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SIMULTANEOUS OPTIMIZATION OF THE REHEAT PRESSURE AND
PREHEATING LINE FOR MEDIUM-SCALE STEAM POWER PLANTS
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The medium-scale steam thermal power plants are used for insular power systems or smaller energy systems. Their performance
depends on the thermodynamic cycle’s scheme and its parameters. Considering the complex effects on the performances of the
steam cycle, the paper proposes a methodology for the simultaneous optimization of the reheat pressure and the preheating line,
to maximize the net power. Out of the different configurations that are obtained, only some have the optimum according to the
constraints. For the others, the maximum value from the acceptable interval is kept. A comparison between the different

solutions has been made, the results being analyzed and explained.

1. INTRODUCTION

Thermal power plants (TPP) produce electricity and/or
heat within a thermodynamic Rankine-Hirn cycle [1]. The
efficiency of the cycle is improved by increasing the mean
temperature of the hot source [2, 3] or by decreasing the
mean temperature of the cold source [4]. The increase of
the main steam parameters (pressure and temperature)
represents a common way to raise the efficiency. Besides,
regeneration is also used to increase the performances [5,
6], the number of feedwater heaters being limited only by
economic criteria. Moreover, the thermal efficiency of the
cycle can be improved by using cogeneration [7, 8].

Medium-scale TPPs are analyzed in several recent
papers. For the retrofitting of 250 MW coal fired TPP, [9]
proposes a solution to maximize the recovery of waste heat
from the boiler, and [10] analyses the low-pressure section
of the steam turbine. A sizing methodology and a program
for natural draft wet cooling tower are presented in [11, 12].
For improving the load flexibility of TPPs, a Ruths storage
system can be integrated into coal-fired power plants [13].
In [2], a model was proposed for the design of the load
control system of a 300 MW coal-fired subcritical
circulating fluidized bed unit. Also, for a subcritical 300
MW TPP, an online performance monitoring platform was
developed in [14]. A predictive method for the off-design
operation of 330 MW TPP is given in [3]. The conversion
of a conventional 166 MW steam TPP into a combined
water and power system was analyzed in [15].

The reheating Rankine-Hirn cycle [16-20] is used to
increase the performances and to reduce the moisture at the
exit of the turbine (which increases along with the main
steam pressure, for a given temperature). The reheating
pressure influences the mechanical work produced by the
steam turbine and the efficiency of the thermal cycle. In
turn, the efficiency of the cycle influences both the amount
of fuel used at the steam generator and the amount of CO,
produced by fuel burning [17]. As some of the influences of
the reheating pressure on the steam cycle performances are
antagonistic, the challenge is to find an optimal value,
considering these effects.

In this paper, a model for the simultaneous optimization
with constraints is developed, for a medium size reheat
TPP. The model chooses the most appropriate preheating
line configuration from several possible solutions, corelated
to the reheat pressure.

2. THE METHODOLOGY

The analyzed process is schematized in Fig. 1. Steam is
produced within the steam generator (SG). For subcritical
parameters, SG is divided into four main zones: the
economizer (ECO), the vaporizer (VAP), the superheater
(SH), and the reheater (RH). The turbine (T) has three
cylinders: high-pressure (HPT), intermediate pressure
(IPT), and low-pressure (LPT). Feedwater preheating is
obtained through a series of low-pressure heaters (LPH), a
deaerator (D), and high-pressure heaters (HPH). Pumping is
made in two stages, by the condensate pumps (CP) and by
the feed water pumps (FWP).
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Fig. 1 — The thermodynamic cycle of a medium steam TPP.
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The modeling methodology is based on a modular
approach, within which different modules interact and
exchange data. A dynamical choice of the thermodynamic
cycle’s scheme is made, based on input data, modeling
assumptions and imposed constraints. The main constraints
used in defining the number (z) and the type of water
preheaters refer to the temperature rises in preheaters (Af)
and the deaerator pressure (pp).

There is a strong link between the reheat pressure (pxx)
and the preheating line, as the last HPH is fed from the HPT
output. As the feedwater temperature into the SG (Z.s)
depends on the steam saturation temperature at prs, and z
depends on #,, it results that z depends on pr,. Therefore, a
simultaneous optimization of the p;, and the preheating line
is needed. Furthermore, to extend the methodology and to
consider the influence of the main steam pressure (p,.), the
optimization is made on the ratio (r,) between reheating and
main steam pressure:

rp:pRH/pms- (1)
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The optimization is with constraints on Az (2) and #, (3):

(@)

At = (105G —teond — Mtpwp — Mtep)/(z + apps).

3)

where At —temperature rise in preheaters and deaerator
(except last HPH), t,.c —SG feedwater temperature, ... —
condenser temperature, Aty», At —temperature rise in FWP
and CP, aues —subunitary coefficient (allows a higher
temperature rise in the last HPH than A¢ [17, 21, 22]).

The deaerator pressure results from ¢, at saturation.
Constraints on Af and p, impose that their values must be
between limits: Ate[Atyuy, Atyax] and pp €[Po vy Po sax]-

The methodology for computing the preheating line is
described in [21]. Additionally, this methodology includes
the above-mentioned constraints on At and p, and realizes
the dynamic choice of the number of HPH (zu»») and LPH
(zpu). The choice is made so as to minimize the cost of the
preheating line: the use of minimum z,,,, for a given z.

The heat flow rate produced by the steam generator, Qs
(kW) is given by (4). In (4), the input heat flow rate into SG
(Quss) and the efficiency of the steam generator (775)
represent known, input data.

D =leond + Alcp + 2P AL,

056 = QinsGNsG - “4)

The electrical power at the generator (kW) is:
Pg:PTanng~ (5
where P, —internal power of turbine (kW), n,r — turbine

mechanical efficiency, n, —electrical generator efficiency
[22]. P; is calculated as the sum of the internal powers of
the turbine zones. For a single T zone, the internal power is:

(6)

where N, onet, Hiou-oner —Specific enthalpy at input/output of
turbine zone (kJ/kg), M. ....r —isentropic efficiency of the
turbine zone. The methodology for computing the My ... r for
HPT and IPT takes into consideration the steam volumetric
flow rate as in [23].

The heat produced by the steam generator, Qs (kW), is
the sum of the heat quantities to the main boiler-zones:

onneT = onneT (hinzoneT - houtzoneT )niszoneT~

OsG =Qkco + Qyap + st +Ori » (7
010 = Fsll' = s ). ®)
Orap = Fys " 1) ©)

Ostt = Fy s —1"). (10)

Ortt = Fus ouwsrtr = hinr ) (11)

where Qrco, Ovar, Qs Orn —heat produced by ECO, VAP,
SH, RH; h.sc —SG’ feedwater specific enthalpy, 4,, —main
steam specific enthalpy, #’ and /7" —specific enthalpy of
saturated liquid and saturated vapor (kJ/kg).

The objective function which is maximized consists in
the net electrical power of the thermal cycle:

12)
where P, m» —FWP electrical motor power (kW), P.,,c» —CP

Pt :Pg = Pemrwp = Femcp-

electrical motor power (kW).
The equation used for computing P,,, ry» and P,,, cp 1s:

Pempump = loo(poutpump ~ Pin pump )Vpumprump /Tlp ; (13)

where P, ,..,, —¢lectrical motor power (KW), Poupum, and
Pinpany —Pressures at the output and input of the pump (bar),
Vounp —the specific geometric mean volume (m*/kg), Fu., —
pump mass flow rate (kg/s), n, —overall efficiency of the
assembly pump-electrical motor (including pump isentropic
efficiency, mechanical efficiency, electrical motor
efficiency [24, 25]).

The net electrical efficiency of the thermal cycle is strong
connected to the objective function:

Npet Pnet /QinSG : (14)

The unknown data of the cycle is calculated by using the
method of successive approximations. By this method, the
main components of the thermal cycle are computed
iteratively until they fit perfectly one to each other. The
stop condition imposes that the error between two
successive sets of data stays between acceptable limits.

3. SIMULATION RESULTS AND DISCUSSION

The methodology has been implemented using the Scilab
software [26]. The equations from the methodology were
translated into the Scilab programming language.
Simulations were performed for: Q,.sc = 800 MW, ¢, = 560
°C, pms = 160 bar or 190 bar, ppuax = 10 bar, Aty.x =32 °C
or 35 °C, the condenser pressure 0.045 bar.

The results of the optimization are presented in Figs. 2-9
and in Tables 1 and 2. The validation of the model results
are presented in Table 3.

Along with the r, increase (from 0.1 to 0.4), pr» increases
for an imposed p,,;,. The steam pressure at the final HPH
increases too (slowly lower than pys), leading to the increase
of the temperature at which the steam condenses.
Therefore, following the heat transfer diagram at the final
HPH [16], t.s increases [6] (Fig. 2). The increase of ¢,
increases At¢ (2), but the growth of Af is limited by the
imposed (Atyux= 32 °C or 35 °C) restriction limits (Fig. 3).
Therefore, z must be increased and the preheating line must
be changed simultaneously with the entire thermodynamic
scheme. These changes in the regenerative preheating line
(Table 1) determined the jumps observed in Figs. 2,3, 8,9.
Such jumps are also generated by the restriction on p,
(Ppmax = 10 bar) according to (3), as in Fig. 4.
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h
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Fig. 2 — tiusc vs. 1, for different possible combinations of z/zypu/z,pys;.
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b) Atyux =35 °C; different combinations of z/zypp/zLp:
5/1/3; 6/1/4; 6/2/3; 7/3/3 (pwms = 160 bar); 5/1/3; 6/1/4; 6/2/3; 7/3/3; 9/4/4
(Pms = 190 bar).

Fig. 3 — At vs. r,, for p,,, = 160 bar or 190 bar and for different possible
combinations OfZ/ZHPH/ZLpH; a) AtMAX =32 OC; b) AtMAX =35°C.

Figure 5 shows the modeling results of the steam
expansion within the turbine for the cases presented in
Table 2 and Aty = 32 °C. All the computations considered
a double flow LPT with an exhaust section of 11.61 m? per
flow. According to Fig. 5, the steam quality at the LPT
exhaust is higher than 0.86, maintaining within acceptable
limits the operation of the final zone of LPT.

As t,s¢ increases (Fig. 2), the steam mass flow rate
extracted from the turbine for the preheating line also
increases (Fig. 6), so as to ensure the necessary heat for the
preheating line. The steam mass flow rate to the condenser
has very small variations (Fig. 6), the heat flow rate to the
condenser being practically unsensitive to the r, variation.
The main steam mass flow rate (the sum between the steam
mass flow rate extracted from turbine to the preheating line
and the steam mass flow rate to the condenser) increases
(Fig. 6). The insignificant variation of both the steam mass
flow rate to condenser and the heat flow rate at the
condenser leads to a constant investment in the condenser
for any 7,.
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b) Atyax = 35 °C; different combinations of z/zypp/Z1 pu:

5/1/3; 6/1/4; 6/2/3; 7/3/3 (pwms = 160 bar); 5/1/3; 6/1/4; 6/2/3; 7/3/3; 9/4/4

(Pms = 190 bar).

Fig. 4 — pp vs. r,, for p,,, = 160 bar or 190 bar and for different possible

h [k/kg]

combinations OfZ/ZHpH/ZLpH; a) AtMAX= 32 OC; b) AIMAX= 35°C.
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Fig. 5 — h-s diagram
leftZZ/ZHpH/ZLPH=7/2/4;pms =160 bar; AtMAX= 32 OC; Vg = 0.22
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290 Simultaneous optimization for medium-scale steam power plants 4

300

280 o
2680 +

240

220 +

200 4

180 4 Steam to condenser

180 o

F [kg/s]

140 o

120 o

100 = Steam to preheating line

.

gaenete
ettt

. bt

Y i

80 4 Janettty

anseete ST,
TS e ==ty
o0 4% .....\w—'."""'

7p[-]
Fig. 6 — F vs. r,, for different combinations of z/zypy/z,py and ps;
Pms = 160 bar — triangles; p,,; = 190 bar —circles.

330 o
oo | = 130 bar ol Qs
J;...'I;..__.‘_...-r"
T
.,q.ll"'--v""'"""'" sw
80 pas < — P _ﬂl:‘ff,.r-# oy
e e Gar
il __onll I____..,.--‘""'_.. st j_|_l 1l 'hat
'g‘ 73 o _'___..---""T.- g
R |G
o P =] i T gl
8000 O by =ty pgp st e ===l AT (pen
e
0 P o
) D o
L1

Fig. 7 — QOsg vs. 1y, for different combinations of z/zypy/zipi and pus;
Pms = 160 bar; p,,s = 190 bar.

For SG, the most expensive heat exchanger surfaces are
SH and RH because these are made with high-alloy steel to
resist at high temperatures (necessary because SH and RH
have low convection heat transfer coefficient on the steam
side compared to that of saturated steam at VAP and water
at ECO).
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a) Atyux = 32 °C; combinations of z/zypu/z; py (from bottom to top):
5/1/3; 6/1/4; 6/2/3;7/2/4; 7/3/3; 8/3/4.
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b) Atyux = 35°C; combinations of z/zypy/z; py (from bottom to top):
5/1/3; 6/1/4; 6/2/3; 7/3/3.

Fig. 8 — Py vs. 1, for p,,s = 160 bar and for different possible
combinations of z/zgp/zLpr; @) Atyax = 32 °C; b) Atyx =35 °C.
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Fig. 9 — Py vs. 1, for p,,s = 190 bar and for different possible
combinations of z/zupn/Zipn; @) Afyax = 32 °C; b) Atyax =35 °C.

In turn, the ECO heat exchanger surfaces are the
cheapest in comparison with SH, RH and VAP, as flue
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Table 1

Simultaneous optimization of the reheat pressure and the preheating line for the maximization of #,., and P,

Preheating line Input steam p - Nnet = | Pret, MW, At and pp
A parameters optimum |maximum | maximum | within limits?*
— pms = 160 bar
o 1O 0.185 | 40.65 | 325230 No
@ E g @ @ @; fms:;:é)ogar 0.190 | 41.01 | 328.105 No
fm:slg(;)ogar 0205 | 4079 | 326.390 No
@ @ % E ét fm:;:(?ogar 0210 | 41.18 | 329.460 No
/2 ; =
% P 51663)03” 0205 | 4082 | 326.590 (Fizeg b
@ Ml M & fms:;:é)ogar 0210 | 4120 | 329.660 (ng{e; b
- i’mv;l:(?ogar 0220 | 4090 | 327270 (ng(e; 2
% £ ﬁ ﬂi fm:;:(?ogar 0220 | 4130 | 330.449 No
77373 fm:;:(?ogar 0220 | 4091 | 327320 No
@ @ @E g @ @ Q P 1800 0200 | 4131 | 330487 Fis. 9.0
f’f;ﬁél?r 0230 | 41.03 | 328.280 No
@@@fﬁ@@@: Ds = 190 bar
s = 560°C 0230 1 4143 | 331472 e
nN/A/A =
K 5166303” 0230 | 41.07 | 328.563 No
pms = 160 bar
Mm £ g EJ& o sorC 0235 | 4147 | 331.793 No

Note: * Does the scheme fulfill the imposed constraints of the feedwater preheating line (At /Atyuy , Atyax] and pp €[pp van » Po max])?

Table 2
Maximization of 1, and P,., with constraints, for the analyzed combinations of z/zypp/z pn (Figs. 8,9)
Atyay, °C 32 35
Input steam Ty, - Nnets - Pre, MW, | Preheating line | 7, - Nnets Y0 | Prer, MW, | Preheating line
parameters maximum | maximum Z/zwpn /ZLen maximum | maximum Z/zupn /ZLpH
f””:;:ooogar 0.22 40.90 327.27 7/2/4 0.29 40.84 326.791 7/3/3
l;"”:slz(;)ogar 0.3 41.37 330.982 8/3/4 0.245 41.29 330.399 7/3/3

gases have the lowest temperature. Figure 7 shows the
results of the SG modeling by using equations (4) and (7) to
(11). At SG, the values of the heat flow rates received by
SH and RH from the flue gases have opposite variations
(Fig. 7), but the sum between them has not a significant
variation. Thus, we conclude that the investments in the
most expensive heat exchanger surfaces of the SG (SH and
RH) have insignificant change.

Figures 8 and 9 show the results of the simultaneous
optimization of the reheat pressure and the preheating line
by the maximization of P,... The big jumps in Figs. 8 and 9
are due to the constraints on A¢ (Fig. 3), while the small
ones are due to the the constraints on p;, (Fig. 4).

In order to maximize P,.;, out of 7 possible combinations
for z/zup/z.rn, after taking into account the constraints, the
simulation model gave only 3 combinations (z/zupw/Zirn =
7/2/4, 7/3/3 and 8/3/4). The main results of the simulation
are presented within Tables 1 and 2.

The validation of the optimization results (Figs. 8 and 9)
has been made by comparison with real data from existing
subcritical steam TPPs and from available numerical
models (Table 3), taken from different bibliographic
references [6, 18-20, 27]. The comparison showed similar

results of the simulations (Table 2) in terms of 7, and z.

Table 3
r, values computed from different bibliographic references data
Pl(\)/l\x\/;r, té‘é’ i’;’ %2;’ rf" z | Data |Ref
541.5 | 162 |42.1]0.260 real data
600 541.8 | 164.8 |36.9 | 0.224 8 optimal (27]
400 | 510* |187.138.3]0.205| 6
578 | 535*% | 169 | 36 |0.213]| 6
618 | 535* |197.7|36.5]|0.185| 6
600 |528.1* | 188.136.6/0.195]| 6 real data | [6]
655 | 535* |199.8| 37 |0.185]| 6
580 [535.5%[187.2[27.9]0.149| 6
656 | 535* |177.1[36.4/0.206 | 6
520 [531.1* [ 167.8[31.2[0.186| 6
608 538 [ 173.7[40.5]0.233 4 real data (18]
605 538 170 [39.4]0.232 model
500 568 |165.5[40.3]0.244| 5 | real data | [19]
147.2 | 510.6 | 135.4[33.5][0.247| 6 | model |[20]

*Throttle steam conditions

The results obtained within the paper are useful in
understanding the complex influences of the variation of
different parameters on the thermodynamic cycle’s
performance. They may be used in design or retrofit of
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subcritical steam TPPs.

The constraints imposed by the model justify the variety
of the existing configurations of the steam TPP. Such
medium-scale TPP are suitable for smaller energy systems
and even for insular power systems.

4. CONCLUSIONS

The paper presents a methodology for the optimization of
steam cycles for medium-scale subcritical thermal power
plants. The optimization has been performed under two main
constraints: the temperature rise in preheaters and the
deaerator pressure must be between imposed limits.

A simultaneous optimization of the ratio between the
reheat pressure and main steam pressure and of the
preheating line has been performed. The objective function
was the net power, namely the difference between the
electrical power at the generator and the sum of the
electrical motor power of the pumps.

Simulations were performed for an input heat flow rate of
800 MW, main steam temperature of 560 °C, and main
steam pressure of 160 bar or 190 bar. The net power (and
implicitly the net efficiency) of the thermal cycle have been
maximized. The optimization results are similar to data
from bibliographic references.

The constraints led to different regenerative preheating
lines which determined net power jumps: the temperature
rise in preheaters generated significant power jumps, while
the deaerator pressure generated only smoother jumps. An
optimum net power value was found for all the
configurations obtained for the preheating lines, but only
some of these optimum values met the imposed constraints.
For the others, the maximum possible value was retained. If
the power gain between two consecutive maximums is
insignificant, the cheapest configuration should be used.

Received on June 28, 2019
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