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Abstract: [Introduction ] The paper aims to establish the profit model of generator-storage combined frequency regulation system
and give the basis for battery storage power selection to determine the optimal capacity of battery storage. [ Method ] Based on the
historical operation data of a power plant and market price in Guangdong Province, we simulated the participation of battery storage
in frequency regulation and analyzed the influence of battery storage power selection on the performance and income of combined
frequency regulation. [Result] The simulation results show that the battery storage system can greatly improve the frequency
regulation income by enhancing the performance of the power unit and the mileage. With the increase of the battery storage power,
the frequency regulation income gradually increases and then tends to be stable. [ Conclusion ] The impact of battery storage power
on the performance and income is different due to the unit performance differences and operating conditions. This work provides that
it is reasonable and feasible to determine the battery storage capacity through simulation calculation, which can provide reference for
the optimization of battery storage capacity in subsequent projects.

Key words: battery storage; thermal power unit; generator-storage combined frequency regulation; frequency regulation

performance

LA, BlE Rk L ARG AR e v 2 RE TR
Je g 7 AW, SN T R AR S s 4T
MEPE PO IR AT 5 ) R R L Bk B o [T
e g K RLALZEL o5 LU R, FL 100 T ) 90 451
A, PSRN R R R A, TR Sk

IESHER. 2020-07-16 f&E HEE. 2020-10-12
ELWB: PEGEET REERHEIE <o e R Fe S A L
ARHE B AR K 7 587 (EX05131W)

FL AL B TR 15U, XA S0 S 23 A 804 i e J3E
18 2, RO LA T B A G K R LA AR T
L PO A (AL A RE A S RTRIF S A
PAT"ZR 8, BEAE At R B XURL A, HL Y
KLU A AN W N, b P R 2R 3R AT
FEOR, FL R BB IR o AR s X R PR AS A LR
TURIERLAL ]y F, o5 BRHLA i 47.1%, PSR
KR ML I AL 55 B AL R IR



12 FE T REVR AR

PSS, 2k AL A8 ™ 5,
BORHRFE, B HER H BRXE LSS — R 51 £
M ol PR A R B ARSI hE
HFIKE &, HENAERE S A EILE &
30.4% , PRI PTG G, PRI AR K

R FHAE AR SR, Hh T B A D) TR X ]
PAT L me R R ORE B R AR
IR AR AL, LR, EREKENLA
HoR AR RGLIC G TR, ©&AE TR
BRI N 7 MOESCER [10-15] XHEREER A
P 2 TR g AT TR

BARAARE FT LA 4 5 i) 1Y AGC PERE
WP S I EE T, (i FHSAR &, ERER
PR A . BT E N K RS A E K
LRI TFEAL, 718 1.5%~3.0% M HLL 25 B i B
figfBE 7, DRI DR SX R A R ) S PR T SR B AN
R, WA % R BN YERE B 22 5 0k e 25 e 1R
(RIS

AR SCHEST B RRIE A R IS SR B, IR LT AR
SHL NS S, WAL AN REEC A IR AL T
IR, PR E A RE D 28N Y EK & PR AT I RE A
Wil zs, WEEAIEMHEREYIR, S5 TRAEKIET
A

1 BARGRE

mE TR, HEMEE AGCHE4A T LRIHLA,
it e R G R I 3RHUZ AGC 84, Tk HALZH
N EERE (mindl), fHEERGEAI A S i o
P (sg) BRI EVRANE BRI N HLALH 15 AGC
R4 R DIR M. FHLAmN IR F 2 )5, fERER
Gih el DLZHREAIS,  LATR PR GE RE 2R S8 FIHLAL G &
15 AGCHe 2 IR FF—2, JFiER T —IKAGCHs
A 1

2 i s AR A

2.1 AMmiFEMEEH

MRAE AR A B IRk 55 T 3 58 2 ) (sl
1)) T AR VAT S 2 1 43 SRy U A B R M A
AGC =AM, KB HITH AGC M2 TR A
HTF

R=R + R

L 31 L A HAGCH IR (1 )

THRE R GUAMER TR

P/WM

I

WL T Ak
AGCIREEFE 4 ' E

P

n”
t/s

E1 BREEMRE
Fig. 1 Principle of generator-storage combined
frequency regulation

2.2 EiEiME

HbR B BATTAE T AR IR T 3 rh S (IR A i 55
A LR AR AR AR AMEE o R BB TT R H R
HREAMATR AR

Ry mmmmne = Z (D; X Q; xK,) (2)
i=1

Kb n B BRI 37 B2 5 AL Dok
HL LT AE 5 28 G SR AR AL A R 0 LR (MW ) 5
O, N I L I E BT EMH (OT/MW); K,
R R HL B ICAE S i A5 5 A R 255 DRI ME RE 4 A
A
2.3 FREMME

R HLERIT AGC 25 R & HL B0 i i ) A AE 5
SN Ll PR RS ) PR R, K HR
JCH AGC s AMEITH R AT

m

Ry acommmis = 2 (C; X T; Xs) (3)

Kb moN B H BB Coh & RITE
JASEBE T B & B PAOT AGC 5 (MW); TR
HL BT TR SR j R B I BE AR R 45 B4 (h) 5 s
AGC Z AMEVRE (JT/MWh)
2.4 BT

R LR SR 4 R L B TT N Y. AGC F5 il 48 4 e
SEICIT A S BR H J7{H 5 e 1 e A B Y O 2 25
AN H o A B P ) TR A LR A B R
BTG R AGC 45 il 48 4 B VR A5 HLAR 2 RN B TR AR
HEEAXWT



5 4 1

EpEEAg, 45 RERE KRR S IR A AL E BT 13

D=ﬁq (4)

Arfr: Do R ITES j B PR AT AR
2.5 SZ&HEIAT RIS
L35 AT VE BB R A 45 A& B B T [ AGC 45 il
EAMILEATERERIL, HEARIT .
k=025x (2% k +k +k) (5)
Aorprs TR k8 K LTI Y AGC 5 il 48 4
() 8 5 e g B ] &, 48 & FL B 5T i, AGC #5 Hfil 45
A RIS TR ZE IR 5 I8 158G B2k, 48 i FL B T AL 4 e
AGC #4824 B HERE
_ & L B TT S R
SIS A X HAGC K
BTV YRR R A T R
k, = 1= (& HLEAITI R SR []/Smin) - (7)
b=y BT )
‘ R ERITIR Y SRR 2
3 fEETESZERESW

DAT™ R SRR E T #2 AILZE F#ka HILZE R i BE EBC
APRMEXT S, LA R 330 MW, B E —
ERERER S, fHAESICIR AT IE A#2 ML A4 HLAL,
K H— =GB 1T, fERE AT LE P G AL A D)4
fid &L B ML AGC B 175

XTEL ML GG RE R G i, IR TAHLA
7K (Dayl~Day7) M52 FR 7 532 17 804 F 1l 7
HMHE, WAFMERERE P (MW) 7 EE T840
U5 BRI B it B R T 19 L T R e 2C
it BB R X M)A B ML A5 5 19 1% ~5% -

3.1 fEBEINRITE T IS FRII R

1) X R &, (14 520

F B R E 2~ E 3R, ffRE RS RE KR
FEHLALI) k(B . BEEGEREDI MG, 1 3R &,
JUF B30, S48 58 T 2R 35 i £ 29 9 MW L
&, kAR BEEARGERRE M RE KT, X
PRy fith BE 2R 4 ) g o B8P, U B AGC H8 4 5
ATDAPRHE T A, R, G PR EE AR AWK,
FH B ML G R R

2) i 1 B[] &, B 5 )

W 4~ 5 iR, il RE RS0 RE/ MRS InHLZL Y
kA8, {HFEEGEREDN R A GRS N, k, L AR7E

(6)

T

5

0 3 6 9 12 15 18
PMW
1 : —=Dayl; o Day2;+ Day3; + Day4; + Day5;—<Day6; > Day7.
E2 #2HATREGEEEINERE TRYETTIESR L,
Fig. 2 Curves of regulation rate VS. battery power(#2 unit)

0 3 6 9 12 15 18
PMW
F.—=Dayl; e Day2; 4 Day3; v Day4; ¢ Day5; <« Day6; » Day7.

B3 #4HATREMHEENERTHIETERL

Fig. 3 Curves of regulation rate VS. battery power(#4 unit)

B N HLALAS B ke, $8AR LS, K, PR T 25 [ 48
AN, HAGESRES oA T R AR, X ERE R
PEAT TR ERME ., %083 k, % k(AR T STRkE R
£ 25%, WAERERGH THRT k, I E UK.

3) RV BE ey Y5

WE 6~ 7 iR, fifHE RGeS B & 15
WA, FEFBAEDLT, B2 B AR B &, 23 bt
it BB 25 B (O BG Inm RS SARAAIG o X2 T AGC RS
TR AR AR IS 1T R s 280, B hnfé e s
SN SEREN, HFRR A AA T, ST
SidUnthRe SR gt SEOMARI TR TR
A R4 L, T O B RIS, i M RIS A e IR
ST TR AR, RS AR

4) XFVEASPEREFE AR k A5



14 T BRI 7%

1.00

0.98
0.96
054
<092
0.90

0.88

S S

0.86

084 L 1 L L L
0 3 6 9 12 15 18

PMW
:—=Dayl; * Day2; + Day3; v Day4; * Day5; < Day6; > Day7.

B4 #2HAREfERETHE T KN Rz Bt E &,
Fig. 4 Curves of response time VS. battery power(#2 unit)

1.00

095F

090+ ~

<085

0.80 -

0.75

070 L L L L L
0 3 6 9 12 15 18

PMW
#: —=Dayl; » Day2; »+ Day3; v Day4; ¢ Day5; « Day6; > Day7.
E5 #4HETE6EREDHZR T /Y Sz 18 £,
Fig. 5 Curves of response time VS. battery power(#4 unit)

0.90

088} T

e
>y,
>y, >
[ e

444ttt

0.80 i L L L L

PMW
1 :—=Dayl; * Day2; 4 Day3; v Day4; + Day5;—<+ Day6; > Day7.
E6 #2HAREMENETHEATEE,
Fig. 6 Curves of adjustment accuracy VS.
battery power(#2 unit)

0.90
085 b
080 F——
o
0.75 +
0.70 ot poeecten,,,
065 . : ' | |
0 3 6 ]
PIMW

7E:—=Dayl; » Day2; + Day3; v Day4; ¢ Day5; < Day6; > Day7.
E7 #ANATREREEENETHIEATHEEL,

Fig. 7 Curves of adjustment accuracy VS. battery power(#4 unit)

30

25

20

1.5

19

05 L L L L L
0 3 6 9 12 15 18

PMW
1:: —=Dayl; = Day2; 4 Day3; + Day4; + Day5;—<+Day6; > Day7.

B8 #2#lATREMHEREIIR THIE T EREIEIR

Fig. 8 Curves of performance index k VS. battery power(#2 unit)

30
."V

AAAAAAAAAAAAAAAAAAAAA

L00000000000000000000000
.

20
~ 444
15
Lof<
05 : ] : : :
0 3 6 9 12 15 18

PMW
¥ : —=Dayl;+ Day2; + Day3; ~ Day4;+ Day5;—<+Day6; > Day7.
B9 #4WAREGEEEINE T KA 8ISk
Fig. 9 Curves of performance index k VS.
battery power(#4 unit)



5 4 1

P BEE A E 8~18 9 iR, B R GuhE Kk $2
THOLLL Y kMl . BEEGERETI RGN, k(A& i
i, CHAERETIRHME] 29 MW LUE, k{E A4
FRTE— D RRE KT o O T 3R b, X k(BT
B TTHREE R, 1K50%, DRI k, B9 KR H T+ b 8%
G SN LT R = i A v B R R 1D
Jo7 BF 8] ke, R 54 BE ke, BRI AN K, H ey B ey X k
5 DR BEAS BN

L7 R st 8k &, #or A,
MARRETI R Jy o MW, 10 MW il 12 MW I, #2 #1
AR KERTH 1.01 73542+ 2. 2,39, 2.42F12.43, #4
BLERRY KB AT R 117 73 548 T 2 2.44 . 2.47 F12.48,
3.2 fEBEThRITEMEZM N

DR RME 10~F 1R, BRERGE—E
FEEE L RERG AL AR AR . B 25 6 e D) R A
I, DEZEE I, (N3 %%, X2 m ThEeEk
G, AMUA TR R bR LT, BAS
PSR h bR, i HAEREERARE R, H
THE T AtRe, P LATE M N AGC 48 4 5 45 A,
/D SE B H A AGC 484 1 2208, L BIVHG hn 8 45t
B,

35

30

25

DIGW

20 |

coses00eessepepReesss
s :::::.::::»»»»’»""
S pe s
1 .0 I Il 1 1 1
0 3 6 9 12 15 18

PMW
#:—=Dayl;* Day2; 4 Day3; ~ Day4;— Day5;—<Day6; > Day7.

E10 #2HAFREMEEEIIETHIRRETR D
Fig. 10 Curves of regulation mileage VS.
battery power(#2 unit)

L7 R His T8 k&, &P HHEHE,
MARRELI R K9 MW, 10 MW Fl 12 MW i, #2 #L
) D{E AT B 1.539 GW 43 51 38 Jin & 2.223 GW ,
2.260 GW f12.317 GW, #4 M40 DE ] 1 2.074 GW
Iy AN 2.756 GW ., 2.792 GW F12.845 GW

EDEER, A ARAEKCRIBCS IR Y A RO AL I BT 15
6
5 /.”.w,..
4t

DIGW

0 3 6 9 1I2 1I5 18
PIMW
7F:: —=—Dayl; ¢ Day2; 4 Day3; v Day4; ¢ Day5;—< Day6; » Day7.
B 11 #4NALREFEIIETHEAMERD
Fig. 11 Curves of regulation mileage VS.
battery power(#4 unit)

3.3 figREThE T H AR 25 A 220

5 B2 T 12~ 13 fif, fBRE RS RE KR
PEFHLA H M 55 . FEE GEREDZRRg 5, H
W e RGN, (H38 HU% 2%

12

’.’ W
10+ ’«‘

8t :

B s
6r * x“ 10000000 ;g

/ 4 4 ....::::::::::»»ng
/ ‘;"“ §25>>> >
4t / f:‘{"....’
2 ¥
0 3 6 9 12 15 18
PMW

d:—=—Dayl; o Day2; + Day3; v Day4; + Day5; < Day6; > Day7.

E12 #2HABAREFEEINE T8 HiRG
Fig. 12 Curves of income VS. battery power(#2 unit)

PL7 RO BasAr Bk B, & FIETHE,
MAEEHETI R 9 MW, 10 MW Fl 12 MW B}, #2#
B RE T 22 148 JTCHIMZE 74 417 7. 76 663 JC
178 791 9C, 43 4 TF 236% . 246% F1 256%, #4
MLZHAY RIELRT FH 37 243 JGHEMNAE 103 16306, 105 764
JuMI107 98176, SHlEF177% . 184% Fl1190% .
3.4 fEBETHERMIERE

AN RE TR A A A PR BE A 25 L 2% 1.
EfERETIR A 9 MW A LL, MAEREDIR R 10 MW Al



16 FE T REVR AR

%76

25

0 36 9 12 15 18
PMW
¥ : —=—Dayl; * Day2; 4 Day3; v Day4; + Day5;—<Day6; > Day7.
E13 #4HEFREfEREIIET 8 HIRGKE
Fig. 13 Curves of income VS. battery power(#4 unit)
F1 BRAESEREFIKEIC AR

Tab. 1 Table of performance and income

RPTS——— PR & H P 45 RIT
AN MIRHE/%  g3HE HIXHE%
9OMW(HENE)  2.39 — 74 417 —
#2 10 MW 2,42 101.3 76 663 103.0
12 MW 2.43 101.7 78 791 105.9
9MWCHENE) 2,44 — 103 163 —
#4 10 MW 2.47 101.2 105 764 102. 5
12 MW 2,48 101.6 107 981 104. 7

12 MW i, H RS RS 32 THR /N . SEBR TR v,
HUBREA B 049 MW 8 SECG IR H 4
3549 AR 3.0% M HLLH 25 5 B A RE SE AR AH AT .

AL, B VRE 1~E 130

1) XFFARE AL, BRI &b [ — 78 4% 4 1
X AHLA A EAE, TR GEREN 2,
REXTHLZL M RE BT 5% AR AH TR]

2) MFAEH BIHLALZ AT bR 50 A H ) R AR 5 R
AN, BT S SR AR A, X TR B
BLAL, H RS BIASAH IR, i X HLZE IR A £k
AR FHIAS TR

4 it

ASCHEST T REREIR S R AU i A58, IR AT
JURBRTT 2 AL 7 KA s T8, XL
FAEBEE G IR BT O HATEE, Pt BE D ARk %
XHEG PRHIRERE AR, 38007 & IR T 7 th 3
g RS, LASEBRi TS i o i 2E A7 I i 2

TR, BT AERE DR X A AR R, A LA
WHASH L.

SEREM .

1) fHAER SRR IR IR THHLLA R JAMITERE . BE
EEREDI A I, PRI RE B R ORIV 2,
1M B TR E -

2) fERER G LIS IMALA AR A . Bl
fEREDIRAYHE I, PRI, (EHE AR
HIZE Wil .

3) fERERGURE R IR SETHHLAL H RN 45 o Bl
EREREDN ARG, BB Z BN, YhHEe
A E —EEHS, H IR EA Y 2

4) 5 HLAT RS T e BRIEA I H v 4
M8 3.0% MIHLAH 720 o B AR RE R A R A H e, {HA]
I 2 Wy AL BE 00 22 S Ms AR B AN ]
filt BEXTHLAL Y REFN IR NS 45 B2 T AR AN ]

WFFEES R AT LA T 5 SRt RE IR 5 0T H Y
AL, 8T SR D) s A R R
Y&, RE0E S IR0 3 3 Bir fi BE X LA IG5 R A
Wt BOSENE , O i S A REIBC A IR T H 5 B 7
HE%

S 3k -

(1] HOTL, AR R, XSO . B RETIE A B985 1
AL WPEH 17,2017(6) : 62-66.
SHAO Z W,LI G L,LIU W W. Research and application of
BESS-aided thermal power frequency-regulation technology
[J]. Shanxi Electric Power,2017(6) : 62-66.

[2] 5k GEREHEARZS S BT AGCTAMARINI [T]. HIE
Bk, 2019(5) : 94-95.
ZHANG T. Application of energy storage battery technology in
AGC frequency modulation of thermal power plant [J]. China
Electric Power,2019(5) : 94-95.

(3] TREH. MHEERGS K OHLEBR SRS A 3 k& b
6 [D). K REKRAE, 2018
XU G J. Automatic power generation control optimization of
combined frequency modulation of energy storage system and
thermal power unit [D]. Tianjin: Tianjin University, 2018.

(4] FhUk=2. GHREHNBY K R HLAL AGC JRSTE 17 07 1 Mo 75 B
W5 [D]. dbat: fedbr JiRa%, 2018.
Sun B Y. Research on AGC frequency modulation operation
method and capacity configuration of energy storage auxiliary
thermal power unit [D]. Beijing: North China Electric Power
University, 2018.

[5] 3K, k5l RRIE A IR 557 i RO WFSE [, Sl fe e iR



5 4 1

EpEEAg, 45 RERE KRR S IR A AL E BT 17

[6]

[7]

[8]

[9]

[10]

[11]

[12]

A,2018,35(10): 31-33.

ZHANG P. Research on the combined FM method of thermal
power and energy storage [J].
2018, 35(10): 31-33.

R R TR LR RS RS S TR )
W 55 T 37 ) SRR H R FE 5 Sk 0], )7 AR HL T, 2020, 33
(6):46-52.

GAO H X,DONG C,MENG Z J, et al. Key technologies and

practice of generator-storage combination system participating

Telecom Power Technology,

in frequency regulation ancillary service markets [J]. Guang-
dong Electric Power,2020,33(6) : 46-52.

AR TJUMEAR, IV IR L 55 . KL SR RE R GG A 3
S WL R R ARUE R B (3] B L, 2018, 47 (5)
29-34.

MU C H,WU P Y,SUN G H, et al. AGC frequency modula-
tion technology and application for combination of thermal
power unit and energy storage system [ J]. Thermal Power Gen-
eration,2018,47(5) :29-34.

X5 . ARBE RGAE Iy WA AN T [T ], T8 A v
AR ,2020,37(3) :120-122+125.

LIU Q. Application of energy storage system in joint frequency
regulation of thermal power plant [J]. Telecom Power Tech-
nology ,2020,37(3) : 120-122+125.

FAE, B AHRE RO B S ALE IR AGC TR B N
T T, 2018(9) £ 34-37.

WANG F,LIANG T. Application of combined automatic gain
control frequency modulation technology for energy storage sys-
tem auxiliary thermal power unit [J]. Electrotechnics Electric,
2018(9) :34-37.

INNBE, T/ BRI, 45 . AEREHR A A L ML AR 28 57 AL
253 Hr [J/OL]. HL P44, 2020 , 18(4) : 151-156. http:/
kns. cnki. net/kems/detail/12. 1420. TM. 20190528. 1549. 008.
html.

SUN G H, WANG X H,CHEN Y Z, et al. Research on eco-
nomic benefits of frequency modulation for energy storage com-
bined generating units [J/OL]. Journal of Power Supply,
2020, 18 (4) : 151-156.
12.1420. TM. 20190528. 1549. 008. html.

EF . ARRE K HIDE G TR A e T Mg UM T (7]
BACAE B A, 2019,3(16) : 43-45.

WANG Q. Research on capacity allocation and revenue predic-

http://kns. cnki. net/kcms/detail/

tion of joint frequency modulation for energy storage and ther-
mal power [J]. Modern Information Technology,2019,3(16) :
43-45.

PRI, XU, AR, 56 AR AR TS 5 L I DR A Y

[13]

[14]

[15]

[16]

[17]

VRS AT [T, Mg S RERUE FIE A, 2017(23) 1 65-70.
HUANG J Y,LIU B,LI X R, et al. Economic analysis of ener-
gy storage participating in fast frequency regulation [J]. Low
Voltage Apparatus,2017(23) : 65-70.

TRER AL BB, A N T H R A i R R S TE
PSP (3], PRBEI IR, 2018, 1(3) :355-360.

LIJ H,FAN X K, MU G, et al. Economic analysis of energy
storage applied to grid frequency regulation [J]. Journal of
Global Energy Interconnection,2018,1 (3):355-360.
PRI, R, 5F . MERER G T AR ) I 2
PRI RIRT S [J]. B 1= B4, 2019, 35(5) : 479-
485+492.

MOU A Z,PENG B W,ZHANG L Y, et al. Study on applica-
tion of energy storage system to economic evaluation of power
plant frequency regulation [J]. Journal of Shanghai University
of Electric Power,2019,35(5) : 479-485+492.

BeT T, mEE KN, A JCHLASE F T fe B IR AR N T IB AT 3
i AL (3] SERERE SR, 2020,9(6) - 1828-1836.

RAO Y F,GAO Z,YANG S L, et al. Operational benefit evalu-
ation for frequency regulation application of large-scale battery
energy storage [J].
2020,9(6) : 1828-1836.

FARTL 5. 350 MW 2K ALHLZE 55 ALl BEHE & I 5 R 4t
BATETE [I]. - TR, 2019(6) :61-63+117.

WANG H W,ZHANG P. Design and research on joint frequen-

Energy Storage Science and Technology,

cy modulation system for 350 MW grade thermal power unit
and energy storage [J]. Electric Engineering, 2019 (6) : 61-
63+117.

EDEE, IV BRI L AR ORI E TR G S E S
[J]. AR, 2020,42(4) :72-76.

WANG X X,SUN J Q,CHEN M. Design and research on ener-
gy storage and thermal power combined frequency modulation

systems [J]. Huadian Technology,2020,42(4):72-76.

1EE R

ENEESL GEFEEHR)

1982-, Zr, VLApmE A, I AR
LV AR AR ) T O e A B R
PTARIN, WEHRKRFE T TR TR
PR, FENFLEGRE . fERE.
W RGEH ARV KE I (e-mail)

yinjiamin@gedi. com. cn,

EnfES]

(WAE%REE  Z4%)



