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ABSTRACT: Energy storage is a key technology to protect the
safe and stable operation of microgrids, and has become one of
the important measures to promote commercial application of
renewable energy microgrids. In this paper, after analyzing the
technical characteristics of renewable energy microgrids, the
role, classification, design optimization and application of
energy storage systems in microgrids were thoroughly
reviewed. The results show that a joint optimization method for
energy storage and demand response can effectively improve
the economy, reliability and comprehensive utilization of
energy of microgrid. By comprehensively evaluating energy
density, power density, response time and rated power, the
applicability of different energy storage technologies in
microgrid can be obtained. Energy storage technology has an
important application prospect in the flexible operation of

microgrid.
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Fig. 1 Topological structure of a microgrid with

renewable energy, and access method to a utility grid
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Fig. 2 Key roles of energy storage systems on the

flexible operation of the microgrid
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energy storage technologies

K& BEBOAAE CAER N AMSEIL T T2 1
FMVALR T, B T2 B B DA A e
ANt ISR BL R A Gk & RE AR G2 B3 B
FAFRIBRS], R ARk KRN
AR R TT 1A, BN T E b B
FOR A AE RE T L R 58, AR UL/ Tl X R
GirhsE g SIS . IR, BEE W AR
BRI R TR H 2d5em, BAQIH R/
RIS K & BEBLARIZ 2D O 7K & A AT MV (1 %
B, JEHE /NI KK E BE R GO B b X
AVEE ST 7 AT F O B 7 i 3 DX R A A T T S 4 £ E
ARG, HAHKERWTCH Al i 4L TR B B,
G L AN 3 A E R T R AT R T R B
REBOR, (HAERE AN B, & & TN &
HH N DR R EROR

B 5 7 -t BEBOR K A 5 #1775 B A
UGBl B AR 2 — B2 (il BE BRI H 2 L fih
BRI RE R A A T B iK1, 88 1
My BYIR R it LU R BN HL I A P AE 1508/kW-h B
. AR R REAT ORI, 64T
BUE BT R P A i e A S R o PRLEAE ROR (1A
REARBEE L RE S, BiiZ PLEE— 5 5wy RAF Al R4



1 X5 %% FIF i# B8 R G0 SE I AT FE A= AR IR R X R TG 22 s AT I T T 4R 11
| i IR 2 — . A SCRRAE ff B B S50 e
1000 y N AL 4= 20 v 2y Y S

| il (1% A AN R SAHAT 4708, A28 T B iE 4T

Rt

fif A7 25/ (MW-h)

0.001 [ & b =

R ==
. BTy
o 1 10 100 1000 10000
FLRE R A/($/KW h)

El5 fREERARHNREASHESER
Fig. 5 Map of capital cost and energy capacity for

different energy storage technologies

REFE A EEHFTT 1) AE W] EAERRIRGI N &R
g, MHBTIISOAR KR RAE UK 5482 T RE -
fi EANE R B B HR AL et ik, Hord,
i i e RaE TR RE, Hil T RAR
A RAS, AE/NIRE oA 3R 3E B 5 T e A 1R
KT FE 22 (B A 7D

K 6 Jir s Jy 32 E A RE BOR IAIUE 25 8 S HLme
Fitk, gl HUKERE. K4 UERE. fif
AL LAl R B B AT L ALY, JF HRT AL
B DR EATRE R s ARIhKERE. S48
AUHBE Al LU ek FE e PR i LI [ E 73 2%
FEAT, R BRI R AR L R I AR A5 T
HL I R GEAE L A AE — 8 B PR X, I B
W R . B REAREE . AR E IR, B,
BV HELT LA L T A A E RO .

FIF ] ] 7 2

10000 m MS-SPs-mire min———
1000 [
100 | v R
g 1} Lo
FENNENS!|
P .
0.1F ! :
0.01 f
- PR—— ‘ - - = A = oy 2
04001@%ﬁﬁg@ﬁ@;@@;k&iﬁﬁﬁ%@%&wb Rﬂzi”fﬁ;;&@w‘%@w

ffRERAR
El 6 fEBERIRAVELE & 2 F0i KL A (8] % BR &
Fig. 6 Variation range of rated capacity and response

time of different energy storage technologies
5 iSRS

ik SRR S W L=k s N 3 o N
SERMH R H 2 B A B2 70, AT SC AR Y ) m)
RSB BAT & 200 e Ui 45 K e B 5 R T e U
M SR RN R L — o SeHEERERORLER I H
HH R R T3 i e YRR 2R (R R
A EEZ L, MRS T #E T

S AN B B vk T RE R AL %, JRE
L itk b 5F it R A A A L IR fK) 2 P P AT
IR,

il E BCAAE SE Ll B M RG22 A2 Ia AT TP Tk
ARG F R AR -

1) BCE A il B8 R S8 IR B I A S P 1 B
REWE At 2 5t e B 75 R 5 I 2 TR 47 72 (1 AN DL
Pic 17 AL A R v RT R A AR IR 51 R RO ALt 0 A i
SEVERE, [F] il fE R ST th N IE AR SR (i 10 22
MIBOARTBL. SRTT KR i E 28 G0k T 200 R 1
2R TR, /K S BUM R N R G B AR IZ AT I
REMI N RE. DIk, TFRMERE ARG RMINACHCEZ
SIS BRI B A PR B BRI 7T 05 ) o e
i HE 28 28 X9 D0 A TIE BB A0 5 SR i o2 A 45 5 ) 42 i 55
IR RE— A R = OB I 22 B TR DL
REVR I35 R

2) H R A AL E DT A —=Vapr B ffBETL
ARAE B R PR T R L i R R A Tk B
100%., fi#§ BEBCARAE R HL I A 1 R B A I8 BATIR K
BT e, RIS, A BB AE i X R A U
AR B R 04 1) 7 LA - PR B e AR LA B A
o #B7> ConVERIReR I H , R R REBL %
EORAIR E A e, AR SRR A il BE BORAE
T SRS TR Y IR AR 2D, PR i S 56 Bl
I H X AR BEBOAR 1038 AT R R AT SR AT
AW eERE R AR AR, TR X RE R AR A
St XA R, BUR X BEIR S R ) R 2 e
AR HESEAE o

3) BHI. RRMERE LK B INEEREROR R
AR IR AT R AR /L & T
A A4 BRI H 7 B e B e 1 o kg, e DU
BRI SR, AESAAAL DR ERE
R EARHEERAE M . H AT HAE A SR A A Ak
TR, JCHAEE R R AL RE B AT K
R I, oK R HAE R BT I 95 % . I,
AT 452 v il E 8L 8 AR 28 B VR AR XU
filt REBCAR (L 75 T R A+ 7> L o il
il B e AT AR R BAR A A, (EREARE H Rl 5
Ko RRATUAES KR A 3R TFR ] RiE
PE 3% e Wi LR 5 T e BB 7T AR . T2
REERERGUR 1EAE . MR RITL BN R L, Rk
FOF R IER  HSHAERE . IR,



12 BOE B ML

T B % ik %40 &

FLIL AR HL I DA R A T S R RE RO

B A AR REIR AR R R, T A RETR AN
AR S R > 25 (il e R GTse (i Fl (R i 3725 e, i
fili BE 2R GE HE 15 CE OB R R RS A, B ke 35
L BHORAERESOR TR SR, R8T B
RERE HARAER . R G REM B, TR mifil REDL
REVBERT . DR A5 dr S PR ) &2
SERETT, WA REN AR T A

S 3Rk

[1] Hirsch A, ParagY, GuerreroJ. Microgrids: areview of
technologies, key drivers, and outstanding issues[J].
Renewable and Sustainable Energy Reviews, 2018, 90:
402-411.

(21 FZEE, BRE, S5M, & sl b 3 EH —NR
HL RGERRHET]. T E AL TSR, 2018,
38(7): 1893-1904.

Zhou Xiaoxin, Chen Shuyong, Lu Zongxiang, et al.
Technology features of the new generation power system
in China[J]. Proceedings of the CSEE, 2018, 38(7):
1893-1904(in Chinese).

(3] JAZAE, B, XN, S5, b E R R A AR R AR
AASCEER[T]. P EHEVLCIESHR, 2014, 34(29):
4999-5008.

Zhou Xiaoxin, Lu Zongxiang, Liu Yingmei, et al.
Development models and key technologies of future grid
in China[J]. Proceedings of the CSEE, 2014, 34(29):
4999-5008(in Chinese).

[4] Ren Guorui, Liu Jinfu, Wan Jie, et al. Overview of wind
power intermittency : impacts , measurements , and
mitigation solutions[J]. Applied Energy, 2017, 204:
47-65.

[5] &, B, RER 5. R8RS K
WY L LA BE B (D). b E AL A AR, 2015,
35(21): 5465-5474.

Zhao Bo, Bao Kankan, Xu Zhicheng, et al. Optimal sizing
for grid-connected PV-and-storage microgrid considering
demand response[J]. Proceedings of the CSEE, 2015,
35(21): 5465-5474(in Chinese).

[6] BENE, MRUKBE. BT STt B AL A ) 22 i ] ROBE
e FHIFL[0]. HRAbE IR, 2018, 45(2):
24-31, 74.

Dai Zhihui, Chen Bingyan. Research on multi-time scale
energy management of micro-grid based on real-time
pricing mechanism[J]. Journal of North China Electric
Power University, 2018, 45(2): 24-31, 74(in Chinese).

(71 #k, PRER, FhENSe, 5. S0 e Re g R &
HAR BT RERA[I]. IRHIAR, 2015, 39(9): 2041-2044.
Mu Xiaobin, Chen Guoliang, Sun Libing, et al. New

features of microgrid power quality and review of its

treatment measurement[J]. Chinese Journal of Power
Sources, 2015, 39(9): 2041-2044(in Chinese).

[8] #fnik, 758, BAEN, . BUBMEARLRD].
LTI, 2014, 34(1): 57-70.

Yang Xinfa, Su Jian, Lii Zhipeng, et al. Overview on

Hh

micro-grid technology[J]. Proceedings of the CSEE,
2014, 34(1): 57-70(in Chinese).

91 &, EA. B AR E 2RI S ).
HMEA, 2016, 40(2): 451-458.

Zhang Dan, Wang Jie. Research on construction and
development trend of micro-grid in China[J]. Power
System Technology, 2016, 40(2): 451-458(in Chinese).

[10] CH, FME, HEAR, 5. ROREEHIHORE IR S
R[], OB, 2016, 36(4): 107-115.
Zhi Na, Xiao Xi, Tian Peigen, et al. Research and prospect
of multi-microgrid control strategies[J]. Electric Power
Automation Equipment , 2016 , 36(4) : 107-115(in
Chinese).

[11] BRAKAS, 0K, 223 . FT00 A0 20 R i k0 ki3
TR []. B, 2017(14): 48-50.

Chen Yongjie, Wang Bin, Peng Tao. Microgrid operational
control strategy under grid-connected mode[J]. Electronic
Test, 2017(14): 48-50(in Chinese).

[12] %3, TR, AP, . S mahiE. ffReRgm

MBI B R R SE BT S BT ST R [T]. KAV R,
2015(S2): 242-244.
Yang Xiao, Wang Nan, Hu Wenping, et al. Research and
development of the experiment platform for a microgrid
with distributed generation, energy storage system and
ground-source heat pump[J] .
Electricity, 2015(S2): 242-244(in Chinese).

[13] PR, ZiAR, BT, 5. KRIKHE FIN B S
HEE SR X, BARGFEBNML, 2010, 34(1):
64-68.

Cheng Junzhao, Li Shusen, Feng Yu, etal. Policies on

Popular Utilization of

microgrid in developed countries and implications for
China[J]. Automation of Electric Power Systems, 2010,
34(1): 64-68(in Chinese).

(14] BIFAZL, MHESH. “ Rl 58t E brbrAEwt 7E[].
FrdERR, 2017(12): 172-177.
Bie Zhaohong, Lin Yanling. Research on international
standards for microgrid planning and design[J]. Standard
Science, 2017(12): 172-177(in Chinese).

(15] EZaedi)m . a1 [E oK B O% T4t
RV B 7R Ve T H 2 ¥ 4R 3 & )W[EB/OL]. JE 5t
E XK #eJ8 R, 2015[2019-05-16]. http://zfxxgk.nea.gov.cn/
auto87/201507/t20150722_1949.htm.
National Energy Administration. Document issued by the

National Energy Administration: Guideline from National



1

XM Ak 6 5 G0 SE L AT A RSO I 0 22 Ais AT ORI L SRk 13

Energy Administration on promoting the construction of
new energy microgrid demonstration projects|EB/OL].
Beijing National Administ-ration2015
[2019-05-16] . http://zfxxgk.nea.gov.cn/auto87/201507/
120150722 1949.htm (in Chinese).

[16] F8HELE, BRiR4E, FILLE, &, LHMRGHEBMEN
A3 AT 2B BRI S BER ARF AL LRIR[T]. B ) %, 2017,
38(3): 9-18.

Guo Yajuan, Chen Jinming, He Hongyu, etal. A review

Energy

on AC/DC hybrid microgrid key technology containing
distributed new energy[J]. Electric Power Construction,
2017, 38(3): 9-18(in Chinese).

[17] Monesha S, Kumar S G, Rivera M. Microgrid energy

technical Review[C]//
Proceedings of 2016 IEEE International Conference on
Automatica. Curico, Chile: IEEE, 2016.

[18] Dragicevi¢ T, Lu Xiaonan, Vasquez J C, et al. DC

management and control :

microgrids—part I: a review of control strategies and
stabilization techniques[J]. IEEE Transactions on Power
Electronics, 2016, 31(7): 4876-4891.

[19] Xue Mengya, Xie Jun, Chen Fei, et al. Review on
multi-objective joint economic dispatching of microgrid in
power system[J]. Procedia Computer Science, 2018, 130:
1152-1157.

[20] Aguilar-Jiménez J A, Velazquez N, Acuiia A, et al.
Techno-economic analysis of a hybrid PV-CSP system
with thermal energy storage applied to isolated microgrids
[J]. Solar Energy, 2018, 174: 55-65.

[21] XIS, WXF, bReR, &. A MEgEREgeETT
RE5NHT]. BS5GER, 2018, 55(10): 1-7.
Liu Jianqing, Huang Wentao, Tai Nengling;, et al. Research
and application of operation and regulation manipulating
scheme for microgrids[J]. Electrical Measurement &
Instrumentation, 2018, 55(10): 1-7(in Chinese).

[22] #RELER, RR T, s, 5. FETIEGIEHIRERA
R LR IR M B AT Sk AL (D] I RGBS,
2018, 42(6): 25-32.

Lin Kaijun, Wu Junyong, Hao Liangliang, et al.
Optimization of operation strategy for micro-energy grid
with CCHP systems based on non-cooperative game[J].
Automation of Electric Power Systems, 2018, 42(6):
25-32(in Chinese).

(23] b, W%, W TERE. O I EORALE [ BT 5N
JURFIRT 5 R[], R E ST, 2016, 49(S1): 154-158,
165.
Li Yuejia, Yang Ying, Chang Guoxiang. Present situation
of research and application on microgrid technology and
its prospects in China[J]. Electric Power, 2016, 49(S1):
154-158, 165(in Chinese).

[24] £l BRSPS 0 EAIRM]. Jb5: BEAHRR

#2013 1-3.

Wang Chengshan. Analysis and simulation theory of
microgrids[M]. Beijing: Science Press, 2013: 1-3(in
Chinese).

[25] Romankiewicz J, Qu Min, Marnay C, et al. International
microgrid assessment : governance , incentives, and
experience(IMAGINE)[R]. Berkeley, USA: Lawrence
Berkeley National Laboratory, 2013.

[26] Bose S, LiuY, Bahei-Eldin K, et al. Tieline controls in

microgrid applications[C]//Proceedings of 2007 IREP

Symposium on Bulk Power System Dynamics and

Control-VII. Revitalizing Operational Reliability .

Charleston, USA: IEEE, 2007: 1-3.

INETE. TR T TR EORBIT[D]. Mat: &K

FiR%:, 2016.

Sun Jianlong. Research on several key engineering

[27

—

technologies in microgrid[D] .
University, 2016(in Chinese).
5 R R U2, [ SRR R . HEE I I TR e P 2 15
BUATIMNA[EB/OL]. dbat: e N RHAT [ B 50k AN
MHEZE 4, 2017[2019-05-16]. http://www.ndrc.gov.cn/
zcfb/zcfbtz/201707/W020170724332830451364.pdf.

National Development and Reform Commission, National

Nanjing : Southeast

[28

—_

Energy Administration. The trial measures for promoting
the construction of grid-connected microgrids|[EB/OL].
Beijing: National Development and Reform Commission,
2017[2019-05-16](in Chinese). http://www.ndrc.gov.cn/
zcfb/zctbtz/201707/W020170724332830451364.pdf.
M, TEE, WF, 5. MENTRER]. B
A4 A1k, 2007, 31(19): 100-107.

Lu Zongxiang, Wang Caixia, Min Yong, et al. Overview

[29

—

on microgrid research[J]. Automation of Electric Power
Systems, 2007, 31(19): 100-107(in Chinese).

[30] Rodriguez-Diaz E, Vasquez J C, Guerrero J M. Intelligent
DC homes in future sustainable energy systems: when
efficiency and intelligence work together[J] . IEEE
Consumer Electronics Magazine, 2016, 5(1): 74-80.

[31] Serna-Sudrez I D, Ordéiiez-Plata G, Carrillo-Caicedo G,
et al. Microgrid’s energy management systems: a survey
[C)//Proceedings of the 12th International Conference on
the European Energy Market. Lisbon, Portugal: IEEE,
2015: 1-6.

[32] e, S8, WoaMRIPEEERIR]. B RGRY

5z, 2015, 43(13): 147-154.
Zhou Long, Qi Zhiping. A review of the research on
microgrid protection development[J] .
Protection and Control , 2015, 43(13): 147-154(in
Chinese).

[33] #8°7%, EERAE, ZEFERRE. RGO ML R E L 2 5
YT, HEA R, 2018, 35(4): 68-74.

Power System



14 BOE B ML

40 %

Guo Ning, Bai Yinjuan, Li Jikang. Optimal scheduling and

economic analysis of grid-connected microgrid[J] .

Distribution & Utilization , 2018, 35(4): 68-74(in

Chinese).

[34] Robert F C, Gopalan S. Low cost, highly reliable rural
electrification through a combination of grid extension
and local renewable energy generation[J]. Sustainable
Cities and Society, 2018, 42: 344-354.

[35] Vadana P, Rajinikandh, Kottayil S K. Dynamic energy
management on a hydro-powered smart microgrid[C]//
Proceedings of the International Conference on Soft
Computing Systems. New Delhi: Springer, 2016:
627-635.

[36] Hartmann B, Dan A. Cooperation of a grid-connected
wind farm and an energy storage unit—demonstration of a
simulation tool[J]. IEEE Transactions on Sustainable
Energy, 2012, 3(1): 49-56.

[37] Kalavani F, Mohammadi-Ivatloo B, Karimi A, et al.
Stochastic optimal sizing of integrated cryogenic energy
storage and air liquefaction unit in microgrid[J] .
Renewable Energy, 2019, 136: 15-22.

[38] Eptlr, F#E. G MR e TSR],
2015(1): 16-21.

Wang Chengshan , Zhou Yue . Review on the
demonstration projects of microgrid[J]. Distribution &
Utilization, 2015(1): 16-21(in Chinese).

X REUR . AR B AR RRIAT LIS 5T IH 3)

REFE A I ERAE A ) J L7 THIHT L [EB/OL]. dbat: [EZK

fie Y8 5, 2018[2019-05-16] . http://www.nea.gov.cn/

2018-07/30/ ¢_137356647.htm.

National Energy Administration. Li Fulong: Energy

[39

—

industry made new progress in several areas in the first
half of this year, including the accelerated transformtion
of power[EB/OL] Beijing : Energy
Administration ,  2018[2019-05-16](in  Chinese)
http://www.nea.gov.cn/2018-07/30/ ¢_137356647.htm.

[40] Obara S, Morel J. Clean energy microgrids|M]. London,
United Kingdom : Institution of Engineering and
Technology, 2017: 259-279.

[41] Microgrid Projects. Milford microgrid[EB/OL]. USA:
Microgrid Media ,  2017[2019-05-16] .  http://
microgridprojects.com/microgrid/milford-microgrid/.

[42] Microgrid Projects. Burlington DC microgrid[EB/OL].
USA : Microgrid Media , 2017[2019-05-16]
http://microgridprojects.com/microgrid/baik

National

ampady-mangalore-microgrid/.

[43] Microgrid Projects. Baikampady mangalore microgrid
[EB/OL]. USA: Microgrid Media, 2017[2019-05-16].
http://microgridprojects.com/microgrid/baik

ampady-mangalore-microgrid/.

Neelakantarayanagaddi village
Microgrid Media ,

http://microgridprojects.com/micro

[44] Microgrid Projects .
microgrid[EB/OL] . USA :
2017[2019-05-16] .
grid/neelakantarayanagaddi-village-microgrid/.

[45] Microgrid Projects. Mendare village karnatanka microgrid
[EB/OL]. USA: Microgrid Media, 2017[2019-05-16].
http://microgridprojects.com/microgrid/
mendare-village-karnatanka-microgrid/.

[46] Microgrid Projects . Kalkeri sangeet vidyalaya DC
microgrid[EB/OL] . USA : Microgrid Media ,
2017[2019-05-16] . http://microgridprojects.com/micro
grid/kalkeri-sangeet-vidyalaya-dc-microgrid/.

[471 KimJY, JeonJ H, Kim S K, etal. Cooperative control
strategy of energy storage system and microsources for
stabilizing the microgrid during islanded operation[J].
IEEE Transactions on Power Electronics, 2010, 25(12):
3037-3048.

[48] BAue, TREM, M8, %, (BB RAAERME L HAhsL R

R R e A BT AN R[] 8 ) & 58 E 3k, 2013,

37(1): 161-167.

Zhao Bo, Zhang Xuesong, Li Peng, et al. Optimal design

and application of energy storage system in Dongfushan

island stand-alone microgrid[J]. Automation of Electric

Power Systems, 2013, 37(1): 161-167(in Chinese).

FAh . ol R ) SR 5 DR BC B ORI FE[D]. )M

R TR, 2013,

Zhou Wei. Research on microgrid’s control strategy and

—
N
\O

—

protection configuration[D]. Guangzhou: South China
University of Technology, 2013(in Chinese).

[50] Lopez-Gonzdlez A, Domenech B, Ferrer-Marti L.
Sustainability and design assessment of rural hybrid
microgrids in Venezuela[J]. Energy, 2018, 159: 229-242.

[51] Berkeley Lab. Huatacondo[EB/OL]. Berkeley, CA, USA:
Lawrence Berkeley National
2019[2019-05-16]
microgrid.1bl.gov/huatacondo.

[52] Berkeley Lab. Kythnos island[EB/OL]. Berkeley, CA,
USA : Lawrence Berkeley National Laboratory ,
2019[2019-05-16] https://building-
microgrid.lbl.gov/kythnos-island.

[53] Wadk, B, W&, 5. miBIE IR K- REIIL
PEISRIE[I]. ThE EAL L2244 4R, 2013, 33(16): 78-85.
Shi Lin, Luo Yi, Shi Nian, etal. A control strategy of

Laboratory
https://building-

isolated grid with high penetration of wind and energy
storage systems[J]. Proceedings of the CSEE, 2013,
33(16): 78-85(in Chinese).
[54] Zhao Bo, Zhang Xuesong, Chen Jian. Integrated microgrid
laboratory system[J] . IEEE Transactions on Power
Systems, 2012, 27(4): 2175-2185.

[55] Wang Chengshan, Yang Xianshen, Wu Zhen, et al. A



1

XM Ak 6 5 G0 SE L AT A RSO I 0 22 Ais AT ORI L SRk 15

highly integrated and reconfigurable microgrid testbed

with hybrid distributed energy sources[J] . IEEE
Transactions on Smart Grid, 2016, 7(1): 451-459.

[56] Marnay C, DeForest N, LaiJ. A green prison: the Santa
Rita Jail campus microgrid[C]//Proceedings of 2012 IEEE
Power and Energy Society general Meeting. San Diego,
USA: IEEE, 2012.

[57] Berkeley Lab. Hangzhou dianzi university [EB/OL].

CA, USA: Lawrence Berkeley National

2019[2019-05-16] https://building-

microgrid.1bl.gov/hangzhou-dianzi-university .

Berkeley ,
Laboratory

[58] Burger A. Eight projects proposed in round 4 of the

microgrid grant program[EB/OL]
Westborough, MA, USA: Microgrid Knowledge ,
2018[2019-05-16]
microgrid-grant-connecticut/.

[59] Microgrid Projects .
microgrid[EB/OL] .
2017[2019-05-16] .
grid/new-york-affordable-housing-microgrid/.

[60] Iskov H. Lolland case study: Micro CHP with integrated
electrolyser and gas storage 2005-2007[R].
Danish Gas Technology Centre, 2009.

[61] Naval Facilities Engineering Command. Smart power

Connecticut

https://microgridknowledge.com/

New York affordable housing
USA : Microgrid Media ,

http://microgridprojects.com/micro

Danmark:

infrastructure demonstration for energy reliability and
security(SPIDERS)[R] USA Naval
Engineering Command, 2015.

[62] EfRf, AR H AL G o PR i AR M =
BATEBLI]. I IEAR, 2013(8): 56-60.
Wang Chenchen, Du Qiuping. Operation of micro-grid in
Sendai during earthquake[J]. North China Electric Power,
2013(8): 56-60(in Chinese).

[63] Microgrid Projects. Islas secas island microgrid[EB/OL].
USA : Microgrid Media, 2017[2019-05-16] . http://

microgridprojects.com/microgrid/islas-secas-island-micro

Facilities

grid/.

[64] Mao Meiqin, Ding Ming, Su Jianhui, etal. Testbed for
microgrid with multi-energy generators[C]//Proceedings
of 2008 Canadian Conference on Electrical and Computer
Engineering. Niagara Falls, USA: IEEE, 2008.

[65] Microgrids . LABEIN's commercial feeder[EB/OL] .
Luxembourg: Community Research and Development

2010[2019-05-16] http://
www.microgrids.eu/index.php?page=kythnos&id=1.

[66] Microgrid Projects. Tecnalia microgrid[EB/OL]. USA:
Microgrid  Media ,  2017[2019-05-16] http://

microgridprojects.com/microgrid/tecnalia-microgrid/.

Information  Service ,

[67] Yu Jiancheng, Marnay C, Jin Ming, et al. Review of
microgrid development in the United States and China and

lessons learned for China[J]. Energy Procedia, 2018, 145:

217-222.

[68] Microgrid Projects. El hierro microgrid[EB/OL]. USA:
Microgrid  Media ,  2017[2019-05-16] http:/
microgridprojects.com/microgrid/el-hierro-microgrid/.

[69] Vazquez S, Lukic SM, GalvanE, etal. Energy storage

IEEE
Transactions on Industrial Electronics, 2010, 57(12):
3881-3895.

[70] Luo Xing, Wang Jihong, Dooner M, etal. Overview of

systems for transport and grid application[J] .

current development in electrical energy storage

technologies and the application potential in power system
Applied Energy, 2015, 137: 511-536.

[71] Aneke M, Wang M. Energy storage technologies and real
Applied

operation[J].

life applications - A state of the art review[J].
Energy, 2016, 179: 350-377.

[72] Sciacovelli A, Vecchi A, Ding Y. Liquid air energy storage
(LAES) with packed bed cold thermal storage - From
component to system level performance through dynamic

Applied Energy, 2017, 190: 84-98.

[73] Locatelli G, Invernizzi D C, Mancini M. Investment and

modelling[J].

risk appraisal in energy storage systems: a real options
approach[J]. Energy, 2016, 104: 114-131.

[74] Rutqvist J, Kim H M, Ryu D W, et al. Modeling of
coupled thermodynamic and geomechanical performance
of underground compressed air energy storage in lined
rock caverns[J]. International Journal of Rock Mechanics
and Mining Sciences, 2012, 52: 71-81.

[75] Faisal M, Hannan M A, Ker PJ, etal. Review of energy
storage system technologies in microgrid applications:
issues and challenges[J]. IEEE Access, 2018, 6:
35143-35164.

[76] Bocklisch T .
renewable energy applications[J] .
Storage, 2016, 8: 311-319.

[77] BhEM, A=ul, A, 5. o KRR (1R R
Gl A BRI ED]. TR H77, 2018, 31(7): 8-15.
Zhong Guobin, Bai Yunjie, Zeng Jie, et al. Optimization

Hybrid energy storage approach for

Journal of Energy

configuration of hybrid energy storage capacity of
microgrid considering energy storage life[J]. Guangdong
Electric Power, 2018, 31(7): 8-15(in Chinese).

[78] F4Kk. MR A EE RV ReE B K [D]. W

M ZRIE LR, 2016.
Wang Yi. Research on synergistic control strategy of
microgrid hybrid energy storage system[D]. Harbin:
Harbin Institute of Technology, 2016(in Chinese).

[79] Gallo A B, Simdes-Moreira J R, Costa H K M, et al.

Energy storage in the energy transition context: a

IRV

technology review[J]. Renewable and Sustainable Energy
Reviews, 2016, 65: 800-822.

[80] Chen Haisheng, Cong TN, Yang Wei, etal. Progress in



16 BOE B ML

T B % ik

40 %

electrical energy storage system: a critical review[J].
Progress in Natural Science, 2009, 19(3): 291-312.

[81] Fathima A H, Palanisamy K. Optimization in microgrids
with hybrid energy systems - A review[J]. Renewable and
Sustainable Energy Reviews, 2015, 45: 431-446.

[82] Smith S C, Sen P K, Kroposki B. Advancement of energy
storage devices and applications in electrical power
system[C]//Proceedings of the 2008 IEEE Power and
Energy Society General Meeting-Conversion and Delivery
of Electrical Energy in the 21st Century. Pittsburgh, USA:
IEEE, 2008.

[83] Beaudin M, Zareipour H, Schellenberglabe A, et al.
Energy storage for mitigating the variability of renewable
electricity sources: an updated review[J]. Energy for
Sustainable Development, 2010, 14(4): 302-314.

[84] Rastler D. Electricity energy storage technology options:
a white paper primer on applications, costs, and options
[R]. USA: Electric Power Research Institute, 2010.

[85] Kousksou T, Bruel P, Jamil A, etal. Energy storage:
applications and challenges[J]. Solar Energy Materials and
Solar Cells, 2014, 120: 59-80.

[86] National Renewable Energy Laboratory. Energy storage:
possibilities for expanding electric grid flexibility [R].
USA: National Renewable Energy Laboratory, 2016.

[87] Curry C. Lithium-ion battery costs and market: Squeezed
margins seek technology improvements & new business
models[R]. USA: Bloomberg New Energy Finance, 2017.

[88] Nazir H, Batool M, Osorio F J B, et al. Recent
developments in phase change materials for energy
storage applications: a review[J]. International Journal of
Heat and Mass Transfer, 2019, 129: 491-523.

[89] Carnegie R, Gotham D, Nderitu D, etal. Utility Scale
energy storage systems: benefits, applications, and
technologies|[R]. West Lafayette, IN, USA: Purdue
University, 2013.

[90] Kapila S, Oni A O, Kumar A. The development of
techno-economic models for large-scale energy storage
systems[J]. Energy, 2017, 140: 656-672.

[91] Zheng Yingying, Jenkins B M, Kornbluth K, et al.
Optimal design and operating strategies for a
biomass-fueled combined heat and power system with
energy storage[J]. Energy, 2018, 155: 620-629.

[92] Bahramirad S, Reder W, Khodaei A . Reliability-
constrained optimal sizing of energy storage system in a
microgrid[J]. IEEE Transactions on Smart Grid, 2012,
3(4): 2056-2062.

[93] Wang Luhao, Li Qigiang, Ding Ran, et al. Integrated
scheduling of energy supply and demand in microgrids
under uncertainty: a robust multi-objective optimization
approach[J]. Energy, 2017, 130: 1-14.

[94] PMELR, EFET, WINEE, 5. JFRORURCR ROLA E
KA. RAGEIIEAR, 2018, 39(9): 32-35,
43.

Sun Jiaxing, Wang Peiyu, Hu Xingyuan, etal. Research
on improved genetic algorithm for micro-grid grid-
connected multi-objective optimization scheduling[J].
Northeast Electric Power Technology, 2018, 39(9): 32-35,
43(in Chinese).

[95] Zhang Shirong, Tang Yuling. Optimal schedule of
grid-connected residential PV generation systems with
battery storages under time-of-use and step tariffs[J].
Journal of Energy Storage, 2019, 23: 175-182.

[96] Li Zhengmao, Xu Yan. Dynamic dispatch of grid-
connected  multi-energy
opportunity profit[C]//Proceedings of 2017 IEEE Power &
Energy Society General Meeting. Chicago, USA: IEEE,
2017.

[97] Li Zhengmao, Xu Yan. Optimal coordinated energy

microgrids  considering

dispatch of a multi-energy microgrid in grid-connected
and islanded modes[J]. Applied Energy, 2018, 210:
974-986.

[98] A, ZRME, ZERIBR. T 2o A oo X He 2 o9 o o T 00 )
HREARMACELE )], HIFEZAR, 2018, 16(4): 62-70.
Tian Xingxing, Li Zheng, Li Liming. Optimal capacity
allocation of energy storages in microgrid considering
grid-connected and off-grid operating conditions[J] .
Journal of Power Supply, 2018, 16(4): 62-70(in Chinese).

[99] 17 )3, BVALTT . 5 FE L BRI K 22 A i IR OIS A 1 BEAF E ]

REAEA, 2018, 39(5): 397-404.
He Li, Lii Hongfang. Research on optimal dispatching of
multi-microgrid  considering economy/[J] Power
Generation Technology , 2018 , 39(5) : 397-404(in
Chinese).

[100] F/NEE, mdE, FER. KBS RarfEe s M

fRBEE[T]. Wi H A7, 2018, 37(9): 14-17.
Wang Xiaolei, Gu Jia, Zhou Jiawei. Optimal capacity
configuration of cogeneration system of wind power and
energy storage[J]. Zhejiang Electric Power, 2018, 37(9):
14-17(in Chinese).

[101]Liu Zifa, Chen Yixiao, Zhuo Ranqun, et al. Energy
storage capacity optimization for autonomy microgrid
considering CHP and EV scheduling[J]. Applied Energy,
2018, 210: 1113-1125.

[102] El-Bidairi K’ S, Nguyen H D, JayasingS D G, etal. A
hybrid energy management and battery size optimization
for standalone microgrids: a case study for Flinders
Island, Australia[J]. Energy Conversion and Management,
2018, 175: 192-212.

[103]1 587, ERul, HHE, . LI5RF KEEEKIR
WIS RG[T]. B, 2015(1): 22-27.



1

XM Ak 6 5 G0 SE L AT A RSO I 0 22 Ais AT ORI L SRk 17

Guo Li, Wang Chengshan, Yang Qiguo, et al. The
independent microgrid with wind power, diesel generator
and energy storage system in Dafeng, Jiangsu province
[J]1. Distribution & Utilization, 2015(1): 22-27(in
Chinese).

[104] HBH. 25 R 5 Ko 52 i) S S 4 N 22 B B AR AL S B oF
FL[D]. MM FBMIKZE, 2018.

Gan Yang. Research on multi-objective optimal sizing of
stand-alone microgrid considering demand response[D].
Zhengzhou: Zhengzhou University, 2018(in Chinese).

[105] & dhfh, IRAERE, B, &, B —iEss mE

B SMEREALIC B VAT, T E LI AR, 2017,
37(15): 4324-4332.
Zhao Jingjing, Xu Chuanlin, Lii Xue, et al. Optimization
of micro-grid primary frequency regulation reserve
capacity and energy storage system[J]. Proceedings of the
CSEE, 2017, 37(15): 4324-4332(in Chinese).

[106] R MR & i AE A B2 H ALt 7 [D]. b
e LRI, 2018.

Wu Yafan. Research on multi-objective optimization of
hybrid energy storage capacity of microgrid[D]. Beijing:
North China Electric Power University, 2018(in Chinese).

[107] Hajiaghasi S, Salemnia A, Hamzeh M. Hybrid energy
storage system for microgrids applications: a review[J].
Journal of Energy Storage, 2019, 21: 543-570.

[108] Z=WkHE, Fothuk, XIERE, . FEFE KW A E

PERDE R R I i BE R SIRACECED]. I R GRS
), 2018, 46(20): 69-77.
Li Yaowang, Miao Shihong, Liu Junyao, etal. Optimal
allocation of energy storage system in PV micro grid
considering uncertainty of demand response[J]. Power
System Protection and Control, 2018, 46(20): 69-77(in
Chinese).

[109] Ghasemi A, Enayatzare M. Optimal energy management
of a renewable-based isolated microgrid with pumped-
storage unit and demand response[J]. Renewable Energy,
2018, 123: 460-474.

[110] FEWERN, ek, BUAREL, 45, JETA#RE Soc HAHTT
R e R S RE REACAL R BE DT i (0] Al TARE 244,
2016, 32(8): 155-161.

Meng Xiaoli, Niu Huanna, Jia Dongli, etal. Real-time
energy optimal dispatch for microgrid based on day-ahead
scheduling of charge state[J]. Transactions of the Chinese
Society of Agricultural Engineering, 2016, 32(8):
155-161(in Chinese).

[111] BAALAL. OB E SR A BN B K2 HARILL[D].
Jemt: IR IR, 2018.

Hu Shican .
configuration of micro grid composite energy storage
capacity[D] . Beijing : North China Electric Power

Multi-objective  optimization of the

University, 2018(in Chinese).

[112] 5KAERE, Rff, AR, 5. THRANIE T R0 R4

HIHT AR T M R GRAG TR BE (D). BT %, 2018, 39(7):
107-114.
Zhang Qingqing, Wu Qian, Li Shengwei, et al. Optimal
scheduling of new energy integration considering different
demand response groups[J]. Electric Power Construction,
2018, 39(7): 107-114(in Chinese).

[113] Aghajani G R, Shayanfar H A, Shayeghi H. Demand side
management in a smart micro-grid in the presence of
renewable generation and demand response[J]. Energy,
2017, 126: 622-637.

[114] Yan Bing, Luh P B, Warner G, et al. Operation and
design optimization of microgrids with renewables[J].
IEEE Transactions on Automation Science and
Engineering, 2017, 14(2): 573-585.

[115] Nazari A, Keypour R. A two-stage stochastic model for
energy storage planning in a microgrid incorporating
bilateral contracts and demand response program[J].
Journal of Energy Storage, 2019, 21: 281-294.

[116] B ZH. AL A7 A SR E AL B -5 P 2 1
[D]. J7M: #EFHE TR, 2015.

Ma Yiwei. Optimal sizing and coordinated control of
distributed generation units in islanded microgrid[D].
Guangzhou: South China University of Technology,
2015(in Chinese).

[117] Murugaperumal K, Raj P AD V. Energy storage based
MG connected system for optimal management of energy:
an ANFMDA technique[J] .
Hydrogen Energy, 2019, 44(16): 7996-8010.

[118] Husein M, Chung I P. Optimal design and financial

International Journal of

feasibility of a university campus microgrid considering
renewable energy incentives[J]. Applied Energy, 2018,
225: 273-289.

[119] Zolfaghari M, Ghaffarzadeh N, Ardakani AJ. Optimal
sizing of battery energy storage systems in off-grid micro
grids using convex optimization[J]. Journal of Energy
Storage, 2019, 23: 44-56.

[120] Hossain A, Pota HR, Squartini S, et al. Modified PSO
algorithm for real-time energy management in grid-
connected microgrids[J]. Renewable Energy, 2019, 136:
746-757.

[121] Fang Ruiming. Multi-objective optimized operation of
integrated energy system with hydrogen storage[J] .
International Journal of Hydrogen Energy, 2019, 44:
29409-29417.

[122] 5KA L%, RIS, BlesR, 5. B i L /oK
B S R CR AR AL E [T]. s E B &, 2017,
37(7): 55-62.

Zhang Youbing, Ren Shuaijie, Yang Xiaodong, et al.



18 ST R < 1 R D =SR-3

40 %

Optimal configuration considering price-based demand
response for stand-alone microgrid[J]. Electric Power
Automation Equipment, 2017, 37(7): 55-62(in Chinese).

[123] Neves D, Pina A, Silva C A. Comparison of different
demand response optimization goals on an isolated
microgrid[J] . Sustainable Energy Technologies and
Assessments, 2018, 30: 209-215.

[124]U.S. Department of Energy. Energy policy act of
2005[EB/OL]. USA: U.S. Department of Energy, 2005
[2019-05-16]. https://www.energy.gov/downloads/energy-
policy-act-2005.

[125]Khan A A, Razzaq S, Khan A, et al. HEMSs and enabled
demand response in electricity market: an overview[J].
Renewable and Sustainable Energy Reviews, 2015, 42:
773-785.

[126] Korkas C D, Baldi S, Michailidis I, etal. Occupancy-
based demand response and thermal comfort optimization
in microgrids with renewable energy sources and energy
storage[J]. Applied Energy, 2016, 163: 93-104.

[127] Dietrich K, Latorre J M, Olmos L, et al. Demand
response in an isolated system with high wind integration
[J]. IEEE Transactions on Power Systems, 2012, 27(1):
20-29.

[128] FITRZE, BAEIN, TKEZE. b B il B 75 SR e B (¥ 43k
HNASEEST]. B RG AL, 2017, 41(13):
70-78.

Zhou Baorong, Huang Tingcheng, Zhang Yongjun.
Reliability analysis on microgrid considering incentive
demand response[J] . Automation of Electric Power
Systems, 2017, 41(13): 70-78(in Chinese).

[129] B, #i, Lok, 5. FETRb ™ & sk R A4k
WD) B RGEY S5iEH], 2018, 46(11): 124-130.
Chen Ran, Yang Chao, Shen Bing, et al. Micro-grid based
demand response optimization policy[J]. Power System
Protection and Control , 2018, 46(11): 124-130(in
Chinese).

[130] Alipour M, Zare K, Seyedi H, et al. Real-time
price-based demand response model for combined heat
and power systems[J]. Energy, 2019, 168: 1119-1127.

[131] Lach J, Wrébel K, Wrébel J, et al. Applications of carbon
in lead-acid batteries: a review[J]. Journal of Solid State
Electrochemistry, 2019, 23(3): 693-705.

[132] £, MMER, FKRW], S5 XRREHRE ik
RO AT R THA[I]. HIEHAR, 2016, 40(4): 935-937.
Wang Hong, Lin Xiongwu, Yuan Yongming, et al.
Demand analysis and forecast for future lead-acid battery
[J]. Chinese Journal of Power Sources, 2016, 40(4):
935-937(in Chinese).

[133] EAlg, FKAER, W, 2. w7t ).
HAL2E, 2005, 11(3): 237-243.

Dong Quanfeng, Zhang Huamin, Jin Minggang, et al.
Research progresses in a flow redox battery[J] .
Electrochemistry, 2005, 11(3): 237-243(in Chinese).

[134] AR, &, BEA, %5 WBKMKERERE
JEBUIR R TTR[T]. fEReRHESHEAR, 2017, 6(1):
35-42.

Tan Yaqian, Zhou Xuezhi, Xu Yujie, et al. Seawater
pumped hydro energy storage: review and perspectives[J].

Energy Storage Science and Technology, 2017, 6(1):
35-42(in Chinese).
fE&ER

ngi X(1989), L, T2t 135N

S TR TR RS REOR 10T

‘\ F, liuchang 2017@sina.cn;

‘ RS SE(1975), B, RIFF
K e g, AR B L £ e TANBART I,
zhuojk@tsinghua.edu.cn.

(RfE4iE

S EHE: 2019-02-15.

IEHY)



Extended Summary

DOI: 10.13334/j.0258-8013.pcsee.190212

A Review on the Utilization of Energy Storage System for the Flexible and

Safe Operation of Renewable Energy Microgrids

LIU Chang', ZHUO Jiankun!*, ZHAO Dongming?, LI Shuiqing', CHEN Jingshuo?, WANG Jinxing', YAO Qiang'
(1. Tsinghua University; 2. China Huaneng Co., Ltd.)

KEY WORDS: microgrid; safe and stable operation; energy storage; demand response; optimal configuration

Energy storage is a key technology to protect the
safe and stable operation of microgrids, and has become
one of the important measures to promote commercial
application of renewable energy microgrids.

In order to master the skills of utilizing energy
system (ESS) for the
renewable energy microgrid, the technical characteristics

storage implementation of
of renewable energy microgrid and the roles of the ESS
in microgrids are analyzed, respectively. The ESS can
improve the reliability and flexibility of the microgrid
and mitigate the threats to the whole system which are
caused by the intermittent nature of the renewable energy
system (RES). In addition, the optimization of the energy
storage size will contribute to reducing the investment
cost and operating cost of the microgrid. The key roles of
ESS on the flexible operation of the microgrid are
summarized in Fig. 1 (Fig. 1 can be seen in the section

1.2 of the paper).
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Fig. 1 Key roles of energy storage systems on the flexible
operation of the microgrid

The applications, classification and development
status of different ESSs in microgrid are also reviewed;
at present, the technical economy of most energy storage
technologies needs to be further improved.

The capacity of the ESS has a great impact on the
overall economy and operational safety of the microgrid.

S1

Under this context, the relationship between ESS’s
capacity and control strategies in both connected and
disconnected operation modes of microgrid is
introduced. Then, considering its positive effect on the
utilization of renewable energy, the optimum design of
ESS’s capacity can be performed based on single
objective or multiple objectives, which generally include
economy, reliability and energy utilization objectives.
Taking the minimum of the investment and operating

costs for instance, the objective function is given:

min C =min(C, +C,) (1)

where
C =Cy 2)
G, =Cou + Crupr + Crep + Cont + Corp + Coen 3)

According to the different operating scenarios, the
values and the calculation methods of each item will be
different. In addition, a joint optimization method for
energy storage and demand response is described, which
can effectively improve the economy, reliability and
comprehensive utilization of energy of microgrid.

By comprehensively evaluating the energy density,
the power density, the response time and the rated power,
the applicability of different energy storage technologies
in microgrid can be obtained. Energy storage technology
has an important application prospect in the flexible
operation of microgrid.

The present review suggests that the application of
renewable energy microgrid can provide a broad market
for energy storage technologies. The development of
large scale energy storage system applied in microgrid
will be promoted by the breakthrough of new and
emerging materials and technologies. To ensure better
performance of renewable energy microgrid, this study
also reveals that the low cost, high energy density, high
power density, long life and quick response ability are
the future development direction of energy storage

technology.



