Fa2 kK Hal b HOAR Vol. 42 No. 4
2020 4F 4 H Huadian Technology Apr. 2020

DOI:10. 3969/j. issn. 1674-1951. 2020. 04. 010

BAE R TR L ST 68 RE B R B SR B

Progress on the peak load regulation ,frequency regulation and energy storage technologies

for coal-fired power plants

FAERYER R, e R KR, B ER L RIR, B!
WANG Jinxing1 ,ZHANG Shaoqiang' ,ZHANG Hanwen’ ,FANG Xu’,SONG Haiwen',
ZHANG Kai’,PENG Xuefeng' ,ZHAO Yuan’,MA Jingbang'

(L ARdEAL T R BEIREN Ty SR TR A B b FRAE 071003 5 2. ARdbrs Ty B 2B ik f5E 071003 ;
3. MR REIR S 3 71 TR A L 1L 5T 100084 )
(1. School of Energy , Power and Mechanical Engineering , North China Electric Power University , Baoding 071003 ,China ;
2. School of Science and Technology , North China Electric Power University , Baoding 071003, China;
3. Department of Energy and Power Engineering , Tsinghua University , Beijing 100084, China )

W OE: H 0BT B A AR ST T 8 R EEATR R T #7092 R B AR E ARAR A — iR
O AR BA R THERM, B, MNE—AER LA SRR ARSI FH A RERFIATE
BT A R AR T P BT IR A RO RE R R AT R B R FMEF R E, R PR TE
BHAGFRIAK, ELOEE—FLEE SHIANTLRAUABMBESHMRBE RN ELRA BETEEEE
M RBMAE AT B EEAF AT, KRB, MR T AMAKRE R RS T A A LA A R AR I
HetB R AR PR R IR LA THE A T T E it — T S oM B R E At i s it 5asd, ATH
Ay e BRI T AR SR ik R AR R AT T R

KRG BB ) IR RI B R R A AT L e R R R T B AR § Ak AN RGN Ao A
HESES:TK 229 XHRFR ARG : A XEHS :1674-1951(2020)04 - 0064 - 08

Abstract: Insertion of high-proportion intermittent renewable energy has put forward new requirements for the flexible
operation of coal-fired power plants.Energy storage technology, as a frequency regulation and load regulation technology ,is
irreplaceable. Firstly, three energy storage technologies currently applied in coal-fired power plants are introduced which
are pure heat storage device, heat storage device through thermo-electric conversion and heat storage device through
thermo-chemical conversion.Their heat storage performances and the economic benefits should be focused. Secondly, the
current situation of electric storage devices is introduced which include pure electric storage device, multi-energy
complementary electric storage system and electric storage system coupling multiple energy storage technologies. It is
pointed out that performance degradation is an important index for optimization and selection of batteries. Finally, the
research status of other energy storage technologies represented by pumped storage, compressed air energy storage and
flywheel energy storage is summarized. These energy storage technologies need to be optimized and coupled considering
adaptive conditions of other energy storage technologies. It is expected to provide a development direction for the peak load
regulation, frequency regulation and energy storage technology of coal power plants.

Keywords : coal-fired power plant ; peak load and frequency regulation ;energy storage technology ;research progress ;storage

battery ;renewable energy ;multi-energy complementation ;flexible peak regulation ;thermo-electric decoupling
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Fig.1 Principle of heat storage technology through

thermo-electric conversion

1.3 PLFEEAEREE( Ca0-CaCO FfiF G )
H Ittt AEOR XA 2 AR E 1 R 2R 1T B
2 BR A ), 2 R — IR i B A AR R Y



. 66 - S s ¥ 42 %

FEEAAR . Hrp b2 5 A B AR & F8 R H i
OB} T 3 Ak 2 5 1) B g I AT A SR A
) HFE A 2 R

FEFTIABI B, it AR R IR S B (o LR
I EBRGEIR), R 2B DL S T B Y
T3 TEAEAE I B, K4 o R o JFOR A, bk S A B R
V7 X i B R AR REIABY B, B R o IR
B, B S B AR LR AR RN, B 1Y
BB AR T T RGN ). TE A XA
| R SRR AR RS R, Tk B0 L H 1
fop T TR A IR AR R VAR ML /N R 4
T AT Y AR R N T . XBIR AR R GERE
T T AR - S S AR A 2 B0 R 45 v 1 TR
IO 75 PRI B R RO TR B AT R A
b B DL R A PR BR e b, o B Ab 2 e A -l R R
GV AIT R IR 5.

=22 58 N IR — A R Ab 2 2 G W A
R0 i AR PR DL KRB & 7 45 T RE I R B
MnCl,/SrClL/NH A R TSR LR TES 3 A AR IR
FERR A , T L RE R I 32 M 12 T i o ARCRE B IR R
B HUE AT UL Bk 2 e fh i Al 4 A S I e T
Wit AR X2 — TR B
WA IELZY | A A PR R AR P i bl R Hh ) # B
A DL BRI FH BE M Sl B BE V5 e 278 hy— bl FH
Dy IR R B I REUR

25 LA A R R R R L T RS PR I
RO S =2 — o SR T4 E X % ol i A M BB A9
T8 DL R AR RSO 45 28 T DE A 48 B 1 A BT A
JIFEE = 3k e 5 2k TRE N FH 7 A1 5 2% 1 G s
PP TE

5000

4000 \

3000 - \
2000 \

1000} I~

2N e

|
\l\.

%@D/ V)

B2 HLFEA-ERERTEHIREE
Fig. 2 Charging and discharging principle of heat

storage through thermo-chemical conversion
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Fig. 4 Principle of multi-energy complementary electric

storage system
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Fig.5 Examples of electric storage system coupling multi-energy storage technologies
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Fig. 6 Principle of pumped storage
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3.3 TkipfEse

TRES AT A A AR R (] B O A A e
) WA 2 sk o s HOARAS PR e it . B0A RAE
fittie L A5 LB 5 AR B R = [A] A 8L 5% Ak, HURR
fEh A S LI gh e A | it v g v 2 R
TRES ALY E R R S BT A RE R R Y
Uige. B RGN PR IEA R IR IRE,
HFAER  TAER A, — Rk F KR R i fg
K FL ML S B ) DA D % e e g e
N TR S e iR AR fE BE & f RS0 0E —Ff
LT 1 3 Ty R K e Y R TR i e e B S 2 R B
), Hops SR sh ML R pL 7 . 20 e
5044 Hi 1 Oerlikon 2 WG T A HE it 9K ) £
+ HRER H b A RE T IR 2 32 MJ( AR 1.6 m ), £k
iR 1200 m™, HARZAERE T 0 L, e AR
FEA NG 2255 e 0L FH 40358 7 PR R B i AN R AR, L



% 4 27

IR, F ORI T R R B AR B AR 89 AT R

- 69 -

FL IF ] SR 23 R, SR 2 900 BRIT/KW , J2 4 L (1)
75% AFAEAEER( 1 000 YK/AF LA A 200 BRG , R
HLY 50% . RESABRE R AR & 10 I 2 HL 25 2
TR e Ly 22 P b 9 R AR T 4 i R TR iy R A G
SRHORTE THE B BOR 2 UFPERE |, E MRS T8 2 (14 i
ReT A4

EZ VI U 53 281 o 8 B O e S NG S
febrz —o Mk — X e B AR PPAL 5 DL I
ZARRE RO A WLES & 75 5 A% RS A Ak
AR

4 HRIE

il BEB A EARME L) I IR I B R 2 — LS
I 2 R4 B0 4 i R B AN T AR DL . H R
TR T B R REB R T E R A i A&
HAGEREE A . h THEREE A A B YRR 0 LA SR
REREL T RERE B OR L H RITR S B L B AR 1 07 5K
ARG —  H BT AR EOR e+, A
AR AT R fE IR MRS 18 . AR B RIS
FrRe e DL XA RE R T o 5 38 17 w2 I 1k
HRARE VL TR e R AL BE B AR 1) 2 A BRI R AR
1115 F A 1 AR AT ORARTE 8 T IZ SR i e
N HEARE RE RS 2 — o it fEREE AR Y
PEREDIFE LA S HE TR 7R Y I A SR R I S AR
R T R A RE BRI A ) AR A

S

[1]YUANJ, SUN S, SHEN J, et al. Wind power supply chain
in China[ J . Renewable and Sustainable Energy Reviews,
2014 (39):356-369.

[2 ]ZHANG Y, TANG N, NIU Y, et al. Wind energy rejection
in China: Current status, reasons and perspectives [T
Renewable and Sustainable Energy Reviews, 2016, 66:
322-344.

[3 JERSHAD A M, BRECHA R J, HALLINAN K. Analysis of
solar photovoltaic and wind power potential in Afghanistan
[ J ]. Renewable Energy, 2016, 85: 445-453.

[4]gse, M, x5, &5 . b E SE IS L n] FR2E BRI
KAL) ] b E HAL T AR R .2015,35(14):3699~
3705.

BAI Jianhua, XIN Songxu, LIU Jun, et al. Roadmap of
realizing the high penetration renewable energy in Chinal J .
Proceedings of the CSEE ,2015,35( 14 ):3699-3705.

[5 JEDMUNDS R, DAVIES L, DEANE P, et al. Thermal

power plant operating regimes in future British power

systems with increasing variable renewable penetration| ] J.

Energy Conversion and Management , 2015, 105 :977-985.

[6 BROUWER A S, BROEK M, SEEBREGTS A, et al.
Operational flexibility and economics of power plants in
future low-carbon power systems [J]. Applied Energy,
2015, 156:107-128.

(7 e N RN [ ROk e 2 5t 2, MR .
W) R = T MR (2016—2020 4F [ EB/OL 1.
(2016-11-08 [2017-06-10]. http://www. chinapower.
com.cn/focus/20161108/64097.html.

(8 I, S A N . i HLZE R 6 M SO B o B R O 58
AL T L7 L7, 2018(5):61-64.

WANG Feng, MA Guowei, LIU Lei. Analysis of flexible
boiler technical transformation scheme for thermal power
plant [ J ]. Ningxia Electric Power, 2018(5): 61-64.

(9 JmAHE , B oK VR 55 BB IRTY 5t R e S 5 K HiA
e J i 17 SERARL T L AT A HL ,2019,48(10):38-43.
GAO Chunhui, XIAO Bing, YIN Hongxue, et al.Summary
of energy storage peak participation in thermal power
shaping and allocation modes under new energy background
[J] Thermal Power Generation , 2019,48 (10): 38-43.

[ 10 NAVARRO J P J, AVVADIAS K C K, QUOILIN S, et al.
The joint effect of centralised cogeneration plants and
thermal storage on the efficiency and cost of the power
system[ J ]. Energy,2018,149 : 535-549

[ 11 JTISHKOV A I, KONOPLEV Y V, SHEVTSOV 1V et al.
Development of a combined electric power storage device
[J]. Russian Aeronautics , 2019, 62(2),321-325.

[ 12 HARUNA H, HORIBA T, ITOH S, et al. Large-format
lithium-ion batteries for electric power storage[ J ]. Journal
of Power Sources, 2011,196 ( 16 ),7002-7005.

[ 13 JCIOCAN G D, TELLER O, CZERWINSKI F. Variable
speed pump turbines technology [ J ]. Upb Scientific Bulle
Bulletin, 2012, 74 :33-42.

[ 14 ]DHAND A, PULLEN K. Review of battery electric vehicle
propulsion systems incorporating flywheel energy storage
[ J l.International Journal of Automotive Technology , 2015,
16(3), 487-500.

[15JGAYATHRI N, SEROY N, KAR 1. Smoothing of wind
power using flywheel energy storage system [J ] IET
Renewable Power Generation, 2017, 11(3), 289-298.

(16 Jshife & . 5540 H K A f A7 T i i WY s 22 i 240 Ml
MRAEE HARASLN 1 i [ R .2020-03-09(9 ).

(17 J5k 53 . AR BB £ L ) SR P 4t v A 19 HH L EB/OLL
(2019-02-27) [ 2020-03-20 |. http://news. bjx. com. cn/
html/20190227/965483.shtml

[ 18 ]MCDANIEL B, KOSANOVIC D. Modeling of combined
heat and power plant performance with seasonal thermal
energy storage[ J ]. Journal of Energy Storage, 2016(7) :
13-23.

[ 19 . 7 1t h A4 1A 50 MW SE R 3 2 1381 T80 F



70 -

Ao 3 K

% 42 %

AT LN . [ R TR ,2020-02-08(3,5).

[20 [ E4 R KAABEIR LR P RGEUF S IR R B2 ] 42
AL A RAE AR A SRR FRR ),2019,46( 6):90-98.
WANG Jinxing. Research status and prospect of large coal-
fired combined heat and power system[ J 1.Journal of North
China  Electric
Edition ), 2019, 46( 6 ): 90-98.

(21 ok A e . o i 7 7K 38 B R B 0 S L) . 162 3 =5
14.2008,38(6):87-90.

ZHANG Weicheng. Application example of water thermal

Power University (Natural Science

storage by electrical boiler[ J ]. Heating Ventilating & Air
Conditioning, 2008 ,38( 6 ):87-90.

[22 24 5 & AL A b 39 RE RO SE G RATL  ]. 95 B 5 2R
i, 2016(9):66-68.

LI Xiangyu. Energy saving and environmental protection of
thermal storage electric boiler[ J |. Energy Conservation &
Environmental Protection, 2016( 9 ):66-68.

(23 L, SERRK, BREDWE, 55 . RFHRE & A HUIMBVE L

BIMARGRAEL) | W RIE B TR R 2440, 2017,22(1)
80-85.
LI Jiuru, DONG Xixin, CHEN Juhui, et al. The
characteristic of molten heat salt storage system utilizing
solar energy combined with valley eletric [J ]. Journal of
Harbin University of Science and Technology, 2017, 22
(1):80-85.

[24 JE4E , EanAT, 22028t . Pl 2= 52 5 MR Bt A0 31 1 31

R ] AR T2, 2016, 67(S2):312-317.
YAN Ting, WANG Ruzhu, LI Tingxian. Theoretical
analysis and experiment of thermochemical composite
sorption heat storage Cy(:le[J]. CIESC Journal, 2016, 67
(52):312-317.

(25 |5/, TR, T 710, 48 B TOKG Sh Pk~ I it A9

PR T | Br25E R, 2015, 60(36):3569-3579.
MA Xiaokun , XU Chao, YU Zibo, et al. A review of salt
hydrate-based sorption technologies for long-term thermal
energy storage (in Chinese )[ J ]. Chinese Science Bulletin,
2015, 60(36): 3569-3579.

[26 DB, A 22, FAE , % SRS - A b A i

RGBT HTLT | AR RERL A 54HA , 2018, 7(2):
248-254.
DENG Chang, PAN Zhihao, YAN Jun, et al. Numerical
study on exothermic process of a CaO-Ca (OH) ,
thermochemical heat storage system [ ] ]. Energy Storage
Science and Technology , 2018, 7(2 ): 248-254.

(27 RIH, Jeirig . b2 bE R AT BUIR 5 R Rl ) .

BT, 2014, 34(9): 17-21,23.
WU Juan, LONG Xinfeng. Research status and prospects
for thermochenfical energy storage![J]. Modern Chemical
Industry, 2014, 34(9): 17-21,23.

(28 Jef [l fif i I 16 oot L LD PE IR T 9 MW/4.5 MW -h

FLBAREIEC & RS0 HWUR| Bz EB/OL 1. [ 2018-12-19 ],
http ://www.escn.com.cn/news/show—694948 . html.

[ 29 Tkt ZE3C.300 MW JCHUBLAL— YR AR B2 B FEL C D4
Il 4z L AL ZEL 081 e R A0 K% ML IR IR J8 H AR AS I ) 2338 3C
4, 2010.

(30 JFE 50, Sl , F8RF AfREHOARTE LU PG R, g 2R 58 A4t
SREYREHAL T ], DR TR 2017018 ) :129-130.
WANG Jin, MA Hongbo, GUO Taiping. Application of
energy storage technology in frequency modulation field of
shanxi power system [ ] ]. Wireless Internet Technology ,
2017(18):129-130.

[31 MEHDI J, GAUCHIALKHAN K. Deterministic models of
Li-ion battery aging: It is a matter of scale[ J |. Journal of
Energy Storage , 2018,20( 12 ):67-77.

[ 32 ]DUBARRY M, DEVIE A. Battery durability and reliability
under electric utility grid operations : Representative usage
aging and calendar aging[ J ]. Journal of Energy Storage,
2018,18:185-195.

(33 J9F Ao YRR A R A e 0k A5 nl ) L B, 2014 ,34
(2):2-15.

GUO Zigiang. Economical cycle life for lead-acid Batteries
[ J]. Marine Electric Technology , 2014,34( 2 ):2-15.

[ 34 JLUCU M,LMARTINEZ E, GANDIAGA I, et al. A critical
review on self-adaptive Li-ion battery ageing models[ J ].
Journal of Power Sources, 2018, 401 :85-101.

(35 JAR& T 2 R, X0 SCHR . K LR B AR BETRRB AR WY

SRHLT L HPEHL Ty ,2016( 6 ) :62-66.
SHAO Zhongwei, LI Guoliang, LIU Wenwei. Research
and application of bess-aided thermal power frequency-
regulation technology[ J ]. Shanxi Electric Power,2016( 6 ):
62-66.

(36 25092 MOLE AR K AL 42 ) 5 Ge A [R] £ 2800 25 i i 4
i HL s D 1 K - R HER ,2005.

[37JCHEN Qun, ZHAO Tian. Heat recovery and storage
installation in large-scale battery systems for effective
integration of renewable energy sources into power systems
[J1 Applied Thermal Engineering ,2017,122 :194-203.

[38 MOHOD S W, AWARE M V. Battery energy storage to
strengthen the wind generator in integrated power system
[ J]. Journal of Electronic Science and Technology , 2011,
9(1):23-30.

[ 39 [ . Al PEAE RRIE & L S 100 P i AR 2R G0 A A i 5 4
fiFFEL D L L A PR RS, 2000.

(40 Ji 08, JAIE , T RAe A i BEKE B A KU 57K L
RG] B RGP 545H , 2012, 40
(2):99-105.

SHANG Zhijuan, ZHOU Hui, WANG Tianhua. Research
of complementary system for wind power with energy
storage devices and hydro power [J]. Power System

Protection and Control , 2012, 40(2): 99-105.



% 4 27

IR, F ORI T R R B AR B AR 89 AT R

<71 -

[ 41 25 R OB IR B 58 OB EAN R GE IR S i fiE

AR BP0 | RERL - S 1R ,2019,8(3):
512-522.
LI Ruimin, ZHANG Xinjing, XU Yujie, et al. Research
on optimal configuration of hybrid energy storage capacity
for wind-solar generation system [J]. Energy Storage
Science and Technology , 2019,8(3):512-522.

(42 Jede it , MEnkeE , skorfh, 5 R4 LS BYUE AR

At RE RS RE PRI T | AL s KAl , 2014,
38(4): 56-62.
HUANG Xianjin, HAO Ruixiang, ZHANG Liwei, et al.
Energy management of the hybrid energy storage system
based on super-capacitors and compressed air[ J ]. Journal
of Beijing Jaotong University, 2014, 38(4): 56-62.

[43 Fup, AU, R M 4 AEREROR AL KOG H AN R

HL R GE R A R B ) ). it R B 24l AR
L), 2011(4):21-27.
LI Chong, ZHENG Yuan, ZHOU Fazhou, et al.
Application of energy storage technology in independent
wind-solar power supply system and prospects[ J |. Journal
of Nanjing Institute of Technology ( Natural Science
Edition ), 2011(4):21-27.

[ 44 ]SHARMA R K, MISHRA S. Dynamic power management
and control of PV PEM fuel cell based standalone AC/DC
microgrid using hybrid energy storage [J]. IEEE
Transactions on Industry Applications, 2018, 54 (1) :
526-538.

[45 7R . 3% 1 il K 25 68 H o 1) BR e & Jr i 5 0 A
[C Vv K e F T 2 vl o 9 e 54K 8 RE el
Zb142,2019.

(46 3k 3cst, Il R/ A RE B A AE # 1 R S8 b A9
(7). H AR ,2008,32(7):1-9.

ZHANG Wenliang, QIU Ming, LAI Xiaokang. Application
of energy storage technologies in power grids[J]. Power
Grid Technology , 2008 ,32( 7 ):1-9.

[47 JSCHOENUN S M, BURNS C. Utility energy storage
applications studies [ J]. IEEE Transaction on Energy
Conversion, 1996, 11(3): 658-665.

[48 LUN, CHOW J H., DESROCHERS A A. Pumped-storage
hydro-turbine bidding strategies in a competitive electricity
market [ C J/IEEE Power Engineering Society General
Meeting , Ontario, 2003.

(49 JZEi1s S mi . i == B RE T AR & e BILIR 55 137 ) iy 57
(7] RigE<,2017(6):35-41.

QIN Chaokui, YUAN Jing. Development status and
application prospects of compressed-air energy storage
technology[ Il Shanghai Gas, 2017 (6):35-41.

[50 fald5 , XHE, dKAZR, 55 . R0 25 U RE R G0 BB T
B R R LT L AR AE e R A2 e F AR B2 i)
2015, 42(5): 74-79.

HE Qing, LIU Hui, ZHANG Junliang, et al. Analysis
model for fuel specific consumption of compressed air
energy storage and its application [ J ]. Journal of North
China Electric
Edition ), 2015, 42(5): 74-79.

[S1JTRBAL, BRig, X a8, % R4 U BEROR IR
HERELY LARRERM S SR ,2012,1(1): 26-40.
ZHANG Xinjing, CHEN Haisheng, LIU Jingchao, et al.

Research progress of compressed air energy storage system

Power University ( Natural Science

[ J ]. Energy Storage Science and Technology , 2012,1(1):
26-40.

[ 52 s me T . 4 2 U BE RO SR BT T S BE L T 1 FL Ty
LifgiE, 2018, 39(6):861-866.

LU Chang, HE Qing. Recent research progress in
compressed air energy storage technology[ ] ]. Electricity
and Energy, 2018 ,39(6):861-866.

(53 Mg 75 , BB AE  FE s o, 55 . 2 R 40 25 UK RE R 4¢

Aspen Plus FCF 1 SCE BT BB HILY | 4841
KH,2018,47(2):114-119,137.
HE Qing, JIA Mingxiang, KANG Haoqiang, et al. Design
and application of custom regenerator module in aspen for
adiabatic compressed air energy storage system [J].
Thermal Power Generation, 2018 ,47(2):114-119,137.

[54]ZAJAC J, ZACEK F, LEJSEK V, et al. Short-term power
sources for Tokamaks and other physical experiments|[ ] ].
Fusion Engineering and Design , 2007, 82(4 ): 369-379.

[55RUPP A, BAIER H, MERTINY P, et al. Analysis of a
flywheel energy storage system for light rail transit[J ].
Energy, 2016, 107: 625-638.

[ 56 IZAKERI B, SYRI S. Electrical energy storage systems: A
comparative life cycle cost analysis [ J ]. Renewable and
Sustainable Energy Reviews, 2015, 42: 569-596.

(AL k)

EEREAN
F 4 R1985— ), B AL EE LA PR, T oA 19

5 DN AR A E B L A T e s B AR R
WL 77 16 B9 TAE( E-mail : wangruoguang860928@126.com ).,
KR 1998— ), T T EI M , N FAE RSl s AT
AL S WA 5% J7 180 9 TAE( E-mail : 1596204086@qq.com ).
ki SC(1997— ), 5 WAL E B AN T &
HL R A K E A AR Ak S mE BIF 5T 5 D A9 T AR (E-mail ;
1462609463@qq.com ).
FIC1997—), 5 , =78 BRI 6k LR Ak
HLLH £ BE T AN R G AE o( E-mail : 1050374243@qq.com ).
B 1997—), 55, B TLa b N N EE R DGR L e
FHOEW RS M AR | T AE (E-mail:
1303681384@qq.com ).



