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Abstract. To increase the efficiency of a combined cycle power plant, it was suggested in a
double-pressure heat recovery steam generator to carry out a reheat of water steam that had
been spent in a high pressure cylinder of a steam turbine. The researchers introduce a mathe-
matical algorithm and calculation methodology of the waste-heat boiler. It is proved that after
re-superheat of water vapour in a double-circuit waste-heat boiler after the high-pressure super-
heater (with vapour already used in the high-pressure cylinder of a condensing steam turbine),
a CHP-plant efficiency and reliability increase. Calculations for the combined cycle gas tur-
bine unit PGU-450 were performed. It is shown that when the reheater is installed in the recov-
ery steam generator, its efficiency increases by 2.15%. At the same time the efficiency of
CCGT for power generation is increased by 3.36%, the degree of dry water steam used in the
turbine is increased by 0.082. Consequently, the specific consumption of conventional fuel for
electric power generation is reduced by 6.1%. Re-superheating of the total flow of water va-
pour allows to increase CGP-450 steam-gas unit efficiency by increasing the parameters of the
steam entering the low-pressure cylinder of the steam turbine.

1. Introduction
Thermal efficiency of the combined cycle power plant depends on the degree of perfection of the gas-
turbine installation, steam turbine and recovery steam generator [1]. Significant reserves in increasing
the efficiency of the recycling CCGTU are laid down in the improvement of the steam cycle, which, as
is known, provides about 1/3 of the power of the CCGTU [2]. The efficiency of the CCGTU-U is
greatly influenced by the efficiency of the recovery steam generator, which depends not only on the
temperature of the exhaust gases at the outlet of its convoy shaft, but also on the temperature of the
ambient air [3]. One of the ways to increase efficiency of the recovery steam generator and economy
of the recovery-type CCGTU is to increase the number of convective surfaces of RSG heating in order
to reduce the rate of exhaust gases of GTL.

The purpose of the work is to develop technologies to increase the efficiency [4] and reliability [5]
of the combined cycle power plant with a double-pressure heat recovery steam generator due to the
use of intermediate reheater of water steam used in the high-pressure cylinder of the steam turbine [6].
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2. Materials and Methods

In order to increase the economy and reliability of the combined cycle gas turbine unit operation PGU-
450 is proposed to place the reheater of water steam [7] partially used in the high-pressure cylinder of
the steam turbine (figure 1) in a double-pressure heat recovery steam generator.
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Figure 1. Thermal schematic diagram of CCGTU-U with reheat of
steam in recovery steam generator.

The considered unit of the PGU-450 includes: Siemens V94.2 gas turbine installation with nominal
capacity of 155 MW, two-pressure recovery steam generator P-90 with forced circus of working me-
dium in high and low pressure evaporation circuits and steam turbine condensing plant KT-150-8. De-
sign electric power of PGU-450 in nominal mode at operation without reheat of water steam is 460.44
MW, and its efficiency is 51.76%.

To determine efficiency of using secondary superheat [8] of water steam in CCGT with double-
pressure heat recovery steam generator, single reheat is considered with arrangement of heating sur-
face of reheater in zone of high temperatures of recovery steam generator downstream of main super-
heater of high pressure [9]. The double-pressure heat recovery steam generator P-90 includes the fol-
lowing heat exchange surfaces: high and low pressure superheaters (HPS, LPS), intermediate reheater
(IR); high and low pressure evaporator (HPE and LPE); high pressure economizer (HPEC); conden-
sate gas heater (CGH).

The heat scheme of the PGU-450 was calculated and the economic parameters of its operation were
determined [10]. Calculations are performed for two components: 1) during CCGTU operation with-
out intermediate reheat; 2) during CCGTU operation with reheat of water steam. The methodology
described in is adopted as the basis. The results of the calculations are shown in figure 2, 3.

From the equations of thermal balance for the heating surfaces of the heat recovery steam genera-
tor, the enthalpies of gases after the superheaters (HPS, LPS, IR), evaporator (HPE and LPE), econo-
mizer (HPEC) and condensate gas heater (CGH) were calculated.

Enthalpies of gases:
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after superheaters of high and low pressure

hips = Nrsg = Do? (hg” - hyp)) /Gy ; M
hips =Nrpee = D7 (0 ~Ni)) /G - )
after superheaters of high and low pressure
hie =Nyps - D (N, -1y, ) /Gy ; 3)
downstream of high pressure water economizer
Nrpec = Nope - Do” (y ~N§")/Gy ; “
at condensate gas heater outlet
Nrsg = Nipe ~Gegn (N -h) /Gy Q)

where h;ps, h;;)s, h,, h;pec, h;sg , h;sg — enthalpy of gases after high and low pressure superheaters,
intermediate reheater, high pressure economizer, condensate gas heater, enthalpy of gases at heat re-

covery steam generator inlet respectively; h('; P htl)p — high and low pressure superheated steam enthal-

py; h;(hp) , h;(,p) — enthalpy of water steam at saturation temperature in the drum of you-well and low

«» hy, —enthalpy of superheated water steam at the inlet of the intermediate reheater and at

pressure; h
the outlet of it; G, — mass flow rate of gases entering the heat recovery steam generator; h, — enthalpy

of feedwater entering the high pressure drum; hl?— enthalpy of feedwater entering the HPEC; h_, h;
— enthalpy of water at CGH inlet and outlet; h,:pe, h;;,e — enthalpy of gases after high and low pressure

evaporator; D™ and D — high and low pressure steam flow rates; G, =D +DP -D, +G, — water
p 0 0 g p cgh 0 0 d r

flow rate through condensate gas heater; D; and Gy— steam consumption for deaerator and water for
recirculation.

From the thermal balance equations for each evaporator, high and low pressure steam flow rates
were determined:

Gy (i - Mye) |

Dy =— = (©)
hs(hp) - hl
DY = M-r:'p”) (7)
hs(lp) - hd
h!P — low pressure circuit feedwater enthalpy.
Steam flow to deaerator:
D, =D +DP fhy - by Ji(h¥ -n.) )
haq — enthalpy of water after deaerator.
Condensate flow for recirculation to increase water temperature before CGH:
G, =(D® + DY - D, Jh; - hy, )/(h-h, ) ©9)

h.,— condensate enthalpy downstream of condensate pump.
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Mass flow rate of exhaust gases of GTI G, = 506.15 kg/s, air excess factor a = 3.33 was calculated
according to formulas given in. By enthalpy of gases at condensate gas heater outlet temperature of

gases at heat recovery steam generator t'r'Sg .outlet is determined.
The efficiency of the heat recovery steam generator is determined by the ratio of the difference of
enthalpies of gases at the inlet of the control unit and at the outlet of its convective shaft to the differ-

ence of enthalpies of gases at the inlet of the control unit and enthalpies of gases discharged into the
environment, cooled in the atmosphere to the ambient air temperature:

Mrsg = (h‘rsg_h'rlsg )/(h'rsg_hat)' (10)

To find of gas temperature after high and low pressure evaporator, the values of temperature pres-
sures at pinch points of HPE and LPE - & = 8 °C, & =7 °C were accepted. The temperature of the

gases after each evaporator was determined from the saturation temperature in the drum and the ac-
cepted temperature head:

O =t + 64, 0P =tP + orP. (11)

In figure 2, the process of superheating in the intermediate reheater installed after the superheater
with a high pressure line.
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Figure 2. Heat diagram of the heat recovery steam generator P-90 with
arrangement of reheater after the superheater of high pressure.

Figure 3 shows the process of water steam expansion in a steam non-reheat turbine. Figure 4 shows
the process of water steam expansion in steam turbine at single intermediate reheat of water steam in
heat recovery steam generator with arrangement of intermediate reheater downstream of high-pressure
superheater along the flow of outgoing combustion products [11].

Steam enthalpy in the mixing camera at implementation of intermediate reheat of water steam in a
zone of high temperatures of the heat recovery steam generator was determined by a formula:

s = [DPH, + (DY - Dy I (D5 + DF - D, ) (12)
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Figure 4. Process of expansion of water
steam for turbine KT-150-8 at single re-
heat of steam in heat recovery steam
S, kJ/(kgK) generator.

3. Results
Calculations for the technical specifications of the PGU-450 were performed with the following initial

data: po = 8.0 MPa; Pc = 5 kPa; Rd = 0.6 MPa; Ne = 155.3 MW, steam pressure of a contour of low
pressure of — 0.7 MPa; electric efficiency of GTI — 0.344; gas temperature on an entrance to a heat
recovery steam generator — 537 °C. The calculation results of the main technical and economic indica-
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tors of CGP-450 with the use of water vapour re-superheat in the waste-heat boiler and without its use
are given in Table 1.

Table 1. The calculation results of PGU-450 operation with the use of water vapour
resuperheat in the waste-heat boiler and without its use.

Parameter point

Parameter Without intermediate With reheat of wa-
reheat ter steam

Electric power of GTI, MW 155.27 155.27
Electric efficiency of GTI, % 34.4 34.4
Electric power of STP, MW 149.9 178.86
Electric efficiency of STP, % 33.21 38.59
Efficiency RSG, % 79.71 81.86
Electric power of CCGTU, MW 460.44 489.4
Electric efficiency of CCGTU, % 51.76 55.12
Steam properties high pressure loop
— pressure, MPa 8.0 8.0
— temperature, °C 512 512
— flow, t/h 198.29 198.29
Steam properties after intermediate reheater:
— pressure, MPa - 0.6
— temperature, °C - 464
— flow, t/h - 198.29
Steam properties in the steam turbine mixing cham-
ber:
— pressure, MPa 0.7 0.7
— temperature, °C 203 408
— flow, t/h 396.58 396.58
Steam properties low pressure loop:
— pressure, MPa 0.7 0.7
— temperature, °C 245.0 234.0
— flow, t/h 64.43 64.43
Gas temperature of the heating surfaces of the heat
recovery steam generator. °C:
—after GTU 537 537
—after HPS (base and intermediate) 467 467
—after intermediate reheater - 416
—after HPE 327 312
—after HPEC 265 244
—after LPS 259 240
—after LPE 194 179
—after CGH 122 110
Specific consumption of conventional fuel, g/kWh 237.64 223.15

4. Conclusion

The heat scheme of the PGU-450 was calculated for two versions of operation: without performing
intermediate reheat and with performing intermediate reheat of steam used in the high-pressure cylin-
der of the steam turbine [12]. When performing the intermediate reheat of the water steam in the heat
recovery steam generator. the main characteristics of the CCGTU increase: electric power from 460.44
to 489.4 MW (by 28.96 MW). efficiency of power generation from 51.76 to 55.12% (by 3.36%) and
the degree of dryness of the waste water steam in the turbine from 0.877 to 0.959 (by 0.082). Accord-
ingly. the specific consumption of conventional fuel on the electric power supply is reduced from
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237.64 t0 223.15 g/kWh (by 6.1%) [13]. At the same time. saving of conventional fuel for PGU-450 at
its operating time of 4500 hours per year and cost of conventional fuel of 3700 rubles/t. In monetary
terms is 118.72 million rubles/year. Analysis [14] of the calculation results indicates that when the
intermediate reheater is installed in the heat recovery steam generator after the superheater of high
pressure. the efficiency of the CCGTU operation is substantially increased [15].

References

[1] Kuznetsov V A and Trubaev P A 2018 Resources and Problems of the Mathematical Simulating
Thermo-Technological Processes J. Phys.: Conf. Ser 1066 012024

[2] Truini A D 2013 Parogazovye ustanovki elektrostantsii [Combined-cycle plants of power
stations] (Moscow: Izdatel'stvo MEI) [In Russian]

[3] Martinez Gonzalez A, Lesme Jaén R and Silva Lora E 2020 Thermodynamic assessment of the
integrated gasification-power plant operating in the sawmill industry: An energy and exergy
analysis J. Renewable Energy 147(1) 1151-63

[4] Sultanov M M. Boldyrev I A and Gorban Yu A 2019 Research of dynamic characteristics of
signals for calculation of technical and economic indicators and increase in power efficiency
of the equipment of thermal power plant /OP Conf. Ser.: Mater. Sci. Eng. 552 012007

[5] Sultanov M M. Truhanov V M and Gorban Yu A 2019 Parametric model for predicting the
reliability of heat power equipment of TPP IOP Conf. Ser.: Mater. Sci. Eng. 552 012006

[6] LiuZ. Ren X. Yan Z. Zhu H. Zhang T. Zhu W and Li X 2019 Effect of inlet air heating on gas
turbine efficiency under partial load J. Energies 12 (17) 3327

[71 Kudinov A A. Ziganshina S K and Khusainov K R 2018 Feedwaterheating in wasteheat boiler
with exhaust gases from gas-turbine power unit J. Phys.: Conf. Ser 1111 (1) 012044

[8] Wang S. Liu Z. Cordtz R. Imran M and Fu Z 2019 Performance prediction of the combined
cycle power plant with inlet air heating under part load conditions J. Energy Conversion and
Management 200 112063

[9] Maheshwari M and Singh O 2019 Thermodynamic study of different configurations of gas-
steam combined cycles employing intercooling and different means of cooling in topping
cycle J. Applied Thermal Eng. 162 114249

[10] Hofmann R. Panuschka S and Beck A 2019 A simultaneous optimization approach for
efficiency measures regarding design and operation of industrial energy systems J.
Computers & Chemical Eng. 128 246-60

[11] Alexandrov A A 2006 Termodinamicheskie osnovy tsyklov teploelektricheskikh ustanovok
[Thermodynamic bases of thermal power plant cycles] (Moscow: lzdatel'stvo MEI) [In
Russian]

[12] Kindra V O. Rogalev N D. Lisin E M and Khudyakova V P 2017 Razrabotka i tekhniko-
ekonomicheskii analiz teplovyh skhem otopitelnykh gazoturbinnykh elektrostantsyi
[Development and technical and economic analysis of thermal schemes of heating gas
turbine power plants] Novoe v Rossiiskoi Elektroenergetike 3 6-20 [In Russian]

[13] Ziganshina S K and Kudinov A A 2016 Thermal gain of CHP steam generator plants and heat
supply systems J. Thermal Eng. 63 (8) 587-91

[14] Kudinov A A and Ziganshina S K 2018 Analysis of the efficiency of using the heat of natural
gas combustion products to preheat forced air supplied to the boiler J. Power Technology
and Eng. 52(3) 319-24

[15] Derevyanov M Yu. Pleshivtseva Yu E. Kordyukova L S and Rapoport A V 2019 Using DEA
models to measure the efficiency of energy saving projects /OP Conf. Ser.: Mater. Sci. Eng.
552 012020


https://www.sciencedirect.com/science/journal/09601481
https://www.mdpi.com/1996-1073/12/17/3327
https://www.sciencedirect.com/science/journal/01968904
https://www.sciencedirect.com/science/journal/01968904
https://www.sciencedirect.com/science/article/pii/S1359431119319118?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1359431119319118?via%3Dihub#!
https://www.sciencedirect.com/science/journal/13594311
https://www.sciencedirect.com/science/article/pii/S0098135418312936?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0098135418312936?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0098135418312936?via%3Dihub#!
https://www.sciencedirect.com/science/journal/00981354
https://link.springer.com/journal/11509
https://link.springer.com/journal/10749
https://link.springer.com/journal/10749

