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1. Research Necessity and Purpose

In the energy mix, the share of solar (photovoltaic) and wind energy,
which are variable renewable energy (VRE) sources, is growing at a rapid
pace as these energy sources become increasingly cost-competitive around
the world. As of 2017, VRE accounted for over 20% of the energy mix in
seven countries, and if the current trend continues, half of the world’s energy
mix will consist of VRE by 2050.

As the demand for clean and safe energy sources increases in the Republic
of Korea, the government is actively working to expand renewable energy
sources to 20% of the country’s energy mix by 2030. As most of Korea’s
new energy generation facilities will be solar and wind energy generation
facilities, the share of VRE in Korea’s energy mix will increase rapidly to
13.5% by 2030.

Until now, the share of VRE in Korea’s energy mix has been too small
to have an effect on the overall power system. However, in consideration of
the rapidly increasing pace at which solar and wind energy is expanding and
the Korean government’s policy direction, we must now think about the kind
of impact VRE sources might have on Korea’s energy system.

This study, which was prompted by the Korean government’s Renewable

Energy 3020 implementation plan, began by examining the impact that VRE



sources would have on Korea’s power system in 2030. Specifically, this
paper attempts to answer the question, “How much would we have to
increase the energy reserve in response to the increase in VRE sources in
Korea’s power system?” Additionally, this study analyzed the effects and
effectiveness of energy storage systems (ESSs), which are flexible resources,
as a means of offsetting the effects of VRE sources. Lastly, we also
conducted model analyses and studied the literature on technologies and
policies that have been considered to address the variability issue in an effort
to gain an understanding of how other countries around the world are
handling VRE sources.

To ensure the credibility and practicality of the results, this study created
a model power system for Korea that corresponds to the implementation
scenario for Korea’s 8th Basic Plan for Long-Term Electricity Supply and
Demand and the Renewable Energy 2030 goal. For this research, we also
used real meteorological data for Korea. Rather than separating the effects
of solar and wind energy, we integrated them to make the conditions more
realistic and increased the theoretical and policy contributions of the models.
All collaborating research organizations have made efforts to conduct
research under the same premise and use the same data. Varying models
were used for different analytical purposes, and analyses were conducted over
both one-hour and 10-minute intervals. Based on these efforts, we conducted
a multifaceted examination of the possible effects of VRE sources on the

power system in the future and draw policy implications.



2. Summary of Contents

In response to the increase in VRE, countries are working to secure ESSs
and demanding resources, which they are expanding through policy efforts.

In this study, we conducted analyses over one-hour and 10-minute periods
using the Multi-Period Super Optimal Power Flow (MPSOPF) model to study
the effects of the increase in VRE on Korea’s power system when solar and
wind energy are supplied according to the Renewable Energy 3020 scenario.
To reflect Korea’s actual situation, we used meteorological data for Korea
and incorporated the Renewable Energy 3020 implementation plan and 8th
Basic Plan for Long-Term Electricity Supply and Demand to simulate
Korea’s power system in 2030. Unlike previous studies, this study created a
model that combines solar and wind energy and conducted a more realistic
analysis of the effects of increasing both solar and wind energy in Korea’s
energy mix.

Before conducting a model analysis, we analyzed the solar and wind
energy generation patterns using meteorological data. This analysis revealed
that the solar radiation amount and onshore wind speed have a generally
weak positive correlation, while the solar radiation amount and offshore wind
speed have a generally weak negative correlation. This means that offshore
wind energy, rather than onshore wind energy, is better able to smooth out
the variations in solar energy generation, and is therefore more likely to be
advantageous for the operation of the power system.

Our analysis of the energy generation profiles of representative days by

season using the MPSOPF model showed that solar and wind energy had



barely any effect on base load energy sources, such as nuclear power and
coal, in summer and winter, having little negative effect on the operation of
the power system. However, in spring and autumn, when the supply and
demand of energy are low and peaks are low, a prominent duck curve
emerges, showing that solar and wind energy have a considerable effect on
the base-load coal energy generation, whithe base load and coal energy
generation.

We also estimated the required reserve energy using the MPSOPF model.
In the case of representative days in summer, the supply of solar and wind
energy, according to the 3020 scenario, would increase uncertainty and
variability, requiring 3.9 times more reserve energy to maintain the stability
of the power system compared to when there is no solar and wind energy
in the energy mix. In addition, we analyzed the effect of introducing an ESS,
which is a major flexible resource, as a means of addressing issues arising
from the increase in VRE. We confirmed that a SGW ESS would effectively
reduce the uncertainty and variability of renewable energy, more than halving
the required reserve energy. In addition, the ESS would cause a slight
increase in the electricity generated from renewable energy sources, as it
promotes the use of renewable energy sources that could not be used
previously due to their high variability.

We also used the MPSOPF model to analyze the effect of reserve energy
price changes on the amount of reserve energy and the amount of electricity
generated from renewable energy sources. When the price of Korea’s reserve

energy was nearly doubled to match that of the United States, the amount



of reserve energy decreased dramatically (32.1%) and the amount of
electricity generated from renewable energy sources in the power system
decreased. This means that an increase in the reserve energy price causes a
decrease in the demand for reserve energy, thereby increasing the operational
efficiency of the power system and increasing the curtailment of renewable
energy. Based on the total operational cost, ESS generated a higher cost
reduction effect at a high reserve energy price than it did at a low reserve
energy price.

The analysis of reserve energy over periods of 10 minutes or less was
limited under the MPSOPF model. However, since analysis of variability
over periods of 10 minutes or less is necessary, in consideration of the
characteristics of VRE sources, we used a different methodology (variation
rate analysis) to analyze reserve energy under similar conditions as the
analysis of reserve energy over one-hour periods.

The amount of reserve energy required over 10-minute periods in 2030
was calculated by selecting the largest variation based on a comparison of
the extent of renewable energy variation, maximum number of accidents
occurring at energy generation complexes for a single renewable energy
source, and number of general energy generator accidents. As a result, the
required reserve energy for 10 minutes in 2030 was calculated to be
3,200MW. In the 3020 scenario, the largest amount of the three categories
was the amount of reserve energy required to prepare for rapid fluctuations
in renewable energy generation. This was the amount of variation calculated

in consideration of the generation of both solar and wind energy.



However, we cannot guarantee that the calculated reserve energy amount
would be required in the actual operation of the power system. This study
confirms that the variations in solar and wind energy did not increase
proportionally to output, and the adequate reserve energy amount changed
depending on solar and wind energy output and the operating conditions of
the power system. We also verified the amount of reserve energy required
over a 10-minute period by season depending on the operational conditions
of the power system. As a result, we confirmed that the required amount of
reserve energy differed by season (2,400MW in spring, 3,000MW in summer,
3,900MW in autumn, and 3,000MW in winter).

3. Conclusion and Policy Directions

Based on the results of this study, we propose the following policy
directions:

First, when the supply of VRE increases in the future, it will be necessary
to review the impacts of increasing the required reserve energy. The results
of the analysis conducted using the MPSOPF model showed that, if the wind
and solar energy supply targets are reached by 2030, the amount of required
reserve energy will increase by about 3.9 times compared to when wind and
solar energy are not supplied. The results of additional analysis regarding the
10-minute period reserve amount revealed that approximately 3,200MW of
reserve energy is required under the current fixed reserve system in order to
prepare for rapid fluctuations in solar and wind energy output over a short

period of time. With the current operational reserve for 10-minute periods of



1,500MW, this is not possible. Therefore, if Korea does reach its 2030 target
for solar and wind energy, the required amount of reserve energy will exceed
the current reserve amount. It will thus be necessary to consider and review
increasing the reserve energy amount.

Second, it is necessary to secure flexible resources. We confirmed that the
combined supply of VRE sources and flexible resources will effectively
lower the required reserve energy amount and total operational expenses.
Therefore, to effectively secure flexible resources in response to increasing
the supply of renewable energy, it is necessary to make it mandatory to
secure flexible resources in the short term and improve the system in the
long term in order to maintain the inflow of flexible resources.

Third, it is necessary to realize compensation for flexible resources and
open an ancillary service market in the long term. Through the MPSOPF
model analysis, we were able to confirm that an increase in the reserve
energy price causes a decrease in operational expenses. The average price of
reserve energy in Korea is KRW 3,000 per MWh, which is less than half
the average price in the United States. This low price, which does not meet
the opportunity cost of reserve energy, tends to devalue the compensation for
flexible resources, which is much less than the benefits provided by flexible
resources in reducing the variability of renewable resources. Therefore, to
accelerate the entry of flexible resources into the market, it is necessary to
increase the price of ancillary services, such as standby reserves and
amplitude modulation reserves, to reflect the opportunity cost. In the long

term, the opening of a real-time electricity market and ancillary service



market would induce reasonable market prices, according to the law of
markets, and also provide opportunities for generating additional profits from
flexible resources. In addition, this could encourage energy suppliers to invest
in flexible resources and ultimately resolve problems arising from the use of
renewable energy.

Fourth, it is necessary to establish a plan for variable reserve energy
generation and intraday energy generation. As mentioned earlier, variability
does not increase proportionally with solar and wind energy output.
Currently, reserves are operated based on fixed reserve standards every hour.
However, when renewable energy sources are increased, relatively excessive
amounts of reserve energy are secured during certain time periods, creating
unnecessary costs. On the other hand, the amounts of reserve energy may be
insufficient at other times. Therefore, it is necessary to analyze the
characteristics of the power system by hour and season, including changes
in the output levels of renewable energy sources, and operate variable
reserves that are appropriate for the relevant time.

In addition, it is necessary to establish an intraday generation plan for the
operation of variable reserves by shortening the emergency power operation
periods. Currently, the power system is operated based on a one-day-ahead
generation plan and real-time emergency plan. Adding one more plan
alongside these two could help ensure effective responses to short-term
variability in renewable resources.

Fifth, it is necessary to conduct basic research on Korea’s offshore and

onshore wind power generation patterns. Using Korea’s meteorological data,



this paper examined the differences between energy generation patterns of
solar and wind energy generation locations as well as the differences between
the energy generation patterns of onshore and offshore wind energy. One of
the noteworthy points here is that there is a difference between the energy
generation patterns of onshore and offshore energy generation locations.
Supplying solar energy and onshore wind energy together would intensify the
solar energy duck curve, making it difficult to operate the power system.
However, offshore wind energy has a smoothing effect on solar energy
generation, which would reduce the burden on the power system.

As Korea plans to focus on promoting offshore wind energy in the future,
it is important to increase our understanding of the effect of offshore wind
energy and solar energy on Korea’s power system by conducting accurate
analyses and forecasts of offshore wind energy generation patterns. Currently,
however, there is a lack of basic studies relevant to Korea’s situation, making
it necessary to conduct multifaceted studies on the differences between
onshore and offshore wind energy generation patterns using actual
observations of energy generation data. It is also important to conduct
various studies on the differences between the wind and solar energy
generation patterns in Korea.

Sixth, it is necessary to improve the forecasting and control system for
VRE generation. The MPSOPF model establishes an optimal generation plan
one day in advance. In the analysis that was conducted using this model, the
capacity for reserves increases as the forecast time is expanded.

Technologically, it is clear that we need a better technology for forecasting



the amount of energy generated using renewable energy sources.
Systematically, as in the policy proposal provided above, the introduction of
variable reserves to increase the accuracy of renewable energy output
forecasts would support the calculation of reserves for an real time market
that takes variability into consideration and is appropriate for the level of
output from renewable resources forecast for the day.

Another measure is bidding in the renewable energy market. Allowing
bidding in the renewable energy market could induce improvement of the
technology for forecasting energy generation amounts. This measure would
also induce renewable energy suppliers to invest in flexible resources.

In terms of controlling energy generation amounts, it is possible to install
control equipment, such as pitch control gearboxes for wind energy
generation and inverters for solar energy generation, to control the output.
When excessive renewable energy output causes problems in the power
system, the output of certain renewable resources can be controlled and
appropriate compensation provided, according to regulations, in such a way
that contributes to resolving the problems in the power system.

Seventh, in the long run, it will be necessary to expand the renewable
energy acceptance of the power system and to overcome the constraints of
renewable energy expansion due to the isolated power system through

inter-country grid connections such as the Northeast Asia Super Grid.
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21) Pacific Northwest National Laboratory and Sandia National Laboratories, 2016, Protocol
for Uniformly Measuring and Expressing the Performance of Energy Storage Systems,
page x(page 12).



LME000 Hybrid EGT™

Z+8: GE, 2017, High Efficiency Power Plants in a Regional Integrated System, Platts

Central America Energy, p.15.

3. W& dis 8% - w84

0l0
o
o
<+

iyl

N

T8 Hh-g(Demand Response) & Fujz}7} JQANE]HLE Al

LAl

A oA A

2F

g 0%

hiy

&t o

2287k

Qo

g A

HE g

3 102 AR

FoA F2

SRS

2-6]&

3]

1 400MW <]

3

o
olo



Demand Response Deployment of Emergency
Reserves in Texas on August 4, 2011

Baseline Load
um o l"\.
i BA s SR o /
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_J}WJH' ‘. N M T \_ﬂf Y ‘.. ,

- TS 1 Y, -

e ¥ " o
¥ ey i
ey i
o Actual Load i ;

Load Reduction ~\
Ir 1 \
|I .
. j’ |t Obligation
o .

Z}5: ERCOT(2012)E RAP, 2013, Demand Response as a Power System Resource
oA AJL, p.10.
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New England Capacity Resource Performance

Real Time Demand Real Time Emergency
Response Generation
Load Zone MW Performance MW Performance
Maine 278 100% 25 100%
New Hampshire 45 93% 33 98%
Vermont 33 100% 13 98%
Connecticut 261 72% 254 86%
Rhode Island 40 90% 56 88%
Southeastern Mass 136 78% 37 86%
Western/Central Mass 132 97% 577 94%
Northeastern Mass 198 80% 78 89%
Total New England 1,124 86% 553 90%
(e e
Quick Start Generation Assumed 80% during planning

Z+E: Scbelli(2012)E RAP, 2013, Demand Response as a Power System Resource®l]
A AL, p.o.
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CAISO, 2013, What the duck curve tells us about managing a green grid,
https://www.caiso.com/Documents/FlexibleResourcesHelp
Renewables_FastFacts.pdf, p3, HSHEY 2018.11.30.
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23) ANUAAAATY, 2014, AA ANARAA JAACIE A14455, p.62.

24) Renewable Energy Institute, 2017, Asia International Grid Connection Study Group Interim
Report, p.3.

25) AAA, p4.

26) o3 - ATtA, 2017, FEoF wHIZE FAY B 9] AbEIEA T AR,
NAAAANATY FAATRIA 17-08, p.23, p.31~32.

27) AAIA, p.23~29.
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29) AAUAAAATY, 2017, AA AUAAZ QAAIE A17-16%, p.7~13.



2 AAE & A7 Fo 512 dng doA Y AT IR A8E
2A3517] 9 28 5 4 2F <] Multi-Period Super Optimal Power
2o %

Flow(MPSOPF)
MPSOPF R 1A3F @] oujg B4E& ffs 283 mFolH,

7t. MPSOPF 28 EX

MPSOPF 282 u]=r x| X| 7 A A (Federal Energy Regulatory
Commission, FERC)2] Ao 2 Fudtfstwe] A1 E0] kst g
oty HA THAY == f8l AHRHe HAEAY HHxF
(Security-Constraint Optimal Power Flow, SCOPF) ®H 0] 7]1kS FojA]
AR of A0 FEH EAF AAATZAESS) S T8
ADOR)F 22 FAA A FFs 4T F UEF 2skd 2Fo]

ot £ =32 NYISO, ISO-NE, PIM 59 A3 uFE B3l A%



Al BbE a1 glom, A MPSOPFS] 7te] &&= =%l Zimmerman et

al. (2011302 A of 373] Q182 AEE A9} AF-AFAE Abolol

A AT ASE 2otk

MPSOPF =& 9] 7|E A<l E91 QA EA|oF H A ZF X3 (SCOPF)
A

b g AR Bo1Ae A A

AN 2R LA QUBAE &
+8A8E FH3t= dl AM8-3H= Energy Management System(EMS)<]
YRFEO=E o3& = Ut} o] EMSollA AAH o7 Wr|ef $HY
A AFS A T A F2 A AR Y a s FES)
= WEAAZ S Y= ZF o] Optimal Power Flow(OPF)©]t}, & 7]
A TH7] 1, FAY gHH Ze FAANLE FEAQ AR
Z3ete] P zol gk Alofs WA= HALAA S EEIEE

<# 3-1>2 "= A9gE dYA 2" 8220 1SO(Independent
System Operator)E°] FLHAE AlY 498 Al 2-&3= SCOPFe| ¥
& 8984 HojEnh SCOPFolA HAdA 29| s & 2 WY&
° 2 FA 371419 WHE, A A& R (Linear Programming, LP), Lagrangian
Relaxation(LR), <% 719 *H(Mixed Integer Programming, MIP)°] &4
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30) Zimmerman, Murillo-Sanchez, and Thomas, 2011, MATPOWER: Steady-state operations,
planning, and analysis tools for power systems research and education.
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g &S 3 YA 2H 81 L9 7S HAs sk T
AFs EFdh= Aotk HF 1 A 23S S8 19
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MPSOPF 2d 1%

|Minimize:7.';_‘|E—"'|)\|ﬁ%I 2YH|-E (Expected System Cost including Energy and Reserve Cost) |

Subject to: 1. S0 H, 2. 2F 7| Fof, 3.4 & ¢FH Hf,
AU ESH S TY H ), 5. A1 &E H AH(Contingency), 6. MMM HX| HEH

|With respectto: £H7|E A|ZHE =22t |

A A 2,

rlo

MPSOPF7} 7]&¢] SCOPF$} AHE & = o] 37k 2 g.opd
ATk AA, EA AR GH A< AA 8 & Fo15F+= SCOPF2t
2] MPSOPF= 24413 445490 Mg Al 28] -4 (Multi-period)©] 7Hs
3l d YA A & (Day-ahead scheduling) TN LA =Y Al&EH |
Aol 7hssttt. =4, 22 AR ofygt &4 FH| gk A
2|7} 7Vssl7] Wi, AL 7AE 54 P9 4Pl o)
g AAZR] EA o] Thedtth AR, 2T A&l AHAI2E ¢k
AEE Ak ol a3 B335 o 9] = (load-following reserve) ¥} 7
A AFAL 48] = (contingency reserve) T+ S A oHEH UGS 2 U
Bz

Bzog AR

2
mEE !

31) 748 MEA Aol e B dEs 5
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L}, ofH|2 7He % MPSOPF Z2&9| ofH|2 X

19 32l dLALAAY FEH AN AR EE B FET
AtARl HYA| 28 H < d YA 8 (Day-Ahead Planning, DAP)
o S5 A A AHAA Ted A AESa 9 AeIA
ESAAE 183t AIZF G2 A qug s 23ehe HA

3l= Aolth. A AI7HA 8l (Real-time Planning) #7304 &
&t3, DAP A oA dHga9t AYodiA el £
st 529k A=A 9 Apol= FAARIL dHHo)
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Maximize s apply=Den
[l paDccisions (E+Re+Ra) | BFeed st ;i

Two-settlement, multi-period
dispatch under uncertainty

Requirements

= = support(p) C R m DAM: Co-optimize energy,
Bl Giet &ie2 Bion Gros Gios Era2s reserve, and ramping contracts

m RTM: Optimize dispatch given
state of nature (£+K)

m Clear each market providing
G ek v appropriate incentives

t-12h t t4l t42

Day-Ahead Real-Time
Market (Hourly) Markets

Z+E: Munoz-Alvarez 9], 2013, An Electricity Market Clearing Mechanism using
Decision Rule Approximations, &3EALE, p.5.

TRF MPSOPF2] H-315-F oflH| &2 H| Y4 FataF o H] 9 (ramping
reserve) 2} TR WS} th-3dh= U F3t5E olH] ¥ (following reserve)
MaE A E333oh

[C1F 3-3]2 drge] 548 T/7E HAFTh -8 H H(operating

reserve)d] T 1 A Alo] YA 3 (non-event) 1A HI YA

FHevent) O 2 TEL F AUTh A RS a9 A FEY
EdAA S E 97 et ole EVHE ESAACE T 2 S
A3l FI=4 o8] FH(regulating reserve)©] Z Q3HA| EH AL, AIZHE 4
Qufelo] W3l w3k A FFOE o] & flal DA FeFF oH|
& (following reserve)©] B astA HTh WHA H|GGA A4S B 7]9]
get, QAR B o] v YA A3l 58 X3t PO E o
213 BEZAA 0l tSsliA S44 02 tigsliof sk AL <ny
I b 7F WSt AA3] thgshe HIYAE HolEF dugow F&E



FPsat). oleld dulele] PR 2 BolH MPSOPFOA sk 3)
= o Fzo} YA AT ek MPSOPFY] Ha1E olulge mag
H Ral5F oulge] £amste) feshs QE RakEE vl )
de

ML 4B

Y 43

2} Erik et al.(2011)S Francisco et al., 2016, Competitive Electricity Market Regulation
in the United States: A Primer, NREL technical reportol| A <18, p.15.

[19 3-4]<= MPSOPFOllA| H&l+F dulga) 4G AL dqugds T+
e /id S ARt Rt dHlge AP gE i3S Ve
%ﬂﬂ%ﬂi-ﬂa%%a“ ZFol t7]oA 1712 HdgkE W 7

< A M 52 AEHE AgkE wjo] Aol FotF sldHE
01]‘3 & (load-following down reserve)? RItH= 71 & Aol A 7H
w2 A E HeE wo] Ao FolF 4FHE o (load-following
up reserve) .2 FEHT A7|olle FH ESAAZET oy}t AlZbE
Agrgo] Wstg s A AT FAAL AuEe 7P SEE 9l
AYA 2] 14 Abatel] 3 4 Qe dulg o= ZAA o]
EA vld #AT o e A E9F 1O gE iS22 s

|

A 719l sk o /E BAASE SEs,

3

olt

HMI3% MPSOPF 28 & 27



F BT g WAL G ARL B EHE oW H(contingency

up reserve)= 7}

o

%

H] #H(contingency down reserve)S 2

MW Injections

MW injections
N

5 Ay

=
=

}.
ZtS: a) Lamadrid et at.(2015) Alvy 22 255 HA$-Y (2015904 AJE, p.37.

b) Zimmerman et al.(2013), Multi-Period SuperOPF(SuperOPF 2.0)

User’s Manual-S Z-9-%(2015)°14 A&, p.38.

23

=
=

1A o

¥

.

-
(¢}

%

g

2.

_'?L

MPSOPF

g Aol

o] 7bsditt. &

=
=

o

T goz

A e

&

=
£ 3

71&2] W gejrlE

iz



AT AAIRE B G

S

A

Heshs WS

T im S H/h e HXI.I WH o e o
o] — = o T 9 ) =
Nv_mo o N 6, = oy il u_mu u_mu MM Bo)
~Tg=9 @° g R
N o ~ ) ~ ‘D! D) o N
P E - W R ooy wow
" n_ Mro W wr = oR o] »Q o = ﬁﬂh ND
CoRC= A I N T R
TH oo oW RSN
N_.o A o JH _ o X m T ,._loﬂ
X L_ J ,.,IA Orv = = 5 _nﬁ he _z_.a
N F o= Hon I il
5 KR T = 50 = X 1H
o X @ < o = I ™ oo . ®
o) o . —_ ~ —_— O#E
o N o= N e Y WG St
N R RS il T Jom s
RN S W il m N X = = oo
.ﬁ. o w2 = 2 % aom Wﬁ z
- iy =y %0 W\ ST o D WT_ W R
= o= oo T T oy % i
A S
_oﬁﬂime W, Mo %
e dEm PRI TET g
_ xe Cl
Tzocx ZHEIM =7
o 2 W WP P
X @ %o ﬁ_.o = . T E ) X —~ — B°
o X o X mm = hAo S
oo S ﬂ"_ XX q ° Aﬂ ) o
o 2o M T X M B Xk T o
B o= o] o T X o T 9 7 oy
S E LR R R g
B o N ogow oM o A mmw =
OO O OW W Y Fm o e H fe X7
N o Ho Ho T =our o8 % oo o

=2
F}

ST < 3259} [1
nal

=

=

Aoz 714

1

fu

],

3-512 HYF 1671 A9 AR} 9%

0

57t

=

ted

[e)
34) A 24.4%, A5 17.5%. A5 FoLRFH, 2017, 201613 AA =] Bg A,

35) =4 2 A A
36) AIE A, 2017, A8k M ew7]EA 4.

o R FLuA)
33) https://data.kma.go.kr, 3 FHEY 2018.10.24.

Fo] 2030714 Hl )

=
=



o

-

2018714 Fo] U EZE 2AE 167] AHES EAHOZ A4
Atk 29 2030 EXLFS AAE Y= HIFT AR $4
201597H2 9] BgA Ao TAlgA Ay RAY,e STt EF
mdate] 2018 AW &S =260k 181 20309 ¥ B B

1 17,674AMWell A 317382 12,000MW, S74F2-2 5,674MW38) 2 Hj
Bala $AEES 201899 AHE feko) wlEste] ZUMAIA I, i
Zy o 7|1 A" AH A7} A ¢ WlEo 57 3|AEE -

12,000MWE #53HA Bl &3t <& 3-3>3 [19 3-612 39 1671

[‘_|_4

o

i:tzl

37) <& 3-2>9 <& 3-3>°l|A = “8a Aoz H7).
38) "AAEAAAAR, 2017, AAHAAA] 3020 oA (¢H, WEAE A=,



A WS (A o] E|AWS WS |AWS o) & 15 8% |83 Al | T3 [2030 &%
sl A& 108 A 73 73 488
2 S 112 QA 58 58 387
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Lt XIHE EHYE-SH o 220 ==
MPSOPF %8 °] 42 A= B3 339 AHE 244
HdSE iy Z2akde oA Bl dANE, 5, 712 HlolHE 285t
of A29015)04 2" BHES AEstd =Eah A¢F
(2015)L 4474] TAE HYE 2 FYH LAF 45 2 S AAEA

1 194
19A ol A= 2-stage ARMAX E&L o] &34 1670 Bl A A3} 16
M FE A 2ol e AT 458 A= &F =S

Eidsy

Ay

<Stage 1: Deterministic Part>
log(F%,; +1) = fp(Deterministric Cycles, , 71, ;) +v, ;

log( YA &t +1) = fp(Deterministric Cycles, ,, 7] %M) tv;

<Stage 2: ARMA Part>
p q
(1= a,L)v, =1+ EejLﬂ)ef
i=1 j=1
- Deterministic Cyclesy; : 1'd, WHA, 24417 12417 7191 sined} cosine E
- v, - Stage 1 F784¢] ZK(residual)
- €, . Stage 2 FA A o] M AZ-S- 22 White noise residual)

Aq: AeQ, 2015, FEA AHATE FAgRY 75 AT, AUAZAITL 7]
BEAFRIA 15-155 vgoz A ,p.55.



(T4 3-1)E& AER 5 FASE FERY
I 9tk 2-Stage ARMAX 532 Stage 1914& 7] &3 Azt 52

AbolE 7HiS 5o AAEA BHE o] &4 AR oz dA
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ol
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r
o
f
N

2 oy o
Mo D e

S 73k, Stage 2014 = Stage 1 & 2AHS o]&s|A AA
e B8l 3 H o FE3ke 722 Ho| ok

<& 34>E HEF AR F ALY FF 2y FH AHAE AR B
| F=T}. Stage 19] OLS =] AW E2 oF 76.8%°] 1L Stage 2] ARMA
RE7MA FAo 23 A AHHS o 95.4%°|H

<% 35> Y AR F 149 gF 1Y 74 AHE AR B
T} Stage 19] OLS B39 Am &2 oF 22.9%0°] 1L Stage 29| ARMA &
P7hA FAol 2T A AHEL oF 553%= 9 A EF RO
A e 2y AgEg Bty gukgoR F& 4 Byl Ay
S YA T B BlEiA @ ks HojFErh

Bl 1A (A-2): 2-stage ARMAX +4 A3}

Stage 1: OLS Stage 2: ARIMA
A Al t-5A % A4 Al t-5A %
T 0.02834 11.09 mu 1.45E-05 0
daily cycle 0.48243 265.85 MA 1 -0.34041 -34.82
cdd 0.01423 36.29 MA 2 -0.16010 -16.21
hdd -0.00122 -6.68 MA 3 -0.06050 -7.49
AR 1 0.72454 92.46
AR 23 0.14544 23.77
AR 2.4 0.23966 39.9
Adjusted R* : 0.767961 Pseudo R*0) : 0.954012

A5 AR A,

var (M A 522}

21—
40) PseudoR"=1 var (1)
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AR HE R Adjusted R2 (stage 1) Pseudo R2 (stage 2)
sl e 0.7680 0.9540
52 S 0.7728 0.9613
s3 o 0.7941 0.9532
s4 o+ 0.8019 0.9560
s5 &5 0.7778 0.9518
s6 4k 0.7170 0.9565
s7 FAk 0.7756 0.9585
s8 7] 0.7840 0.9584
s9 Al 0.7928 0.9558
s10 =5 0.7911 0.9530
sl 3 0.7665 0.9541
s12 AE 0.7759 0.9503
s13 At 0.7620 0.9544
sl4 e 0.8079 0.9595
s15 A 0.7849 0.9541
s16 A 0.7195 0.9501

A= Az A4,

A Hs 3 23 Adjusted R2 (stage 1) Pseudo R2 (stage 2)
wl A 0.2291 0.5529
w2 7] 4k 0.3672 0.7599
w3 HA 0.3798 0.6449
wa A4 0.2015 0.5467
w5 K 0.2892 0.6150
w6 AT 0.1991 0.5839
w7 Chs 0.2046 0.7493
w8 45 0.0790 0.7348
w9 < 0.1752 0.7887
wl0 A4k 0.1836 0.7192
wil st 0.1804 0.7791
wl2 Al tasl 0.1431 0.7831
wl3 Aleta) g 0.0323 0.6588
wl4 o 8l A 0.1091 0.6485
wl5 gl 0.1561 0.7844
wl6 RET A 0.2276 0.7952

A5 A7 A,
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o TE A Y
(104-Bus System)
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System Net Load (MWWh)

System Net Load (M)
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Y ARE RO E F 7Y AU 5 AR olF A At
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[2% 4113 [18 4-2]5 & AT 2AHI 7] Ayl ol thalA
MPSOPF HZ3lE 4383 272 =29 =4 U39 24A7F WA
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Case 2 Windol| Al F8-& A Alztthol] 224 ¥do] o] FoizH 1]
3 AR 72BN S5 tAIshHE A E YERG T Case 2 Solaro]
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.

A A5 HFFL DIzt wrFFe] FUtste] YAR HEHE Ko
™, 712 A o] A 7he FE7HA W AT ES A st
A ATHZE 4-1]). B A7 A Alve] 2% Case 2 Wind&Solar= ¥
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1 ExpectedGenention by s Types

i O 12 18 Ed
Hours
Case 1
gt 39 mRg
10 Expected Generation by Fuel Types. w* Expected Genenfion by Fuel Types

b g 12 18 E} Hy " 2

Case 2_Wind Case 2_Solar
YR BE (17,674MW) B FgTt B (33,530MW)
10° Expected Generation by Fuel Types w* Expected Ganamation by Fudl Types.

1 g ':us 18 2% Lh e HI:urs 0 El
Case 3 Wind, Case 3 _Solar
ZET BF + ESS (5GW) BloF3at B + ESS (5GW)

A5 AR 2.



x10? Expected Generation by Fuel Types

1 ] 12 18 24
Hours

Case 2_Wind&Solar
BloFda 8 B3I (51,204MW)

x10° Expected Generation by Fuel Types

Case 3 Wind&Solar
Bk 8 BF (51,204MW) + ESS (5GW)

A8 AR A4,
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(E]MWh]/&) cl c2w c2s c2ws c3w c3s c3ws

E[A) A ol A]
A 2

95,454 | 252,052| 346,807 95,576 | 252,055| 347,825

E[A oA 2|

11 2] 2,063,788 | 1,968,334 | 1,811,736 | 1,716,981 | 1,969,331 | 1,813,113 | 1,717,326
= E

31,788 74,262 74,551 99,817 31,229 27515 45,580

27,668 69,376 56,912 84,684 33,811 25,947 38,089

3 4Hg 11,184 63,474 56,557 88,507 15,339 2,480 27,928
ER| 70,640 | 207,112| 188,020 273,008 80,379 55,942 111,597

E[F3l2H - 0.54 0.32 0.54 0.21 0.14 0.24

A= AR 2.

<E 4-2>v 7 AU AFE tEY 2443 BN & dnE
H| 8-S QoFsl|A RojFEn) <& 4-1>9] Ao} F-ASHI Case 13} Case
2 Wind&SolarE Hl w3} Aol =7} st ibd-& tiAsta A 3HA
5 A0S oéﬁ AR 849 48] A7E R, =2 HEAoE <
3 oulg nlgo] oF 386% S7ISFA T 13 Hl, Case 2 Wind&Solars}
Case 3 Wind&SolarE Bl a2 ESS7} =2 4F L ou|go] =
Al sk, BAng w3 AR T FIHH o2 AlF HYstH
A AaE A% S & Aok meEbA F&AHE Bl A= ESSTH
56W Z=9UE 49 oF 1.2%2] -4 7 a3t dAshs 202 YETh

45) 4714 MAN§-E oA &2 oJmlshe Ao WAL} TR 4o}
3. ouiAu g WS sk g9, w}aw WEl go] Zagehs 2
of &ulze] A7)0 Feo] Zadt AL sk R ok,
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(B[ =F /Y]) cl 2w c2s 2ws | c3w c3s c3ws
E[dd Hl4] 75,565 | 68,266 | 56,947 | 50,590 | 68,226 | 56,976 | 50,425
L
94 219 218 292 92 81 133
A v
B2 3l s
T T o o 1O
80 202 167 248 98 76 112
A g v
4 A
33 186 166 259 45 7 82
gug H&
E[Storage Inefficiency ) . i i 13 1 30
Cost]
E[F %R 75,772 | 68,872 | 57,498 | 51,389 | 68,473 | 57,152 | 50,782

LRI )

(1% 4312 AEE gjzx2L ol tislA Case 2 Wind&Solar2] 24417+
A B Z2ad s HoleEn AYart vl v a7t H93 53
7HEe A UG dHow I3 gABIL FEBAA EAY st 7] A
FakQl AeddztA] A Fi 9FS F5 202 veigth jH 9
A7 =4l B Txo] AiF o AL AedL FHoE &
T8 Aol AA TS AT = Atk O, 234 7] A=
B gt T dxo] 203074 AAE Aol = FEFS MAAE &
= Aoz Add. wepA A2l duE FHE T ¢ AlF
ol 7Fsd T Y& AR AWHTh O ol @ AlMAA &8
7hsd ARo| 7Nket B4 Axpolmg 203019 AA dulE o)
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x10* Expacted Generstion by Fuel Trpes

@ =

x10* Expected enenbion by Fuel Trpes

(c) 7F=

A= AR 2.

xin* Expacted Gonerslion by Fuel Types

1 ] 17 " F

Hours.

(b) &
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2. AZPE AuE d" 24

<E 43> AEE gEdo] AveE AR 8 dHg Y ds
[okeA BHojEnh AR B2l dadnge] & Case 1914+
°F 3,05IMWhA] 5} Case 2 Wind&Solarol| 4= 11,765 MWhZ 7333
stS & 4 Atk Case 3 Wind&Solarol 4 ESS7} SGW7F =)
= ARl A B aoHE 9] <fo] 4850MWhE & 74
< ¢ F Aok
%), Case 2 Wind&Solarg A HEH FHojdn] =2 <k 20,105SMWh
0|1 HAdH g2 oF 3063MWhE AJZHE FQoH| o] HxP7} 43
A Yebds & F Athée (19 4-4]—t— AU LB R g B8 o]

_IN
1 o
oﬁL
o=
)

= A

N

Ho| &S FAHAL AuEHI B3lFF dug o2 FRIA HoFa

A=, HEA QAR FEE =UE HS B35F o ng 2]

Fago] JHoR o F& & F Qith
MWh/ e s e = AL on g 7
hour | W A Az B Ay 24 -

| e 2585 | 6,643 40 466 466 466 3,051 |
2w 6245 | 8914 | 2432 | 2638 | 3712| 1051 8,883
2w 5716 | 10,742 40 | 2439 | 5154 466 8,155

| c2ws 8022 | 13,196 | 2,100 | 3743 | 6909 963 11,765 |
3w 2828 | 6835 - 641 | 2414 ; 3.469
38 2324 | 5588 - 108 | 1439 - 2,432

| c3ws 3,638 | 8243 11212 4539 - 4,850 |

A= AR A4
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[O2] 4-5] A|LI2|RE 24A12F AjlZhet

ZIQ0H

|2 =201 - EA tEY(1)

i Down Reserve
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o] FAQl oF 3,00098/MWhE A-&stth 1-d =5 o 7} 2
W5 A A HlFo] Wi, a0k ol oA Aol AAE
= Zo] of7] wiiol ong AlFo 7|13H&S wrgetA] K3t o
2 Qe gE =7k oAHlE JHARY @2 ot mEb o)M=
oulg 7hAo] Dt w AlFolM BRE st dnlgol oW FFS
A=A BAte] oulg 7hA 9 ouE A #Ed A A
& EF3tax g

oulg 744 Wste] mE oHlg g gk e F71 EA o= dHYg
7ol f-gutetel vls) AHA] ASE FUEEHE vE Fo AY9E
1S09] AmE 7149l HFA2 $5.6/MWh(6,3009/MWh)4N=S 283+
TH<E 4-4>).

o

AN

ISO spinning reserve offer price (USD/MWh)
CAISO 3.34
ERCOT 14.15
MISO 2.58
ISONE 2.53
NYISO_E 6.49

47) 38 1,1259/3 A&, 2018 10¥ 18¢ o3 /s wju)r|EE.



ISO spinning reserve offer price (USD/MWh)
NYISO_ W 4.07

PIM 421

SPP 7.46

Bt 5.60

Z}8.: Zhi Zhou, Todd Levin, and Guenter Conzelmann, 2016, Survey of U.S. Ancillary
Services Markets, p.34.

<HE 45> 2 779 9d¥E 7F4(6,30089/MWh)y= 283 Alug]
oo 71 ke g F1A e AT AU e £4) AoE nlas)A
HoAEn, 7|E TY-H%F TZEH(Case 2. Wind&Solar : c2ws)Z A=
2 ovlg] 7FA ¥ (Case 2 Wind&Solar rl : c2ws r1)< H| s HH, o
Hjg 7pAo] e 24 A5 Al g dnjgo] e 329% TAstH T B, A
SolA F43 AYNIA BAFE o 26.1% LA A0 Lehth
ol du|g 7}Ao] ZolXHA AR HFAHS FZ3= W7
o2, dHly &L A= 9, O3 HYE sojd Aol
A= 27K curtailment) O 2ZH AE $89 5 = AR WA
ol Zol& Aol
(E[MWh]/day) c2ws c2ws rl c3ws c3ws rl
E[A A U A 2 2 346,807 342,078 347,825 345,363
E[A Aol =] <] A E 1,716,981 | 1,721,709 | 1,717,326 | 1,720,186
Fal4% dakis dug 99,817 80,279 45,580 31,770
Fal+% slkis duE 84,684 61,180 38,089 28,558
AAA T on)E 88,507 60,291 27,928 10,182
E[F31H 0.54 0.61 0.24 0.19

A Az A4
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W Generation Cost Saving B Reserve Cost Saving
1,200

800

600 I
400 |
200 I l

1,000 l

Cost Saving(44 OH§1/ %)

wind only solar only wind and solar wind only solar only wind and solar

=200

reserve price : 38 8l /MWh reserve price : 6.3 8/MWh
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A7IME AAE txELY AHE o] 834 PCHIP(Piecewise Cubic
Hermite Interpolation Polynomial) 27HH-& o] 8-af A%t A=A 28 &
H-8-& 43Itk PCHIPS 7]&9] dWHA 321 3h<F |9 B <

Aol A =22 H3k3t =212 HYlgrel

AR o= 7 d4d AH
2 RS dF s Bt oM £4E ARE dud T 954
HALHE T Tt w2 Ee, Y U dEgd2 VM et
S Ee AT B Aol At AHALE LYRIES FAsE H
o 7H A9 ot
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WA BAFTH o Ao A &Rl ThEslo 31
A AESauE 4 gk AA e 4EE F et IS ¢
& Atk

— 2B VE2MWh)  — LI IHAR2MWh)
|
1IN
: ml ml.l#l
<k
o
<d
SHRM2RSNNEBSNEISAmM2RR2RAS2A BB REEAELRELN
e
A5 199, 2015, FEH AGATE FH}RY 75 AT, AUAAFAGTE 7]
BATR A 15-15, p.87.
Wl 91nd 2w c2s c2ws c3w c3s c3ws
ElzibzlRcs 0.859 0.853 0.726 0.858 0.850 0.725
o] = n]8 3.448 2.530 3.994 1.313 0.871 1.722
TG & 0.866 0.857 0.735 0.859 0.850 0.727
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<¥ 46> PCHIP H7HHE o] 43 =43 A
#e HoE BAE e Case 1-°4 AZE HlE< 1012t g wiet

2 °F 72.6% #%fd WA G =] 82 oF 399.4% F=olt) AR}
A 4= Y3 ol HARTHES tAs] LHR &L FTI]
Aa3tG AR 7k W4T B0 Q18| oulg nlgo] A<
4v) =F0 2 Z713 Aot} of7]d ESS7F F7FE Case 3 Wind&Solar
o] 7% Case 1 thH] ARG F 72.5%<1 WHH oujg v]g2 o
172.2% ~<=°]t}. & Case 2 Wind&Solar thH] #1082 <k 0.01%p &
7= QA duEn] g2 oF 227.2%p HZAEATES) o]= UA AP
o] ESS7} Ao Ao WEdE At oulgngo] 5739,
HE4 R HeEAd ZH*ML%X]% F7tE AT FE3HA FoEA
ESS W7 &A= Bl O 4

L8395 2F3 ESSE g T2 0§ HE 7= Case 2 Wind&Solar
thE] oF 0.8%po]lth.

NS A% 2ad Aot £ v
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NMAE(Normalized Mean Absolute Error)$} MAPE(Mean Absolute Percentage
Error)©] t}.
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NMAE MAPE

=E=1
= (Normalized Mean Absolute Error) (Mean Absolute Percentage Error)
« A2 AN LT 07 YR cAHoR oA 4 A Bl
e g Y
Atz du gl g S .
E ] [e] =2 [elre] N 2k
7 e AAIA A ghol dius)

AAre] AYEg HES]
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A grol wl¢ 2A 242
75, At s
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(B H2-1) UNY-EIQTY HES X2 XIE U 71

DAAT HR&F 100W/m’

1 kW &3 g WA 10m’
MJ-kWh H3F A5 0.279kWh/MJ
HEE od 58 16.8%

HEg A2E B 88 79.0%

g A 2.
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Solar Panel Efficiencies by Manufacturer

=15% 15-17% 17-19% 19-21% =21%

Armerisolar

At

Caonadian Solar
CentroSalar
Ching Sunergy
ET Salar

Grape Salar
Grean Brlkance
Hamwha Q CELLS
Hanwha SolarOne
Heliemne Inc.
Hyundai

Itek Energy
JinkoSolar
Kyocara

LG

Mission Solar
Mitsubashi Electric
Pangsonic

REC Solar
ReneSolo
Renogy Solar
Seraphim

Sitfak

Solaria
SolorvWorld

Stion

SunPower
SunSpark Technology
Trimo Solor

Z}E: https://news.energysage.com/what-are-the-most-efficient-solar-panels-on-the-
market, #ELEL 2018.11.30.
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=4 g A A1 AR A
Inverter losses 6~15% 8%
Température losses 5~15% 6%
DC cables losses 1~3% 2%
AC cables losses 1~3% 2%
Shadings 0 % to 40% 0~40% 1%
Losses due to weak irradiation 3~7% 3%
Losses due to dust, snow... 2% 1%
Other Losses - 0%

Z}&: https://photovoltaic-software.com/principle-ressources/how-calculate-solar-energy-
power-pv-systems, ZHEY 2018.11.30.
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3. MPSOPF &3

52 Zimmerman et al.(2013)9] ‘Multi-Period SuperOPF Problem
Formulation’ 9| A A7)3}2 )+ MPSOPF E& 9] EZA k9 A oF2] 9]
TZx 9 8o tgl Aoz OPX]—r-(2016)«] 2o AgH Y-golt}.

7}, MPSOPF 22X &k

minf(z)
X

fla)=f,(pp+.p=)+f,(r+,r—)+ f5(p)
+f1f(5+75_)+fs (507psmpsd)+fuc(lu’w)

1) Cost of active power dispatch and redispatch

f;;(p7p+7p E E Z ’l/)t]k

teTje Jjlke KY

S0+ G () + = 1)

ie I

2) Cost of Contingency Reserve
Folrtr=)= 334" 3310 () + G (1))

teT et

3) Cost of Load- Following Ramping (Wear-and-Tear))

tjoj i/ tijs0 (t—1)ij,0
— Z,yt E (bml E Cg(pu’ —p ’Jl)
ter ettt ie ™
ReJ



4) Cost of Load-Following Ramp Reserves
Frp6+.6=)= 334" 231G (6Y) + G (82)]

teT e

5) Cost of initial stored energy and Value of terminal energy

fs (30’psc’psd) = C;—(F]SO - (q—sr() S0 + C(t;*rcpsc + Q;'rdpsd)

6) Startup and Shutdown Cost
U( 27 Z C”’U”‘i‘ C,ff fz)

teT et

L}, MPSOPF H|QFAl

1) Standard OPF Constraints
- Nonlinear AC power balance equations
gtjk (etjlc7 thk7ptjk7qtjk) =0
- Nonlinear transmission flow limits, voltage limits, any other OPF
inequality constraints

htjk (9tj]€7 thk7ptjk7qtjk> <0

2) Contingency Constraints
- Reserve, redispatch and contract variable

tijk ti ti
0<p"=<ri< R .+

tijk ti ti
0<p"=<=rl <R,
tigk _ ti _ tijk _tijk
p P =D+ b-



- Ramping limits on transitions from base to contingency Cases

— AL < ik pti0 < Ai, k=0

3) Intertemporal Constraints

- Load-Following Ramping Limit and Reserves

0 = §tz = 5mdx+
0< " <ql

for all{te T, ie 1", jie ', jeJ' | P =1}

ptz‘J‘QO_puﬂ)z‘jlo < gt
p(rl)im_pn‘jzo — sl

- Storage Constraints

p = pl
Pt =0

padt =0

Sﬁ - Sl;llln

sY < Sl

tijk _ i tijk 1 tijk
SN = A (772"1 Pse + i Psa )
out

st < ﬁlls(f —I—Bz £ij0

St: > 5718 1+61 tij0
ti L (tfl)z i tZJO i tzﬂc
sh < + Bis iS00

St = ,sg Vig Bt 4 Bt k< 0



4) Unit Commitment

- Injections and Commitment
quPrfn/{rlsl' < ptijk < uhPr;/él;(
Wl rtrlzljr]: < qtijk < uter;ziJ;

- Startup and Shutdown Events
uti_u(tfl)i, _ uti_wti

- Minimum Up and Down Times

¢
Z w’ <
y=t—1

t
. ti
M owi<1—u
y=t—r

- Integrality Constraint

u''e{0,1}, v"€{0,1}, w'"'={0,1}

Ct. MPSOPF 23 20 9|

Symbol Meaning

A Length of scheduling time slice in hours, typically 1 hour.

t Index over time periods.

T Set of indices of time periods in planning horizon, typically
{l..m,}.

J Index over scenarios.

J?t Set of indices of all scenarios considered at time ¢.

k Index over post-contingency case(k = 0 for base case, i.e. no
contingency occurred).




Meaning

KU Set of indices of contingencies considered in scenario j at
time ¢.

7 Index over injections(generation units, storage units and
dispatchable or curtailable loads).

It Indices of all units (generators, storage and dispatchable or
curtailable loads) available for dispatch in any contingency at
time .

Jiik indices of all units available for dispatch in post-contingency
state Kk of scenario j at time ¢t.

p“-jk,qti-jk Active/reactive injection for unit ¢ in post-contingency state k
of scenario j at time .

CH() Cost function for active injection ¢ at time .

p:' Active power contract quantity for unit ¢ at time ¢.

tijk tijk
P+ sP-

Upward/downward deviation from active power contract
quantity for unit ¢ in post-contingency state k of scenario j
at time ¢.

ONNE

Cost for upward/downward deviation from active power
contract quantity for unit ¢ at time ¢.

ti i
it

Upward/downward active contingency reserve quantity provided
by unit ¢ at time t.

Cn (), CH_ ()

Cost function for upward/downward contingency reserve
purchased from unit ¢ at time .

8, ot

Upward/downward load-following ramping reserves needed
from unit ¢ at time £ for transition to time ¢+1.

ci (), ot ()

Cost of upward/downward load-following ramp reserve for unit
1 at time t.

()

Quadratic, symmetric ramping cost on the difference between
the dispatches for unit ¢ in adjacent periods.

tik tik tik _tjk
0", VIR p g

Voltage angles and magnitudes, active and reactive injections
for power flow in post-contingency state k of scenario j at
time ¢.




Symbol

Meaning

gﬁjk(.) Nonlinear AC power flow equations in post-contingency state
k of scenario j at time ¢.
htjk‘(.) Transmission, voltage and other limits in post-contingency

state k& of scenario j at time t.

min ’* max

Limits on active injection for unit ¢ in post-contingency state
k of scenario j at time ¢.

Qr';lfr’:’ éfé’i Limits on reactive injection for unit ¢ in post-contingency
state k& of scenario j at time ¢.
5 5 Upward/downward load-following ramping reserve limits for

max +’“max —

unit 7.

Al AL Upward/downward physical ramping limits for unit ¢ for
transitions from base (k=0) to contingency cases.

5t+i, st Upper/lower bounds on the energy stored in storage unit ¢ at
the end of period ¢. For ¢=0 this is a fixed input parameter
representing the bounds at the beginning of the first period.

gt gti Stored energy (in MWh) max/min limits for storage unit ¢ at

max ’~min

time ¢.

i
So

Initial stored energy (expected) in storage unit 4.

501' S(‘M'

min ’~max

Lower/upper bounds on initial stored energy (expected) in
storage unit 7.

Snti Sn,1

min ’~max

Lower/upper bounds on target stored energy (expected) in
storage unit ¢ at end of final period n,.

pg’g"’7 pgidﬂ" Charge/discharge power injections of storage unit ¢ in
post-contingency state k of scenario j at time .

Cyo Cost associated with starting out with a given level of stored
energy S, at time ¢=0.

C, Vector of prices for contributions to terminal storage4 from
charging or discharging in non-terminal states.

Ciro1 Ciao Vector of prices for contributions to terminal storage4 from

charging/discharging in terminal end-of-horizon base states.




Symbol

Meaning

C;ck’ C;dk

Vector of prices for contributions to terminal storage4 from
charging/discharging in terminal contingency states.

QSO’ G

tsc?

Q.sd

Weighted price vectors summarizing contributions to the value
of terminal storage4 from initial storage/charging/discharging,
derived from C, C.,.5s Csa0s Cseir Caar See (3.91)=(3.94)

for details.

i i
Nin> Nout

Charging/discharging (or pumping/generating) efficiencies for
storage unit 7.

Moss

Fraction of stored energy lost per hour by storage unit ¢.

¢f]k

Probability of contingency k in scenario j at time ¢ @
is the probability of no contingency, i.e. the base case, for

scenario j at time ?).

For contingency cases, the fraction of the time slice that is
spent in the base case before the contingency occurs (a=0
means the entire period is spent in the contingency).

tjk
(e

Probability wtjk of contingency k in scenario j at time ¢
adjusted for «v.
" W +a Z P =0
(0 KEKY =0 ’ (3.1)
(1—a) ™, vEE K20

Probability of making it to period ¢ without branching off the
central path in a contingency in periods 1 .., t— 1.

,yt _ Z w(tfl)jo _ Z wtjk (32)

jes ! JEJ kEKY

Probability of transitioning to scenario j, in period ¢ given

that we were at scenario j; in period ¢-1.

Cf./?Jl

Binary valued mask indicating whether transition to scenario
Jo in period ¢ from scenario j; in period ¢-1 should be

included in load-following ramp requirements.

Binary commitment state for unit ¢ in period ¢, if unit is
online, 0 otherwise.




Meaning

Binary startup and shutdown states for unit ¢ in period %, 1
if unit has a startup/shutdown event in period ¢, 0 otherwise.

Minimum up and down times for unit ¢ in number of
periods.

Startup and shutdown costs for unit ¢ at time ¢ in $ per
startup/shutdown.
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