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Abstract

This work deals with the optimization of the thermal power plants based on Carnot exoirreversible cycle. The external irreversibility is due to
the heat transfer at finite temperature differences between the working fluid and the external heat sources. Two fundamental operation regimes
will be defined: (i) the power regime and (ii) the economical-ecological regime. The optimization of a thermal power plant with defined heat
exchanger thermal conductances provides a “maximum power operation regime”. At a given value of the total heat exchanger thermal conductance,
imposed by the system size restriction, for different possible values of the total thermal conductance distribution, one results an infinite number
of “maximum power regimes”. Each of these regimes leads to a specific pair of optimal values for the temperature differences but keeps the
same value for the thermal efficiency (nopt = 1 — J/To/T ). Among the maximum power operation regimes, there is only one “maximum-
maximorum power regime”. In the maximum power regimes the entropy generation is not minimal. The “maximum-maximorum power regime”
is characterized by the highest entropy generation. Another method of thermal power plant optimization with fuel consumption, respectively,
input heat flux imposed, shows the existence of an “economical-ecological operation regime”. This regime has a maximum thermal efficiency
and a minimum entropy generation at corresponding maximum power production. The “economical-ecological” is obtained for a specific pair
of optimal values for the temperature differences and demands the equipartition of the thermal conductances, corresponds to the optimal design
condition. In the “economical-ecological regimes” characterized by low value of the temperature differences at the high temperature source,
corresponding to supercritical thermodynamic conditions, the thermal power plant obtains a higher thermal efficiency than the optimal value of
“power operating regimes”. Among the infinite number of economical—ecological regimes, corresponding to different imposed values of the input
heat flux, there is one with the highest power output—*the maximum-maximorum power regime”.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The development of the irreversible thermodynamic analy-
sis named “in finite time” is connected with the study of the
conditions in which a thermal power plant (using a steam tur-
bine and a classic or a nuclear vapor generator) can provide
the maximum power. This method proposes an interdisciplinary
approach (thermodynamics — heat transfer — fluids mechanics)
that involves external irreversibility caused by the thermal and
mechanical interactions at finite difference of potential between
the system and the environment.
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Thus, the analysis of the Carnot power cycle situated in the
saturated humid vapors domain with thermal interactions at fi-
nite temperature differences between the agent and the exter-
nal sources (Fig. 1), made by Penfield-Chambadal-Novikov—
Curzon—Ahlborn shows that the pair of temperature differences
values AT and ATy in the heat transfer processes with the two
external sources (high with temperature 7 and low with tem-
perature 7p), can be optimized for the power production max-
imization [1-5]. As a result, the operation of a thermal power
plant with known design parameters (heat transfer surfaces for
the production and condensation of vapors) at maximum power
(Wmax) involves an optimal input heat flux (Qopt) from the high
temperature source in association with the release toward the
low temperature source of an optimal flux (Qgpt). In these con-
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Fig. 1. Exoirreversible Carnot cycle in 7—s diagram.

ditions, which may be named as “power operation regime”, for
an existing design configuration, the thermal efficiency is de-
fined as a function of the “nice radical” (,/To/T ) [6,7] with
the following relation:

. oot
Nopt = % =1- -Op = 1JPCANC
Qopt Qopt
=1 l<nc=1—5 (1.1)
T T

in which nc is the thermal efficiency of endo- and exoreversible
Carnot power cycle, delimited by the same temperatures 7" and
Tp, but with null temperature differences agent-external sources
(AT, ATy — 0) and unlimited heat transfer surfaces (A, Ag —
00). This means infinite time of contact between the agent and
the heat sources. Therefore, the power production of the endo-
and exoreversible Carnot cycle is zero.

Thus, based on finite time thermodynamics, even if these
methods are sometimes subjected to criticisms [8,9], it was
demonstrated for the first time that the thermal power plants
can practically generate power only in the presence of the ab-
solutely necessary external irreversibility. A thermodynamic
cycle with external irreversibility may be named exoirreversible
[7,10,11].

2. Optimization model of a thermal power plant

The aim of this thermodynamic analysis is to optimize
the operation parameters (temperature differences between
the working fluid and heat sources), design parameters (heat
exchanger thermal conductances) and the exchanged heat
fluxes of a thermal power plant, working on Carnot exoirre-
versible power cycle, in order to find (i) the power and (ii) the
economical—ecological operation regime conditions. The T—s
diagram of endoreversible and exoirreversible Carnot power
cycle, situated in the saturated humid vapors domain between
the temperatures 771 =T — AT and T, = Top + AT, is presented
in Fig. 1.

With the heat transfer surfaces, respectively A of the vapors
generator and A of the condenser and also with the global heat

transfer coefficients k and kg, the thermal conductances of the
system are given by the following relations:

K =kA; Ko =koAo (2.1)

with K, Ko the thermal conductances of the vapor generator
and the condenser.

Thus, the thermal fluxes exchanged can be written as func-
tions of conductances:
O =kAAT = KAT;

Q0 =koAgATy = KoATy  (2.2)

The development of the model is based on the energy and
entropy flux balance equations at a constant value of the total
heat exchanger thermal conductance (K; = ct), imposed by the
system size restriction. Using Egs. (2.2) and the working fluid
extreme temperatures, the initial equation system becomes:

W=0-0 W = KAT — KoATo

g‘_@ KAT _ KoATy 2.3)
T T T —AT To+ ATy

K +Ko=K; K +Ko=K,

A generalized model can be obtained using the following
dimensionless expressions:

— K Ko T
K:—; K():—; T=—
K[ K[ TO
AT ATy
f="r; Op=—
g To 2.4
— W — Q0 KAT - (2.4)
K, T K. T K, T
_ Qo 1—
= =0 ="K
Qo K.T 0%

Using the dimensionless parameters the equations system (2.3)
becomes:

=0 - Qo W =K0— —Kob
B T ) 2.5)
1—-6 1—90 1_9_ 01_90
K+Ko=1 I?—i—]?o:

Considering an imposed value of the heat sources temper-
ature ratio (t = ct), the system of Eqgs. (2.5) will give the ex-
pression of the dimensionless power production as a function of
four variables W (K, K, 6, 6p) with two constraint equations:
entropy balance and the total heat exchanger thermal conduc-
tance limitation.

The thermodynamic optimization study will be led in the fol-
lowing two steps:

(1) with t = ct, as imposed parameter, the maximization of
the mechanical power W (K, K, 6, 6p) at optimal thermal effi-
ciency which is equivalent to “the power regime”;

(ii) with 7 = ¢t and imposed heat flux input Q = ct, the

maximization of the thermal efficiency n = W(K.K0.8.%) which

is equivalent to “the economical-ecological regime”.
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3. The power operation regime

From equations system (2.5), the power production function
can be expressed by only two independent variables:

1 1-K

W(E,9)=E9<1— ——)

3.1
T1—-K-—96 -1

The exchanged thermal fluxes and the thermal efficiency can
be similarly written:

_ 0 -
0(K,0)= X7~ Ko
= _ Qo _1(1-K)Kb
QoK. 6)= 4= == 5 (3.2)
W Qo Qo 1 1-K
KOH=—-=1-"=1-—=1--———— (33
K. =5 5 0 T GY

Eq. (3.1) shows that the power production becomes null in
two cases:

e if0=0=0;then 0=00=0; W=0;n=nc=1-—
1/t=1-Ty/T;

eif0=0=(0—-K)1—-1/t) =1 — K)nc; then Q0 =
OQo=(1—-K)Knc; W=0;n=0.

It means that between the two extreme values of the para-
meter 0, there is an optimal value 8o € (61, 62) for which the
power becomes a maximum (the extremum dW /d6 = 0 and the
maximum dZW / d6? < 0 conditions for Oopt are fulfilled). Thus,
the extremum condition implies:

bope = (1 = B)(1 =T/ T) = (1 = K ) (1 = /1/7)

With this optimal value, one obtains the following expres-
sions:

(34)

nop=1—yTo/T=1-1/yT<nc=1-Tp/T=1-1/t
(3.5)

Wnax(K ) = (1= K ) K2y 36

éopt(l?) = (1 - I?)I?Uopﬂ Qo. opt( ) Qopt/«/_

The analysis of Egs. (3.4)—(3.6) shows that the “maximal
power regime” conditions are function of K . For all values of K
i.e. (0-1) in this study, there is an infinite number of “maximal
power regimes”, all of them with the same value of the thermal
efficiency nopt.

On the other hand, the function Wmax(l? ) has an optimal
value resulting from the condition AW max (K) / dK = 0, which
gives the optimal values of the relative conductances:

(K )opt (Ko)opt =05

Eq. (3.7) expresses the famous equipartition principle that cor-
responds to the optimal design condition [12,13].

In these conditions, one obtained in an original way the
“maximum-maximorum power regime”, very important in ther-
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Fig. 2. Variation of Q, Qg and W as a function of ; “maximum power regime”
Wmax at Oopt.

mal power plant operation as a unique regime which is specified
by the following conditions:

opt 0 t opt
eogt = 0.570pt; O%pt - 90& VT

opt opt 0 t
Qogt = 0.2570pt: Qopopt Ogt/ VT

—opt  —~opt

Wﬁii Qopt Q9 opt = 0'25770pt

opt opty . opt opt
Tl,opt_T(1 _eopt)’ T, ,opt — To(l +90 opt)

t

Nopt = 1—- AY TO/ =1- T2 opt/ T ,opt — =1- 20Etpt/Tf)€,pt

From Eqgs. (3.8) it results that the increase of t leads to the
increase of the optimal value Gopt and also to higher perfor-

(3.8)

mances, W3 and nop;.

The diagram of Fig. 2 shows: QO = f(0), Qo = f(0) and
W = f(0) for t =4 and K = 0.5. In this diagram, “maximal
power regime” appears with a maximal difference between Q
and Qg for § = Oopt- Fig. 3 shows (for T = 4) the variation of
the power provided by the plant for three different values of K
(0.2, 0.5 and 0.8), the “maximum-maximorum power regime”
linked to K = Ko =0.5.

Fig. 3 also shows that maximal power increases with 90pt in
the domain K € (0.2-0.5) and decreases in the domain K €
(0.5-0.8). It points out the symmetry (same W ax = 0.04 for
both K = 0.2 and K = 0.8) of the values locus of the maximal
power Wy in reference to the maximum-maximorum power
value W% = (.625 (with (K)opt = 0.5 and 055 = 0.25).

max opt —

Fig. 4 shows, for the previously specified values of K (0.2,
0.5 and 0.8), the variation of thermal efficiency n = f(6) of the
system (Eq. (3.3)). One point out the fact that all the families
of “maximal power regimes” have the same efficiency nop =
1 — /To/T. It is interesting to observe that all the curves cut
the vertical axis at the same point =0andn=nc =1-Ty/T
corresponding to W = 0.

At T = ct, for the “maximum-maximorum power regime”

Qogt increases with the increase of Q (Fig. 5).
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Fig. 3. Variation of W as a function of 6 for: K =0.2, K =0.5 and K = 0.8;
“maximum power regimes” Wmax at fopt; “maximum-maximorum regime”
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Fig. 4. Variation of n as a function of 6 for: K =02,K =05 and
K = 0.8; “maximum power regimes” nopt at fopt; “maximum-maximorum

power regime” at (K )ope = 0.5 and 935: :

Thus, it is also interesting to analyze the entropy generation

in the heat transfer processes at finite temperature differences
AT and ATy, at heat sources. This can be calculated as follows:

. R 1 1Y . 1 1Y .
S=5 S = - _ — R — 39
> AT + SaT, <T1 T>Q+(To T2>QO 3.9)
Using Egs. (2.4), Eq. (3.9) leads to the dimensionless gener-
ated entropy:

3.10
K; 1-6 (3.10)

The entropy generation plot for 7 = 4 and for the previous
values of K (0.2, 0.5 and 0.8) is illustrated in Fig. 6. One notices
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Fig. 5. Variation of ngt[ as functions of @ for the “maximum-maximorum
power regime” at (K Jopt =0.5.
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Fig. 6. Variation of ) S as a function of 6 for: K =0.2, K = 0.5 and K =0.8;
“maximum power regimes” Y Sopt at Bopt; “maximum-maximorum power

regime” Y gg;atx at (K)opt = 0.5 and 985:.
that for each of the three previous values of K there is a con-
tinuous increase of the entropy generation with 8. Moreover, it
results that the entropy generation does not reach its minimum
value when the thermal power plant produces maximal power.
There is also a symmetry (equal values of Zgopt = 0.08 at
K =0.2 and K = 0.8) of the entropy generation values locus
> S'opt in reference to the entropy generation in the maximum-
maximorum power regime ) Sgg;x = 0.125. This value is also
a maximum, which means that “maximum-maximorum power
regime” can be obtained only with a very strong entropy gener-
ation caused by the highest external irreversibility of the cycle.
The results of this first step of analysis emphasize a very
important practical aspect of the thermal power plant: the maxi-
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mal power production depends on the physical properties of
the thermal agent. Having as example water with a critical
temperature ., = 374°C (647 K) and considering usual val-
ues for the high temperature source 7 = 1200 K (combustion
gas) and for the low temperature source 7o = 300 K (cooling
water), meaning T = 4, the thermodynamic cycle occurring in
the saturated humid vapor domain has a temperature difference
AT > 300 K, which means 8 = AT/T > 0.4. In these condi-
tions, to reach a maximal power regime W max, a low value of K
must be chosen, for example K < 0.2 (see Fig. 3). Thus, to ob-
tain the maximum-maximorum power regime corresponding to
lower values of 93;’; , with reduced values for the dimensionless
heat flux Q received from the high temperature source (Fig. 5),
there is a need of a lower AT. This means that the vapor gener-
ator should work in a supercritical regime.

4. The economical-ecological operation regime

The aim of this second step of thermodynamic optimization
study is to find the “economical operation regime” conditions in
which the thermal power plant based on exoirreversible Carnot
cycle (Fig. 1) has the maximum thermal efficiency for an im-
posed heat flux Q received from the high temperature source
(for example, from the combustion gas obtained in the burn-
ing process of a fuel with a known lower calorific value). With
this supplementary constraint, the equations system (2.5) can
be written as follows:

w @0 1[?090
nN=—==1—- = n=1————

0 0 T Q0

0 Qo = 0 = 6
L - = K =Ko 4.1
-0 "1—g 1—0 1—6
K+Ky= K+Ko=1

From Egs. (4.1) the thermal efficiency n and the dimension-
less heat flux evacuated Qg can be written as functions of one
variable as follows:

1 1
H=1--———— 4.2
10 =1~ 0TS 42)
_ 1 0
H=—— 43
00) = 1 T=07,0 =) 43)
Changing the 6 variable with a new one:
0=06%/(0-0) (4.4)

Egs. (4.1)—(4.3) and the corresponding power production be-
come, respectively:

. 9
(1—¢)’ (1 - @)

W =0(1-——). & _L o
(<p)—Q< _r(1—<p)>’ o(so)—é,(p,l_1

The condition of physical compatibility with the problem
proposedis t(1 —¢) > l,orp < (1 —1/7 =nc).

Egs. (4.5) show that an “economical regime” (1nmax and cor-
responding Q", Wnay) for a given value of Q parameter can

ne)=1- Qolp) =

4.5)

be obtained for a minimal value of ¢, i.e. for an optimal value
of 6.

Solving the equation dg/d6 = 0, and verifying that d*¢/
d6? > 0, one obtains:

@min =40 and O =20

In these conditions, as @ = (K JoptBopt, according to the
system size restriction, the “economical regime” (same as the
“maximum-maximorum regime’’) demands the equipartition of
the thermal conductances:

(I?)opt = (I?O)opt =035

And thus for the “economical operation regime” one obtains:

(4.6)

4.7)

1 1 .1 0
=1__ _7 m1n=_ __
Mmax Tl—4Q Qo 71—4Q
— — 11
Whax =0 1— - = 4.8
max Q( ”_4Q> (4.8)
eopt_ 2Q _ Qopt

O T 1-40 1-40

From Eq. (4.4), at ¢ > 0, it results the condition 6 > 0.
Also, from Egs. (4.8), for Q < 0.25, it results 6" > fopt, that
implies ATOOPt > ATopt/T, corresponding to an supercritical
thermodynamic cycle.

Estimation of the reversibility degree can be done using the
exergy efficiency defined by the equation:
S

T(1-9)

Toic (4.9)

Nex(p) = A =
Ule
According to (4.9), with ¢ = @npin = 4@, for T = ct, the maxi-
mal value of the exergy efficiency is:
1

SRTIET)

1-1/t

The maximum value of the exergetic efficiency always cor-
responds to minimum entropy generation [14]. Based on this
remark, similarly to the “power regime” analysis, it is impor-
tant to study the entropy generation in the thermal interactions
at finite temperature differences AT and ATy at heat sources,
also for the “economical regime”. We must adapt Eq. (3.10) to
this case; using the new imposed dimensionless parameter Q
and Egs. (4.5) the dimensionless entropy generation will be:

= 8 0\( 0/ Y\
Yse=0:5+(1-7)(55)

o=l =1
0/6
/(1+<p‘1—1>

The “ecological regime” with minimal entropy generation
can be found by solving the equation d)_S/df = 0, while
d?y" 5/d6? > 0, which leads to the optimal values 6 = Oop; =
2Q. The conclusion is that the “economical regime” with max-
imal efficiency nmax is also an “ecological regime” with mini-
mum entropy generation, that is why this regime is proposed to
be named as “economical-ecological operation regime”.

max __

Nex (4.10)

4.11)
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In this case, at ¢ = @in = 40, the minimal entropy genera-
tion can be written using Eq. (4.11):

4.12)

Similarly to the case of the previous optimization study, next
one does a parametric sensibility analysis for the second step
optimization study.

To obtain a compatible value for @, which can be imposed
in the second analysis, for example, a condition of equality
between the thermal efficiency of an “economical-ecological
regime” (Eq. (4.8)) and the thermal efficiency of a “maximum
power regime” (Eq. (3.5)) can be applied:

= 0=(1-1/V7)/4

and for T =4, one obtains Q = 0.125.

With these values, Q, Qo and W are represented as func-
tions of the parameter 6 (Fig. 7). The “economical-ecological
regime” for the imposed value Q always corresponds to
(I?)opt = 0.5 (see Fig. 5) with 0o = 0.25. This regime is char-
acterized by the maximal power production W pax = 0.0625.

The Fig. 8, for t =4, shows the variation of the power pro-
duction W for imposed values of Q (0.05, 0.125 and 0.17187).
It results that for each imposed value of Q there is an infi-
nite number of “economical—ecological regimes”. According to
Eq. (4.8), these different regimes correspond to different values
of the maximal power (W ax) and respectively to different opti-
mal values of 8. We also point out the economical—ecological
regime with the highest power (WMaX) which was called in the
first step of the optimization study as “maximum-maximorum
power regime”. For Q € (0.01-0.125), the power production
increases and decreases for @ € (0.125-0.19), as O increases.
One also notices the symmetry (equal values of W =
0.03438 at Q = 0.05 and Q = 0.17187) of the maximal power
production (Wmax) values locus in reference to maximum-

. o t
maximorum power value (W3% = 0.625) at Qggt =0.25.

4.13)
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Fig. 9. Variation of 5 as a function of 6 for: Q = 0.05, Q = 0.125 and
0 = 0.17187; “economical regimes” Nmax at Oopt.-

Fig. 9 shows, for 7 = 4, the variation of the thermal effi-
ciency for the previous values of Q (0.05, 0.125 and 0.17187)
as a function of 6. For each imposed value of é one obtains
an “‘economical—-ecological regime” corresponding to 6opt. The
locus of nmax increases towards the Carnot cycle thermal effi-
ciency limit (nc = 0.75), for which the imposed received heat
flux tends to zero. Also, we must point out that the thermal ef-
ficiency of the “maximum-maximorum regime” (opc = 0.5) is
not a maximum. Thus, for imposed values of Q € (0-0.125), all
the “economical—ecological regimes” have nmax > nopt- How-
ever, their power production is lower (W ax < W),

According to Eq. (4.11), at T =4 and for the previous val-
ues of @ (0.05, 0.125 and 0.17187), the entropy generation
in the “economical-ecological regime” is represented in the
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Fig. 10. One sees that for each value of imposed Q, the eco-
nomical regime with 6y, has a minimal entropy generation
3" Smin. The locus of minimal entropy generation (3" Siin) is
increasing continuously while the input heat flux increases. It is
very important to note that the minimal entropy generation lo-
cus (O Smin) is growing faster if the input heat flux exceeds
the value that corresponds to “maximum-maximorum power
regime” (Q > 0.125).

As a conclusion summary of Figs. 9 and 10, comparing
different “economical—ecological regimes”, one observes a de-
crease of their thermal efficiency and an increase of the entropy
generation if the value of the imposed parameter Q increases.

5. Conclusions

This paper covers different issues with direct implications in
the field of thermal power plant optimization.

Based on the optimization model of a Carnot exoirreversible
power cycle situated in the saturated humid vapors domain,
with source temperature ratio (t = 7/ Ty = ct) and total heat
exchanger thermal conductance (K; = K + Ko = ct) as im-
posed parameters, there were defined two fundamental ther-
mal power plant operation regimes: (i) the “power regime” and
(i) the “economical—ecological regime”.

Thus, in the first case, the analysis of the thermal power plant
operation reveals the “maximum power operation regimes”
(W max) depending on the optimal finite temperature differences
as well as on different distribution of the thermal conductances.
All these regimes have the same optimal thermal efficiency
(Nopt = 1 — /To/T ). From these “maximal power regimes”,
the one with the highest power production is called “maximum-
maximorum power operation regime” (WMX) and needs an
equipartition of total heat exchanger thermal conductance
(K Jopt = (K 0)opt = 0.5. All the “maximal power regimes” are
not associated to minimum entropy generation. There is an op-
timal entropy generation for each regime (3 §0pt). Moreover,

the “maximum-maximorum power regime” has the largest en-
tropy generation () ggﬁ") of all.

In the second case, the optimization study of the exoirre-
versible thermal power plant, with the imposed heat flux at the
vapors generator (Q) as given parameter, points out a unique
“economical operation regime” for each value of Q. In the
“economical regimes”, the thermal and exergy efficiencies are
maximum (Nmax, ey ), related also to maximum power pro-
duction (Wmay). All “economical regimes” are characterized
by the equipartition of the total heat exchanger thermal con-
ductance, the optimal design condition. Also, the “economi-
cal regimes” have a minimum-ecological entropy generation
o Smin), therefore is proposed to be called the “economical-
ecological operation regimes”.

As consequence of the imposed value for Q, taken as ex-
ample in the second step optimization study, between the
“power regimes” and the ‘“economical-ecological regimes”
there is only one common operation regime called “maximum-
maximorum power regime” which has the highest power pro-
duction, an optimal thermal efficiency (17opt = npcanc) but the
largest entropy generation of all “power regimes”.

Real operating conditions of the thermal power plants, con-
sidering the thermo physical properties of water vapors, point
out that both the “maximum-maximorum power regime” and
the “economical-ecological regimes” impose a supercritical
operation regime. In the past, in order to avoid the high pressure
and temperature values of this regime, there was accepted the
compromise of unfavorable working conditions (that implies
high energy losses) over high temperature difference between
the water vapors and the combustion gases of the vapor gener-
ator.

In present days, using the highest technologies, in order
to reach the maximum-maximorum power and economical—
ecological operation regimes, more and more thermal power
plants are designed to operate in supercritical and advanced su-
percritical thermodynamic conditions [15,16].
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