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ABSTRACT: The clean and efficient operation of coal-fired
units with varying loads is crucial for achieving the goal of
carbon neutrality. Currently, there is still much room for the
reduction of the coal consumption of unit operation, but the
effective theory to guide operational adjustment is still in need.
First, this paper develops a counterbalance model for real-time
calculation of the coal consumption in a 350MW co-generation
unit, and proposes a Sodol sensitivity analysis method based on
this model to obtain the sensitivity coefficient of each
important controllable parameter of the unit. Secondly, the R
method is used to screen the steady-state data of the unit in real
time, and the operating conditions of the unit are divided by the
three-dimensional boundary (heat-to-power ratio of the unit,
unit load and the ambient temperature) constraint. Furthermore,
the constraint method is used to construct a multivariate
optimization model of heating units with coal consumption as
the main goal, so as to obtain optimal coal consumption and the
corresponding state of the unit in the historical conditions close
to the present moment. Finally, the deviation between the
real-time operation data of a 350MW heating unit and the
optimization results of the model is calculated, and the carbon
economy of the low-carbon operation of the unit is quantified
by using “carbon emission reduction” as the evaluation index,
which verifies the reliability of the practical application of the

model.
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Fig. 6 Real-time optimization results of the unit
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Table 2 Controllable operating parameters of the unit

T SR P SRR
1 F IR R J1/MPa 2 FHRREE/C
3 — IR KR/ (t/h) 4 ORI IK IR/ (t/h)
5 T IR K 7/MPa 6 TR IR/ (t/h)
7 F 4K E J1/MPa 8 FRFREE/C
9 HERIEE/C 10 JEAAE /%
11 ] H HL3/%
11 . M5
10 M4
V3
9 2
-
e e Ml
& L
ﬁ 1
= d_ﬁ_mﬁ

0.0 0.1 0.2 0.3
UK A%
7 FEIATHAESHERRY
Fig. 7 Sensitivity coefficient of controllable parameters

under various operating conditions

B, ANFEWES IR BURYE R BHBORE
S AR S RTOUR, HAVEIRAK(SE 6)4 AR
Bt RBUE T —. ZZURiEKSE 3. 4); T
UM BET A8V P R A e U A i T 5
AR ZE R HEA, ANFETTOL N E— AR
BURIE R BB AR B R BIIAE AL =0( T
UL MI—M3)}, |~ HRESE DM EEH 525
miy, LU AR B S e BEAR T s TAEALALR B

LB AT (LI M4 M5, HAUR R EUE 2 K.
TENLHIZATH, ATAR I ST RS W 5 51, ot
YA SRR K T AR B

DA EiRis T AR E, LA 2021
F£3H1HAE 202242 A28 HAESH x Sl
BRIz, AL, ERTEARZ] ¢ FH—
O

t t
X — X

O = (20)
Xi max — Xi.min
K x NSE X TE (N ZINSEPRISATE: X N
x; £E ¢ B ZI S A (e T Lol X 53 S TS5 )
X v A XL A3 AP AE TN REAS RO BROR . B
ME . RIERR0), H-1<6 <1,
Guit—FNESEUINES o] IMER AT, 4
ST E 8. R ZIE AL S0 A 2
Rk, MUHZ) 72 A THIXE. "] L, HLAEK
WzHrh, FERREESH )2 e TRME, M
FERENESE D) BACTRRME, XEEZH
Y e R B0 R AT 007 AR o S iR K (2
3. 4. o HLAS T AR, HEHE S
TafifE, EHRARAIRESM, EEHRNZ
W v, MELURE S E RSemrEy . w]
16— I BN (A ) G vt S i ekl /K s s i 25
B0, NEBTRESE SR FEENL.

11
10
9 8
b 6
N i
k) %
= 4 B
s, =
,v—J 2
1
3
0
1 1 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4
IREsFE

E8 miIrsHSRMENRSEE
Fig. 8 Deviation from the optimal value of
the controllable parameters

AP AR SZ AR FE (S50 ORI A A S &=
(B0 MR Hodr,  HEHIER XS WL e
R EOLE 7), HAFEETHMECLE 8), W
BEHEEYZ) 4.5C, NAE N IEATE ST Bz
FEFBROFER BRI DR 7R — R
PRI EERT Sk BRI 350MW HLAH,
HEMRIRFE M 145°C FFEE 113 CHEMH A R D7 3



% 4 3

FEMEE. ST T LA ST 1355

PR B 1.7%, BRI AR S R IR$E R 1.5%

JTHEREE 1) BPLA ST RS R
5B, HA EEAREHR ARG — IRAMLEE ML
25K BRI SRR LW, PR
HAFEREMIL LY, SRR EEY
(L 7). HE 8 A, ZMLA Y st R
(09T FH Ha, e B B e DA (s )AL 110~ 35 fi 25 A i 08
0.19, HABKMAT A,
3.5 A H A AL

BLLH SEIS G0 iz AT Ak 3R it 7 280 5 4
T, WA A . VLB AT T PR
W EE 0 BENEN . A UL
HidZ—H 202143 A1 HE 2022 42 H 28 H,
11 A, Hd 2021 4 10 HHUASENIE)E4T
B N EEnt, w2 P& AR E TR
CO, I HER, PAKA RN 5 S5 LI CO, 1 HE
&, SRWE 9 R, BRI S
MRS R R . AT UL, B R AT S A AT ST
CO, JkAFE L 750 Wi/ H, #75 4.3g/(kW-h): # LA
DR | S B S S A S S S PA S
A BRI ik 10 J370, HBEEBRA 5 M
B K TR A Sy e k™, sk 22 B e 2 6
Wrsgm. sthh, mBLHBRIEHE R A ] PP
I BN HLA AR IS AT /K 2 SRR FL R RTE CO,
BT HARTRE, WHHHEITRE R, 280
ETES N

_ 320
P A T 260
© R .. s 14 200
40 © oD 140
= B ryy
= 2.0
£ 30 _
= =
E] =
it -~
il “
@ 20 =
£ | 15 &
) s
10 i
I )
0 1.0

e e e e e e e e

—
S <
N N
[\
S O
[N

9 HBEREIEIT CO, mHEEN
Fig. 9 Monthly CO, reduction potential of the unit

4 LHig

BRI ALEAT o B FEI R S i oK, AT
GIEDIREVIE SN €/ PP 2 S E P ns X WS

TR SRS AT 7T,  DAHDNALA S PRI AT SR it &2
THEES.

1) ASCHEST T BERHUAL PR T S AR Y,
28 BRI 5 Re B RR LA SE i IS AT HREHE, L
R AOCEIERE . M, DA 350MW fikHupL
S I SR A ST R b, Ha o TR
Fitar IR B WAL IERE IR R 1, IR T
ML =4k T2 R 544 53 75 3R

2) FIHFEZE bR AR 7L Z o0 5
JiE, AISEELSER s AT S . T IE AT S A UK
P AR ZE R 0T, PR T 2R S RK . B
WS T A R R S HOT LA R R
FR RN . ZALAR TR RRW, @
BIBIT S, HARIPHOR R IR T35 1.5%.

3) =L T AL 2 0 SE T U0 I T B A
P PR 1~3g/(kW-h), CO,BHEEZ) 750
W/ F, ETH B S Tk 10 TG,

AL, ASSC TR S A S A 7R LA A e Y S
A, RONHLA % g (T3t 5, ARk AT7E
B 2 RAMLAH BTN

B3R

[1] BP. Statistical review of world energy 2021[EB/OL].
[2021-07-31]. https://www.bp.com/ en/global/corporate/
energy-economics/statistical-review-
of-world-energy.html.

[2] XIHEE, #5EE, 8. BB LA ffomr s ik ey
IRFERIBT T[], RIS RS THE, 2008, 24(4): 47-49.
LIU Fuguo, JIANG Xuexia, LI Zhi. Investigation on
affects of generator load on coal consumption rate in fossil
power plant[J]. Power System Engineering, 2008, 24(4):
47-49(in Chinese).

(3] SR KEAHLAIREL GG A7), IR T,
2019, 39(2): 21-24.

GUO Qingfeng . Economic analysis of depth peak
adjustment for thermal power units[J]. Hunan Electric
Power, 2019, 39(2): 21-24(in Chinese).

[4] AL, VAR, Fheism, &6, PR B
AT R OE S SR R[I]. HEE S, 2021, 54(1):
1-8.

ZHU Fahua, XU Yueyang, SUN Zungiang, et al. Practice
and enlightenment of ultra-low emission and energy-
saving retrofit of coal-fired power plants in China [J].
Electric Power, 2021, 54(1): 1-8(in Chinese).

(5] W EEAATWAER R &R 2021[R/OL]. A [ L /4
P& 4. (2021-07-08). https://www.cec.org.cn/upload/
zt/fzbgzt2021/2¢2021/index.html.



1356 ST £ N =< 1 R B =3

43 %

Annual development report of China’s power industry
2021[R/OL]. China Electricity Council. (2021-07-08).
https://www.cec.org.cn/upload/zt/fzbgzt2021/2t2021/index
.html (in Chinese).

[6] FBARTE. IR M]. b AR Iy AL, 1995:
21-22.

ZHENG Tikuan . Thermal power plantfM]. Water
Resources and Electric Power Press, 1995: 21-22 (in
Chinese).

[7] OKO E, WANG Meihong. Dynamic modelling, validation
and analysis of coal-fired subcritical power plant[J]. Fuel,
2014, 135: 292-300.

[8] TIAN Zhen, XU Liang, YUAN lJingqi, et al. Online
performance monitoring platform based on the whole
process models of subcritical coal-fired power plants [J].
Applied Thermal Engineering, 2017, 124: 1368-1381.

[9] VFABIL, 1%, Xk, 5. 330MW HLALRBEHY A

LG SE ISR 2 4T [I]. P E L AR 254, 2020,
40(19): 6257-6263.
XU Pengjiang, XU Rui, DENG lJia, et al. Analysis of the
influence of heating steam extraction of 330MW unit on
the economy of electric generation[J]. Proceedings of the
CSEE, 2020, 40(19): 6257-6263(in Chinese).

[10] RXEN], /R, 25 600MW LI S b i 1 5 7 2
0], EPRRF2 R BRI 2006, 29(7): 59-63.
ZHAO Zhigang, YANG Chen, LI Yi. Model building and
simulation for subcritical pressure boiler[J]. Journal of
Chonggqing University: Natural Science Edition, 2006,
29(7): 59-63(in Chinese).

[11] SREEPRADHA C, PANDA R C;, BHUVANESWARI N
S. Mathematical model for integrated coal fired thermal
boiler using physical laws[J]. Energy, 2017, 118:
985-998.

[12] &7 R. P EEEEAH R RBR— R i) 2
T, EEMLEYE, 2016(1): 34-36.

HOU Ziliang. The second leap in China's power plant
informatization—Intelligent power plant construction[J].
Automation Panorama, 2016(1): 34-36(in Chinese).

[13] SERURA . HeAr R EE 1 & 78 K LA RS RS I]. #
2RARBIHT, 2019(32): 58-60.

HUANG Liusong. A brief analysis of the application
prospect of big data platform in thermal power units [J].
Scientific and Technological Innovation, 2019(32):
58-60(in Chinese).

[14] MK, EArUE, SREEH, %, ST REHLARMR A1k
HUDLAL AL BB A AL R[], 5 BB HAR 5
%, 2021, 47(3): 76-82.

SUN Yongping, WANG Lifeng, ZHANG Zhenwei, et al.
Genetic optimization model of power supply coal

consumption for thermal power unit based on random

forest[J]. Information and Communications Technology
and Policy, 2021, 47(3): 76-82(in Chinese).

(151485, WU, b, 5. BT HE2 e AR
RURFIESR bR IR BT ). h I L TR 2R,
2017, 37(7): 2009-2015.

XU Jing, GU Yujiong, WANG Zhong, et al. Research on
indexes of energy efficiency and its reference-value for
coal-fired power units based on data-mining [J] .
Proceedings of the CSEE, 2017, 37(7): 2009-2015(in
Chinese).

[16] BABH, #aPE, BiJi, % KHMLA BB HE s 4 17

RAESR IS H R RS E (LA EJ]. P B HL T RE 4R
2021, 41(S1): 210-220.
HU Yang, YANG Ze, FANG Fang, et al. High dimensional
operation feature extraction and optimal reference value
determination of carbon emission reduction for power
supply of thermal power units[J]. Proceedings of the
CSEE, 2021, 41(S1): 210-220(in Chinese).

(17] XS, A8, ML, 55, REARIZHE BRI
RS HLAL B RE 20 A v R AT FE ()] b [ L AR o
#, 2018, 38(12): 3578-3587.

LIU Binghan, FU Zhongguang, WANG Pengkai, et al.
Big data mining technology application in energy
consumption analysis of coal-fired power plant units[J].
Proceedings of the CSEE, 2018, 38(12): 3578-3587(in
Chinese).

(18] 48T Xp s, EMEEL, 5. = THARZ48 fREHL
HREAEBURIE T[] HTTR A, 2018, 47(9): 15-21.
FU Zhongguang, LIU Binghan, WANG Pengkai, etal.
Energy consumption sensitivity analysis of coal-fired
power units based on big data mining[J]. Thermal Power
Generation, 2018, 47(9): 15-21(in Chinese).

[19] FF807, FHRE, Xk, 5. J T REE R LA fit
HUBERERFIE (D], ROk, 2019, 48(9): 51-57.
QI Minfang, LI Xiaoen, LIU Xiao, et al. Characteristics
analysis of power supply coal consumption for coal-fired
power units based on big data[J]. Thermal Power
Generation, 2019, 48(9): 51-57(in Chinese).

[20] SALTELLI A, RATTO M, ANDRES T, et al. Global
sensitivity analysis the primer[M]. Chichester: John Wiley
& Sons, Ltd., 2008: 1-17.

[21] BEM, 328, &, BB AR NO, fFSIR

RS A]. B TAESR, 2011, 31(26):
16-22.
LV Yukun, PENG Xin, ZHAO Kai. Hybrid modeling
optimization of thermal efficiency and NO, emission of
utility boiler[J]. Proceedings of the CSEE, 2011, 31(26):
16-22(in Chinese).

[22] 484N, HERE, XU, . SEEIT COo, Mk
WS T[T, T E L AR SR, 2011, 31(17): 1-8.



%41

FEMEE. ST T LA ST 1357

XU Gang, TIAN Longhu, LIU Tong, et al. Strategic
analysis of CO, mitigation in Chinese power industry [J].
Proceedings of the CSEE, 2011, 31(17): 1-8(in Chinese).

[23] ¥R4E, XZRAN. BRSO T ). B
AR, 2014(2): 57-60.

TU Hua, LIU Cuijjie. Calculation of CO2 emission of
standard coal[J]. Coal Quality Technology, 2014(2):
57-60(in Chinese).

[24] fREAR. KPR BAREFERITEM]. dbat: K
FlE AL, 1984 51-53.

NI Xuelin . Calculation of technical and economic
indicators of thermal power plants[M]. Water Resources
and Electric Power Press, 1984: 51-53(in Chinese).

[25] XUARIE, SREEME, 2%, . ETHIEREMB HHE
HE L ERE IS AT (). el 77, 2019, 52(11): 118-124.
LIU Fuguo, ZHANG Xuhui, WU Ju, etal. Diagnostic
analysis of daily coal consumption rate in coal fired unit
based on data reconciliation[J]. Electric Power, 2019,
52(11): 118-124(in Chinese).

[26] EZAEIRE. DL/T 262—2012 K 1% BHLAGHRESE 26

THESIS]. At PEEHERE, 2012.
National Energy Administration . DL/T 262 — 2012
On-line calculation guide for coal consumption of
generating units[S]. China Electric Power Press, 2021(in
Chinese).

[27] X SEE, ARk, W) AR E I B S S T
ELE[I]. R EHLE AR, 2007, 20(4): 39-42, 46.
ZHAO Jingjing , LIN Zhongda . The analysis and
comparison of different methods of measuring and
calculating main steam flow in power plants[J]. Gas
Turbine Technology, 2007, 20(4): 39-42, 46(in Chinese).

(28] &%, A, WP, BUBIEAITERIR[T]. ALntmiE R
FAfe: EHIRBHERL 2008, 44(1): 9-16.

CAI'Yi, XING Yan, HU Dan. On sensitivity analysis [J].
Journal of Beijing Normal University: Natural Science,
2008, 44(1): 9-16(in Chinese).

[29] SOBOL I M. Global sensitivity indices for nonlinear
mathematical models and their Monte Carlo estimates [J].
Mathematics and Computers in Simulation, 2001,
55(1-3): 271-280.

[30] SALTELLI A, ANNONI P. How to avoid a perfunctory
sensitivity analysis[J] . Environmental Modelling &
Software, 2010, 25(12): 1508-1517.

[31] CAO Songling, RHINEHART R R. An efficient method
for on-line identification of steady state[J]. Journal of
Process Control, 1995, 5(6): 363-374

[32] XI5k, &, B, 5. ST EURE RS R gy
TRGER[T]. ACERACGREAR, 2013, 34(8): 1739-1748.
LIU Jizhen, GAO Meng, LV You, et al. Overview on the

steady-state detection methods of process operating data

[J]. Chinese Journal of Scientific Instrument, 2013, 34(8):
1739-1748(in Chinese).

[33] CAO Songling, RHINEHART R R. Critical values for a
steady-state identifier[J]. Journal of Process Control,
1997, 7(2): 149-152.

[34] E7 5. T HERIZHH ORI A B LA AT Be iz il

WIS 5T 5E[D]. bRt db I RAEER),
2011.
WANG Ningling. Theoretical research on data mining-
based energy-saving diagnosis and optimization for large
coal-fired power units[D]. Beijing: North China Electric
Power University, 2011(in Chinese).

[35] FEH7E, £, . 2 HARg & EE LR T
FIRF[I]. RS RS, 2003, 20(6): 755-760.
LI Shaojun, WANG Hui, QIAN Feng. Multi-objective
genetic algorithm and its applications in chemical
engineering[J]. Computers and Applied Chemistry, 2003,
20(6): 755-760(in Chinese).

[36]H M N RSN [ [ 52 ot & B AR IR B R, I 5K
PRUELE HEZE A 43, GB 13223—2011 KHJ KST5%
PIHEARHELS]. b5t RIS AR, 2012,
General Administration of Quality Supervision, Inspection
and Quarantine of the People's Republic of China,
Standardization Administration of the People’s Republic
of China. GB 13223—2011 Emission standard of air
pollutants for thermal power plants[S]. Beijing: China
Environmental Press, 2012(in Chinese).

[37] FE2E~F-, e 2. I FAL AL 384T HE AR R e S

RERT[I. # Sk, 2010, 39(8): 33-37.
YAN Weiping, DONG Jinglan. An approach to the causes
leading to high temperature exhaust flue gas in boiler
operation of supercritical unit[J] . Thermal Power
Generation, 2010, 39(8): 33-37(in Chinese).

[38] TRAS AR, 25, 600MW AL R Mk A AERE 1 H 3K 43
Mr B dzi[]. e, 2007, 20(5): 71-74.

XING Xidong, LI Xuebin. Analysis and control of
influencing factors on net coal consumption of 600MW
units[J]. Central China Electric Power, 2007, 20(5):
71-74(in Chinese)

iR A

sk A s H A B RS SERE R T EIE R, 4
YIESCE 7 s ) =B E AT Tgh 7 BT B AR,
g Al

ARHF TR T AL B =840 ML S AFER . il #
RO KA. |, K@U ENA S PFEE. i
FVRKIG(EIEE SIS RAERMIREE. K AE R
IAPWS-TF97 hrifEiH 5,

TEFKFLES, 457K E Day RIRIRKIE Dy, B AR
HEG H . SZRNMEEET RS H, FRANE:

D,=D,,—D,+D,+D,+D,+D, (A1)



1358 ST £ N =< 1 R B =3

43 %

e Dy, ABIAKILE, kghs Dy NEFTKIRE,
kg/h; Dy kil & 22 MIWE KRR, kg/hs Dy N— 2R
* Al #ATREFETERRE
Table A1 Model results of coal consumption
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The goal of carbon neutrality drives China’s
existing coal units to transition from the dominant energy
source towards the base power running with varying
loads to stabilize the grid. Aiming at the clean and
efficient coal power, there is still much room to reduce
the coal consumption in the practical unit operation.
Recent years have seen lasting efforts to pursue optimal
‘benchmark states’ of the unit with the lowest coal
practical  varying
However, an effective solution to the optimization of
coal unit operation with solid theoretical background is

consumption under conditions.

Historical data(X;, X5, X5, ...,X,) |

still in need.

In this paper, we develop a strategy combing both
mechanisms and big data to determine the optimal state
of the unit in real time by searching for the ‘best’
historical state among all that match the present
operating condition (see Fig. 1). Two major ingredients
are required to this end: 1) evaluating the coal
consumption and 2) optimization
procedure. Thanks to the advanced digital architecture in
many of today’s coal plants, both steps can be
implemented efficiently within a second.
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Fig. 1 Flow chart of real-time optimization of coal-fired unit operation

We take a 350MW co-generation (CHP) unit as an
example. As a first step, we develop a counterbalance
coal-consumption model of the unit based on the
operating data stored in the SIS system, and construct a
dataset of the coal consumption as well as relevant
operating data within the past two years (from 2020 to
2022). The historical dataset is cleaned after detecting
and removing the unstable operating states, the states
with major pollutants (NO,, SO, and particulate matter)
exceeding the limits, the
coal-consumption outliers.
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When it comes to optimization, we divide the
cleaned historical dataset into 2512 classes in the 3-D
‘operating space’ characterized by the heat-to-power ratio

of the unit, the unit load and the ambient temperature. The
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algorithm decides which class the present state falls into,
and finds out the optimal historical state in the regarding
class with the lowest coal consumption.

Our strategy gives the best attainable reference state
for the present situation. through the
sensitivity analysis of the coal consumption model, we
determine the sensitivity coefficient of controllable
parameters (steam parameters, steam attemperation,
boiler parameters, etc.) in each class of the 3-D operating
space, gaining insights on the real-time optimization of
the unit. For our example unit, the potential of coal

Moreover,

consumption reduction by optimizing the controllable
parameters is 1~3g/(kW-h), which corresponds to a CO,
emission reduction of 750tons per month and a
carbon-tax benefit of 100000CNY per month.



