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1. Research Purpose

According to the government's renewable energy 3020 vision,
renewable energy is expected to grow in both generation amount and
capacity: electricity generation will accounted for 20% of total generation
in 2030 while its capacities are expected to reach 60GW. Steep In 2030,
the installed capacity of solar and wind power is expected to expand
to 51GW. Specially, solar and wind power’s capacity will expanded to
be 5IGW. Because variable new renewable power sources, including
solar and wind power, fluctuates their output casing intermittence issue,
there are concerns that an increasing renewable energy capacity might
weaken the reliability of the electricity grid. In order to minimize the
impact on the power system as the output uncertainty of large-variance
renewable energy increases, it is necessary to study on secure the
economical efficiency of the flexible power generating plant which is
capable of coping with fluctuation of wind power generation and solar
power generation.

Accordingly, the objectives of this study are to estimate the capacity
deficit of balancing capacity of South Korea’s power system in 2030
under the renewable power generation and distribution expansion

planning, to analyze the impact of changes in the generation mix and



the market conditions on the relative economics of the balancing
resources. Also, in order to secure flexible facilities, policy suggestions
are made for capacity compensation schedules and market operation
systems to attract necessary investment. Finally, the objective includes
delivering suggestion for the Korean electricity market from analysis on
other electricity markets in California and Texas, which have

experiences the proportion of renewable energy sources is increasing.

2. Main Results

This research is made of the following topics - 1) estimation of the
flexibility capacity deficiency in the power system when with the
increment of variable renewable energy, and 2) relatively economic
analysis of the flexible generation equipments under the change of market
conditions and generation make-ups, 3) policy suggestions and
implications on compensation schedule in cope with necessary balancing
generation capacities, with analysis on other markets’ operating examples
coping with variable renewables into the grid.

The results can be summarized into the following. First, deficit
flexible capacity amounts by time windows are estimated by comparing
available flexible capacities and required capacity of operating reserves
with variable renewable’s variations. The result shows that the shortfall
would be about 1,800MW for operating reserves for 60 minutes to 120
minutes, without considering demand response and the ESS. In addition,

the relative economic study results shows that LNG generations and



pumped hydro storage are crossing approximately 200 Won/kWh, based
on the estimation of marginal costs of LNG generation from 2013 to
2015 and the settlement unit price of pumped hydro storage. Given the
recent trend in LNG fuel prices over the past few years, it can be
interpreted that LNG is superior to pumped hydro in terms of fuel costs.

Based on the above analysis, policy suggestions are delivered for
securing the necessary flexibility resources and for economic utilization.
Considering the flexibility, resource requirements, and economic
analysis, and technical characteristics of the development resources,
installing bypass stacks to gas turbines currently operating in combined
cycle mode will serve for flexibility resources satistfying the necessary
flexible capacity without construing new capacities. In order to
compensate for the installation and construction costs, we propose a plan
to add a factor of system stability contribution to the current Capacity
Payment settlement factors. In addition, as adjustable speed pumped
hydro storage is planned to be according to the 8™ electricity supply
and demand basic plan, adjustment on capacity payment settlement on
this generation is proposed, to compensate the contribution of enhancing
the flexibility during low load hours when flexibility capacity is
sometimes scarce. Also, as the system for efficient operation of variable
resources becomes more important, this report analyzes level of
compensation on operating reserves of South Korea to other markets.
The result shows that the level of compensation for the domestic

operating reserves is not competitive level to other markets. As a



remedy, a limited bidding system for operating reserves are proposed,
which will allow generation companies to have some degree of freedom
in bidding between operating reserves and energy services while
satisfying the operating reserve requirements. Finally, system operation
cases of CAISO and ERCOT are studies, which have been experiencing
portion of variable renewables. The analysis suggests that two factors
are common in coping with variable renewable energy with efficient
flexibility resources; the advancement of the statistical analysis
methodology for analysing power output variability from the variable
renewables, and the development and operation of system for

minimizing the forecasting errors.

3. Conclusion, Limitations, and Suggestions

The results of this study show that if demand response resources and
energy storage are not taken into account, a lack of flexibility capacity
would be of approximately 1,800 MW for the 120- minute time frame
in 2030. However, if additional flexibility is provided, such as Demand
Response, energy storage devices, and adjustment for operating points
of LNG generators, the lack of flexibility in the 120-minute range is
also none. Also, while LNG is analyzed to have better relative economy
than other flexible generations, composition of operating reserves with
flexible generations have to take into account not only for economic
perspective, but also for technical characteristics of each flexible facility,

transmission network construction and location problems. Lastly,



improvements in the compensation system for flexible resources
presented in this study require partial revisions to the cost assessment
committee's research and review, power market operation rules, and
compensation measures. Therefore, prior to the revision, a carefully
review the on possible effects needs to be made by experts with mid-
to long-term studies. While changes in the settlement rules and operating
reserve service unit costs may bring partial upward pressure on the
generation costs, this can be seen as an investment for securing the
reliable power supply. It is, therefore, considered to be reasonable that
compensation should be made. Also, as seen in grid operating cases
under incremental renewables to the market, reliable power supply can
be enhanced by upgrading the statistical analysis methodology for
analysing power outputs variability, and by establishing and operating
an operating system for minimizing the prediction error on the

variability of renewable power resources.
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+FdArE 8FFES 108 AZIelA 3,100MW(=F3FA o] o H| g
+1zkeu 23k uE), 308 o) AIRFAAE 4,500MW (=3¢
Aofof B g+ xpof| Bl g2 xfof| Bl 43 xfof| Bl eh 2 747y A S o,

TAAEE HEE FHIEE sttt olHd Ao, 120% ARt
ol A FAsHAl 1,844MW o] #14 F-Fo] A=A

2 A AT 7948 As7Hs &% A Al 8 8ES(Demand
Response; DR) A, oW X A% %] (Energy Storage System; ESS) &
I 22 ARHAL S ek Fodrh Fang A UG
A& olgste] F7 A4S AFsAY LNGY 2348 28T 4
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CAISO°I A& Net loadE 7|HFo 2 AR Y o =HolE e &
AR D HEAS BAA o g Prista Itk Net loadE A4
A=A A ¢ o] & }71] He AYFeE Yulsts o=
AA T8t A DA AR FHE 23bste AlMeH o] kS Net
load HEFo g Hogt) Yutxoz Hal 2 Aoz wrzel 7t
HEA S FHETE Net load®] WEdo] 2A vehdt} 1 o]fr+& F-3t
o} A=A o] MFo] FE =], Fatet AR Aol ¥
5% FHRT Net load?] W3} 0] o AA VeRr] wiEolth Net
load®] W&ol Fatel FHdd WETo] dakd SAXRETG ZHA
HEEHE A BE AF/ARIA ditd o g #FEW, o] o]
2 A oA de] Mg 9 EGAA 4 A AUt F
32wz BE43ts W ET Net loadZHe 71d S o]-&3ke] AlAjA o
Uz Q3 Fate] W 9 B34S A BAse= 2o E&3F o
g & 4 Stk

CAISO+= AR e E4A 2 WsA B7F Z2 985 of
Y, 34 dlolg ¥ @7t A3 55 A%ske dolguo] 29 g
AR H7F AFdE AAslEte Bol 5 B 20 Qo B9, A4
quAe B5tdd HrF AFE wgste] WAL ES FH = E

S AUA A A SEolE e B B wEAd eyl #g
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1) £ A#EEAAA CAISO= Markov 59 Incorporating Wind Generation and
Load Forecast Uncertainties into Power Grid Operations(2010)E, ERCOTS &
32 ERCOTS 2017 State of the market report for the ERCOT electricity
marketS FHHATE A W8 FEo FESGAT
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89 volHe A &4 il E4E Ao Fectow
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A N © 2 Regulation 227 HolEHE FXsH
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A5 Incorporating Wind Generation and Load Forecast Uncertainties into Power
Grid Operations (Markov 5. 2010), p.39,40,76,80 = EUZ A4

o]x8 CAISOL 7S Halmul olu)zl Aoy x e Batalx
9 HE Aol tis] EA43}a, Net loads EAStoZH §8%0= 4l
AR L] AT FEEES FEATE Hs AAEAT T3
AU D FH o EAAET ofet AAgANUAA Z9 9
Hsde st AT oHlg 2 A Al olE REgste] ony
Ade] F -3 Begs Ang&TF Bagy A AT

719 AHE a8k Net loadE 7|2 EA1Z WHS 283

A ANAA A o SH ol B34 2 MFAE Bt Ietks
A&, sie] Frketal e Al A el BE Al 9 A
F= o AdsH ted F US AowE A"
°

g, w= GA AYAFY] &9 ERCOT(Electric Reliability



Council of Texas)”} @43 Houston, North, South, West, Panhandle,
East(SPP counties), Coast 52 A|YO & Yo AHAFS Y35t
ATh 20179 71 HAAHE &L oF 105GWolH ©] T WEA A
ARl FYH BFFe] Aue&F vFe o 18%E AAsta Utk
20179 €A HO HAE5F8s s LFARS 79 2899
69,512MWolSlth EAL~ W WHEg ARl A] Hede A tiFE
YRR FAHY glon, st Husiy E}%O e
7%«1 Tt Av&Fe Ahsta Aok gz A
S Bt 7t mis| el vlFo] va Fede oA &

E}. Hw A AR E Abgshs dxr]e] Asnz) vl gl
Adnle] HlFL F2 ok At~ Y A SR ARl g
oF 75%7F West zone®ll 2X|=o] Ut B FFLH L 3587 SHol
Ae oFAZEA Atz HEARe F 7]9E A= Ztal Stk
20154 Bk Aulge dd vl 50% F7kskd o, 20174
o] % At f BjFFdd AnlgFo] 1,000MWE 238 2108 A
W3kal JATHERCOT, 2018). ot2ie] [1¥ 2-4]+ 20179 ERCOTY
WA A gEs YEhdh

ERCOT+ ol2ldt AR Yzl thgatr] 9t 9
1A A28 A iR 28¥Es B EAISE(ERCOT Large
Ramp Alert System; ELRAS)= +%3l2 ol TS, ERCOTE °lv]
2008 ARE T4 FAFHA FTHRHASAI=EH(AWS Truepower)<

Pt Utk ol g dFA2HlY FHWT ARA2HS Gk
o AIZE G E TS 7Y 16841t thEE FEEH 45 o
(ERCOT, 2016).
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[O& 2-4] 20173 ERCOTS| UMAIHYE Mu|S2F

40 - 120
B Mothballed

M Private Network

W Retired

W Other

= Wind

W Gas Steam

® Gas Peakers

1 Gas Combined Cycle
™ Coal

B Nuclear

35 105

30 90

25 75

20 60

ERCOT Capacity (GW)

15 45

Installed Capacity by Zone (GW)

10 30

15

Houston North South West ERCOT

Z7: 2017 State of the market report for the ERCOT electricity market, ERCOT
(Electric Reliability Council Of Texas), 2018) p.77.

Th5 0 &, ERCOTE WEA AR F HlFo] & FHEA
o3k 7S BT AEATE AA 2 AE FEEAAd
(Wind-powered Generation Resource; WGR)EZE TS 168417t T
3 Wl AZE S dSshst, o5 ek ERCOT AAl 39
W7 o =21 TEWPF(Total ERCOT Wind Power Forecast)?} o=
Z23 50% A= FEA @] FETHAFG S STWPF(Short-Term
Wind Power Forecast)= ——r""é‘ﬂ_E}(Resmi et el. 2014).
HHH2(2017)¢] ERCOT F523 @&l thet &40 m=d, 44
AN Y= ERCOTE A9 T84 245 ngo=
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AT 53K Net Load)e] MEdS 13t 55 T

N

o



Yoh= Ao ZHHUT B3, SAER A2 E A ATt
FTYLAALA daA THF AEHS AXNG F glon, olF BEs
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AT ES ERCOTE UtE A9 WE&He 9 dng A
AL 23 e AeE E4HA

919} 22 ERCOTE| A E HIR o2 ¥FA ANUA s 9
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a% ZAog HA 53] AAeA Y dF eas Eo|7] 95t
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and Pakes(1996), Levinsohn and Petrin(2003), Wooldridge(2009),
Ackerberg et al.(2015) F°| AFA At vlRFZH Ao
(nonparametric control function approach)S &-83l== 3t} 4 (1)
o] AierE FAske H ol Al d7Aelde #5HA ¥e
WA (0 o) WA Q )T ABAEH M ol SNl FFL 1)

%S AS dsggyd g FHX = W (biased)HTh YRbHOo=
FARAN 9 o] HEFE U B ARE AMES § g &
o] AEe ARt shd Azer A0 M) )4 (overestimated)
2o 7gE 4 glom, M2 (o 0 TR QL) 1E
I A (0 )T ABRAEEM po BAVE SOEY AS ds

S0 M 343 (underestimated) BTk 023 FAA L BAS

& F(material demand)E AAFTE SE3te= ol AAH
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2 (6 e = iid BB error term) oJHFkTh A (6)9] A
At A4 ,)°] scalar Hicks-neutraldtal AJ4bgh=o] Al
(coefficient)’t frA8du] 9} A goll s E¥(invariant)3tthil
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ARAEH M ), ANEH K ), LT ) 59 WFEe 2719
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Aot7] g ASAMEHF < (material demand)= The3 2
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Ackerberg et al.(2015)°] wet A4S 7 WAl 2X FAE
T Atk 1A A (9)FE A (7)Y AL didstd v 2o

f(m”"klf’rl‘)-l_a)(mzt’kzt’Ft’Zzt)-l_e (10)
- q)(mzhkztipt,zzt)-I'e

21 (1002 Ak 49 A MA dAEA, 4 (1008 F8s &
l gk () ASFAA gk 0(-)E DA Aok NS
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3k 22 7F4(structural assumption) E3 54 ©oh B RS

Aojeritiolde Aol A 14 miEE ZzAX
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of oz yepd Ut
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21 (1) Ak 49 HeA 0 Wl OLSSt 1178 & ¥(fixed
effects) 5= 553 A=A E33gch 24 (1DA RN T ol iid
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Wefolth. olgl g T WA B ANRTY FAASE A U
w4 @9} 2ol AnwdA(oMe AN %

A o AR AMNES AT F AT

Ot Algdaa dE+dol sEddd|el etAH|Eo O|xl= g 4

B ANEES At U, Ao AT p), THH g ),
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st 1A & 3Ktime fixed effects)E YERATH
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HEHIZRA] fHsof stng HdAAQ] 7heEnldd ~89E AR
GT ©5&Zol vlg] dojzith ol [O8 4-1]9dA4 % &

simple cycle(F57) Al WZk(cold start) L FIH-EZ(hot start)oll Al
3% (combined cycle)2tt Z-2 Albe 83+ Ho a1 Qlth
GT @549 ¢ 143 ol 2 ¥zt 9 I31t717t 7hssid, &

kA el A9 I3 1A o), Wik 2~4A|3t0] AQ = AR

7t HE
OHE Ao|E LER L L ZE
360 360 360 360
o7} ‘
=2 300 300 300 300
71E |
g 240 240 240 240
Az
180 180 180 I 180
@
EE 120 120 120 120
Azh
60 60 I 1 60 60
0-—¢ 0 0 0
48378 HU7lE O NN EHL A e—b AT (52| WHOE)

AE: Feldmuller, Flexibility of coal and gas fired power plants, Advanced Power
Plant Flexibility Campaign, 2017/9/8. p.7
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GugrE  [HNTIE O 4 EEA N

A& Feldmuller, Flexibility of coal and gas fired power plants, Advanced Power
Plant Flexibility Campaign, 2017/9/8. p.8

<& 4-1>0A4 9 Zo] 2018 A IHolA= <F 35GW FEe] HA
725 A8 R ARESe] g S AAkela 9tk 1 F Gas Turbine=
A HEE AAsEE Avle F 9F 23GWolH, 464MW 2] AF2]
7]¥(steam turbine) E3+ ¥ Folth A8A HH7|EFgAG nt=
™, 203097HA F 3.2GW JtadEFlo] 7hee W Adn v F7}
2 539 oAgolt}. oo WE Axd st g3 AL F71

3 Ao vk A=<l 2031900= F 47.5GW, B4E3F Adu] 1)

FTORT OF 28%F AAT o2 AYHAK(1H4-3] F).
(91 MW, 7H)
GT ST i F TR
A 83 22,780 11,922 464 35,116
A7) AN 7470 14574 770 22670

A5 AEAYLE AHBAAZBEPSIS) A2l (epsis.kpx.orkr) HEHEY: 2018/10/31
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SUPPLEMENTARY

A}E: Combined Heat and Power Technology Fact Sheet Series, US DOE, 2016/07.p2
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TPCPit =Min(TAit, RAiL,
Max(MGOi,t, FCAi,t)) x (HCFi,t
+ B) x 1,000

TPCPit = Min(TAit, RAit,
Max(MGOi,t, FCAi,t)) x (HCFi,t

+ B) x 1,000

o7]A,

TAit : Y7])R 7Aalel] w2
Edr] Az
AN 8%

HCFit = RCPi x RCFi x TCFt x

FSFi

TPCPi,t : AZFE &A=

RCPi : H & A3] oA 243
M

=
RCFi : 2 Anldn|g
[e=]
h
==
5

FSFi :
2016.10.31.]
FCAi,t : Max(OFCAit, MGOi,t, ORi,f)

TPCPi,t =Min(TAit, RAiL,
Max(MGOi,t, FCAit)) x (HCFi,t
+ B) x 1,000

TPCPi,t =Min(TAit, RAiL,
Max(MGOi,t, FCAit)) x (HCFi,t

+ B) x 1,000

7] A,

TAit : 47]lB 7410l w2
B3] Az
ARAAZH7s &

HCFi,t = RCPi x RCFi x TCFt x

FSFi x BCSF
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WAL GRATA G sHRATA Y] AAANHA Aol 5 o] 85t
of JRAFA ] BS YA LAV E HEs 18-S Aaksta, A
go] FS e EAFAY E& FFste] AEE olFAA AFE
AGPare] F&Ith(2FE, 2017). A IFUY AL
4,700MW TFEZ 87 &ollX % FolH(<E 4-3> 1),
[1¥ 4-519] A=oA Ko F3 Qlrh &5 A=A HlFo
ojZte] wet ofof] g3ty g FA8 A A §F =
7¥std =, 8aF AHggAlgel w2 2031'd7H4] F7t=2 & 2G
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2018/10/31
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W = =24 (600)

< & 2=(600)

4Hd 2k5=(700)

A5 (A AHALZEA EAS S8 FElE FduEAzE g Bl
g3 AT, p.11(Z2FF, 2017).
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A= 284S &gstd], 7|& Sy g $9o #AGlol
HAo £89& ¥ 5 AU(JICA, 2012). olE3F oo xjo]H e

>o| = 7% 7re] &84 o7} wlmyoe] )

=3 F 7€ 1% A Apole [1¥ 4-6]3 Zo] Hlud < Sl
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BeTY F 100% 105% A 8 AZAT
SRS opbe] F7} Bito] Bad
A% £ EY o o % Az AS oA

EREETPRE 100% 140% A% v go] wol &
Ao ZY)A4

BNl REoA ThEL Al
He 58 Wl AET &
E2 250 7

0.5% &, 78
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1 24 100% 23}l A 2.5%

oAt g
7hiS A2FeA BN 5
e ff (;EL? P o100 30-100% Ao e AF WeE
R 44N & AL,
HE BB (F) A s Azde A9 4%
AE W9 44 70-100% HolE WA 2 oo
SE A& NzEle EHYl B4
HE
. . A4, 7FAE Al
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= 7hid A2Ele 37 oy
ol=g ot} /\]7]. °
HE S o d Al Bl N = -
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of A& AojE AT
Z}&: Final Report on Feasibility Study on Adjustable Speed Pumped Storage
Generation Technology, p.14(JICA and TEPCO, 2012).
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(F9: Mw)
450,000
400,000
350,000
300,000
250,000
200,000

150,000

100,000

o I |I II II I II II |I || I | ||
ul_l,-,_,__--l-ll III II

OA] 1Al 2A] 3A] aA] SA| aA]l 7A] BA] 9A] TOATTA[T2A[13A] 1A 15A] 1BA| 1 /A T8A[19A|Z0A| 21 A| 224 23A]

= AGC ®GJ/F
A5 (AR1E) AGAZAA BG4S S8 FEd g E Rt
3 AT, pl4(EFF, 2017).
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(F: Ais: o 9, AAA7E 9/MWh)
A AR L |eswn| wag

A% g Ackwd| e | ed || A% |aAge
SEp) | (coNy | acpey | EENIE ) EEE L a | oan

(ASP)

2000 | 1379 | 2982 | 621 76 5621 | 20260 | 7310
011 | 2927 | 1699 | e4s % 5427 | 16880 | 7950
2012 | 4896 | 1776 | 786 100 7774 | 21390 | 9020
2013 | 6029 | 865 793 105 8349 | 20420 | 8780
014 | 6349 | 1249 | 753 78 8654 | 17163 | 9048
015 | 2471 | 1547 | 653 50 4833 | 13275 | 8404
2016 | 2112 | 8% 673 50 3842 | 10621 | 7959

A8 AEANAEA 2010~2017 2 & AT
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(Sl 9TE USD(EAHTR), MW(ATH] 271 &)

Regulation Spinning Non-spinning A
R = 25.8 4.1% 7.8 37.7

=
AR 2 TR 1000 500%* 2500 4000
R = 274 849.3 12 878.0

CAISO
Au 2 R 672 849 850 2371
R = 439 923.4 11.8 979.1

MISO
AR 2 TR 444 921 1073 2438
Ak 256.9 2080.6 152 23527

PIM
MHl A FR 663 2081 2816 5560
Ak 56.3 33.8 8.3 98.4

SPP
MHl A FR 636 663 652 2002

o] A9 W] 1USD=10009¥ ©.& A4 Imil. USD = 109

Regulation® 2] G/F$} AGC AH|2=E X33

Regulation®] 7d-$- CASIO®} SPP2| Reg Up/Down AHE kgt

7] dElg 2E 23 e 7] oYy S A4

A8 "= A8, Zhou et el. Surveys on the U.S. Ancillary Services (2016),
u] Argonne National Lab. ¥t A8 &*]: AgAH L AHAZFA 2014
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tloll #-&5+= An|2o|th spinning®] A-F Alsell d2H Slo] +4

oI, AFEFAe] A wet 108~15% el dedn =4S
U= AH|2E U35lH, non-spinning & 745 Algo dAFH] A=
oL, 10~30% Woll AlT=JA7F AN 28-S d F Ae ol

g MU A5 Z=9TH(Zhou et. el., 2016).
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Z}5.: Incorporating Wind Generation and Load Forecast Uncertainties into Power
Grid Operations, p.43(Makarov 5, 2010).
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Z}5: Incorporating Wind Generation and Load Forecast Uncertainties into Power
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A8 Incorporating Wind Generation and Load Forecast Uncertainties into Power
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Z4: Incorporating Wind Generation and Load Forecast Uncertainties into Power
Grid Operations, p.519(Makarov &, 2010).

[18 FE-8]olA= Active Integration®] 3+ o2 Alz|A oA
=

s ZdolEle] B34 B WEY FIATIL WG o] WA
AEE Y AN Hgde] AN TYAA G He B
AL el S AL g Al T



=
T25 WESHA] Edl= 1he~2hr & 3hr~4hr & 74l
I E WA Yol FAEY. A4 A HA T
Zboll sl AF = S WE317] 918k 1hr~2hr HEJolA 2] F737}

5 HE SHoF AL o]= unit 42 00:309] W|E] HAAI= Aow
siAgt}. 3hr~4hr 7t didiA= 100MWe] F71821 onjgS 4+
FozH Q7EE 2T FEE ST F QU o|ES AU A
A o] B4 3 3 37y ATt @ed] AlzEiste] B

HE
ol ZlolM Bus Aol ofyet WA E Bl FAEl Aot 29

Hol A& FEe USshe Wds 2R AT

== iy Wl

Startup time Unit 4= 30min
UC for upper 95% boundary

wahn willy mEle  Dls

No solution

Z4: Incorporating Wind Generation and Load Forecast Uncertainties into Power
Grid Operations, p.513-514(Makarov -5, 2010).
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