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Table 1 Status of the curtailment in Jeju

VRE Capacity

Load Curtailment Curtailment
Year [GWh] [MW] amount count
WP PV [MWh]
2015 4,430 221 76 152 3
2016 4,738 271 93 252 6
2017 5,014 273 125 1,300 14
2018 5,273 267 185 1,366 15
2019 5,374 290 294 9,223 46
2020 5,373 295 420 19,449 77
2021 5,688 295 526 12,016 64
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Table 2 Technical characteristics of the ESS

Lithium-ion NaS
Component PSH CAES
BESS BESS

Operating  pyjscharging  40~100[25]
Range 0~100 0~100[4] 0~100
Charging 70~100[25]

[%]
Operating Efficiency
%] 70~87[3] 90~95[26]  40~75[3][26] 75~90([3]
(1]
Lifetime
30~60[2] 5~15[1] 20~40[3] 5~20[3]
[year]
Suitable Depth of
Discharge <100[26] 80[26] <100[26] 90[27]
[%]
Discharging Time Seconds~
1~24+[3] <6[1] 1~24+[3]
[h] hours[3]
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Table 3 Advantages and disadvantages of ESS[12]

Component Advantage Disadvantage

the most mature, long o ) ]
o ) large unit size, high capital
PSH lifetime, low maintenance ) .
cost, terrain constraints
costs

high energy density, fast

Lithium-ion reaction speed, low require working temperature,
BESS self-discharge rate, long cycle need overcharge protection

life, high reliability

o ) high requirements for
long lifetime, fast reaction . )
CAES ) . geographical environment, low
speed, environment friendly ) )
round trip efficiency

N~ high energy density, low high internal resistance, sodium

a

S self-discharge rate, fast corrosion, an additional system
reaction for high-temperature heating
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Calculation VRE curtailment with Eq. (1), (3)
|
Set dispatch order of ESSs

I

Set the initial value of ESS_cap to 0

l

Repeat the following process of CPR ratio calculation
while incrementing m from 1 to 99

Calculate BESS_cap, PSH_cap with Eq. (16), (17)

I

Process of reducing the VRE curtailment by charging ESSs

with Eq. (4~8)

ESS_cap
Calculate CPR, CP Ratio with Eq. (9), (18)

Find minimum CP Ratio

Add 1 to

A The CP Ratio <= 3(%)

Show results for BESS_cap, PSH_cap, ESS_cap and m

Fig. 8 Process of ESS capacity calculation
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ESS cap = BESS_cap + PSH cap (15)

2] (15)%& ESS &&o] BESS$F PSHe| gHAIYS YeRATH

BESS cap = m* ESS_cap/100 (16)
PSH cap = (100—m ) * ESS_cap/ 100 (17)

21 (16), (17)°lA BESS®} PSHO &< ESS¢ HlT me Saf Akketh
HS me 1olMRE 9974+ F713ch wiebd BESSSF PSH nlSel &2
100%°ltt. BESS$H PSH H|5oll we} E9Aof <3} aye depA7] ujZd
¢hsh @yt g 2 dlEs 3] figelth ol el 8% A Aol ESS

vl mel FEAtES 392 defete HA 98 ALk

CPRatio =(CP— CPR) / (WP+ PV+ CPR)* 100 (18)

A
FEE AAUA BAFoR i ghell 100S wEl AAksich 23 @
AUAE ESSel Aol wet &33l7] wimel AU A] ol
oWttt ols|d 4 itk
upelx] BESSeF PSH H]Fel wel EYAfdS Hu= $slste ¥F mS
ka1, awe] ZEA|FEC] 3%= ATHE wiZzkA] ESS §%S 14 F7HAIXI
Ao 2 ZHAFES 392 WHKAZ| = ESS &% AAHH, EHAL 43}

a7} Hel BESSeF PSHe H4A &8 A4 3o}
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Table 4 Power configuration status by cases

VRE capacity

o Load Peak load [MW]

[GWh] [MW] WP PV
Case 1 6,108 1,031 416 599
Case 2 6,301 1,064 466 791
Case 3 6,924 1,169 660 924
Case 4 7,350 1,241 926 1,008
Case 5 7,484 1,236 1,111 1,081
Case 6 7,923 1,338 1,465 1,185
Case 7 8,220 1,405 1,765 1,335

71t Stk RE 9 5 e YR Au|gsFo] 1 E )
T3k A Al OgE AR AES $5-EE 4 A= HVDCZF L8 E o,

Au]ge 600MWolth E9AlF ¢sls fls FHu)
Atk 1E]ar AEe #Agely V1A Fakg AT F dE WA dHde
910MW= e = gl

A AAE A A Case H AAUA] BHFT ZHA GRS FA ST
ANBAIA] A& AAYUA] EHFS AHE5F8 =2 ra 100S w3 gholth
21 (1), (3)ol whep AlZhopE e A FHA R A

EASES AN UA TR Wil 100e wate] g
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Table 5 Analysis of VRE production and curtailment by cases

. VRE penetration VRE production Curtailment Curtailment rate
ase

[7e] [GWh] [MWh] [70]
Case 1 25 1,552 2,515 0.2
Case 2 30 1,891 8,181 0.4
Case 3 35 2,403 28,205 1.2
Case 4 40 2,966 65,404 2.2
Case 5 45 3,346 121,693 3.5
Case 6 50 3,995 259,872 6.1
Case 7 55 4,513 516,189 10.3
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Table 6 Minimum curtailment and ESS penetration by operation planning

Dispatch Case Case 4 Case 5
order ESS Capacity[MW] 200 400 250 550
Minimum Curtailed Energy
. 14.4 7.4 31.5 16.9
Primary [GWh]
BESS : PSH
PSH ) 40 : 60 57 : 43 1:5 64:36
Penetration[%]
Minimum Curtailed Energy
. 17.0 9.0 35.5 18.1
Primary [GWh]
BESS : PSH
BESS ) 58 :42 77 :23 61 :39 76 :24
Penetration[%]
Dispatch Case Case 6 Case 7
order ESS Capacity[MW] 300 800 450 1100
Minimum Curtailed Energy
. 98.7 56.1 213.8 156.2
Primary [GWh]
BESS : PSH
PSH ) 32:68 67 :33 34:66 62:38
Penetration[%]
Minimum Curtailed Energy
. 108.5 58.7 230.6 161.8
Primary [GWh]
BESS : PSH
BESS ) 46 : 54 70 : 30 44 :56 73 :27
Penetration[%]
Table 62 Fig. 21~24°1A &A% Case W& ESS 3wt we &34
s EEAFFY el BESSSF PSHE HISS UERITH
Case 41 ESSE FshA &k=thdA 65.4GWhel EAlefgro] AahA| g
200MW &3] ESS7} Fjethdl PSHE A FYskale Alel BESS H]Fo
40%, PSH Hlso] 60%%Y = FFe 14.4GWhZ 78%7+4 3= Tk
W2 BESS7F A Fi€lthd BESS HlEo] 58%, PSH H|Eo] 42%Y W,
aste EYAFFL 17.0GWhE AW 74%S =< 5 JAdh 400MW &9
ESSE Fethd PSH A 59 Aol BESS HlF©] 57%, PSH H|Fo] 43%<Y ol
7AGWh7HA] Ak ¢halelr 93.9%5 &Y 4 903, BESSE Al FSishthd
BESS H]Z©o] 77%°]aL PSH H]Fo] 23%Y wl, E= A S 88.7% 74 &3}t
2= 0]
TR

Case 5+ 121.7GWh
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FQJeld PSHE A 54 Aol BESS9 H|Fo] 41%°]ar PSHe] H|Fo] 59%<Y
ul, 741%9 E¥ALS &3}sielth. BESSE A Fghthd BESS H]Fo
61%°]al PSH HlFo] 39%°l4 ZdAFES 70.8%7H4 €3kt 4= itk
550MWe] ESSE FYstd PSH A F<1 Alel BESS H|F©] 64%, PSH H|5©]
36%Y9 Wl EHEAFFS 16.9GWh7HA] ¢ksbsqlal, 86.1%7+4 =%tk BESS A
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Table 7 The maximum difference in curtailment reduction by dispatch order and
the BESS and PSH penetration at that time

Case Case 4 Case 5 Case 6 Case 7

ESS Capacity

[MW]
Maximum

200 400 250 550 300 800 450 1100

Difference in
Curtailment 4.3 11.5 73 21.5 10.6 37.0 20.8 61.4
Reduction

[GWh]
BESS : PSH

Penetration[%]

33:67 30:70 28:72  25:75 33:67 2872 29:71 26:74

Table 7-& Fig. 21~240A] g-grdetel] wet ZA1oF ¢3t o xpo]e} 1w
ESS H%S Yedth PSH A £ Aol 2E CaseolAl &A1k gksl a7t
2k aga st wep g & xbelrb UERd HlSe BESSTF
25~33%°]aL PSH7} 67~75% wjo]t}.,

4.3 Z8A|FES 3%E A= ESS £ A4

Case 5~79A ©F7]9F A7) ESSE FYste] 8 A|FES 39z Ate 5
B

Table 8% =Wetel wel ZHAGES 3= AT F Ue Hx &%
2 Axs depdo 9 Axtd A8 3% )49l Case 5 ~ 7oA
S-S 23k 2y Case 72 4413 A& AlgEe] g]lF ol BESSSF 847t
A& AZe] PSH 87 obfel SoiAAL thE Casesol Hls) A%-st

=

Aol = EEAleke]l wWol RAste] EFHAES 3%= AljEls 8§30



A E A Fsksitk o= 7] ESS d oS vEhiTh

Table 8 Comparison of ESS capacity calculation by dispatch order

ESS capacity

Dispatch order Case 5 Case 6 Case 7
[MW]
BESS 3 63 -
Primary PSH PSH 32 162 -
Total 35 225 -
BESS 0 78 -
Primary BESS PSH 35 167 -
Total 35 245 -

Case 5% PSH A F¢ Aol BESS®} PSH v 1%, 99%= &57] PSH7}
2 HTS A AR BESS A 9] Alel& BESS H|F2 0%, PSH
HFS 100%= PSHYIo® ZHAFES 3%= Attt ZHA%EC]
3.5%°17] wjitol HEE AZT 3n7tA st A oFFo] FHA o m AolA
22 ESS g#o] AAH Ty w3 ESS &3o] 2] wjid] PSH H|ZFo| &4
Ak At

Case 62 PSH 4 %4 Alell BESS A ¥ ARt o 8% A §Ho=
=YA%ES 392 AT F AATE gFol> BESSSH PSHE| H|Fo] 28%,
2% W EYAFES 392 ATH F Ae HA &Fo] HFEHAeH, 1
&% BESS7} 63MW, PSH 162MWolth. BESS A 79 A= BESS H|5©]
32%, PSH H|ZFo] 68%= 2z} 78MW, 167MW7} A=l BESS$ PSHO
Hlgol °oF 30%, 70%Y W =AY ¢t vt P aw, Hih &l
=] At

A

-

o,
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Abstract

The world is increasingly interested in climate change, therefore it is reducing the
use of fossil fuels and increasing the supply of variable renewable energy (VRE).
However, the VRE increases have led to curtailment. The curtailment disrupts the
balance of power supply and load and compromises grid stability, reducing profits
for VRE developers. The amount and frequency of the curtailment have been
increasing with the share of VRE, especially during periods of high solar output.
Therefore, the need for energy storage systems (ESS) has been emphasized, and
analyses of ESS have been actively pursued to alleviate the curtailment.

However, cost-based economic analyses tend to calculate smaller capacity ESS,
which not be adequate for reducing the curtailment. The main ESS resources are
lithium-ion battery storage system (BESS) and pumped storage hydro (PSH). From
the perspective of reducing the curtailment, lithium-ion BESS has limitations in
reducing the curtailment due to its short-duration, and the capacity of PSH can be
overestimated.

This paper introduces a storage mix of short-duration and long-duration ESS
combinations to reduce curtailment. Lithium-ion BESS as a short-duration ESS and

PSH as a long-duration ESS are combined and the operation planning and capacity
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calculation based on dispatch order of the storage mix are presented. This paper also
analyzes the effect of the penetration of the two types of ESS on reducing
curtailment. The effectiveness of the proposed storage mix in reducing curtailment is
confirmed by applying it to grid with high penetration of VRE.

The combination of short-duration and long-duration ESS increases grid flexibility
and VRE acceptance compared to using a single ESS. In addition, the primary order

of long-duration ESS results in greater curtailment reduction with a smaller capacity.
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