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Research on full-load operating characteristics of the flue gas waste heat
utilization system for dual-turbine regenerative coal-fired units

Li Xintong', Zhao Shuai', Meng Yong', Xing Leqiang', Jiang Minhua?, Wu Junbo®
(1. Xi’an Thermal Power Research Institute Co., Ltd., Xi’an 710054, China;
2. Hangzhou Commuter Technology Co., Ltd., Hangzhou 311500, China;
3. Huaneng (Zhejiang) Energy Development Co., Ltd., Yuhuan Branch, Taizhou 317604, China)

Abstract: [Objective] Coal-fired power units are increasingly required to operate over a full load range and
participate in deep peak regulation to accommodate renewable energy integration. However, under such variable
conditions, issues such as efficiency deterioration and corrosion at the cold end of the air preheater become
prominent. To address these challenges, this study investigates the off-design performance of the flue gas waste heat
utilization system in a dual turbine regenerative coal-fired unit. The goal is to achieve efficient and safe operation
across the entire load spectrum, from low to full load, by optimizing the allocation of waste heat recovery. [Methods]
A detailed simulation model of a 1 000 MW dual turbine regenerative coal-fired power unit was developed using
Ebsilon professional software. The model incorporates all major components of the power cycle, including the
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boiler, turbine, regenerative heaters, air preheater, flue gas bypass duct, and air heater. The simulation covers an
entire range of loads, from 20% to 100% turbine heat acceptance (THA). Key parameters influencing the waste heat
distribution and overall system efficiency were systematically evaluated. These parameters include: the bypass flue
gas ratio (the fraction of flue gas diverted around the air preheater), the mixed flue gas temperature downstream of
the air preheater (after mixing bypass and main streams), and the outlet air temperature from the air heater. A
collaborative optimization approach was employed to identify the combination of these three parameters that
minimizes the net coal consumption rate for power generation at each load level. [Results] The simulation results
demonstrate that the three key parameters fundamentally determine how the recovered flue gas waste heat is
partitioned between “air-side regenerative heating” and “water-side regenerative heating”. This partition strongly
influences both the economic performance and operational safety. Specifically, the optimal bypass flue gas ratios
were found to decrease as the unit load decreases: 18% at 100%THA, 16% at 80%THA, 15% at 75%THA, 12% at
60%THA, 12% at 50%THA, 11% at 40%THA, and 11% at 20%THA. The corresponding optimal values for the
mixed flue gas temperature after the air preheater and the air heater outlet air temperature were determined as:
132 °C/85 °C(100%THA), 134 °C/87 °C(80%THA), 135 °C/90 °C(75%THA), 137 °C/92.5 °C(60%THA),
138 °C/95 °C(50%THA), 140 °C/97 °C(40%THA), and 140 °C/100 °C(20%THA). Compared to a reference
configuration without flue gas waste heat utilization, the proposed optimized system reduces the gross coal
consumption rate for power generation by 2.88, 2.66, 2.63, 2.36, 2.17, 2.04, and 1.93 g/(kW-h) at the respective
load levels. [Conclusion] The off-design characteristics of the flue gas waste heat utilization system in a dual turbine
regenerative coal-fired unit are highly dependent on the coordinated control of the air preheater bypass ratio, mixed
flue gas temperature, and air heater outlet temperature. Properly matching these parameters to the unit load enables
a balanced recovery of waste heat while maintaining the flue gas temperature above the acid dew point, thus
mitigating low-temperature corrosion risks. The optimal parameter sets obtained in this study provide a practical
reference for the design and variable-load operation of such waste heat recovery systems in large-scale coal-fired
power plants aiming for higher flexibility and efficiency.

Key words: coal-fired unit; flue gas waste heat utilization; dual-turbine regenerative system; deep peak shaving;
synergistic optimization
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Fig.4 Simplified model for the boiler waste heat utilization system
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il S WiHE BELME T 2%
l f’ Rt FAERAE/(hT) 29479 29479 0
I HLUILHE
2H, ) TR IRE/C 650.0 650.0 0
o u FHAZEIR K S3/MPa 7.46 7.46 0
\ FHRARME/(ThT) 1895.59 1856.11 39.48
‘ . NP
®H -2 \ Ir '“ﬁw'r" 'r'f/\"u’ ' " ¥ LR LR/ (thT) 619.06 628.81 9.75
& i ", — 4l /3/MPa 11.40 11.40 0
alil Y 41 J1/MPa 7.46 7.46 0
s} | \1 L™ =4l Jy/MPa 5.19 5.19 0
1 D441l [ 7/MPa 3.85 3.85 0
o ,‘l‘ | FiAE J3/MPa 2.71 2.71 0
_10l F5HHE J1/MPa 1.58 1.58 0
. ! L L L L L% J3/MPa 1.04 1.04 0
2 5
0 100 200 ) Klj/}[(,)o 400 500 JlE J3/MPa 0.54 0.54 0
PESS AWG 2R IS
JUAE J1/MPa 0.15 0.15 0
6 THA £ /T R H9 Ebsilon 1&gt il £ 71/MPa 0.07 0.07 0
Fig.6 Ebsilon simulation convergence under THA +—4li Ik Ji/MPa 0.03 0.03 0
benchmark operating conditions HEVA JE /7/MPa 0.004 0.004 0
. R LI ZE/MW 1079.73 107261 7.12
32IRENH FEHLAFEZE/(KT-(kW-h) 1) 6816.0 6 876.41 -60.41
Ebsilon #AEE THA T T BELUE S iHE EIRERN R °C 361.0 361.133 -0.133
N N SN o I OEAR R/ (0 275317 278651 -33.34
(1292 1032 2, 7F 20%THA Tt FEREIME 5 it P TUATURIE )

N = o R N SHEEEAR LR OKIEC 206.0 205.88 0.12
{ER R WAR 3, KRR RIEAE 2% LU, 01T SRR A TUKE,C 3335 3335 0
A RIART S, v T RS R, BHATE A B CKIRSC 109.0 108.92 0.08

S5 ARHAA R &% H HKAR/PC 176.4 176.4 0
% 2 THA TRAEEET EIRAE 2 SR C 322.0 322.0 0
Tab.2 Model verification under THA condition (IR BE38 A TR °C 131.0 130.337 0337
¥ W BEUE T2 W WS P IR 5 N FURR/°C 97.0 97.107 -0.107
FAERIEE/C 650.0 650.0 0 — R XS AR /°C 85.0 85.0 0
T S/MPa 33.13 33.13 0 TR KU EXUIR/C 85.0 85.0 0




XX & XX 7

JERFEHIIR
S witHA (EEDNIEN i 2
BFEE % 94.87 94.22 0.65

& 3 20%THA T REREIE
Tab.3 Model verification under 20%THA condition

2 BHE HIE 2
FHRRIEE/C 650.0 650.0 0
FZEIRE JI/MPa 10.00 10.00 0
FRFAME/ () 566.26 563.84 242
THAZEIRIEE/C 650.0 650.0 0
AR I/ MPa 1.52 1.53 -0.01
FRRGEIRME/(thT) 415.53 411.07 4.46
HEVR E F3/MPa 0.004 0.004 0
/INHLTEY E/MPa 0.27 0.27 0
PRI Z/MW 218.29 216.10 2.19
FAHLAFER/(KI-(kW-h) ) 8157.0 8141.22 15.78
BRIFAR % 95.01 95.22 -0.21

4 HEERSTE
4.1 FRIASHERI M

55 B IR S A BTE R L[] 2R 45 1220 o [ S e T
WS, BEEE T RAEERN M SR AL 5
BOALEE 3], & 7 9 100%THA T8 R 55 B0 S48 4
STRMUAFER . B 305 B R HURERE IR S R4
AL, BEAE SRR AR B I N, SR A (KR
BRI, ST RG MR RN,
TRECHLIFEZR AW PRI, “/KE R S8 . I
2 S TR VRS EA LB, AR
B, “SERIBIA BTG, BRI BCRIEET N . Bk L,
TELE— B S5 B A A0, VLA EAS i
8 BB i R B B SR AN I I R A8 2R, R FELRERE
A

24973 F a 6
[

- 2
£ 24970} "Ny =
£ - =
= 246 L Y "
i 249.66 % : o =
= - =2
2024962 - « =
:: A e 3
= 24959 . . e B
® A a0
TT 24955 A 3

S
249.52
9 10 11 12 13 14 15 16 17 18 19 20 21 22

TR FEHM I B%

& 7 100%THA TR TEBBSMBEIHAFER B
KRR K BRFERIFN
Fig.7 Effect of bypass flue gas ratio on turbine thermal
efficiency, boiler efficiency, and coal consumption for power
generation under 100%THA conditions

ANTR By T 2 RIS 55 B R S A AU LA

http://rlfd.cbpt.cnki.net

TR WL 8. & HA T R FLBERR Y LAk
HEXS N AH R A7 AT TE ISR R I R ERE . B
rh 5% i RSO R S AR TGRS R SRR
R 3. 7T, 100%THA. 80%THA. 75%THA.
60%THA . 50%THA. 40%THA Al 20%THA fifif
X PR f A 55 B M AR B ) 18% 16% 15%
12%- 12%- 1% 11%. AL 5 far FRARES, ikt
FEFRAZ NI R AR vk, UKBA IR ER s

P i= q f= b B4 57 ke W A
TR, Bl SRAEREA,  e55 B
S S Y
HIUE BTN o

30
28 | i A
L -

26} = g2 2 2 2 2 ¢ o
p A

T 24t =y

=

v

%22} v MM s SE

g oof ¢ ¢ i S = 100%THA

= ) e —® S80%THA

w 181 ¢ A 75%THA

=2 6L v 60%THA

= 1

2 L o S & S0%THA

b >

1.4 G 40%THA
> > 20%THA
12+ S
13
1.0 -
1 1 1 1 1 1 ]
8 10 12 14 16 18 20 2

S F TR /%

& 8 =RIMARE BB SHEXHE TR EBHIZ N
Fig.8 Effect of air preheater bypass flue gas ratio on coal
saving in the unit

4.2 TEFRHBL RSB RIRAR M

100%THA LI, PREFIE XA H H X 85 °C.
AR5 R A SR B 18%ES A, 5%
AR TS A R 8 7 0 38 e AT 53 AR T2
TRER, MUK BBEFE R LB 9. TRA
T 130 °CIBB T 2 136 °CH, 55K 4 B o
KM, AR 2 E tH 16.88 MW 1B
WR/NE 9.94 MW, 7 51 8 ‘SR N #A% B 75 4l
REIGN, BEST /MLRCERAR: (H55 8% 5 R
AR 25.59 MW 25N 26.66 MW,  1~5
5 i R NS B R VR AR BN, AR TR ENA
BALA BEST /MLIACE . 100%THA T, fHiE
TRA IR 132 °C,




8 kA%

HFER

249.68 AR
a o 1k -~ g 4er I 16.8
49.6 4 = R E A A A = =
249, o = =
o] o SRR F RS | Slis¢S
= 24963 3 p
= 144 &
< 249.60
] - A
3 24957 =
& » 12.0 14
=, 24955 Y 3 z =
=1108 &
"
249.52
9.€
130 131 132 133 134 135 136
2T 8% TR & 5 iR/ C

9 100%THA TR T=ESHARH R ERIHERI &L E
RELZES. RERFRAENTN
Fig.9 Effect of mixed flue gas temperature at the outlet of
air preheater under 100%THA condition on coal
consumption for power generation and heat exchange of
bypass high and low economizers

4.3 BEXEE AOXERIS M

100%THA T4, PREFZSS TGS H RS G
SR 132 °C, 2R 55 B S A 18% 524
A, BURRR KA X, LR F AR AR
LA 100 BEETR X AS H OXGE S, — 2R
BRI AE P E Z AT R XA, AR
7 ONEE, Bl RCRIE R . B XA O KGR R
BRI, A TGS TR A R RIR T, AR
FrRA o MR ANAS, 55 B 48 I 2% 7K 00 378 22
B, BEST /MR T mys AR, — iR A BEas 5
[E ) RGBS KRR/, RHAFEHLRFER A
Flo 100%THA T.48, BEXEH F & REA 85 °C
B, VR RFER AR B FE Y N B . IR R
HLIRRE SN 249.52 ¢/(kW+h), BETCURS AR #4R) FH 2 1
TR K FE 2524 g/(kWh) T % T 2.88
g/(kW-h).
4.4 PRATIES KARFIA RS LT

80%THA. 75%THA. 60%THA. 50%THA .

40%THA 1 20%THA R T R, 35l S
TRAAAES 55 A S AR AT 16%- 15%- 12%- 12%- 11%-
11%ESHAA, X[ CHR A S AR A
W RS EXREE TR S . A TSR BRI &
ST IR RE XS B2y ) LR 4 F3R 5. 7T L, 80%THA
75%THA .« 60%THA . 50%THA . 40%THA A
20%THA IR i far, iR & AR XU ES H
KR 4 A 134 °C/87 °C + 135 °C/90 °C .

137 °C/92.5 °C. 138 °C/95 °C. 140 °C/97 °C I
140 °C/100 °C, HLZH I FLIEFER IO M S 4% Fioi i
7y B BEAK 2.66 g/(kW-h). 2.63 g/(kW-h). 2.36
g/(kW-h) . 2.17 g/(kW-h). 2.04 g/(kW-h). 1.93
g/(kW-h). ZEHEH, MARHFHRGHIZ)E, it
S SRR IE A E RN, NSRS
JRCTE P DRI B 25 (P I AT 3 v, H 2 R TIAAER HE
PR B e N A AR PR . T
50%THA JRR g 1, 28 ST H TR RGR
A—Efm, MAMBITEFEMZ e Sitm.

6 896

agr9] T KHKE 19420

- - HiR 1 16804 ~
".:: 24975 | o— FIHLAAFER J 94.19 =
= 6 89
: - o =
Z 24970 94.18 X &
= 16891 —
o0 —
= 249.66 " $.]
E i - ” ) 46890 T
224961 F o s 94.1
S - : A 16 888
i
N a7t " . el

i 1 % i 16 886
249521 * 2 .

L L L L L L L )
83 84 85 86 87 88 89 90

e A28 H 1R °C
& 10 100%THA T3 FEERZRH O KURXSALAFER, @
KPELER K & B RN R

Fig.10 Effect of outlet air temperature of heater on steam
turbine heat consumption rate, boiler efficiency and coal
consumption for power generation under 100%THA
operating conditions

L L L
79 80 81 82

4 HETR (TRSKRAFA) BBEXMREET

Tab.4 Performance indicators under baseline conditions (without flue gas waste heat utilization)
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BE XA 1R/ °C 23/30 23/30 23/30 23/30 23/30 23/30 23/30

2 O RRE/SC 335.17 319.31 316.37 305.86 289.38 270.52 234.48

A O RRIR/PC 333.84 318.37 315.50 306.60 288.78 270.77 230.92

R RN IR/ °C 114.85 111.41 108.93 103.57 101.72 101.52 90.72
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EEEIAIX XX & XX 9
ZH 100%THA 80%THA 75%THA 60%THA 50%THA 40%THA 20%THA
WSS N R/ °C 128.42 123.19 120.18 113.84 110.95 109.92 98.30
BadP R % 94.64 94.65 94.74 94.75 94.76 94.81 95.22
HHLAFER/(KI-(kW-h)1) 6 999.79 7093.40 7131.92 7292.97 7397.53 755433 8141.22
% HLEFE/ (2 (kW h) ) 252.40 255.75 256.89 263.09 266.40 271.90 291.75

x5 MUHELIR (BRSEARFIRA) MHEXEEERER

Tab.5 Performance indicators under optimized conditions (with flue gas waste heat utilization)

ZH 100%THA 80%THA 75%THA 60%THA 50%THA 40%THA 20%THA
TR FHRIR/°C 360.69 346.77 343.19 333.22 321.09 306.48 264.52
AR 55 AR S Yo 18 16 15 12 12 11 11
TR 5 v A B
S MW 26.02 18.04 15.55 11.27 8.40 6.25 3.09
A 5 AR A
LMW 14.51 10.49 9.86 6.54 5.52 3.82 0.14
ST /P C 132 134 135 137 138 140 140
% A 25 Y XU/ °C 85 87 90 925 95 97 100
W O UOR/PC 322,07 310.36 312.00 301.34 289.97 276.18 242.58
EIRAH O IRORRAC 322.29 309.91 308.21 303.24 286.90 270.34 230.93
FH R38N\ TR/ °C 85.08 85.05 85.08 85.00 85.11 85.04 85.10
W SCES N ETARR/°C 75.08 75.01 75.02 75.01 75.06 75.05 75.08
L &N 94.17 9436 94.49 94.63 94.73 94.89 95.29
EHLBFER/(KI-(kW-h) 1) 6885.88 6998.31 7 040.47 7217.67 7334.57 7503.93 8 092.96
K ELERE/ (2 (kW-h)T) 249.52 253.09 254.26 260.73 264.23 269.86 289.82
RHLHFRE T BRAE
(e (kW-h)!) 2.88 2.66 2.63 2.36 2.17 2.04 1.93
~ M3
5 4518 g/(kW-h). 1.93 g/(kW-h). 7E 50%THA %811

1) S TR 55 B SR B ST
TRA AR . BE XA ORE S s S Huh e
TS RABERLE B A COKREREIRT 2
[ o3 Be LL ), XL IZ AT S B ER 2 A RO
SO, APAE— N . SRS B A A E A AL
AR AT B FRAC T kDS, 3 TS H R G e MR
TR Rt H 10 XS i A Bl A 1L 4H 67 A 1) B A1
Fhr, s T SRR R AR, T
25 TR IR A i S5 b ) R

2) XWAZRFIRE 7 AWLEIRH RS 1000 MW
ABFAIG S — IR AL, 100%THA. 80%THA .
75%THA . 60%THA . 50%THA . 40%THA Al
20%THA fifar T X 87 (1) d5e 4 55 8 R <4 4053 0 9
18%- 16%- 15%-. 12%-+ 12%-. 11%- 11%, %S
s R A R TR A RS XU R R 4
SA 132 °C/85 °C. 134 °C/87 °C. 135 °C/90 °C.
137 °C/92.5 °C. 138 °C/95 °C. 140 °C/97 °C f
140 °C/100 °C. HLAH & HLEFER T M AR BRI
Iy W BEAK 2.88 g/(kW-h). 2.66 g/(kW-h). 2.63
g/(kW-h) . 236 g/(kW-h). 2.17 g/(kW-h). 2.04

http://rlfd.cbpt.cnki.net
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