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Exergoeconomic performance optimization for an endoreversible regenerative
gas turbine closed-cycle cogeneration plant
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Finite time exergoeconomic performance of an endoreversible regenerative gas turbine closed-cycle cogeneration plant coupled to constant
temperature heat reservoirs is investigated. The analytical formulae about profit rate and exergy efficiency of the cogeneration plant with
the heat resistance losses in the hot-, cold- and consumer-side heat exchangers and the regenerator are deduced, respectively. By means of
numerical calculations, the heat conductance allocation among the four heat exchangers and pressure ratio of the compressor are optimized
by taking the maximum profit rate as the objective. The characteristic of optimal dimensionless profit rate versus corresponding exergy
efficiency is investigated and the effects of design parameters on optimal performance of the cogeneration plant are also analyzed. The
results show that there exist a sole group of optimal heat conductance allocations among the four heat exchangers and an optimal pressure
ratio of the compressor which lead to the maximum dimensionless profit rate, and there exists an optimal consumer-side temperature which
leads to double-maximum dimensionless profit rate.
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Se investig el desemp® en tiempo finito de una planta de cogendmdaie gas turbina endoreversible regenerativo de ciclo cerrado
acoplado con una reserva de temperatura termal constante. Se deduce la forritida pagd la ra@n de ganancia y eficiencia de eriarg

de la planta de cogeneraai con las perdidas de resistencia en caldo, yrlado-consumidor intercambiadores termales y regeneradores,
respectivamente. Mediant@lculos nunéricos, la asignadn de conductor termal entre los cuatro intercambiadores termales y de taza de
presbn del compresor es optimizada tomando como objetivodgima taza de ganancia. Se investiga las cafatiteas de las dimensiones
optimas de taza de ganancia versus la daegficiencia correspondientej @mo los efectos de los ganetros sobre el desenfjmdptimo

de la planta de cogeneraai. Los resultados demuestran que existe un solo grupaptimo de conductores termales entre los cuatro
intercambiadores y una de taza de pyasilel compresor optima que resultan en las dimensiorgesnmas de la taza de ganancia, y que
existe una temperatura optima de lado-consumidor que resulta con una taza de ganancia de dimensionismable-m

Descriptores:Termodiramica de tiempo finito; desemijpe exorgoecodmico.

PACS: 05.70.-a; 84.60.-h

1. Introduction Exergoeconomic (or thermoeconomic) analysis and opti-

The h d . | q mization [21,22], combining exergy with conventional con-
e heat and power cogeneration plants are more a Vaméépts from long-run engineering economic optimization, is a

geous in terms of energy and exergy efficiencieg than plantﬁalatively new method to evaluate and optimize the perfor-
which produce heat and power separately [1]. It is important - o ce of energy systems. Salamon and Nitzan [23] com-

to determine optimal design parameters of the heat and POWHihed the endoreversible model [2-13] with exergoeconomic
cogeneration plants. Finite-time thermodynamics [2-13] is

ful | f Vi d L ; h analysis [21,22] for endoreversible Carnot heat engine. It
a powertu tool for ana yzing an optimizing various ther- ¢ termed as finite time exergoeconomic analysis [24-30]
modynamic cycles and devices.

Some authors have ang; distinguish it from the endoreversible analysis with pure

Iy_zed and optl_mlze_d the perf_orr_nar!ce for_ various Coge_nerfhermodynamic objectives and the exergoeconomic analysis
ation plants with different optimization objectives by using with long-run economic optimization. Similarly, the perfor-

finite-time thermodynamics. Bojic [14] analyzed th? armualmance bound at maximum profit rate was termed as finite
worth of an endoreversible Carnot cycle cogeneration plantrime exergoeconomic performance bound to distinguish it

Sahinet al. [15] optimized exergy output rate of an endore- from the finite time thermodynamic performance bound at

yersﬂi'le tc?j”lﬁt cycLe ccl)generattlpn pla;nt. Erelilal. [16] ; maximum thermodynamic output (maximum power output
investigate € optimal exergetic periormance parame erf%rheatengines, maximum cooling load for refrigerators, and

of an irreversibl_e gombined Carnot cycle cogeneration plantmaximum heating load for heat pumps) and the reversible
Yllmgz [1.7] optimized th.e exergy output rate of an ,endore'thermodynamic performance bound at reversible operation
versible simple gas ‘!‘rb'“e closed-cycle cogeneration p_lanboint. The finite time exergoeconomic performance analy-
Hlag'et al. [18] opt(;m|ze<fj lth: tct)tal tuseflfjl-energé/ rate (".EI sis and optimization has been performed for quantum heat
clu llng povvterbf_;m lljsel:j e? rate) o e;_n enlorfvz;&t eengine [31], generalized irreversible Carnot heat engine [32]
simple gas turbine closed-cycie cogeneration piant. €St o, refrigerator [33], universal heat engine [34], three-heat-

al. [19,20] optimized epological coef_ficient of per.formance reservoir refrigerator [35] and heat pump [36]. A similar idea
(ECOP) of an irreversible regenerative gas turbine closed- as provided by Ibrahiret al. [37], De Vos [38], Bejan [39]
cycle cogeneration plant [19] and an irreversible Dual cycleand Sahiret al. [40] ' ’ '

cogeneration plant [20].
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A finite time exergoeconomic performance optimization heat transfer from the working fluid to the heat consuming
for gas turbine cycle cogeneration plants does not appear tevice, and the rate&)z) of heat regenerated in the regener-
have been published. The pure thermodynamic index waator are, respectively:
taken as optimization objective for the gas turbine closed-

cycle cogeneration plants in the previous works [17-19]. Qu = Cuwy(Ty —T3) = Cprea(Th — T3) Q)
Therefore, this paper introduces finite time exergoeconomic B _

analysis and optimization to an endoreversible regenerative Qr = Cuy(Tr = T1) = Cuyper(Tr — 1) @
gas turbine closed-cycle cogeneration plant with the heat re- Qi = Cuwi(Te —Tr) = Curex (To — Tk) (3)
sistance losses in the hot-, cold- and consumer-side heat ex- ' '

changers and the regenerator coupled to constant temperature Qr = Cus(T5 = Tp) = Cus(T5 — Ts)

heat reservoirs. The analytical formulae about profit rate and = Cuser(Ts — Tb) @)

exergy efficiency of the cogeneration plant are deduced. By

means of numerical calculations, the heat conductance allQgherec,, ¢, , e, andey, are the effectivenesses of the hot-
cation and pressure ratio are optimized by taking the maxisjge, cold-side, consumer-side heat exchangers and the re-
mum profit rate as the objective. The characteristic of optimalenerator, and are defined as:

dimensionless profit rate and corresponding exergy efficiency
is obtained and the effects of design parameters on optimal eg=1l—eNo o =1-¢ Nt
performance of the cogeneration plant are also analyzed.

)

<€K:1—€_NK7 gR:NR/(NR"'l) (5)
2. Cycle model

whereNy, N1, Ng, andNg are the numbers of heat transfer

The T-s diagram of cogeneration plant composed of an erinits of the hot-side, cold-side, consumer-side heat exchang-
doreversible regenerative gas turbine closed-cycle is showfs @nd the regenerator, and are defined as:

in Fig.1. Parameterd’y, 71, and Tk are the hot-, cold-

and consumer-side reservoir temperatures, respectively. Pro- Ni =Un/Cuws, Ny =UL/Cuy,

cesses_l-Z and 4-5 are isentropic adiabatic compression and Ng = Uk /Cws, Ng=Ugr/Cuy (6)
expansion processes in the compressor and turbine. Process

2-3is an isobari_c abs.orbed. heat process in the reggneratWhereUH, UL, Ux andUp, are the heat conductances (heat
and process 5-6 is an isobaric released heat process in the fgansfer surface area and heat transfer coefficient product) of

generator. Process 3-4 is an isobaric absorbed heat procesg hot-, cold- and consumer-side heat exchangers and the
in the hot-side heat exchanger and process 7-1 is an isobaliggenerator, respectively.

evolved heat process in the cold-side heat exchanger. According to the second law of thermodynamics, one has:
Itis assumed that the working fluid used in the cycle is an
ideal gas with constant thermal capacity rate (mass flow rate To/Ty =Ty)Ts = x (7)

and specific heat produat),, s, the heat exchangers between

the Working fluid and the heat reservoirs and the regeneratQyherer = 7(*—1/%) is the isentropic temperature ratio of the
are counter flow. When the heat transfer obeys Newton'gycle, wherer is the pressure ratio of the compressor, and
law, according to the properties of working fluid and the the-js the ratio of specific heats.

ory of heat exchangers, the rat@ ) of heat transfer from

heat source to the working fluid, the ratg ) of heat trans-

fer from the working fluid to the heat sink, the ra@) of 3. Performance analytical relations

|  Combining equations (1)-(4) and (7) gives:

[17161{ + (1 — EL)(l — EK)(l — 25R>]5HTH + $(1 — 53)[(1 — 5L)5KTK + ELTL]
1—(1—-er)Q—ex)[(1—ey)(l —2er)+aer] — (1 —ep)zleg

T — (1 — EK)(l — ER)‘T*lEHTH + [1 — (1 — EH)SCilé?R]SKTK + (1 — €K)[(1 — EH)(l — 263) + CL‘ERkLTL (9)
T 1—(1—e)1—eg)[(1 —en)(1 —2eR) + weg) — (1 —ep)zleg

(1 —ER)LU_lgHTH + [(1 — EH)(l - 283) +$€R][(1 — EL)EKTK +5LTL}
1-— (1 —EL)(I —€K)[(1 —€H)(1 - 2€R) —|—:E€R} - (1 —6H)I_1€R
waEH{[l — (1 —EL)(l —EK)(l — QER—I-.Q?ER) —l‘_lER]TH — l‘(l —ER)[(l _gL)EKTK —|—€LTL]}

Qu = 1—(1—ep)1—eg)[(1—eg)(1 —2eg) +aep] —xler(l —ep) -

Ty =

©)

Ty = (10)
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wa€L{(1 — {:‘K)(l — 5R)$715HTH + [1 — (1 — €H)$71€R}€KTK
{1 —(1—eg)[(1 —eg)(1 —2eR) +aer] — (1 —eg)rter}Tr}

@r=—= (1—e)A —ex)[(1 —ep)(1 —2eR) + acr] — (1 —ep)ater (12)
Cuwrex{(l—er)z teygTy — {1 — (1 —er)[(1 —em)(1 — 2eg) + zeg]
Ox — —(1 — EH)x_lgR}TK + [(1 — EH)(l — QER) + l‘ER]ELTL} (13)
K T =) —ex)[(1 —ep)(1 — 2e5) + zer] — (1 —eg)zleg

According to the first law, the power output of cogenera-
tion cycle is:

In the previous papers [15-17,19,20], the thermal exergy
P=Qy—Qr—Qx (14) output rate is defined as:

and the exergy flow rate of power output is: Fx = Qu(l —Ty/Ty) (19)
Ep=P (15)

The net thermal exergy flow to the cogeneration plant is:WNereZa = (I6—77)/(InTs/T7) is the average temperature
in process 6-7.
Ey =Qu(1 =To/Tu) = Qr(1 = To/Tr)  (16) Comparing Eq. (18) with (19), one can find that the ex-
whereT, is the temperature of environment. ergy loss rate of the process heat is added to the exergy out-
The exergy flow rate into a control volume minus the ex-put rate of process heat in Eg. (19). The question of whether
ergy flow rate out of the volume is equal to the rate of de-Ed- (18) or (19) is the correct one to apply depends on the

struction of exergy inside the volume. One has: way in which the control volume is defined. If the control
volume includes the heat transfer process, then Eq. (18) ap-
Eg = Ep + Ex +Too (17)  plies, if the control volume does not include the heat transfer

et s el exergy utptas. e excrgy ot D100 0 019 s he icussed proben, e
put rate of process heat, ane-Qr/Tr.+Qk /T —Qu/ThH P : ' 9y
: ) output rate should be Eqg. (18).
is the entropy generation rate of the cycle. _ _ _
The thermal exergy output rate can be written from  Assuming thatthe prices of exergy input rate, thermal ex-
Egs. (16) and (17) as: ergy output rate and power output be, ¢x and¢p, re-
spectively, the profit rate of cogeneration cycle is:
Ex =Qx(1—Ty/Tk) (18)

| I=¢pEp+ ¢xEx — ouEn (20)
Combining Egs. (11)-(16), (18) and (2@},can be nondimensionalized by usipg Cy, fTo:
alz — {1 -1 —er)(1 —eg)(l —er+aep)|rtegm + 2 er(l —cg)(1 — 2)
—zeyl[(1 —ep)exme +enms]} + beg (1 — 7'2_1){(1 —ep)ztegn — {1 - (1 —ep)[(1
—ep)(1 —2eg) +xeg] — (1 —eg)r~ter}m + [(1 —eg)(1 — 2eR) + zerlerm} — e
(1 — Tl_l){[l — (1 — EL)(l — EK)(l — 2eRp + JTER) — Z‘_1€R]T1 — l‘(l — ER)[(I — 5L)5K
To+erm)} +en(l— 73 (1 —ex)(1 —er)ztegm +[1 — (1 — )z eplexm
—{1—(1—eg)[(1 —eg)(1 —2eR) +zer] — (1 —eg)z~ter}ms}
1— (1 — 5L)(1 — EK)[(I — EH)(I — 263) —|—I€R] — (1 — 5H)1'_15R

wherea = ¢p /Py andb = ¢ /Py are price ratiosy; = Ty /To, 72 = Tk /Tp andrs = Tt /T are temperature ratios.

The exergy efficiency is defined as the ratio of total exergy output rate to total exergy input rate:

n = (EP+EK)/EH (22)
Substituting Egs. (11)-(16) and (18) into Eq. (22) yields:

ﬁ:

(21)

(z—D{1—-(1—-¢er)1—ex)(l—egp+aeg)rtegn + 27 er(l —en)(1 —z)

—xaH][(l — 5L)5KTQ —|—6L7'3]} —|—6K(1 — 7'2_1){(1 — SR)$_16HT1 — {1 — (1 — 8L)[(1 — EH)

(1 —2eg) +xep] — (1 —em)r'er}mo + [(1 — en)(1 — 26g) + zerlerTs}
EH(l — 7'1_1){[1 — (1 — EL)(l — EK)(l — 2ep JrIé‘R) — :Z:flsR]Tl — x(l — ER)[(l — EL)€K72 +€L7'3}}
—ep(1 =13 )1 —ex)A —er)rtegm +[1 — (1 —en)z'erlexm
—{1 — (1 — €K)[(1 — €H)(1 — 2€R) + JZER] — (1 — €H)JJ_1€R}T3}

(23)
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4 The maximum profit rate objective is equivalent to a max-
T imum total exergy production objective in this case.

4. Performance optimization

In the practical design/y, Uy, Uk, Ug, andr are change-
able. For the fixed pressure ratio (isentropic temperature ra-
tio), there exist a group of optimum distributions among the
heat conductance of hot-side, cold-side, consumer-side heat
exchangers and the regenerator for the fixed total heat ex-
changer inventory, which lead to the optimum dimension-
T less profit rate I{,,;). The optimum pressure ratio and a
x group of optimum distributions lead to the maximum opti-
'_;u':: mum (double-maximum) dimensionless profit ralg, ().
They may be determined using numerical calculation. The
& constraint on total heat exchanger conductance implies that
FIGURE 1. The cogeneration plant model composed of an endore-the cost per unit of conductance is the same for each heat ex-
versible regenerative gas turbine closed-cycle. changer, which is probably not the case in practice, since dif-
ferent materials may be used or because the conductivity of
the external fluids may be much higher than that of the work-
ing fluid [39]. For simplifying the problem, the constraint on
total heat exchanger conductance is used as for regenerated
gas turbine closed cycles [41-51]. The similar optimizations
were performed for power, efficiency, ecological and power
density optimization of regenerated gas turbine closed-cycle
power plant [41-51].
According to Eq. (21), the dimensionless profit rate
II is the function ofa, b, 7, T, 73, Uy, UL, Ux and
Ug. Assuming that the total heat exchange inventbry
(Ur = Ug + U + Uk + Ug) is fixed, a group of heat
1 conductance allocations are defined as:

up =Un/Ur, w =Ur/Urp,

up = Uk /Ur, u, =Ugr/Ur (26)
FIGURE 2. The three-dimensional characteristic Of versus
(un, w). Obviously,uy, u;, ux andw,. should be satisfied:

In order that the cogeneration plant is guaranteed to be O<upb<1l, O<wuy<1l, O<u<l,

profitable, the price per unit of power must be greater or equal
to the price per unit of input heat exergy and that the price per 0<u, <1, wup+w+u+up=1 (27)
unit of output heat exergy must be greater than the price per
unit of input heat exergy)p > ¢ andgx > ¢y hold. One method is to search the optimal valuesgfu;, ux

Wheney = 0, Egs. (21) and (23) become the profit rate @ndu, for fixed Ur. One can always obtaim, = 0 for the
and exergy efficiency of an endoreversible simple gas turbindimensionless profit rate maximization. The reason is that the
cycle cogeneration plant. Moreover, Eq. (23) is differentregeneration makes the dimensionless profit rate decrease.
from that of Ref. 17 owing to the modified calculation of ~ Another method is adopted herein. The optimization is
thermal exergy output rate. performed by searching the optimal heat conductance alloca-
Whengp = ¢ = ¢, equation (20) becomes: tions among hot-, cold- and consumer-side heat exchangers
for fixed total heat exchange inventory and fixed heat conduc-
I'=¢p(Ep + Ex — En) = —dpToo (24) " tance allocation of the regenerator, and by searching the op-
The maximum profit rate objective is equivalent to a min-timal pressure ratio of the compressor. That is, to search the
imum entropy generation rate objective in this case. optimal values ofuy,, u;, uy andx for fixed Ur andu,.. The

Whengp = ¢ andop /¢y — oo, Eq. (20) becomes: numerical calculations are performed by using the optimiza-
tion toolbox of Matlab. In the calculation&;; = 10kW/K,

II=¢p(Ep+ Ek) 25) =01,k =14,Cpp = LOKW/K, 71 = 5,7 = 1.4
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andr; = 1 are set. According to analysis in Ref. 52, It 120
a = 10 andb = 6 are set. The three-dimensional char-
acteristic ofII versus (n, u;) with pressure ratiar = 8

is shown in Fig.2. It can be seen from Fig.2 that there ex- X e ]
ists a sole group of heat conductance allocations among hot- _« Ta {15
cold- and consumer-side heat exchangers which leads to alE
optimal dimensionless profit ralé,,;. The characteristic of I E
ﬁopt — 7 is shown in Fig.3. It can be seen from Fig.3 that — 1) .
there exists an optimal pressure ratig which leads to the e
maximum dimensionless profit ralfg,,.... That is, there exist ﬁ(ﬂl )a
a sole group of optimal heat conductance allocatigng ),
(w)1 (ur)f) among hot-, cold- and consumer-side heat ex- ()5
changers and an optimal pressure ratipwhich lead to the
maximum dimensionless profit ralg,, . 0 . 5

The characteristics ofy; )3, (u ) @andr versusry, 7, 1 E 2

a, bandUr are shown in Figs.4-8, respectively. It can be see
that the hot-side optimal heat conductance allocation

does not change obviously with the changesrof 2, a,

b andUr, the cold-side optimal heat conductance allocation

n

(uk )ﬁ

110

r‘:IGURE 5. The characteristics ofun ), (w)g (ur)g and g
Versusrs.

1 120
115
| =
| &
| 110
|
| D ———
| 12
l (uk)ﬁ"_‘_—ﬁ—._
| .
l Ta 15 20
0 1.5 T 3.0 4‘5 FIGURE 6. The characteristics ofup)q, (wi)g. (ur)g andmg
_ versusa.
FIGURE 3. The characteristic dfl,,; versusr.
1r 130 1 120
-~V 7
- ]
x5 20 s ' 115
& % 5
0.5} / 5 0 &
PRI N (Mh)ﬁ "I_l: (uh)ﬁ———
3 [ 110
(4 )y ' /fjs)/ﬁ>—<
() P
0 y . . 0 - .
2 4 6 1 8 10 5 b 10 15
FIGURE 4. The characteristics ofup)m, (ui)g, (ur)7 and g FIGURE 7. The characteristics ofur ), (wi)m, (ur)g andmg
Versusr;. versush.
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FIGURE 12. The characteristics Allmax andng versusb.
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stant, the cold-side and consumer-side optimal heat conduc-
tance allocations vary with the consumer-side temperature,
the total heat exchanger inventory and the price ratios. The
characteristic of optimal dimensionless profit rate versus cor-
responding exergy efficiency is obtained and the effects of
various parameters on the maximum profit rate and the finite
time exergoeconomic performance bound are also analyzed.
It is found that there exists an optimal consumer-side tem-
perature owing to the modified calculation of thermal exergy
output rate.
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(w77 increases and the consumer-side optimal heat condud-he authors wish to thank the reviewer for his careful, unbi-

tance allocatiorfu;, )y decreases with the increasesofind

ased and constructive suggestions, which led to this revised

a, and the decreases bfandUr. The optimal pressure ra- manuscript.

tio 7y does not change obviously with the changeswpfa
andb, and increases with the increases-pandUr.

The characteristic of optimal dimensionless profit rate
II,,,: Versus corresponding exergy efficiengy,,: is shown a
in Fig.9. It can be seen that ttﬁaopt — Nopt Characteristic b
is a parabolic-like curve. There exists a maximum profit rate
II,ax and the corresponding exergy efficiengy, i.e. the C
finite time exergoeconomic performance bound. E

The characteristics dil,,.y andnyg versusr, a, b, Ur k
and » are shown in Figs.10-14. Figs.10-13 illustrate that N
the maximum profit ratél,,., increases with the increases p
of 71, a, b andUy. . increases asymptotically with the Q
increase ofUr on. The finite time exergoeconomic perfor- §
mance boung does not change obviously with the changes T
of a andb, and increases asymptotically with the increases of [/
71 andUy. It can be seen from Fig.14 that the characteris-
tic of I, ax andny versusr, are parabolic-like curves.e. U,
there exists an optimal consumer-side temperature. The con- q;
clusion can also be obtained by taking the total exergy output 1,
rate given in Eq. (25) as the optimization objective. How- gz
ever, the consumer-side temperature should be kept as low as

A Nomenclature

ratio of power output to exergy input rate price
ratio of thermal exergy output rate to exergy input
rate price

heat capacity rate:{V/K)

exergy flow rate KIW)

ratio of the specific heats

number of heat transfer units

power output of the cyclek(V)

rate of heat transfek{l”)

entropy &J/K)

temperaturek)

heat conductancéW/K)

hot-side heat conductance allocation
consumer-side heat conductance allocation
cold-side heat conductance allocation

heat conductance allocation of the regenerator
isentropic temperature ratio of the working fluid

possible according to analysis in the previous works [15-20]B Greek symbols

£
¢

Finite time exergoeconomic analysis and optimization is ap- 7
plied to optimize the profit rate of an endoreversible regener-
ative gas turbine closed-cycle cogeneration plant coupled to ™
constant temperature heat reservoirs. It is shown that there
exist a sole group of optimal heat conductance allocations ™1
among hot-, cold- and consumer-side heat exchangers and an
optimal pressure ratio which lead to the maximum profit rate 72
for fixed total heat exchange inventory and fixed heat conduc-
tance allocation of the regenerator. Moreover, the hot-side 73
optimal heat conductance allocation almost remains a con-

5. Conclusion

effectiveness of the heat exchanger

price of exergy ratedpllar/kW)

exergy efficiency of the cycle

profit rate ¢ollar)

pressure ratio

entropy generation rate of the cycld{/K)

ratio of the hot-side heat reservoir to environment
temperature

ratio of the consumer-side heat reservoir to envi-
ronment temperature

ratio of the cold-side heat reservoir to environment
temperature
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Subscripts

H hot-side

K consumer-side

L cold-side

R regenerator

max maximum

opt optimal

P power output

T total

wf working fluid

i maximum dimensionless profit rate
Tlopt optimal profit rate

0 ambient

1,2,3,4,5,6,7 state points of the cycle

dimensionless
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