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Renewable Energy vs Variable Renewable Energy(VRE)
Normal operation vs Contingency operation
Flexibility( ) vs Stability(2Hd )
Variability vs Uncertainty vs Intermittency
BH=7H(ED) vs XS EHM O (AGC) vs 7| 58X A= (UC)

Dispatchable vs Controllable
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1. CFI} HIF VRE == H|ct
2. 1 M2 2&: S HM(Flexibility) vs 244 (Stability)

3. 1 SN SIS B BN HY

44%

85%

Energy Transition - Energy Transformation

(Ref.) IRENA, “Global energy transformation: A roadmap to 2050 2018.
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CFl: RE 2|, Electrification, 0|l X| Efficiency

(Ref.) IRENA, “Status of power system transformation 2019: Power system flexibility,” 2019.
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Normal operation: Contingency operation:

25 HEA| Fatg FX 2H7| EEA Fo FX
Y A Hak erdd
v Af < 36mHz(Z%7| Deadband) v fy > 59.2Hz(UFLS YAIZk)

v f > 59.8Hz(AGC %)

(Ref.) LBNL report, “Use of Frequency Response Metrics to Assess the Planning and Operating Requirements for Reliable
i Integration of Variable Renewable Generation,” Lawrence Berkley National Laboratory, LBNL-4142E, Dec. 2010.

| Fz=~A BIEE i

v OEHT| 22 A, RO oheh A

O =Te L—
v 4 a8
o v Af > 36mHz: Z&7| §{(LEZR
A& = 3|5
@) v 25| &3 2 8d 8E A
100 S, 1
ﬂ_zi:?if_om (MW /0.1Hz)

&7|7| #/d(Uncontrollable) vs Z=%7| |0 #|2l(B)
a0y x)el 71522

(Ref.) C. Roberts, “Review of international grid code,” Lawrence Berkley National Laboratory, USA, LBNL-2001104, Feb. 2018.
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Variability(2=-2) E g

Variability: expected changes in power system variables.
Operating reserves are needed if this variability occurs at time resolutions
that scheduling resolutions are not prepared for.

Uncertainty: unexpected change in power system variables.
Operating reserves are needed for uncertainty since a different supply-
demand profile is needed than what was scheduled

(Ref.) E. Ela, M. Miligan, and B. Kirby, “Operating reserves and variable generation,” NREL/TP-5500-51978. National
i Renewable Energy Laboratory. Aug. 2011.

N =

AL 2

—

| =
b1

x
—
=

Oo=2=

EIPNE

(%/min)
HMW)

F5} 0| % (Day-ahead): 22H4dS Z2517| 28l Load following A& 0=

. 2™ H = (Day-ahead):

> 7| %X A =(UC, Hourly)

> ZAH| 2 (Economic dispatch, Load following): £5}2| MHA3| Hl= HE
(Variability, Load following) =2, Of 5 E2(AAH 2%} N

(Ref.) B. J. Kirby, “The Value of Flexible Generation,”, PowerGen 2013.

38



7t 0|1 W2 ¥ -F (Uncertainty) = &, Zero-energy service,
B 2D, EE M2

(Ref.) B. J. Kirby, “The Value of Flexible Generation,”, PowerGen 2013.

AGC @45)
I
! Synchronous
! Generators
[T e, e, .
! : ;
: 1. | Load
: P:'m]
1 H :
I
| H
=) apeJ Load
Py ) |
L_ e
=3 N e L02d |
Py N o
1. B4 SE: B3} 571 > Fais 24
2. AGC: A|A®! 2AXL7L HEHOE E3l0 P, 57t > Fit4 8| &
2 ASeEsF 7o "o 5o Fo+ HES0| HE



i I I’ariabiliw Prcertainf

Controllable Uncontrollable

Y. Generation = » Load

A\ - ~— - \ J
1) 240| HE > Fatx+ HE A2 £3519] Smoothing 21}
2) I1|01""0| 7‘|§I > =2 794 (Variability/uncertainty Zt4)
3) E2 AEY ==

Generation fleet: Balancing®| Z0{5l= Online Y7 7|

» Normal operation: X|£HQl 235} HE Al Balancing
v & H5}9| 0| F(Day-ahead) & Uncertainty2} Variability Zr4
v UC/ED: Variability '
v AGC: Uncertainty = ':"':"

> 72|18 W

rRA

> ESS= O S Mo 2 ALg3HL}?

VRE +8&0| £O0}E i Wind 2} PVE Generation fleet0f] Z&t?

cma

Smoothing effect significantly mitigates short-term variability
and instantaneous ramp rates.
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1

1

1

1

1

1

1 1]
1 1

. ”HI-’F 2017(23%)
1

1

1

1]
HF 2016(19%)
1 n
HIF 2015(15%)
1 n

12015(1%) 2030(14%) ! 2040(23%) 2050(42%)

Phase | 0-3% Localized effect(POI)

3-13% Short term(mins to hours) flexibility

eI 13-25% Short term/Medium term(hours to days) flexibility

LUEECRVAN 25-50% Stability & Long term(days to months) flexibility

Long term/very long term(months to years) flexibility

>50%
Very long term(months to years) flexibility: Planning

(Ref.) IEA, “Status of power system transformation: advanced power plant flexibility,” 2018.

(Ref.) IEA, “Status of power system transformation: advanced power plant flexibility,” 2018.
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(Ref.) IEA, “Status of power system transformation: advanced power plant flexibility,” 2018.

I
Low capital cost, but requires significant
changes in institutional context.

! Ref.) J. Cochran, P. Denholm, B. Speer, and M. Miller, “Grid integration and the carrying capacity of the US grid to
. incorporate variable renewable energy,” NREL/TP-6A20-62607. National Renewable Energy Laboratory. Apr. 2015.
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= 0.6 -
IS
ol
0.4 -+
0.2 4
0.0 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2
Rotor speed (p.u.)

P, Q2 22 > Ao =X
- POl Z|CH7} £l = 2| WX S FHKEE CHEIN
ZItHel 23S 7] fsiME > 21Hx 28 EHel7F 5 ofof S
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1) Controllable: AlS 2F0f| MEs WM™

2) §2 2| HX £ 2 HLP|(>50%): MPPT 7}s!!
v 2|HHof °1|'—'| |§ Sot7L s 7ts!
v 52| Mot HEAE =5 HE °*X1| 7t's

O =

—_
\S]

Power limit

...............................................................................................

Active power (p.u.)

1.0 11 m/s
0.8

[ 10 m/s
0.6

7
7 R
’

c% 7 m/s

0.0

0.8 | 12 1.4
o Rotor speed (p.u.)

- B|[X £ 2H P: 42 Hz-75 Hz(55%)

. %*%7&, ol X|e} Ex7ts o X|= E50 w2} HEt

« 7HH= WTG: Variable ESSE = gHst 2rH 7|1
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= M7}5 (Dispatchable) &t
Dlspatchable + Controllable

(Ref.) Fraunhofer IWES

FEGEg

M= AlSe| 7ot o=

« MBI} ES4E Uncertainty ZH4 - Dispatchable + Of|H| 2

A

i [ S

» XIF A S AAZFLTAZ: HVDC X $H 2™ =8t
.« SIAFOI OfX|/E R MH|A HA
= VREC| &¢

XA/ B 7|
qd}

HLMO| QPHSHFFR PFR) 7%
2

AL
[ )

oftl of

O| it ok Frequency smoothing) 7|&

Sector coupling Z&Hst Ha{L
* Phase V, Phase VI

« BV S2{2 DR P2G, P2H, Seasonal storage
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m MTHEOIUX] M=H HF
O HMF& HEo| ML ol 2 of{x| H

- Ao x| A H|2ZF HE : 36% (204 71%)

A

70X R

—

HMEF b8 16% (204 715
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SLEHETI| 54%, SHHAHA M 29.8%)

MIY A HH| 8 H|E S0 MY LSHE HEZ
50.0% 0%
—A g1 —A 2
X 40.0%
(‘ﬁ - . o% § 15.0%
o 17 /0 T of
20 300% 2987 T
g ﬁ1m%
W 20.0% 20
20 = o
= o HHB%— % < 0%
<1 100% 94— oo g Gor—=0-20 e ?
R —HFE
0.0% 0.0% N
154 e 17d 18 199 20 158 16 179 8@ 19d 204
5

100%
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30%

20%
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=< Al A-l

AH|

2z | 154 | 164 | ‘179 | (1849 | ‘194 | 204
(MW)

£y 221 272 | 274 | 269 | 291 295
Ef¥2 | 85 101 128 180 284 405
7|Et 6 7 8 8 358 358
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* AR M SHE 2 A A (EPSIS)
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H 2 MWH]

25,000

20,000

15,000

10,000

5,000

1
154

164

174

184

(1.67%)

194 204

o U @ E=Ho H| & ®@ HMLHY | HIF(%)
N =R IVEES (MWh) | (H2H) (MWh) | ®/® x100
154 33| 152 27 344,678 0.04
"6'H 62| 252 45 463,613 0.05
174 163] 1,301 234 535,384 0.24
184 173] 1,366 246 533,618 0.25
194 463 9,223 1,660 546,846 1.67
204 773 19,449 3,501 574,481 3.39
s 1653 31,743 5,713 2,998,620 -
* H| & = K| 0 2x1,000x180 /kWh(F 7| A A A B2 H & 27| F) =T
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