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ABSTRACT

The purpose of this study is to evaluate the power system
flexibility of Korea on the basis of the national power mix plan
in 2030 and to propose a plan that can enhance the power system
flexibility in a cost effective manner by analyzing cases in
developed countries.

Specific goals are as follows. First, the authors suggest a power
system flexibility evaluation model. Then, by applying an
electricity demand and supply forecast in 2030 to the model, we
examine the effects of achieving the variable renewable energy
target on the power system flexibility. Second, we examine cases
of power system operation and its improvement in developed
countries. Finally, we propose a plan which can strengthen the
domestic power system flexibility of Korea.

Power system flexibility is defined as the ability to control
power and demand in a cost-effective way to maintain power
balance(IEA, 2014).

According to the evaluation result of the power system
flexibility of Korea, five cases of ramping-up flexibility shortage
occurred in the most probable scenario in 2030.

We estimate that it is possible to cope with the 1 hour unit
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fluctuation of solar and wind energy by taking advantage of merit
order adjustment, Gas Turbine(GT) bypass or additional
pumped-storage power

Ramping-down flexibility shortage occurred on holidays such as
Lunar New Year's Day which shows the lowest electricity demand
level. We expect that curtailment of variable renewable energy,
adjustment of merit-order, and utilization of ESS can be useful
responses to this occurrence.

Power system flexibility can be enhanced by improving electricity
market systme, advancing power system operation, and securing
flexible power supply sources such as GT, pumped-storage power
generation, ESS, and Demand Response(DR).

Improvement of electricity markets system can be achieved by
shortening the real-time market’s settlement cycle, introducing an
intra-day market, and imposing an obligation of balancing on
variable renewable energy. These institutional improvements are
the most economical means for achieving the potential flexibility
that do not require additional investment in flexible power supply
sources.

Advancing power system operation encompasses establishment
of a new renewable energy control center and a forecasting
system for variable renewable energy.

Flexible power supply sources include DR, ESS, pumped-storage



power, and GT. DR needs to be secured with priority as it does
not require additional investment. In order to secure DR and ESS,
it is commonly required to lower entry barriers and to strengthen
compensation standards. As variable renewable energy deployment
is enlarged, the role of pumped-storage power generation is to be
enhanced. It is necessary to find appropriate locations and to
shorten construction periods. In the current power system,
mandatory start-up bids and compensation at reasonable prices are

required to ensure flexibility through GT as California.
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o] daio] =
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(2 2-1) O HHAFE SUH HAZHGWh)

2007 2008 2009 2010 2011
Electric Reliability 100 | 1417 | 3872 | 2067 | 262
Council of Texas
(ERCOT) (1.2%) (84%) | (17.1% (7.7%) 85%)
Southwestern Public 0 0 09 05
. NA
Service Company (SPP) (0% (0%) (022 (0%
Public Service Company 25 190 8L5 639
NA
of Colorado (PSCo) (0.1%) (0.6%) (2299 (14%)
Northern States Power 254 424 426 5.4
NA
company (NSP) (0.8%) (1.2%) (1.2%) (1.2%)
Midwest Independent 250 781 657
NA NA
System Operator (MISO) (2.2%) (4.4%) (3.0%)
Bonneville Power 4.6 1287
Administration (BPA) NA NA NA 01%) | (L4%)
Total 109 1,445 4,383 2978 3526
(1.29%) (5.6%) (9.6%) (4.8%) (4.8%)

<4 GE Energy(2014, p.138)
F: Z35okY —ri]h A A 27ksFH(potential wind generation) thH] A
of Wb & S e,

SEEAL Aok AA HHE A3 B TE3 YHOE T7
Hot Aol W& B AP 7|7l wet Aolst
T ATLAEE AT A Aelle B/ge] glok. ERCOT
JekA] =, PIME economic-base point ©]3lE F&ukx
OF Al HAEE it} JE]lae Azt AlFRF] 30%E BAsth &~
#H Q12 A okFe] 15%E B FsHAIRE A9 kS g Ak Al
© B et (@@= g A g4, 2016).
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ot 2302 Ha}

EAAH WS Ad ST dsstr] Sl A3
g Auict ojngo) of
o|H] & (Operating reserve)<
=5 02 wekg Aol din|s)
7] $13l Eshe HHES Y|t old P HlHoll = &
Fuk WM 29 A BFE YT FI4-8Ho b= (Frequency
response), 715 5 LRI BEAQA FoH4 FAE S R
dfjoF 3= Ful=%4 o v F(Regulation service), 715 <1 7]
7} 108 oo Alg7ls3d &3l <=5 dH]E(Spinning reserve),
102 ol 7l&eol 7Fsd LA77E Algske HlE7] o8g
(Non-spinning reserve) 5°| At}
offoll A= FHEH HlFo| T AH=TIet ATAAZE Al
A1 291 vl f BF A3 AlFo] AAFAA %= ERCOT
o] AtelE BAES 3oh

rr

1) 2721
[29 2-5]19F o] 2#Qle] 20151 FEd 852 oF 22.9GW=

F SFlM XS HIFE 215%0H B FEIEFL of

49.3TWhZ F W&ol A 17.6%E AASIAUTHIEA Statistics, 2017).

r

1) 2#HA9 qug FF 2 FHdA & dF F2-2 Michael et al.(2011)5

R B

H2% HES MAMOILIX] S8 15



r

(38 2-5] 2015\ AmIQl Fedd 82 U W 7y

=L E=a= 3

21.4%

AL BE FUFA WA ABALZ AT ebh 22
= o

T4} g2 gl gi7] diEel, T3 ddd oy

ddstEs mye B git(R=d8rd4, 2013).
2HQE F A FEY] +FdREE Lt Utk T dn|

Ho 2+ 1x}, 2x), 3z, WAl dqH[go] Ut

12+ o= (Primary control reserve)2 33-S A
71Ee W 879 15%E FHa o A
Eléctrica de Espafia(REE)2] &7l 30% oJujol g-&3llofF 3l 15
i 5 Aok gt

22} o v H(Secondary regulation)& A7 tj o2 AEkA
Aol (Automatic Generation Control, AGC)ll 23] #|&-¥t}. REE

16



< AARE FETE S 98 1,500MW«] 27} dugE& FR3) T
AT} 16GWol o2& 8 HAEo] F2 23 dulgg Fddtt
(NREC, 2011). & 7|52 28 <ol dugEs FFalof 3ol
15% et A FA&) ok st

32k oulE(Tertiary reserve)2 AlS-FA] FHAAG 154
ol Aol FYH 24 T FHE A ok

Hal o ¥ #(Deviation reserve)> A
227} 300MWhE 238 3% S5+ =
71¢] o] & E7} e F9E WA g A E 23T 5

e

dR|E 2 dubdz| el SRR r7E Al

[32 2-6] AmQl S 2t 2, 3X} ojH[2 30| 00~ 09)
4500 -
4000 -
3500 -
3000 -
2500 -
2000 -
1500 -
1000 -

500 - =@==Tertiary regulation
o (decrease

=fii=Secondary regulation
(increase)

GWh

=>=Secondary regulation
(decrease)

=é=Tertiary regulation
(increase)

15 40 65 90 115 140 165 19,0

Installed wind power capacity (GW)

Z4: Milligan et al.(2011, p.4)

M2z HEH Mrjdoldx] £4 17



[ 2-6]3% [1% 2-7]¢ ZH2F 20000014 20093744 Fek
A &% FUE 7|F02 2, 33 G AL H dug A}
89| H/1E vehaich
[ 2-6]°] @ad FHdA Zulo] W 23 g AgFL
Z A=zl whdo) 33} on)E Abgoke 23 ojn|Eo] u)s

==

271 FHRAY o AL WA A HF I 3
A oulg 29 Ba wgo] 34 5 IS ehinh

[O2 2-7] ATQ! S2UM Skt HX} o[ ZH7H( 00~ 09)
35000 ——————————————————————
30000 -
25000 -

20000 -

GWh

== Deviation management

15000 - (increase)

10000 - ==34=Deviation management
(decrease)

5000 -

0_
15 40 65 90 115 140 165 19,0

Installed wind power capacity (GW)

Z3]: Milligan et al.(2011, p.4)
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2) ERCOT?

Electric Reliability Council of Texas(ERCOT)+= ElAb~ F:2] A
AT +¥= BBt Z1delth [19 2-8]04 yExe], g
Ab2=9] 2015\ FHEH §FE oF 15.8GWE F &FolA A}
= HFo] 18%°l 9 FTHLHZFS oF 40.8TWh=E T LA F
ol A 11.7%= 2}A|5FATHERCOT, 2016).

(32 2-8] ERCOTY| 20158 TAE Wizt 3! S H|IS
et

11.3%

2015 Generation

2015 Energy Use  Natural G2 Capacity Natural Gas

Z#]: ERCOT(2016, p.38)

AL AYEAELS v g2 A|Y3} FHAS] 8 Hol
o] dx9o] 1YW 4(Electrical Island)ol HFATHITHAH ALY 4,
2015).

2) ERCOTY T w& oug FF F&E-2 Andrade et al.(2016)5 =3t
ATt

H2E HEX ARjMOIAX| 4 19



ERCOT T3z o v ¥ (Regulation service up and down),
Fa=3 o H|H(Respnsive Reserive Service, Blss%  ofn|g

(Non-spinning Reserve Service)< g3l Jth

[322 2-9] ERCOTS| && Fm+ZHFoiHIH MH|AC| 0

Regulation-Up reserve requirement in ERCOT
and
Total wind power installed in ERCOT

£
ot —#—Regulation-Up reserve e Tl vt power installed o]
& 2
13000 =
]
E 0 o =
= 1500 11000 £ 3
35 L2
g — 1300 o0 @ =
= 2 o 9000 % o)
o = o) 800 &
Q= wo TE
b 700 cu
> 6000 §
L 500 5000 —
= 2
— 300 4000 5]
fal 1f1/2007 1/1/2008  12f31f2008 12/31/2009 12312000 12/312011 123012012 12/30/203 =

<. Andrade et al.(2016, p.10)

[32 2-10] ERCOTC| 5t FotZHojH[Z AMu|A2| X0

Regulation-down reserve requirement in ERCOT
and
Total wind power installedin ERCOT

£

—4— fogdation-Down resenve = Total wind power installed o

2 Regulatior r 3l wind powe i -

g 13000 T.E
b b 12000 E =
s 10 1000 T 2
3 -3
g 1 wwn 2=
[
; S umw 9000 § o
g 2 a00 8000 =]
m - o @
[ 3 000 & w

% o 00 '3

500 -

il 5000 5

ﬁ 300 4000 o

(a] 112007 112008 1231/2008  12/31/2009 12/31/2000 12312001 12302012 12/30/2013 =

Z3]: Andrade et al.(2016, p.11)
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[Z13 2-9]9F [11 2-10]12 #42 d, st Fakrzgdu gt
FEAe] FAEFS Uehdith FELHE AEHow e

=
h f
e s R skt dRlEe 2011 &

[33 2-11] ERCOTS| Fh+3H0IHIZ AMH|AL| F0]

Responsive reserve requirement in ERCOT
and
Total wind power installed in ERCOT

£
- =4=—Responsive reserve weTotal wind power installed 8
c =
O 3000 13000 8
£ -
] 0 ¢ 2
L 280 £
5 1000 g
g 10000 3 7
-2 G wm 90
&2 8000 o O
W <= 2400 T
e 700 S W
S 600 3
] =
= 000 ©
% 2000 4000 '9
Ia) 1402007 1/12008  12/312008 12/31/2009 12/31/2010 12/312011 12/30/2012  12/30/2013

<] Andrade et al.(2016, p.12)

[1¥ 2-11]& FaFSHAAnER FHLH FH&Fe et
Wt 201219 74 ERCOTOlA = F3b-8- el H 2-2 2,300MW
ol SHAE FH o] SNl wel FUHR o' duHo] ¢
o Adhe oS 3tal SO E 500MWE 7184, @A
ERCOTY| FatrgHoHd 5+ 2,800MWe]tt.

[1%7 2-12]& vlE7] dulga Feddo +487-S Uehdt
HlE7] oL Al 429 95%°) et oz A 1
Atk BlE7] dulge A Fakgo] dFHA &2 A= i)t

x."le- HEX AleAHO.”L-ixl EAo'l 21
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€ dugos F2 X9 HFo] dF2 uf E AZE Qe & <
Hlgo] Bod w ARgste dHlgolt.

[32 2-12] ERCOTS| HIS7| ofiH|2{e] 0|

Non-spinreserve requirementin ERCOT
and
Total wind power installed in ERCOT

£
- =4#=Non-spinreserve === Total wind power installed 8
c —]
) 13000 8
E R~
o 12000 ¢ g
g 11000 o >
g 10000 g =
(] b=
- 900 O O
v 29

8000

oo o e
o 700 £ W
g 00 3
m —
> el
% - g
a 1/1/2007 1/1/2008  12/31/2008  12/31/2009 12/31/2010 12/31/2011 12/30/2012  12/30/2013

Z2]: Andrade et al.(2016, p.12)

7HE WERAL itk EjAb20) o Foll= HlEho] &
Folth. AF2yE 2= Wiz F8 wHge 7t
& dnigo] dastA dr

QofsiAtd, ERCOTOIN = 929 S7tol me FarsH
dnigst vgr] duE2 S7FEGA, Fakpgduge 2

el gl Zloz Halt,

HE7) dulE e FUs FE%Ao] Z/hgl wet FA% 3
] [e)
&

22



el
=>

7kl wet A

o]

=
K3

M

A

=8 A2 4(2011),

1

1

23

HI2& HEH ARAoILx] S4






g

& AFA A=Y AT 724 A RISl

oo

EERR RSN ERY

9e a4l
A

|

of

3l
A

E]% ghA ]9} duk ¥ 7] (Conventional generator)9} HIEEH 7] 7]

<<l DR¥ ESS7F 9t} 44 =

o

A A A o] HFo] w2 F2 AA=9 A= A 794

FoH),

) zAEES 3

S

A A gE Rl o

1 AGARA =

7t o=

1) AEAE Ha

(i

)
~

4) OECD & %7} 9 e 34 Aoje] oA vxay o F2aigt,

‘o Zst ARl 25



3-1] B2 oUA A%, A BN E Gral] 9T &
w AE AHEE fA7F A8 naAus A% For 7

6‘1— o) 1:]_

[3& 3-1] S0l HHAA

%

23 A HAY 4(2017a, p.11)

WA =L
]

ERCOT

NAA AL ARG AR} FufAY A} Zholl A 2] o
AYaH e Adthe Aot duvA Adle 35 AF 712
d Ao NAEE= 35  AlZH(Day ahead market)ollA 2] A
o ¥9 BY HEFg ¥ FHOZ s AARE HY
F(Real time market)ollA¢] B4k GAE AXIH

3 A A %ﬂ JATAFol A dY Mol AEFa9} FF
FEE ASst] AYeaS A oA A 9 Bz

298 LT, am N4 ede HUAE A fA5 4

L



ey

0% 3% A ARAA AY AGFEL EUE A4 B
/1\_]__

e AT AATE AR A 7HAL 5 e E AR EY A
L o] F A4 Z(Two settlement system)S WECH<®E 3-1> ZX).

- oA B mEAEs FEe thele] B Aol ABLY
77t A AR

T |- A Bk oY oA 2 Y M e

- YRGS TR AFLA T} eIl A 44

- PG 2 R ALV, SR 3 A7 Tl 4

- AUAAR B s A ARl A" ARAIE iy

AAzE | B Bl tid 2Ho] o) Fojx WA A%
A |- AFALVP, $MAN)S 55 T91E ARET HA § A7kt
4t

=4 YFF(2017, p.10)E EUE ATA

rlﬂ
-IN
2
>
>
>
\I
o
>
oZi
—|—‘

5) BEAMHI2 AR Al &5 FaeRAFAquY, sEouy, oiz|oA«n g,
Fa4g 5 otk

6) Locational Marginal Price(LMP)E A9¥ 3AZIACE oA v A9H
FHERY &40 8-S NHES sHFol)

M3F ME=me| MEAs /oY dst Al 27



Z7h0, Bk ¥ 3489, 7k BN J1BAL BE S AR
% %ag AF Aol EHAH AN RE A F

5 @E}(FERC, 2016).

(% 3-2) 0|2 X|¥9E sl7 © AIY &

T PIM MISO ERCOT | CAISO SPP NYISO | ISONE
=4
— 5min 5min 5min 5min 5min 5min 5min
71
|
Al
A2
H - 1h 1h 15min 5min 5min 5min 1h
71
Al
s
9] | Ak 15min Rl
H|3L | WACGA | WACA A7+ HA A
1h—5min | 1h—5min A 1h—5min
A5 YA 2 (2017a)

O] FZMAEE 7 A AR 2AE BHAGFol vl 23
EE 2 d A PPl talAE AN TE 0w Auske A
2Hlolth, A& 5o, THARE sk A AIOlA HE3 LAY
ol A el vidd Ag oS AN AYTACE A
Eaflof vk AA L] shF M AlFolA G WA S F
& 29 A% 23] dsiHE AT ATl Pahe



(32! 3-2] H7fa MM e
=

CBiEE ) { e {HaH) (PR )

s N WA LRl o moweme
s A AEpRioR T o b A2 AR
ANl Xl (ki) LIEE RN

(8 { Hetetay {BiRE { gy

G sz RN i (an) sy IRAENS
(MWH) »HAREAET IR - (MW > AR AREReR
ERNE W WE She 228 A

A: 9JE5(2017, p.10)

i

oA E 2o Arol| A 1A 91 3] (Federal Energy Regulatory
Commission, FERC)= F3&+3 i< Xﬂ = sk ok 38y

(Order) 8902 & AIZF g3 FEE 35a(Tie)o2 F&3}aL
A% Sl T WSS Aolsiel ARAE T S
3 o)pE 25ES 1 Ak

1552 AZHE o3k ¥M9les 1.5% olul =& 2MW(H T 4
2, e AAst] wdo] ZEuH]E(Incremental cost)e] 100% =
ity 2559 23k Hele 15%94 7.5% He 2MWOIA]
10MWE Fe] o] thalA 90%2] ZHEn|&o 2 Hikgit), wd
o, &2 HAtd s 110%2] FEH&oz Haldith 35
o] oA W= 7.5% o4 Ex 10MW oo okl o rﬂ
A= 75%] FEHIECRE, 59 TPl A= 125%9 S
H|-8-0.2 A4HITHFERC, 2007).

M3 MEI=e| HMHAS RAY Bt Al 29



(E 3-3) 51 & AR U MAIZE AIE 742

T E | AREE A9 (+/-) A Ak
Ter 1 15% o - w3
(MW oJ3h - g T SEHE 10002 A4t
Ter 15 ~ 75% - oko] Wz} ZEH)L| 90%E A
|
2 ~ 10MW) - 2o Hal o SENE] 110%E A4t
Ter 3 75% o)’ - o] HAl: FEnH|E2] 5% G4k
e (10MW o1 - S0 HAp: FEB|go 125%F G4k

A}E: FEEC(2007)

2) 3hF A A D)

PIMI} MISO A doA Sx¥ o7 1EE Z 2 7jgl ¥
2 AAQYANIRA = HlEA EF A A& Yzbsjor Fhrt A A

2 At Foshs FEEAL AL 7HF o2 ke wA =
t}. o]o HEl, NYISO, I1SO-NE| 4
e s A Al dEE & AR AR ofyth

HEH AAAAAA HFo] F7Hgl Wl NYISO, PIM,
CAISOOA FEEA AFdA= dUA T4 A AH(Dispatch-down
market)oll JZsloF gt} o] 3] - (Over-generation)< Xt}
Ao ® sjdste WHoE HrEtHMillgan et al., 2015).

F[’F
ofo
ol
L
rio
|o
f
=
g
rir
K

7) Flge ®EE AARANUAE o R 3 AGAAST 42 GE Energy(2012)
=3

mlru
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njZe] ABHAA NQo) A 7]<3 FERCS Order 8909 we} ®
L=
[e)

AARBAIA 7 ey oFE Ado 3579 &4
}a

ISO-NE2} NYISO= 37 A A&l Zofs)

YA = o|=AHAA =S WET) ISO-NEQ] ZEUAe Hijo e

& 3,300MW 7HA= ARd 3= (Under-generation penalties)
< AAEE 3}

PIMol A= WE2 AR 7 FHAAE EoldistiaA A
g g AA B Zo|7) 5snE EAehH WA 9
2 @ F(Balancing operating reserve charges)S F&3H4 Ht}.

ERCOTE 8&xio] o Txds 10% 23stA 2 4+ 4
ANZE VA S Agste] ¥ags Fagith

CAISO= 2004 WHE&d HY oA Z(Participating Inter-
JatAth HE A LAYl

A G AA T

__C|>_
0¥ 85 il & &

mittent Renewable Program, PIRP)E =
UA| AMdAE & 2O HoA T 7
A zpo] WA mE 107 &9 8
ot FAH 4= HaKNet deviation)S &3t 9 HF QF
= A

o PIRP A== WHEH AR AFG A

A
il
ol
O
X
i

M3 M=ol MHAS FAY Zk Al 31



A 222 g4 AdS

MISOE= F34 7Fs W52 A9)(Dispatchable Intermittent Resources,
DIR)S.Z 1AHH= HEZ AR A= 8% 58 WS 283l
AU 5E TR A% W oS 2AYS B 23t B B
4] 8=(Excessive Deficient Energy Charges, EDEDC)< -3} &
=th 6~30MWh PITHe] b= dFolA AQHETh =3 T4
ZeH(Wind speed cut-out)® Zro] EA4] WMLolA Hlojues A$7)
AR s A7 E d BagolA HAlE. DIRS 201140

—

dstgon, 2013 HE 20015\ 4€ 7HE5E FY
2 DIRY F&E3fo} g} FHLAS AQd W AlAAY A

= DIR 552 AgAgto g Fo3t DIR

- FF(Forecast Maximum Limit, FML) HWZ g =)
<E 34> HE tE AGE WEF AR ] FHA%

o AEE Qofste] YERITL

32



(% 3-4) 0|2 thE X|HE HSH MIHH0ILX| M2 Zof el

APANA v &
B IR AR
M, Nviso | T oTT A Al el ]
- o] Z+Aa A(Dispatch-down market) 12
- 3 2 AR e
MISO - DIR T‘:og =z X]’*%]_ /\]}\] T }\]78— 7]-733 g?ﬁ
- PIRP £ AAZE AellA] 222 A8 49
CAISO (5] é ] ]o ] 1 73“21 T8

- oA 4 AlZHDispatch-down market) 94&

A& GE Energy(2012)

Lt 78

e =7H] AR QL HEAA oA T A A= A
NA AEA O Z A= ?J_l‘i“i 5‘?—?‘ A ZH(Day-ahead market),
3 A (Intra-day market), ® A7 (Balancing market)S 3l
AETH[2E 3-3 FX)).

L A s A AR AARE &9 Abolo] FEEYXA
(Imbalance) #1383} HE SR H|&-S ZFAA7]7] £J8] 72 =
ot AR AN FoARs FELAY S Ao A W oA
3 BT 1S wgsh] 98 B AelA skF A Al

A AR AR 158 w92 448 & gl

H3E ME=e| MEAS /Y dst Al 33



[32 3-3] RE HAAZoIMe F7IE e

Transactions with the TS0
(balancing bid/offers &
imbalance settlement)

Imbalance
(ex. net buyer)

——
E :-,Iil'il':::..-,-;.. m:.:.m.¢ |”l

Transactions between market players
(with or without intermediary: PX/Bilateral)

’ AN
day-ahead Intraday
market markets Contractual position /
AR A &

P2
Settlement periods 5P2

Vilume (MWh)

Velume (MWh]
Molurme | M)

Settlement periods

Gate closure

T-~24h T-~3h

ZA]: Florence School of Regulation(2014, p.18)

3 7bllA WEA AFeM FETFE  7H4(Imbalancing

—_L
=]
© = w4 7HA7(Single pricing)sh 1%

price) A7 W I
7}A A (Dual pricing)2 T2 4 Aok
AOAA ARl G THAA M= B4 o) AR (Balancing

responsible party, BSP)2] @x} ko] Ardglo] U3 WA 9

WA e Ae

A

= WA el o F A E WA o RS F1H gAFEo|
AEe £3AGS As B 93} of o) we) £FEEY 7120l
gl A5 +FARS 9L A9 EAHOR SFED
g HAe 8% A A% M ow ARHE. w], AT 438



(72 3-4] 98 7k SLHY viF Y Wy o

MAP 1: ARE WIND POWER ATORS BALF RESPC E?
. Yes: Financially and/or legally

. Partly
® -

. N/A or wind energy ion level

O Percentage of wind power penetration levels in
2014 compared to total consumption

ZE#: EWEA(2015, p.5)

FAWAAYAE o FUT BAA o)FE Fse 7
He UGEE, 299, 93 Fo| itk olo] W) WAY 7S
BE AR S7he mags, ofdUuss) T 34] $3)

<E 35>E olgTole] WY AUAEE LEhITh BAAY

AL FY A, AT FEFEFY PYT FAsk] AT
547 GG 2 Hel WA Ui A% HF A A4}
A % Vg e gros A4 Wt u] A% $FERYe
FHYL Aol E T AUgow A wETh 29 0xY 7



A% WAy oA 7443
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FCHEWEA, 2015).
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| FAEI=
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2

(¥ 3-5) O|=fz|o}

T N T N
MOM MOM
T ® & W R
? o7 7
X k= X U
S bR s b X
S| S|
qmo Emﬁro_ ,H]_._,]_Aro_
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% cuio W TN
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2n T %o T N
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B OR celied
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‘FEHH
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Z3]: EWEA(2015, p.9)
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1%
ot
Mo
a1}

3 9 Feo)2 A2¥ LT

I

2. A4

7h ATl AMOILIX| 2F U GSAlALS)

23?1 ¢] 711%%03%}%1 REEE A4 M= A3tE A3t
AN RIR L IS P ) Sdiststr] flsl S AAYAHA =
HJAlE](Control Center of Renewable Energy: CECRE)S %3}1L

Atk CECREE AlAAUA 9] &4 3 oA o5 JHE REE]
A Agstd, 28 Al AF AAAY EFAlE (Regional Control
Center: RESCC)°ll Ao} A5 & HAEgit)

CECRE+ Generation Eolica Maxima Admisible en el
Sistema(GEMAS)E &3l AlEol 844 =A7F 24 Al o] & 12
= 50 F AAR] FHLATY =9 A AAH 4 A" S
RIR=S

RESCC(Regional Control Center)= B9 AY ol A&
3 BE WAT|E deE Fx Aos A gTe T3t
CECREZFE & Ao AT AFS 15 o
Ao ® HE 5% 5% 10% o2 Hnkste 59
AT,

[19 3-5]= % AAA A LFAE(CECRE), A9 A1AA
Y AE|(RESCC), REEQ] FUHEAAAE(CECOEL)AFol2]
AE veERIT

2
N
e
e

8) ¥ &£4L I AYA(2013)S XA

M3F MrI=mel MEAS /oY dst Al 37



[32 3-5] A2l MRHMOILX] 2 AAH
'HE”:J]l %E%%(P: Q; HOI::- %) 'MIH)&ﬁ %"ﬁjl %E?j%
27| @HENES, YN 5) it RS 3 o
TR E CMlS EUAE x WS
2= il
JIE UHI Y SHAS
-2} WHgR ol 2HA O Ky oH Hit 5l SF A
‘ c = ml A HFX‘II-‘&} = I_% 5: il =
Setpont £2 BEAIALD =g syd A5 28 B

Z3: =AY AY2(2013, p.19).
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L, ERCOT S20|S L ZE A|AHI)

ERCOTS SHLH dSA 2 it S9HE FH A2H
(ERCOT’s Large Ramp Alert System, ELRAS)S -+

20081 FEH T dSA =S AT &F0 &83t7] AlF
Tk AWS TruepowerAl= 0~168 Al H Azt
ARE At NE FEEA7 ol g
HRAAG AN A Ag3tH, & FHLH AS5F AR
[1¥ 3-6]= ERCOT ©7] FE¢A dF A28s Yl

o

O o v
Ev
(U

30
£

[ 3-6] 20143 ERCOTS| 7| 33 o5 2™

ERCOT Short-Term Wind Power Forecast (STWPF) System

Mmﬂ :| Mnd 1 J [anl ] [uoau 4 Model 5 Mu]tl

nfa

Opnmlzcd Ensembile JE———

Web Site Web
(Graphs, Services
€5V files) (XML files)

%]: ERCOT(2014, p.10)

9) & 24d& ERCOT(2014)E H=3t9th
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20080l ERCOTOA = T 7Y A= Aoz dHs
o] ol 714e] WMt Ak Hoz FHubde &8 ol 2
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[38! 3-7] ERCOTL| £ ZUE oS =2 IH(ELRAS) M=

ERCOT Large Ramp Alert System (ELRAS)

ﬁ

Quality Controlled Othat
Wind Farm Data Local Data
I 1

Ramp Ramp Metearalngical
—( Stat Model 1 ] [ smumnz] Feature
] Detection

DQ'Q{F“[“:E:I P"‘O’“MD"I! the Probabilistic Dt‘(‘rﬂ‘iﬂlﬂ!"( ."_PtD:ﬂb”l! tic SRUSHONAL AWM SHEES
ian g Ramp Rate Forecast mp Ever
Production Forecast it Forecast Craphics

| | i

Web Site Display

Z#: ERCOT(2014, p.15)
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3. @A A R HAUS

7t HE™I| ERMH|A EE

1) oA 35

P

Arrel Aol meh AHFaE 2L 4

s

P

s} o] Jbsalth Fa HRTAAE old @
Be FEsl] ALAAT GAHS AT 98] m2A

Al A raxtde] FoE Aoz gista o

[22 3-8] 0= X[FE +2X 82(2014)

Key
MName DR Reduction by Market

PIM 11,236 MW
MISO 7.625 MW

ISO-NE 2,438 MW
CAISO 2,317 MW
NYISO 2,027 MW
ERCOT 1,611 MW

GTM Research(2014), https://www.greentechmedia.com/research/report/u-s-

Z4:
demand-response-market-outlook-2014#gs.q6na6vU(A A Y 2017.12.25.)
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n=ro] F oY FRE ¢F 27.3GWE FHHH[LE 3-8]
#z). v AYAF F FaAYE BRERAHAE &83ta e
tEA<l 29-& PJM, ERCOT, MISOZ £ < gtk ©] 5 PIMell
A <=5 u 8 (Synchronized Reserve Market)dl #ojsl= Fax)
A9 FFEE= 201619, 23MW(HIZ 6.6%) = Adthn] o 108) =7}
SHATHANA & ], 20186).

(E 3-6) 20| $2A8 SEAIZ U 548

—_ oo
HAgTF
= g ST 2| & 7F
T e SHA 1&A] MW)
) RegA: 5%
Regulation - 0.1
RegD: AAIRE
PIM
Synchronized Reserve 108 o] 0% 0.1
Supplemental Reserve 30 - 0.1
Regulation AT - 0.1
Responsive Reserve 10% - 0.1
ERCOT
Non-spinning Reserve 30 - 0.1
Regulation 4% Y 60% 1
MISO Spinning Reserve 10% 2 60% 1
Supplemental Reserve 104/ 308 | 4 60 1/1

A8 FEAEAY2(2017¢)E EHE A TA

7} o) SaAde] A4 Y

3 SEAI Ha
3-6>3 2} o7|M SHAS T8
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2017c).

e =7F BE A AR By o] we} FaAde] 2§
<= goistar Qiok [19 3-9]= 98 =71 oA A d8s
Uehdth 54 A= Faxde] dgst 9AlE JEhdth di
I7he G5, ks ol zeka Ydds Wr)d A=, A
2= o|TH(Coalition, SSED, 2017).

[T 3-9] R XIFE =2 3

Partial cpening

Closed

<4 Coalition, SSED(2017, p.11)
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9 F8 G FaAd A% 3 SRAT Ak Fol &
i 3-

7>3} 2T},

(# 3-7) 78 +2XH SEAZ & 228

— — ——o o
Ha
T of v & S HAIZE A& A2 o
(MW)
Primary Control Reserve 30x 15% 1
= | Secondary Control Reserve 5% 2 5
¥ | Tertiary Control R 158 R ISE EE0E
ertiary Control Reserve =
i Akl we} ol
Primary Control 30z 158 1
Z | Secondary Control (AH%) 158 1
2 | Fast Reserve (%) 138 1
A Complementary Reserve 30E - 10
DR Call for Tender 2N 7E - 10
Firm F Response
|rn? requency Res 10% ol 0% 1
(Primary)
Firm Frequency Res
3 STy TESpamse 30z ol 0% 3
= (Secondary)
F Control
requency Control by 2z oy 30E -
Demand Management
Short Term Operating Reserve 240%- olu] A} 1208 5
Az FEHAEAYL(20170)F EWE AFA
2) ESS &&
AL REAN 22 2437 Y8 AMEE AT P
of7]|E 435 B3 AT AAQd AAAAGZR(ESS)S Tk
ZA AR 2 A% ;Loi% =t 9l

EZQl AHEE PIMI CAISOE & F SUTh PIMS] HZAH|
2 NS dit B i 7€ TR AHIA(REG A)$F ESS

FoFZAAHIA(REG D)E TR 295t Uth
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AAE7=
G D9

BE AT
_Q_
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H
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T
-
H
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, 30&2

Lt,

1

2016 Ae)Lo}e] B WH §FE o 8,

oA A ]

[J& 3-10] 2016'A Zz|=L|ot M

2dH|=2F

o.1%e

5.0%

i
A

g2 9|23}

& 10.9%°th([ 1

53 .9%

ag0.9%

LR~

!

3-10]

EH
=

&)

REG A%l Hit AA7FAL 25~30$/MWh<l
Hit ANA7HAL 35~40$/MWhZ 1A% A
AT} CAISOE ESS9| F3
MWol| 4] 500kW= 3s}aF ZAtH T A& ATt
7 A H AARE AAelA 24120 A

e}t ATHE83, 2015).

ZANA Zo

o

A& California Energy Commission, http://www.energy.ca.gov/almanac/electric
ity data/electric_generation_capacity.html(Z2¥: 2017.12.2.)
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28 2318 80| Foldlth YR Folt el o] UF 7
AFER SFANE FAST FA T THANE ALENF Bk
T AR BA F 7155 ] 28470] FE h2E

FAY 99 ASed4 2 AG=aAg 294

o

California Independent System Operator(CAISO)= o] that tj
O =2 20169 # 35 AFE(Flexible ramping product) 5%
15% AgAIFol] =stAh ’EH%" FES AYES8 e Al H"£'~"ﬂ

B

HE

(California 1SO, 2015).

[32! 3-12] CAISO S¢A steizd

MW f B Super-Peak Ramping

\ \I'a Peak Ramping

1}_F‘r:rn ary Netl
Secondary Met Load Ramp . &6 Ramping
Load Flamp \ [

\

£ California 1S0(2014, p.30)
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Fa4 8

rampingS 5204 ¢
T (Ramping requirement) TS 2 4HY %
2o A% 3A V120 #5ed AU §
5w 85 2TFe
27 &% A 85 27YNA 5%l s
o A% @A vehdit,

Gl

)

o -
L= A}

StH o -2 Base, Peak, Super Peak ramping o=
371A] W(Category)Z  T-&3FoH(California 1SO, 2014). [1%
3-12]+= CAISO¢] 3714 #+4

A4 3A7E B9 T

|7 234 S YERAT Base
HAZ 7 & 35 &
#t}. Peak ramping2] &
SaTFNA
27+8F 3719} 2t} Super peak ramping<)
<¥% 3-8>2 37}

o ‘o™
(& 3-8) CAISO Ramping product MIEAFSt
T & Base ramping Peak ramping Super-peak ramping
i S e L CERIRE:
o F-AIZE 4 5ARE ol | H4A BAIRE ol
o Faar y|= ok /)= o Faer 7=
Ha 6% Ha 3N Ha AR
b= e
o813t ol ol o
(2, F2 A9)
71835 | Ha 28 oY | Ha 49 oY | HA 1w oY

E2]: o] 452017, p.17)
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3) ESS ©|§ ¢]F3}

AgxzYol FF FEelE <93 (California Public Utilities
Commission, CPUC)E 20101 < 2514(Assembly bill, No.
2514)5 FH3te] ESSY o8& o735} sttt ESSS Hu
AYAE HZ M0, QAUAEANIA T, @2050'd7+A] 19901
715 80% AVFA o B4 7HTh 2014 1E AA S
&) A xyo} 3u 2 E]AKSouthern California Edison, Pacific
Gas and Electric, San Diego Gas & Electric)= 20203714
1,325MW2] ESSE FHldY, 871 24 oF&5 7K. 34
A ARGt AR o FAHR] S <3 3-9>9 AT
A7) Fof AG A (Electric  service provider)2} RS2 #E] 7]
(Community choice aggregators):= 2020'd 3|3 AFFA} Hds)
Aulrslel 1% gsls FEeo ESSE 3ok 3t}

(CPUC, 2013).

(% 3-9) Z2|ZL|o} 3 LHAHXLS ESS 2|F-EZHMW)

T & 2014 | 2016 | 20181 | 2020 | 7
Southern California Edison 90 120 160 210 580
Pacific Gas and Electric 90 120 160 210 580
San Diego Gas & Electric 20 30 45 70 165

& A 200 270 365 490 1,325

Z3: CPUC(2013, p.15)E B2 A 74

10) A% A28 Bae A AAFL g, AFAHE A, AT 1ol
EA 28 A TP,
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ARG AEH o2 Y Ao & HEe
g A e A gsly SEy
st mf Az

F Ao dAF HRE Fgate] &
A FHAQ 41,521GWh(F A 2] 6.6%)2 T

o] Bd YAFS =S8
Bl 1,000MWe] 22 8,760 A

ojgfd WO T AT
A g e (29 4-1]% 2o

[22 4-1] EHLZH(1,000MW) &2 THES

e E

e

[:lfé 4-219 2™ 4-3]-3—_
Aol 1A A ]

E

3] ~E 1% (Histogram)2 UERATE
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[32) 4-2] EHQIZ 1AIZH B CHH| ZAZ SlAET

L] . ! !

i3

TEHXE AFCER] HEH) TLHEF -FCE) f{EH) =LCHX} ACHEY -g{XHY 1K) b

[32! 4-3] EHSR 1AIZH B ChH| B712 SIAET
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Feubde] 79 20149 A2 HolHE o] &3l F 7|3t 4w
S0 2 s Normalizing)ste] HE-S AAFsty Hx HHF
F%]Q1 38,094GWh(6.0%) S THE3h= Al ARE A8
TH2), [218 4-4]& A8t 7IHo2 =&3 F%d 1,000MwWe
=9 8,760A17t AR B¢ dE S JeRATH
[1% 4-5]= HIFTH o2 AT 533 FHEH 1A A ]
Wslel (S, Appini= ppini_ prindy & & ¥ (Histogram)< YEF
=3

=

[O8 4-4] SHUT(1,000MW) £3 THH

!

Wm t ,

o

12) B4 ARE olgdje] Y BAFS ALY Ao} A4 To WY AvE
NEE A9 see] 2 2ol A7 HolHE o8,
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[32 4-5] S 1AIZE ™ CHH| H3IZE SIAETHM

£

GO0
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SO
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100
4] .
4000 3000 2000 1000 o 1000 2000 3000
AAO S
Lt =42 H3} ALt

AR —‘:—’FR—(Net Load, NL)E 2] ()3 Zo] & Hgs+e
(Load)oll Al & W&2 AAANAA LAZFE 27t} AL-dnt

8,760 )
NLt = Loadt — Z ( Ptpv + thmd) (1)

t

[13 4-6] 8,760 AlZIthe] 2030 AFHEL9k =4 (1)l <
ol AT EFANNL)E UERAT

|
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g2 A #4989 H3K(Net Load Ramping, NLR)+
871 INZE A iR WS ofefol o] Al4kgith

NLR, = NL, — NI, _, (2)

A7|A, 1<t < |NL|-1

AZAN t= 15E 58 AZH] 715, INLA @S89
2l 1HourE 2Hztsted HF# o= 8,7597HA W& et 78
o] Wsl= w3}l wako] wel Z7KUpward Net Load Ramping, +)
+ 7+ (Downward Net Load Ramping, -)& ol ¢} 7o) 83k

NLR, , =NLR, ., Y NLR, >0 3)
NLR, = NLR, ., V NLR, <0 (4)
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4 g (Available Flexibility Capacity)S AHd3s}7] 93k A
WA @A=, 2030 AHEF AU LE T AHAZAEH
A Z23 M-Coreg o]-&st] AYdd YAZFS F4s00 + |
A GAZE, Lannoye et al.(2015)2] el weh SHE H94 &
FZ Alketadtt

al

BAEAEH g AT AHAG AlEHCA ZRIH9
P
T

= T WIS NS Hadtoln, HEL o9

13) M-Core= AR19] FzhollA /st MEAF Aol Z2adoa FA7] o
AAE molE 2&3HA =35k Yl Sta#A 93l (Lagrangian Relaxation)
H3 52 A <€ (Dynamic Programming)a &3k SUDP(Single Unit Dynamic
Programming) ¥ E&S A8 F3E, 2011).
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G413 o] ol Fele] WEH G} N FARE UEhl R
3 =

7]EHEo® FAd.

min.COST (5)

t< WV

NT
= ) ((ap?, +bp, , +¢;) X FC,x ON, ,/ TLF, + SC; x UP, )
1

1€EALLGEN t=

ALLGEN : & WA7] 1

el

NT : BAANZE

a, 1 A7) HE 23k T

b, HAZI)S ¥ 13k g

¢ @ HRZI0)e BlE A

py o BRI AT 29

FC;  HR7()e] dEEt

TLF, @ HR7()e E4A

ON,, : HA7)(i)e] tAzrelIA e AR (1 &7, 0 : AA)
s¢; - BRI 71EHE

Up,, : &A71i)e trZtelA e 71Ee it (11 715, 0 : BI7]%)

2@olMe] Fa ASFzAL duAEd L, 4R, W7 5
g Ak FET.
quAEd s wf A X7

=
Load)= LAISHoF o= o2 oo} 22 s o7 FolXn

p.; = NL, (VtE1..NT) (6)
IEALLGEN
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SAAF EF2[o AF HVDC &4 S wkgstr] S8l 3

> p,,+TRIN, ,— TROUT, ,= ALOAD, , (7
i€ AGEN, '

(VaEAREA, Vi€ AGEN,, VtEl, ..., NT)

A AY ALY T
TRIN, , : A9 AZ ¥ 27T
TROUT, , : A4 AdA fr2He Z2F7E
ALOAD, , : A% A°] ¥3}
AREA : AY
AGEN, : A% ao] %77

7] HAdl, H4: =
HE Yol &85

Fol A},

PMin; , < ON, , < p,, < PMax; , < ON, , (8)
(Vi€ ALLGEN, Vtel, ..., NT)

PMin, ,  FA71(0) Azl Ao HAazY
PMaz; , : TA710)9 tAzlA 9] A&
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A7) HAESAIY HAHA AR Ak e 3 J)E
3 A E AR o] on HEIE FA(HAEHAIRY) dlof st &
AoE HA E AR o] off FEHIE FA(HLAHAA) 7 He
& wrgsth

MU(:)

Mo 1G,t) = MUG) < u(i,k) 9)
t=k+1

MD(i)

M. (1—1G,t)) = MD(i) < d(i,k)

t=k+1

MUG) : A7) HaEAANZ
MD() : BR7)()e HagA AL

AZ1A, 1Y), uit), dine ¥ 2AUFRE oo 22 =

1(i,t) : 7] i7F on?l A-5-ell= 1, off dul= 0
u(i,t) @ ®R7] ik offll A ono] & AlZtell= 1, YHA= 0
diy) A7) i7h onoll Al off7t B AlZHelE 1, Y AE 0

W7 e olEleh e $EAS AU Ytk

uli,t)—d(i,t) = 1i,t) = 1(i,t—1) (10)
,t)+d(it) =1
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<E 4-2>= o] HAHS TAR B4 odl 20309 YR

£F% HFS YEiL it

(E 4-2) 20304 T A ALtz

(%91 MW)
FE | 949 | A9 | NG (A4 | A4 | %5 | W
2080 | 19,980 | 32,609 | 52,103 | 58,500 829 | 4700 | 168721
5] @8 | 93) | 309 | 347 | ©05 | (28 | o
F. BB FAE WFL e
(H 4-3) Md Q4N EM XI2(EHA)
2 | 9% | 2% | 78 | " [ ax9
2r)%2)
294 610 888 198 1,161
(MW)
HArEY
79 304 390 67 774
(MW)
715 AIZE
s 0.1 4 7 6 8
o 135 18 9 3 0
(MW/E
Fdgl
(MWI32) 135 18 9 3 0
B AFE <F 4-3>3 Zo] ALY EAS Hgsin S
8ol Bty 33 2 7FEAA7E wE 72~ H(Gas Turbine, GT)
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THex, . = Y (Flex?" + Flex?/" ) +reserve.,

(3

N
TFlex, = E (Flexf?lﬁw + Flex%fﬁm )+ reserve_

D, . = THex, . — NLR, .
D, _ = THex, _ — |NLRt_|

PFD, =#D,, VD, <0
PFD_=#D,_ N D,_<0
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A 4+=(Constrained-OFF energy payment, COFF)14)o] S71& Ao

= dgEt w3 AAE dgel Flofsts Aol sl AT
HAS ZAR Byl Brkste]l AR WS & & g Wk
ool e Aoz o AU U
2 ST Bk vk BA ARAR0], AT AR ol FHA
AEOR BT &, AYFs AA AT ol E AT 712
of o3 BUFEZ ST A AN A BAANS o WY
oI AR WEA AAAAUA AR Quk BRI F

e

)
>
o3
i)
.
e
>
>
)
>,
o}

14) COFFE 4717} AR BAA Y] 2F=0o, Fa00% o3 FO& 2
sho] A WS ghe Aol U AarFoR AT BsA 2o
AFe B FAoIH AFUE AUl FUUTh COFF AFL AAAT
HAELE S8 Y WA &5 7)3u gL B Aol

HoZ FHHMX AME 81



il

A
r

)

olof TiRo] REAN2 AT 53 Bele] AN AR 71Ao

—_—

hAo] Hu, da AN SHHoz AuEA oA

==
LN

2] 7]

Al oF

R

3t 3714 2%

ATt °lF

2 P7EC(Hirst,

2011).

bR A AT AARE A Aol

S

1

3k

bR AT A A

S

o=
no} w2 wesiel w2 B

)]
Z]

=B

=
=

& Aol FHEA | o

of

AR A A

2o A = 2l

5k A5} o}
Zead sy

72| 2

gl

thH]

82



l

A

1

NI
)]

i ol

GREE

T
Ho

Z
a3

=°le

KN
=

At A

SR

P
T

el
=

=

o

B AAE 1y

L=

AR F3HA4 7 WEA] o}

]

-

A ef whdof tishA]
A

al

%
ay

L=

) .

5

]_

il

°©

K

Yol a7HT.

1
N

o] 8 o

2 Ao A s}

TAH A

K

S
T

=

o
Ar

T
Hlo

o Zpol| Al A

L

] 9

S

AYAA %

ol 28§

S
=

A

XA
Gl
T
Ho
o|J

W

N
N

__01_

=0

[e)

o}

|

HA1

[

83

M5 YA A

o FF~Y 7]



3. w94 AsAY g1
T948 AT AL Zr2EHEY el 22 i A
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Stk 914 AT ALe) FR BAL <E 5157 2k

(7 5-1) /94 S 1+ £4
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R E 4559
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AE: GT 71&EXL GEARY] 9HA02 =4, https://mwww.gepower.com/gas/gas- turbines/Oha
(MY 2017.12.6,) 3= ESS 7HAE ofF w2 hitp/Amwvetnews .com /2016042500305
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& A 4= (Constrained-ON energy payment, CON)15)o] 2|5 %1}

15) CON2 B2717} A4 BAAL S Z0g BAFe] e AFO2 A7
A 23 AEFS FF TS WEH T AUGOR R AP B
of MBHE Fold A% Auul ogle] 285E FHRAM 5L H5Y >
A Het,

86



ba S0 A

I

87

M5 YA A






[e)
(& E) OECD Fo= MAQA
(2 A-1) 20159 OECD F2= My 22HGW)
313 AR A
7R A= | 94 - +9 | A5 Lzl
719 | wdd | GT | B3| e | 24 B | FE | 71E
10 | 1012[ 4388 90| 1380 2075 02| 7935 825| 185 29 391 32| 10410
- @7 @22| 09| 133)| 199| ©0| 72| 9| @8] 03| @8 03] @M
s | 987| 3855| 103) 1405 2352 03| 771.7| 834| 189| 217| 726 56| 10725
02| 9| o] @y| LY| ©o| 0| 8| @8] 0| 68| ©5]| @0
o | 27| B8 08| 124 - 17] 404 749 0.2 02 40 00| 134
e ©6)| (193 (06| (4 @3)| (05| 66| O] 02| @o| (00| @0
s | 140 240 22| 148 -l 40| 793 0.2 25| 112 00| 1482
©5)| (62| @5 (100 -l re)| 35| 01| @n| 6| 0| @0
ool B Nal nal wa 288| 288 236 18 1.0 59 02| 1245
. (50.7) o o o (30| @31)] 189 | @5| ©8| @7n| 02| @0
- sl B Al nal na 26| 26| 26 17 68| 10.2 14| 1203
(48.8) 74| 74| 82| @3)| G2| 9| @y| @0
o | 109 B2 01 21| 340 37| 730 20 24 01 54 -] w8
9z 116)| ©@53)| 01| 2| @83 @9| 79| @n| @6| 0] ©8) (100)
2015 95| 190 01 16| 317 54| 577 21 24 92| 143 %2
(100)| @9.9)| 1| @6)| ©@33)| 66| (606)| 22| @6| @7 (150 N o)
w0l 25 nal nal nal nal nal 8 54 58| 176| 272 05| 1627
o (12.6) o o o o 27| 33| (36)| (108)] @67| (03| (@0
e s | 28 nal nal nal nal wal 970 5.7 57| 398| 447 04| 2041
(5.3) o o o o Tl @5 (8| (8| (195 (219 (0.2)| (100
2010 50 Al nal nal na 505 16.1 25 39| 207 07| 1018
510 (73) o o o o (49.6)| (158)| (24| (9| (03| O] @0
v S015 4 Al nal nal na 49.4| 168 33 49| 229 23| 1069
(6.9 o o o o @462)| @] @y| @5| Ly (2| o)
2010 20 6.7 01 16 03 87| 167 - 0.0 20 -l 35
e (246)| (183)| (03| ©“4)| (0.9 (23.9)| (45.9) ©00)| (5) (100)
2015 9.7 53 - 15 0.9 78| 163 01 58 07
(24.4)| (13.4) NI (195)| (41.1) -l 03] 47 N
o | 7| B 04 03| 213 60.4 16 39 0.7 04 00| &7
= (209)| 54| 04| ©3)] (251 713)| 9| @e| ©8| ©4] ©0)| @0
v s | 27| 42 0.4 03| 282 70.1 18 47 35 0.7 05| 1030
(11| @0.0)| (04| ©3)| (7.4 -l 68| @n| @e| @4 ©n| 04| o
o0 | 490| 1693 56 7.6 - 28| 1852| 421 56 36 23 05| 2883
gz 17.0)| 87| 19| (26) o)| 642)| @s6)| o| @3)| ©8| 02| @m0
= s | 21 1773 55 8.0 36| 1944] 281| 219 342 28 05| 389
130)| Gan| @n| @5 - @y| eoo| @7 68| (05| (09| 02| @0
2010 -| 333 11| 106 47 .| a0 8.0 14 04 19 -] 3
- (43)| (L8| 17.2| (7.6 80.9)| @] 3| 07| @0 (100)
2015 315 12| 119 51 49.7 7.3 14 44 42 67.0
-l @] @e)| (178 (5 (742)| 09| 1| 65| ©.3 (100)
Z4: IEA Statistics(2017)
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(E A-2) 20154 OECD FZ Hed UXZHTWh)
B AR .
| e | A o —e o 9 | 9 [ %9 [ = Ll
oo | BB | 1942 | 0179 481 262.3 241 3.9 95.2 939 | 43784
- (192) | @455 | (232 (11) (6.0) (05) 01) (22 (1) (100)
830.3 | 14710 | 13726 3838 251.0 20.1 356 193.0 1047 | 43172
2015 (192) | 341 | (318) 0.9 (5.8) (0.5) (08) @5) (24) (100)
ow | %7 795 52,0 78 351.4 01 03 8.7 135 | 603.96
. (150) | (132) (8.6) 13) | (582 (0.0) (0.0) (1.4) (22 (100)
101.4 66.0 67.2 8.2 380.6 01 2.9 265 181 6709
2015 (15.1) 98 | (100 12 | (667 (0.0) (04) (3.9 @7 (100)
oo | 4285 263 238 55 627 48 0.6 100 6.9 569.1
o (75.3) (6) 2 L0) | (Lo (08) 01) @n (12) (100)
e 015 4374 122 198 22 54.4 5.0 7.3 213 20 5685
(77.0) (1) (35) (0.4) (9.6) 09 13) 37 (16) (100)
621 108.8 175.3 50 36 32 0.0 103 134 3816
: 200 (163) | (85 | (45.9 (13) 09 (08 (0.0 @7 (35) (100)
s s | 704 76.7 100 21 6.3 2.7 7.6 403 330 3301
(07 | (226) | (295) (06) (19) (08) (22 | @9 ©@.7) (100)
140.6 2735 90.4 8.7 210 6.4 117 3738 430 6330
e 2010 (222) | @2 | 143 (14) (33) (10) (19 (6.0) (©9) (100)
s | 8 2837 63.0 6.2 190 59 387 792 593 6469
(142) | (439 @7 (10) (29 (09 60 | (122 ©2) (100)
oo | 620 263 94.9 166 23 3.2 7.2 443 48 | 30152
S (20.6) ®7) | (315 (65 | (14.0) 1) (4) | (a7 (16) (100)
s | 573 527 525 172 28.1 32 139 493 6.8 2810
(04) | (187 | (187) (61) | (100 (1) “9) | (76 (24) (100)
o | 578 2.7 29 18 66.4 01 0.0 35 134 | 14857
ok (38.9) (18) (19) 12 | (a7 (0.) (00) (24) (0.0) (100)
56.4 13 04 03 753 01 01 163 120 1621
2015 (34.8) 08 (03) 02 | (465) 01) 01 | (00 (7.4) (100)
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Net electricity generation from selected fuels, 2016 wind and solar

million megawatthours share of total state

electricity generation
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