermal and electrical loads.

This pepsr presents en optimizalion schess Lo sssess the sgonomis snd
operational benelits asscolated with the cogeneration systems from the
industry perspective. The economic ssssssments ars based on
exmnining the in Ebe investoent ooat for the  alternative peing
ponaidered relative to: the altenotive to which it is being compored and
deiermining whether the savings o anmual opsrating eost Justify the
increassd (nweatment. For thia purpose, B discounts= cagh oW snalysis is
enployed to provide a discoustod seasure of project worth such &3 the npet
present worth, Iintsrmal rate of return,or net benefit- investment ratio. A
production similalion model I8 used T simulate the optimum operstion
probles ond Co determine the optimm cperating cost. A sensitivity analysls
for the moat signiflcant or unpredictable parsmeteras 1in  the economio
evalustion is performed for each altermative.
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FROSLEM FORMULATION

The more oommonly ocogensrstion options [3-5] that can be used for
industrial applications are extraction steam turbines, back pressure steas
turbines, g@gas turbines, @Ea8 turbines with weate heot boller and  comblned
gycles (steam turbine and gas turbine). . Four cogeneration alternatives
representing the sore common options are used in this analysis to find the
post cost effective cogeneration Tacility. The firat aslternative is based
on the installation of two double extruction steam turbinea. The asecond
pliernative conbaina three types of the stoam turbines (double extrsction,
single extraction condenaing und noncondensing). For both the firat and the
aecond alternatives, the electrin demand 18 supplied by the in-plant
peneration and the serving wtility compmny. In the third altermative, the
existing atosm gemeration (bass case) (s supplemented by adding Uhree
unfired E08 turbine and an associnted heat recovery atess gensrator system
(HRSG). In the fourth altermative, supplesentsry [iring burmers are locatsd
in the HRSG inlet ductwork of the third altarnetive to incresse the stoam
genoration. For both the third and the lMourth alternatives, the slectrical
power genersted peeta the electric demand and provides a surplus for aale
to the slectric utility.

It is required to asaess the economic and the operational Denefit
as=oclated with a cogemeration systom, in stead of tho traditional wsodes of
separste heat and power geperntion, rrom the {nduatry atrateglc
perspective, For this purpose, a discountssd cash [low snalysis L3 esployed
to provide o disoounted mmsure of project wortn such as Lhe net present
worth, intérnol rabe of return, wnd net benallt-lnvestment ratio. The
discounted cogh flow onalysis Ia based on the net inoremental oot end
beneflt that fomm the incresental cash flow. The lnoremental bemefit of
vach cogeneration altersative to supply w certain electrie and process

cogeneration system and the sxisting boiler syastem, in atead of pirchasing
the eslectric energy from the uotility. The incrementa]l cost of each
aogeoeration alternative consists of Lthe fuel chargssble to power,
operatian ond maintenasnce, Insurznce, locml tax, Anteresl on the debt
sorvios and electric emergy purchass oGst. To determine the benefits and
205ts far a cogeneraltion system, 3 production simulation model 15 developed
to ssclve the optimm operation probles for sach atate with ecertaln
combination of electrio and sleam demand. To extend the bonafit angd sost
over each year of the cconomic Life of the project, the effect of inflatien
and real prica inoresses is taken Lnto mecount.

Production Simulstion

The production simulation model in used to solve the optisum operation
preblam for a coganeration aystem for sach state (certain combination of
. electric end steom demands). Th#h-mprﬂlm;: 4 steas
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strategy for a gas turbine cogeneration system i3 to operate each unit at
its maximum power, and the process steam demand is supplied partially or
totally from the thermal energy recovered from the exhaust gas by using a
heat recovery steam generator (waste heat boiler). The shortage of the
process steam demand is supplied by the existing boiler system. The most
efficient utilization of the waste energy is the key parameter to nminimize
the total energy cost for a gas turbine cogeneration system. The
optimization model to the optimum operation problem of a cogeneration plant
my be split into an objective function and imposed constraints.

System Constraints

Each cogeneration asystem is subjected to several constraints. For each
turbine (steam or gas) the following constraints should be satisfied:-

a- Electric power constraint

For the steam alternatives, assuming linear steam-flow versus electric
power characteristic curves for the steam turbine generator (double
extraction) and constant fraction and heat losses, the power equation for
trbine { may be written in the following form:-

s PG, = M. Khi + M Koo+ iy Kn- l..i(i - (1)
PG, is the generated electric power;

M. Hmi are the high and medium pressure extraction flows;

My i3 the low {condenser or exhaust) pressure extraction flow;

‘h.i' Km, Kli are constant coefficients; and
l&l is the loss constant.
For the gas turbine alternatives, the generated electric power of turbine i
is given by:

PG, = T *Q — (2)

Uhere,
1-1 is the thermal efficiency; and

Y is the rate of fuel consumption, KW.

The total power generated by the turbines plus the interchange power of the
tie line {Ptl) is equal to the electric load demand (LD).

This constraint is given by:-

NT

\here,
NT is the number of the turbine units.
b- Capacity limits constraint

The output power of each turbine 1 is restricted by its upper and lower
limits, hence;

PGy (min) € PO1 € PO; (max)
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The Generalized HNetwork optimization technique (7] is used to solve the
steam turbine optimization problem. The cutage for coch unit due to routins
maintenanoe can be simuloted in the networik technique by limiting the
throttle are Flow to zero. Under the operating atrategy for o g83 furbina
cogensration system, the optimiration problem can be easily solved. The
ocutage of esch unit due Lo the maintenance 15 similated by solving the
cptimization problem with cutput power and exhaust gas for thia unit
limiting to zero. For esch state, the optimm output power, fusl
consumption, tle line power and the total smergy cost are determined hy
solving the optimization problem for each alternative (steam or gas). The
process stesm demand (4 3atisfled for esch state during the norml and

maintenanece periods,

D!snmrﬁedﬁaﬁhﬂmlmlﬂh

The diacountad cash {low analysis {s based on the net lncremental costs and
benefits that ferm the net cash flow. The internal rate of return (Lhe rate
of diasceunt at which the present vslue of benefits is wade equal to the
present value of the project costsl, the ot present warth and the net
btepefit-lnvestment rabio are caloeulated for each nlternative to determine
the most edonomic cogeneration system. For a ocogeneratlon system, the
locremental ecosts are the fuel chargesble to power, cperation and
meintenance coat and Lhe associated taxes on the capitsl cost  while the
inoremental beasfic is the pover revenue.

Once the optimm operation problem of esch cogenerstion system is solved,
the output power, the fuel consumption and the tie line power can be
dotermined. To determine the onnual benefit and cost, it is required to
solve the cptimfzation preblem over all lsad states. So, 1t is essential
thot loads be modelled in detail to accurately determing the lmpact of o
cogensration installation. The daily chronologicsl data of the steam and
electric demends are represented by probabllity distributions. The
probabllity distributions are sonstructed by estimating 5 range of values
for each load ond then assigning the probabilities of ccourrence to values
within thet range. I each load is eatimated by its optimistic, mean, ond
pessimistic values, @ beta distribution should be litted to these three
polnta, with a standard deviation of 176 of the spread between the lower
and she upper bounds. If thase estimotes be demoted by b, &, and m,
reapactively, the mean (/) of the correaponding distribution is glven byt

pai2Bed — )
and itz standard ceviation (e*) is given by:
= 2zl — (8

Assuming that the stesm demand 15 required at thraes pressure levels witn

{ndependent distribution, the probability of n stete k ( a combination of

:;u-madﬁrtumdmnmn—nddutﬂwnmlmhmtm in
Form:

3
b= PE )8 T PCS, ) e (9)
Tl RAy A
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ihere,
P {5 the probobility of the atate X;

k
F{I':L} is the probability o a certaln value of the eloctrie demind; snd

F{Sl ) is the probability of the jth value of toe steaw distribublon ac
1 the (th presaure lewel.
For each alternative, the tclol power generated for all the states (TPO)
may be written tn the form:=

Ca¥x o o8 Pk - (17
\nere, . I
Pfst 18 the Bubput power for shabe K.
By asinilar sorner, the M=l consaption and the tie line power Mo all
the stolea can be onloulabed, The anmual electric energy production neoef it
Elt) for year 1, s equal Lo the anual alectric energy prosuced during zhe

pormal  and PAlntensnoe periocs multiplled by the per unit energy ovolded
¢ogt. This ralotion pay be written in the following formi-
T

Elt]!['i?ﬂn"fn-rt th.-rl}lmm - {11)

e, msl
b7 . H'ﬁq are the outpul power during the normml and meintenanos

= pericds , mmiveltn
Tn'Tu are the numbar of normkl ond  =minlenance doye  per
yeary
BT L= the total mumber of urblne unlis; and
EC(x) is the per unlt aleetric purenaas sost Jor the year t.
e annual incremental cost C(e) for year ¢, Lo glven byt
where, C{8) = FlL) « OMCL) « I(R) » Ep(t) « A(%) —= (12}

Flt) I3 th= cost of fuel chargeable to powerj
ML) i3 the opersting and maintenance coat)
TE) 1a the intereat on the debt service;
EP(t) is the energy parchase cost: and

AT} is the Insurance and local taxes,

For sach year of the sconomic 1ife of the project, the therml and elsctriec
lons growth, the rate of real price change for fuel and power aag tha
effizob uriinrhum Lo Lhe cperstion and maintemance cost are Laden iate
m.‘ml

the Lneremenctal cgsh Fiow CF(L) for year t, 45 gaven byi=
CFit] = (1=TI*ELR) = {1=TIRC(L) « ToDIL)} + ITC - Pli) - (13}

Di{t) la the deprecistion in ye=r t; and
Plt? hmprimimwmu-r{gmwt.

The discounted naah fiow DF(t), for the incremental casn flcw i), w

year & in given by:-
DF(L) = CFit) » FlF(s,t) = [ 14)
Where FWE(1,5) 1o the pressnt vorth fector for year t ond interest i,
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The accelerated depreciation D(t) for year L 1s given by:=

2(L=t+1)
Where,
Io is the initisl investment;
5 is the salvage value;
L is the number of years of the econcmic life .
The principal of the debt serviee P(t) for year t {s given by:-
t
Pt} = o 4 ID} - (16)
And the interest on the debt service I(t) for year t is given by:-
t-]
I(t) = DR( ID - = Pli)) - (17
where, i=)

ID is the debt investment;
DR i3 the debt rate.

The Lnoremental cash flows ( the cash flow differences between cogeneration
alternative and the base case) are discounted and aummed over the economic
life of the project to arrive at the Net Present Worth (NFW). The higher
NHPW the higher project contribution to the net worth of the equity
inveator, Th> internal rate of return and the net benefit-investment ratio
are also calculated for sach alternative to find the most economic
cogeneration aystem. The net present worth (NPW); the difference betwWeen
the present value of the alternative revenuen and costs, is given by:

L o) s

NP = = e e IE L)
t=1 (1+i) (1+1)

i 'L! the {pternal rate of retumrn;
II-: is the equity investment which is given by:-

L=T-
Eq. 13 1is used to calculate the internal rate of return, (the valus of 1
at which NPW =0).
The net benelfit-investment ratio (B/I) is given by:=-
L er) s
B/I=( = T * T 3/ IE
t=1 (1+i) {1+il)

The project is profitable as long as the net benefit-investment ratic (B/I)
is greater Lhan 1.

SENSITIVITY ANALYSIS
1f the factors { initial {nvestment, costs, reverue, salvags value, and
economic 1ife) that enter an economic assessment problem were Known
certainly, the svaluation of the Iinvestment profitability would simply be
a deterministic analysis, and there would be no need for a probabilistic
study. However, the values of input factors [or most practical problems are
not accurately inown and there is usuelly uncertalnty asasociated with them,
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Te fully understand the sconcmic attractiveness of a cogenerstion project,
it {a important to perform a sensitivity analysis for the most significant
or the most unpredictable parameters in the economic evaluation. For a
cogeneration plant, the most significant varisbles in determining its
esconamic attractiveness are the electric rate, the fuel price, and Lhe
capital » A particular use of sensitivity analyais is to take high,
low, and medium values of the key clements and compute the value of the
measure of merit( internal rate of return, net present worth and benefib-
investment ratioc) for various combination of Lthese three Ievels of
esstimate, thus providing @ range of possible results,

APPLICATIONS

To determine the economie and operational benefit essocliated witn o
eogeneration system, in atead of the traditional mode of separate heat and
power generation, four cogeneration alternatives are considered and the
dlacounted caah flow analysia is used to destermine the most profitable
cogeneration system. The performance analysis for each alternative is
studied Lo determine the most efficient cogeneration alternative from the
efficiency point of visw to determine whether the most econcmic alternative
is the moat efficient or not. In the base case, two oil-Tired process
boilers are installed to supply steam to the plant 400-Psig stecam header.

Each of the plant requirements, the process steam snd the electrie demands,
is representec by a probability diastribution. The probability distritution
is characterized by mean and standard deviation (4, ). The proceas ateam
demands are supplied at three pressure levels (400, 150 and 30 Psig). The
thermal epergy s recovered from the steam at the Lhree pressure levels hy
three proceas stean demands, and a mechanical drive back pressure steam
turbine, The probnbility distribution of the process steam and the electric
demands are specified as: (50,000 Kg/hr, 1.56), (100,000 Kg/nr ,3,33),
(180,000 Kg/mhr, 6.67), and (L5 MW, 1.66) respectively. The schematio
diagrams of the steam turbine altarnatives(} and 2) are shoun Ln Fig. 1 and
;:g. 32. respectively. The gas turbine alternatives (3 and 4) are shown in
‘I .

Test system
The steam turbine alternativea contain four types of steam turbines. The
‘data of the steam turbines are taken from [8]. These data are:

‘" Type 1. Double extraction ( noncandensing);
 Steam [low limitations are: X2 & 285, X3 £ 180, X4 € 137, 5 < X5 £ 70;8nd
Power flow limitations are: 7-5 ¢ PGl £ 18.74,

¥ Type 2, Single extraction ( noncondensing);
Stess flow limitations are: X6 & 148, X7 & 140, 5 & X8 € 80; and
Power flow limitations are: 3.5 { PG2 £ 9.4.

* Type 3. Single extraction (condensing), condensate at 0.5 Psig;
Steam flow limitations are: X9 & 148, X10 £ 140, 5¢ X11 ¢80; and
Power flow limitatfons ars: 7.0 £ PG3 £ 18.8,

* Type 4. XNoncondenaing (back pressure);
Steam Mow limitations are: Xp ¢ 37; and
Power flow limitations are: 0.2 ¢ POl £ 2.
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rote of recurn (U8.T), net present worth (12.48) and benefit-lovestment
retio (2.08), The internal rate of return of any altermative ls nigher thas
e internzl rote of return Fequired by the {oveators for  cogenécatioo
projects (201), thus cogeneration {3 sxtremesly attractive.

Fig. 4 shows the affects of changlng thy capltal cost, the electricity
mate, and the fuel cost on the net benefit-investment ratic. The breskeven
WUne is the daahed line at which (B/1)at; below this line the project s
mot profitsble. If the electricity rate iy decreased by 8% or the fuel rate
is {nereased by 11%, altamatived 2 and 3 becooe non-profitshle. The
foetors affecking the profitability of cogemsration project are the
incroase in electrigity rate and the decrease in bolth the copital cost and
the fuel rate

Table 1 Altermative Ferformance
E Performanse parameters] A1E.1 (MW)] B1L.2 (MWD} ALL.3 {1-|.|:I ALE.4 l.!-lHE

!]_.;. pouer generated IT.0 ur.5 65.4 851
RESG o= - 118.4 260.5
Boller syrtem (B.5.) 250.5 ata.5 we.n .
Plant leads 0,88 .38 —i . -1, b
Tobal output energy 2af, 52 0732 324, 08 243
Gaa T. fuel input - - efil.0 61,0
B, 5. fuel inpuc 47,0 015.5% -6 -
Burnper [ual fnput - - - 138.6
Total Lnput efergy 57,0 515.6 R38.5 399.6
Therwal Effictency 3 85 L 75 a1

Table 2 Caah Flaw dnd Discountesd Cash Flowe Cslsulstionas

| r T r

Toar al Live 1 ve @ | Altermative 3 | Alternatiwe & |

|- ERE T DRt DR DRCET-| DFCE T | P -| P rer T BT
o =75 =7.5 | —9.85 -2-&5 =101 j=10.81 {-71.56 f=11.56
1 .5 3.01 5.0 2 | 5,96 5.7 782 6.29
F 2.97 2.11 | 2.87 | 2.06 | 3.81 2.59 .97 3=57
3 2.95 W9l 2.67T) 1.6} 3.3 | 2.08 { R.B7 | 2.9
& 230 1,53 | 2.51 1.30 | .20 1,65 # 80 248
5 2. 58 .30 | 2.35 .03 1 3.0 1.32 BT =.08
h 3.04 1.73 7 2.28 0.8} 2.82 1.05 B 70 1.74
7 3.18 | 0.99 | 2.04 ; o0.84 | 2,61 | O0.B2 | 4.80 | 147
8 31.28 0.87 1.97 § ©0.52 | 2.4 0.58 &.63 1.5
9 Juz D77 1.683 D.u1 | 2.19 Do R 1.05
Iﬂ 3.53 Uiﬂ ‘IH 'u-“ 2-“3 n‘l-ﬁ J'l'l?ﬁ l:L'i'l
i 1.50 &.24 1.50 | 024 | 1.50 o .50 | 0.28
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Fig. 4 The effects of changing the capital cost, electricity rate,
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OWCLUSION

Cogsération 13 sost [eveurable In aress with high 2lectricity retea ang
low fuml rétsg, since the system ecopomind are moat dependent on the valoe
of tha alectric cotput snd the fuel conmeapiion.. The electricity ond fuel
costs Lhat emist today eoreste great oportualities for cogsmeration
investmont. As more d;nl:r-u- utilitles bring on line expenalve new cosl or
nuglear bing capaci the difference betwesn fuel &nd elsstricity
costa  wlll eontimue to y Purther enhancing the attrectivensaa af
cogerraticn, Cogeneration, ond gas turbline Systess in partloular, offer
tha potentiz] for substamtlal cost saving bo industriz] eswigy users. Gad
turtine oystes wilh waste heat Smiles cea provide attrastiwm [nvestasnt
oprion® to snergy islensive proosss industries, and meet g wids rongs of
anerfly demsnds [y  eticious aelsction of 2 alternstive oosponmnts.
Cogeneratlon systsm enhanomsantd such B8 Durnerda can provide  very
attrpotive (Incressntal {nvestment opticns which can  loprove  tha
prefitabllity of b gas Wrbine cogenerstion projeckt,

The moat &fTicient cofernsrstion plont |3 pot alveys the soat proflbisble
e, The site specific lomds and eguioment charscteristie, the tax atatus
of the s=ility owner amd Che slze and cperating mode off & cogoherstion
syatam nll play sn  loportent role I determindng whether orF npet a
sogeneraticn (nvestment will provide an acoeptsble returm, The Clasnoisl
incentives, alepg Wwith the Ilncressing Lhterest on Ehe part of elsobtpio
ptilitiss, have oreated & Wide range of spportumitiss for cogenmrsiion
aystoma.
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