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Abstract

Analysis of power system flexibility and economic
impact due to expansion of renewable energy based
on power market simulation

HyungGeun KIM

Technology Management, Economics, and Policy Progra
The Graduate School of Engineering

Seoul National University

To achieve the reduction target of greenhouse gésseons, energy transition policy is
being implemented to expand the share of renewasegy worldwide. However, the
expansion of renewable energy not only causeddRribility problem of the power system
due to volatility and uncertainty of renewable gyesutput, but also affects the merit order
of traditional power generation sources due todperating costs of renewables or national
policy objectives. These effects give rise to achtugnsformation in power systems with a
high share of renewable energy. In this contexs, study evaluates the flexibility of the
power system and analyzes the economic impactepdiver market in 2031, when the
share of renewable energy exceeds 20% due to Koeeergy transition policy. First, a
mixed-integer linear programming approach was teddrmulate the power system day-

ahead unit commitment and economic dispatch madela power market simulation was

il



conducted to compare the performance of the et@gtrnarket in 2031 based on 2018
figures, when the share of renewable energy isivels low at 6.2%.

To assess the flexibility of the power system iB20ahe number of periods of flexibility
deficit for 8,760 hours was calculated by compathmey supply of flexibility according to
the scenario of available flexibility resourceshwtite flexibility requirement, which is the
fluctuation in net load over an hour. The resuliisvg that if only the operational reserve is
considered as a flexibility supply resource, al@®tfo of the renewable energy volatility
can be dealt with in terms of upward flexibilityjtithe role of the quick-start generation
resources is found to be important for 6% of thapimg event greater than the reserve
capacity. On the other hand, the number of timesilllity deficit occurs in terms of
downward flexibility is expected to be about 18pwing a very low probability of
occurrence.

The analysis of the distribution of renewable eperglatility reveals that, unlike the
standard for operational reserve, which was trawiily fixed, the resource for responding
to flexibility problem in renewable energy need®opeerate the flexible securing standard.
In addition, it is necessary to review the improeamof the current upper limit method of
power output level and the separate operationeofdberve auxiliary service market from
the energy service market to ensure that powerrggoe sources suitable for supplying
flexibility with physical characteristics for respee to flexibility are included in the
operational reserve. At this time, the minimum neadize of the reserve auxiliary service

that could be considered was estimated to be &dwt 162 billion.
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The expansion of renewable energy will lower theteymn marginal price by 13.7
KRW/kWh on average in 2031. As the share of renésvabergy generation increases, the
capacity of net load to be met by traditional pogweneration decreases, and the drop in
the system marginal price may be even worse. Sagti@ase in electricity market prices
seems to lead to the accompanied decline in thepesndors’ wholesale electricity price.
However, when looking at the result of power pusgh&ost analysis considering the
renewable portfolio standard (RPS) and the emissiading scheme (ETS) to expand
renewable energy, it was predicted that the capasttlement amount, the emission
trading cost, and the RPS obligation fulfillmenstaexcluding the electricity settlement
amount, would increaséccording to the analysis of power market simulatily RPS
obligatory rate, paid allocation ratio for emissgamading, and emissions price per unit
scenarios, the average power purchase cost magaserup to about 13% from 93.87
KRW/kWh in 2018 to 106.03 KRW/kWh in 2031. This gegts that it could act as a
pressure factor to raise electricity rates in titere.

The results of this study have the following poligyplications. First, to secure the
flexibility of the power system to an appropriageél in 2031, it is necessary to consider
the alternative method of securing the operatirgemes via competitive bidding for
flexibility resources that meet the power systemuiement instead of the upper limit
constraint on generation output. In addition, far purpose of responding to variability of
renewable energy, quick-start generators operatearately from the operational reserve

should be implemented as planned. It is also napess refine the system for predicting



the amount of renewable energy generation in ceraiin of the mechanism for
responding to the variability of each flexibilitggource to realize the flexible regulation of
flexibility supply amount.

Second, if policy makers consider revising or dihimg a new policy related to the
expansion of renewable energy, it is necessarkamime not only the expected direct
effect of the policy but also the indirect ripplffeet, such as the pressure to increase
electricity rates due to the hike in power purchassts of vendors. Third, since the amount
of renewable energy generation and electricity miapkice are expected to change in an
increasingly inconsistent pattern, it is also imaot to reconsider the design for the
settlement rules of the cost-based pool marketethau of deciding the market price
Finally, in the future power market, the patterfiedence between the demand peak and
the market price peak may increase. Thereforepwsrpolicies that consider demand
patterns, such as demand management, economicahdamsponse, and electricity fee

system, should be reviewed in the direction of mering the net load pattern in the future.

Keywords: Renewable Energy, Unit Commitment and Economip&tish Modeling,
Mixed-Integer Linear Programming, Evaluation of tRewer System Flexibility,

Power Market Simulation, Economic Impact Analysis

Student Number: 2017-36365
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Chapter 1. Introduction
1.1 Research Background

Since the Paris Agreement in 2015, all countriesiad the world have defined their
nationally determined contribution (NDC) accordioghe circumstances of each country
and have promoted various energy policies to aehleis greenhouse gas reduction goal.
The energy transition policy, which has recentlgrbanplemented by leading countries to
reduce greenhouse gases (GHGS) by replacing exfsssil fuel power sources (e.g., coal,
LNG) with renewable energy, is also one of natiogrargy policies along with energy
efficiency improvement and demand management.

According to the International Energy Agency’s ([BAorld Energy Outlook 2018, the
share of renewable energy in global power generd#oilities will increase from 25% in
2017 to 40% in 2040. China is expected to contel#% to this expansion of renewable
energy supply, followed by Europe with 25%, andWgand India with 13% (IEA, 2018).
In the 8" Electricity Supply and Demand Basic Plan (here&®DP) and the 3rd National
Energy Master Plan, South Korea (hereafter Koraa)dhso published a plan to expand the
share of renewable energy generation to 20% by 2080 30-35% by 2040, and is
promoting the energy transition policy (Ministry ®fade, Industry, and Energy, 2019,
2017).

Globally, the share of solar and wind power genmanatas been increasing remarkably

within the renewable energy power generation semidng to the effect of the energy
1



transition policy in each country. In particulaitmthe improved competitiveness of solar

power generation, the capacity of such generatailities is expected to exceed that of
wind power generation facilities by 2025, hydropogeneration by 2030, and coal power
generation by 2040 (IEA, 2018). Furthermore, toneixe the prospect for the composition

of power generation sources based on Korea's catpedcity in 2031 (Figure 1ihe share

of solar and wind power generation facilities ie thew and renewable power generation

facilities of 58.6GW is the highest at 87.6% (51V8)5

Prospect for composition of power generation source
Pumped Storage,

new. 4,700
20L8 13,01 Oil, 4,151
Pumped Storag Oil, 1,391

6,700
®m Nuclear mCoal mLNG = Renewablem Pumped Storaga Oil

Renewauie
58,611 ‘

Prospect for new and renewable energy supply

Hydro, 1,810
Others
2018 i 9.827
Wind
1,374 Hydro, 2,105
-

m Solar = Wind m Hydro Others
Figure 1. Prospects for composition of power generatioRd81 (unit: MW)

1) Others: marine energy, bio energy, waste-to-englayt, byproduct gas, fuel cell, IGCC

Source: 8 ESDP, reconstructed by the author



Among the renewable energy generation technologielr and wind power are
determined by weather conditions, the power geiograutput cannot be adjusted unlike
traditional power sources (e.g., nuclear, coal, IN&d uncertainty and volatility in
power generation output appear as inherent featideahofer et al., 2013; Hirth, 2013;
IRENA, 2018; Ueckerdt et al., 2013). Volatility and uncertainty in power system
operations is not a new issue. Traditionally, posygstems have secured flexibility in
supply to cope with demand prediction errors aniuriess of power plants and
transmission lines to maintain balance between ddmad power generation, and have
secured reliability through demand reduction arahdfer (Babatunde et aR020;
Lannoye et al., 2012; Nosair & Bouffard, 2015). Due to the recent increase in the share of
variable renewable energy generation, the rampuegteof net load (demand—variable
renewable energy generation) is a factor that egerdrate the reliability of the power
system; the concept of flexibility has been extended not only in the operation of power
systems, but also in the establishment of poweergeion plans. Power system flexibility
is defined as an ability to manage the uncertaamy volatility of power demand and
supply on all relevant time scales in cost-effect@wnd reliable levels (IEA, 2018). Korea
is also strongly promoting an increase in the sbrenewable energy as a national policy.
In particular, due to the characteristics of thev@osystem that has high shares of solar
and wind power generation with high volatility aisdindependent or isolated from the
power grids of other countries, power system fléxyowill become a more important

issue with the increase in renewable energy gdoaratccordingly, many research have



been conducted on methods to strengthen power system flexibility (Ahn, 2017; Jang and
Cho, 2018; Cho and Cho, 2018).

The expansion of renewable energy can cause ngttio@lproblem of power system
flexibility due to volatility and uncertainty, batso many changes in the power wholesale
market (Ela et al., 2014). Ela et al. (2014) sutggbshe following effects of renewable
energy expansion on the US power market. First) sxpansion can lower the average
locational marginal price (LMP). Since the meridler of renewable energy is higher than
the existing power generation sources due to natipalicy or low operation cost, the
profits and operation schedules of the traditigualer sources depend on the renewable
energy generation. Second, although the LMP isrohted in the day-ahead market
(hereafter DAM) according to the prediction of readle energy generation, the gap with
the real-time market price may widen due to thatily of renewable energy generation,
and this can also increase the uncertainty of pgeeeration companies’ participation in
pricing. Third, the volatility can increase thexilgility capacity required in the power
system. If there is no incentive in terms of thguasition of flexibility capacity, the
reliability of the power system can be degradedawer generation sources that require
a high operating cost can be introduced. Lastlygkpansion of renewable energy in the
reserve auxiliary service market requires an irggen the scale of reserves, regulation
changes such as the dynamic operation of resewasprovement in the accuracy of the
renewable energy output prediction. These chaiattsrare general facts that may occur

not only in the wholesale market of the US, bub afsthe power market where the share



of renewable energy generation is increasing.

However, unlike the price-bidding-pool (PBP) of the US and Europe, the wholesale

power market of Korea is a cost-based-pool (hereafter CBP) where the energy and

auxiliary service markets are not separated and the real-time market is also not introduced.

As shown in Figure 2, in the domestic power market, KEPCO’s 6 power generation

subsidiaries, independent power producers, private generation companies and community

energy systems produce electric power, and KEPCO transports the electric power it

purchased from KPX through the transmission and distribution network, and sell it to

general customers.

KEPCO’s power Private power

generation subsidiaries generation companies

Self owned power

Generation facilities

14
Availability Bic;\‘Offeﬁng & Revenue Availability Bid
a

INAIEIS I Korea Power Exchange
e (CBP/Market Operator)

IPPs

Surplus (shortage)
.............................. o Weormmiy ey soovlier

(Independent Purchase Purchase payment
power producers)
Surplus (shortage)
PPA
i l Direct Purchase Direct Supply
agreement) -
e L s —
Electricity) . Customer Customer

Figure 2. Structure of Korea’s power wholesale market

Thus, the power market design may be different in each country. In other words, the



evaluation of power system flexibility and econoneifect analysis according to the
expansion of renewable energy can derive diffeeslts depending on the power market
situation of each country. Therefore, to accuraglgluate the impact of the increased
proportion of renewable energy on the wholesalegranarket of Korea, it is necessary
to construct a simulation model reflecting the dstite power system protocol and

operating regulation and conduct a quantitativéyarsusing this model.

1.2Research Objectives

To analyze the impact of the increased proportiovadable renewable energy on the
power market in terms of flexibility and economitisis study constructs a power market
simulation model using mixed-integer linear prognasimy (MILP). The day-ahead
generation scheduling program, which is a majort érpower market simulation,
optimizes the unit commitment (UC) and economi@adish (ED) simultaneously, and is
used to establish the price-setting and operatipoater generation plans. The Resource
Scheduling and Commitment (RSC) system also appfiesMILP methodology. This
system is used by the Korea Power Exchange (herd&#X), the power system operator
in Korea, to establish the day-ahead unit commitnagrd economic dispatch schedule.
This is a method of adding energy policy changaseasconstraint equations, and has the
advantage of easily analyzing the power market ang2ommercial unit commitment and

economic dispatch programs for practical purposesild reflect complicated market



conditions such as heat, fuel, and transmissiostcaints. However, this study developed
a simplified power market simulation model to ewedu power system flexibility and
analyze economic impacts. Problems such as thaseelef the proprietary information of
power generation companies including generatiom and physical constraints and the
increased complexity of programs were taken intasiteration. Despite the simplified
structure, the proposed model can still performusation analysis according to various
energy policies (e.g., restriction of coal-firedysy generation for reduction of particulate
matters and adjustment of taxes and public chaogepower generation fuels). The
proposed model also has the advantage that itsis teachange the reserve amount and
various constraints in accordance with the reseabgctives.

The main objective of this study is to evaluategbarer system flexibility of Korea in
2031 using the proposed power market simulationehddower system flexibility is
drawing significant attention due to an increas¢him generation of variable renewable
energy (hereafter VRE). To evaluate power systeritility based on forecast data for the
composition of power generation sources in 2031ecdhg the plan on the new
construction and demolition of power generatiorilités in the 8 ESDP, the flexibility
supply amount is analyzed separately for the spmmeration capacity in the unit
commitment and economic dispatch schedule anchéogeneration capacity that can be
supplied after a dispatch order in off state. Tigtothis process, the complementary
relationship between current policies on operatioegerves and regulation on the

management of quick-start generators are examawedell as the degree of contribution



to flexibility supply. Power generation sources(uding quick-start generators) in on and
off states have different physical properties (estart-up time and ramp-up/down rates)
and operation costs in terms of the flexibility plypamount. Thus, the degree of
contribution to flexibility supply of each power mgration source needs to be analyzed.
Furthermore, quick-start generators are regardeaserves like the current oil power
generation. As these resources are used in baakiliés for controlling the power output
variability of renewable energy and handling emeaye situations, rather than in
generation facilities for creating profits unlikeaditional energy sources, incentives or
appropriate compensations should be provided tpatiphese flexibility resources so that
they can enter the power market.

Therefore, this study derives implications on tladitions required for quick-start
generators to enter the power market as flexihigources and the required technological
development considering the characteristics of sesburces.

According to the power market operating regulattbe,operational reserves that can be
acquired by setting the upper limit (95-100%) fo power generation output in the CBP
market must be included the reserve resourceseirotitier of the variable cost of each
generator, which is the criterion for minimizingetbeneration cost in the energy market,
unless the constraints for power generation sowaestituting the reserves are given. The
restrictions on the power generation sources datigtj the reserves and on the physical
properties (e.g., ramp-up/down rates) of the reseoviginating from the power generation

sources may lead to shortages for intra-hour atthahe flexibility supply amount is



sufficient for inter-hour. To analyze this problethe second objective is to evaluate the
volatility response ability according to the comitios of reserve resources considered as
flexibility supply amount. In addition, the appragie size of the reserve auxiliary service

market is estimated in terms of the separatiomefgy market and this market, which is

under review to respond to renewable energy vitlatdnd market system improvement

directions are derived.

As the share of the renewable energy generatidmavitigh merit order increases, not
only are the generation schedules of the traditipoaer generation sources (e.g., nuclear,
coal, LNG) changed and reduced, but also the pomaket price. That is, the system
marginal price (hereafter SMP) will show a differgrattern from the existing power
market that has a low proportion of renewable gneaygneration. Furthermore, the
expansion of renewable energy can be an imporigget that finally determines whether
to raise electricity rates because it not only gesnthe profit structure of the power
generation companies, but also affects the powehpse cost of the Korea Electric Power
Corporation (hereafter KEPCO), the only selleria power market in Korea. Therefore,
the third objective is to analyze the economicaff®f the renewable energy expansion on
the power market such as the wholesale price an@diver purchase cost changes of the

power vendors.

1.3Research Outline

To analyze the effects of the energy transitioncgdbr renewable energy expansion on
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the domestic power market operation in 2031 in seofrflexibility and economics and to

derive policy implications, this rest of this study organized as follows. Chapter 2
examines the existing studies on power systemtilyi to respond to renewable energy
volatility, unit commitment and economic dispatatheduling models, and the energy
transition policy of Korea. It also presents thmitations of previous studies and the
motivation of thisstudy. Chapter 3 proposes a research methodologyatimate power

system flexibility and analyze economic effectsigsh power market simulation model. It
also presents the objective functions and constegjuations applied to the MILP to build
a day-ahead unit commitment and economic dispatohdsiling model based on the CBP
market of Korea. The fitness of the proposed panarket simulation model was verified
using the mean absolute percentage errors (MAPHB)eoEMP estimates, which are the
result of the optimal unit commitment and econothgpatch scheduling simulation, and
the SMP results published by the power market. @mnap, Empirical Studies, are

composed of three parts: evaluation of the powetesy flexibility, analysis of the

composition of flexibility resources and volatilitgsponse ability, and economic impact
analysis. Section 4.1 outlines the flexibility evation including the data required for
power system flexibility evaluation and the collent and processing methods. The
flexibility capacity required in the power systescalculated by estimating the volatility
of net load in 2031. The proposed model is usezhkoulate the flexibility supply amount

corresponding to the flexibility requirement. Thextbility of the power system in 2031 is

evaluated by comparing the flexibility requiremevith the flexibility supply amount by
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operation state (in-market, out-of-market). Sectidhanalyzes the incentive effect for the
participation of power generation sources includethe flexibility capacity in reserve
services and examines the relationship betweercdh®osition of operational reserve
resources and the volatility response ability. Tiféerences in the volatility response
mechanisms of operational reserves and quick-gimerators are also analyzed. In
addition, the analysis results for the reserve etadize estimation, which can be
considered when the energy and reserve auxiliamjceemarkets are separately operated
based on the generation cost simulation, are destriSection 4.3 analyzes economic
impact and compares the effects on power markeicipants through SMP and power
purchase cost forecasts. Chapter 5 summarizes rihlgses results of the effects of
renewable energy expansion on the power markepalixy implications. In addition, the

limitations of this study are presented, and futesearch topics are suggested.
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Chapter 2. Literature Review

This study evaluates the flexibility of the domegibwer system in 2031 and analyzes
the economic impacts such as power market pridel generation cost, and power
purchase cost. The focus is on the volatility peabldue to renewable energy expansion
and the high merit order of renewable energy dlevter operation cost than conventional
power generation sources. To analyze the impath®mpower market such as flexibility
evaluation, the power market operation results2fait8 and 2031 are compared using a
day-ahead unit commitment and economic dispatcadadimg model. Considering these
research objectives, the literature review is o as follows. Section 2.1 examines
existing works on the flexibility concept of powsystem, the types and characteristics of
flexibility resources, and flexibility evaluatiorSection 2.2 examines the UC and ED
planning model and the unit commitment and econatispatch optimization technique.
Section 2.3 reviews studies on the flexibility lbé tpower system for the domestic energy
transition policy and the optimal mix of the contienal power generation sources for
remaining demand excluding the share of renewahkrgy generation. Finally, the
limitations of previous studies and the motivatmithe current study are presented in

section 2.4.

2.1 Power System Flexibility

To respond to climate change, the basic trend qfameding zero-carbon power
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generations that increase the share of renewabtgyegeneration to reduce €@missions
in the power industry requires a change of the paystem. Most types of renewable
energy generation have the intrinsic charactesistiovolatility, unpredictabilitylocational
constraints, asynchronous power generation, andp®msation cost (IEA, 2014). Thus, the
net demand changes dynamically even within the ainfiower system operating time.
These characteristics are emerging as new riskraat satisfying the energy demand in
real time and maintaining the voltage and frequeremyulations, thus increasing the
uncertainty of power system operation (Babatundé €2020). Since the ability to respond
to the volatility and uncertainty of renewable @yewas defined as flexibility, numerous
studies have investigated the flexibility evaluatiof power systems, flexibility supply
resources, establishment of long-term plans torseftexibility and the improvement of
predictive power for renewable energy volatilitytex the flexibility of power system was
officially mentioned by the IEA (2011) and the Norfmerican Electric Reliability
Corporation (NERC, 2009, 2010), researchers artdutiens have defined flexibility in

various ways according to their research object{Vable 1).

Table 1 Definitions of power system flexibility by prewis studies

Previous studies Definition

Lannoye et al. (2012) “The ability of a system éplby its resources to respond to changes
in net load, where net load is defined as the reimgisystem load

not served by variable generation.”

IEA (2011) “Flexibility expresses the extent to winia power system can modify
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its electricity production and consumption in resgp®to variability,

expected or otherwise.”

Bouffard and
OrtegaVazquez (2011)

“The potential for capacity to be deployed within cgrtain

timeframe.”

Makarov et al. (2009),
Dvorkin et al. (2014)

“In terms of power capacity (MW), ramp rate (MW/mih

Silva et al. (2015)

“The ability of a power systetm cope with variability and
uncertainty in both generation and demand, whiléntaming a
satisfactory level of reliability at a reasonabtest; over different

time horizons.”

Zheng et al. (2012)

“The system’s capability topasd to a set of deviations that are
identified by risk management criteria through dgpig available

control actions within predefined timeframe andt¢bsesholds.”

As can be seen from Table 1, power system flegjbdan be defined as an ability to

respond to the net demand variations due to thatiligl and uncertainty of renewable

energy stably and cost-effectively using the fldiiposupply resources participating in the

power market. Each country has a different powerketaoperating on different time

intervals. For example, in the Korean power martet,generation scheduling for price-

setting or operation is established on an hourlgsubut this flexibility must be secured at

all times, between 1-hour units and within 1 hour.

As renewable energy expansion is promoted as arrpajiwy in the power generation

sector, existing studies on the power system flityitcan be largely classified into the

calculation of flexibility requirement, flexibilitgupply resources, power system flexibility

evaluation, the issues and barriers of the poweakehashort- to long-term supply and
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demand, and operation planning. These distinctions are not mutually exclusive, but closely
correlated. Thus, studies are considering the above issues separately or in combination
according to the research objective. In the current study, for calculation of the flexibility
requirement in a power system, the net demand difference between unit commitment and
economic dispatch scheduling time units suggested by Lannoye et al. (2012) is applied and
used as hourly flexibility demand. Since this flexibility requirement also contains
uncertainty such as the renewable energy output, when the flexibility demand is predicted,
economic, technical, and institutional measures such as power generation facility planning
in terms of flexibility supply, change of the operation method, and improvement of the
power market system should be used as response measures for this uncertainty. In this
context, rather than studies on predicting renewable energy variability, existing studies on
flexibility supply resources and flexibility evaluation that power market participants may

consider are examined.

2.1.1 Sources of Flexibility

The flexibility supply sources considered to integrate variable renewable energy
efficiently in a power system can be largely distinguished by power supply and demand
aspects and by methods of connecting with other industrial sectors (IRENA, 2018).
Traditionally, when the share of renewable energy was low, flexibility was supplied by
sources that allow dispatch control (e.g., coal, LNG, pumped storage, hydropower).

However, with the rising proportion of renewable energy, the requirements for generation
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ramp-up/down (MW) and ramp-up/down rates (MW/mirg also increasing. Thus, while
efforts are being made to improve the physical erigs of existing generators, LNG gas
turbine (hereafter GT), variable-speed pumped gtrpower generation, and large-
capacity battery energy storage device technologies being investigated as new
flexibility supply resources (IEA, 2018). In otheords, methods to improve the technical
properties of the existing power generation soucrds introduce sources that have such
properties in such a way so as to increase the-tgfggown rates per minute of the those
supplying flexibility, lower the minimum operatidevel, and reduce the start-up and shut-
down times have been suggested on the supplyBidlkéng L, 2011; Cochran et al., 2014;
Eser et al., 2016; Kubik et al., 2015). The physical properties of power generation sesirc
for each fuel are important factors to consider nwiday-ahead unit commitment and
economic dispatch scheduling and real-time markeebperated (Table 2). Among them,
start-up time, minimum generation capacity, angouincrease/decrease rate are closely

related to power system flexibility.

Table 2 Physical constraints of generators

Classification Description

Start-up time Duration from the time when a dispaicder is received until the

generator is started and connected to the powezrays

Maximum generating | Maximum generation capacity based on the high-geltside of

capacity the main transformer.

Minimum generation Stable output level based on high-voltage side of the main

transformer.
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Minimum up-time Minimum up-time that must be maintd until the generator can

be disconnected after it is connected to the paysiem.

Minimum down-time Minimum time interval during wthicthe generator can be

reconnected after it is disconnected from the paystem.

Ramp up/down rate Output change amount that thergear can increase or decrease

per minute at the maximum.

Auxiliary service Frequency following operation, Automatic generatioantrol

characteristic data | operation range, etc.

Source: Power Market Operation Regulation (20194)2 compiled by the author

Energy storage systems (hereafter ESS) can sadvprtblem of supply and demand
imbalance within a short time of several secondet@ral minutes when it is not connected
to the power system (Eser et al., 2016). Among E$Ssped hydro energy storages
(PHES) are large ESSs that are being widely irestalhd used worldwide (IRENA, 22
Lund et al., 2015). However, with recent renewadsiergy expansion, small ESSs (e.g.,
batteries, superconductors, flywheels) are alsogoextensively researched. In particular,
battery energy storage system (BESS) is a techpthag has reached commercialization
level to some degree for the purpose of directghatigon in a distribution network and
renewable energy power generation sources withe lagdatility. However, BESS still
requires continuous technical development effartéerms of capacity, investment cost,
and restrictions on charge and discharge cyte&i et al., 2016; Sinsel et al., 2020).

Unlike the prediction of renewable energy outpotypr demand can be predicted within
a certain error range based on power system operatperience for several tens of years

and the reserve supplied from the conventional p@geeration sources can be used to
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respond to uncertainty (IRENA, 2018). Demand mansge policies have been
implemented worldwide since the 1970s for powertesys operation with cost
minimization through strategic customer demand mameent. Furthermore, with the
expansion of renewable energy, various demand nsspprograms are being researched
for new purposes such as volatility response asaluidon of constraints (e.g., curtailment
of renewable generation) to renewable energy outpkitami et al., 2019; Bayer, 2015;
Shariatzadeh et al., 2015). However, to use a démesponse program as a flexibility
resource, various practical difficulties shoulddoielressed, such as the installation of smart
meters (e.g., advanced metering infrastructurdlgatamn and management of reliable load
resources, and proper compensation measures fbreédaction and transfer (Babatunde
etal.,, 2019; W. T. Li et al., 2015; Mohandes et al., 2019).

Furthermore, power grid connections with neighbpinuntries or regions as resources
to supply power system flexibility provide the adteges of electricity trading between
power systems and using solar power generatioiffereht time zones as interconnection
reservegBell et al., 2012; Guo et al., 2018; Huber et al., 2014). Each country has various
power generation operating constraints such asdhgestion of the existing power grid,
the maintenance of the minimum power output of Ipaseer generations such as coal and
nuclear energies, and overload and imbalance dibe woncentration of renewable energy
generation between regions. Recently, various esuldave been conducted to minimize
the curtailment of renewable energy generati®ENA, 2018; Kondziella & Bruckner,

2016). This problem is closely related to the eatiun of how much renewable energy can
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be accommodated by the power grid. Research is also being conducted on how to connect
with related energy industries to convert the renewable energy output exceeding the power
grid acceptance limit to thermal energy or use it for electric vehicle charging and power-
to-gas (P2G) conversion (Colmenar-Santos et al., 2019; Mazza et al., 2018; Quarton &
Samsatli, 2018; Vandermeulen et al., 2018). However, according to Gross et al. (2018), it
takes several decades to commercialize and propagate new technologies in the energy
industry. For example, it took 18-21 years to introduce and commercialize power
generation technologies in the power market. In other words, commercialization must be
verified through a sufficient test period to introduce new technologies in the power system
operation where stability and reliability are critical, and only the technologies whose
performance has been verified can be actually applied to the power system. Therefore,
Korea has established plans to introduce flexibility supply resources in the long term such
as variable-speed pumped storage power generation, power plants that can operate LNG

GT in a single mode, and ESS technologies (Ministry of Trade, Industry, and Energy, 2017).

2.1.2 Studies on Flexibility Evaluation

Studies on power system flexibility evaluation can be classified by purpose into long-
term plan and short-term facility operation feasibility evaluation. Power generation facility
planning on a long-term basis is periodically performed in most countries to achieve the
reliability and stability of the power system by comprehensively considering technical,

social, and environmental problems. Every two years, Korean government establishes the
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ESDP to prepare for domestic power demand ovendié 15 years (Ministry of Trade,
Industry, and Energy, 2017). Regarding researabptimal modeling techniques for long-
term power generation facility plans accordingte increasing proportion of renewable
energy, improvement of power generation portfoiidggration strategy of renewable
energy, probabilistic modeling that reflects unaimty, and resilient power system design
considering real options have been propd§atnhye & Cardin, 2017; Oree et al., 2017,
Sadeghi et al., 2017).

Lannoye et al. (2012) suggested insufficient rampesource expectation (IRRE) for
the number of cases where the net demand volaiflitpot responded to through a
comparison of hourly flexibility requirement andpply amount in terms of long-term
power generation facility planning. The feasibility establishing such a plan can be
determined by the technical characteristics of gmeter generation source that contribute
to the flexibility supply amount. Oree and Sayed$tm (2016) developed a complex index
considering the importance and correlations betvwegines through the analytic hierarchy
process (AHP) using physical constraints such e®thput range, ramp-up/down ability,
start-up time, and shutdown time of each power iggio® source as individual indices.
There have been efforts to extend the developedbility evaluation indices to the
national power system assessment level. Abdin aod2018) proposed a model that
combined power generation facility planning and rditative flexibility evaluation to
reflect the result of power system flexibility ewation considering short-term technical

constraints from the long-term facility planning@e. What is important about flexibility
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evaluation is the method of calculating flexibiligquirements and supply amount.

The uncertainty and variability of VRE can be showeny differently over various time
scales (Qin et al., 2017). Several studies havéyzath how much the variability of
renewable energy can occur within multiple timeoheons using the stochastic
methodology(Dvorkin et al., 2014; Erik Ela & O'Malley, 2012; Heggarty et al., 2019;
Nazir & Bouffard, 2012; Qin et al., 2017). In particular, the intra-hour volatility will
become an increasingly important issue as it expahd share of renewable energy.
However, since VRE output is highly dependent oativer conditions, there is a problem
that it is difficult to predict, so the questioiillsemains as to whether the renewable energy
output pattern predicted using statistical techesqin existing studies will actually be
realized in reality (Ssekulima et al., 2016). There, in this study, for the purpose of
evaluating the flexibility of the power system,dbes not analyze the variability by
predicting the renewable energy output pattern, aasuming that the past renewable
energy output pattern will be maintained in theufat the required amount of flexibility is
calculated. In other words, rather than develogpingethodology for analyzing the required
amount of flexibility, when the required amount ftéxibility is given, it focuses on
analyzing whether or not the amount of flexibikiiypplied to meet the required amount is
sufficient.

There are two streams of research on the calcolatiche power system flexibility
supply amount: using the simplified generation siciiag established based on the merit

order staclof each generator according to Lannoye et al.’4 %20ad duration curve, and
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using the day-ahead unit commitment and econorsjzatith schedule established through
UC simulation. Between these two methods, the Biéi evaluation that realistically
reflects the power market condition, institutiondapolicies is the second method based
on power market simulation. However, there canrb@dtions in acquiring vast amounts
of data such as national power generation infomnatiransmission network operation
information, heat and fuel constraints, and it $thcalso be noted that information
corresponding to power generation companies’ teggdeets may be included.

The power system flexibility evaluation in this dyus aimed at improving Lannoye et
al.'s (2015) methodology based on the compositiasttook of energy sources in 2031,
determining the flexibility supply amount for eastenario for flexibility supply resources
through day-ahead unit commitment and economicatli$pscheduling simulation, and
analyzing the number of periods of ramp-up/dowrilfigity deficits by comparing the
flexibility supply amount with the flexibility redqiement. In other words, an unit
commitment and economic dispatch model that detezsnthe merit order in the power
market is firstly programmed, and then f@wer market is simulated and analyzed by
reflecting the operating regulations for reservasl aquick-start generators. This
methodology can more accurately evaluate the peystem flexibility than using rough
merit order and can analyze the validity of long¥téacility plans and short-term operation

aspects simultaneously.
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2.2 Generation Scheduling

Unregulated power markets can be generally classified into one in which the UC and ED
plans are determined by independent system operators (ISO) based on power generation
companies’ bidding information and a market that is determined based on market
participants’ profit maximization strategy. As the share of renewable energy is rising in
these two markets, the traditional UC optimization problem is becoming more complex and
the need for establishing the unit commitment and economic dispatch schedule to have
increasingly higher flexibility is increasing. Consequently, the improvement of unit
commitment and economic dispatch scheduling methodology is being researched to

respond to the renewable energy volatility (Abujarad et al., 2017).

2.2.1 Unit Commitment and Economic Dispatch Model

Generation scheduling in the power market in the short term (hourly, daily, or weekly)
is composed of the UC problem, which determines the generator to start considering the
physical constraints, environmental, and economic conditions of each generator while
satisfying the demand of the power system for a short period, and the ED problem, which
determines the optimal power generation of the generator to minimize the total generation
cost. Ultimately, the unit commitment and economic dispatch problem can be modeled as

a mixed-integer combinatorial optimization problem that combines the non-convexity
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characteristics due to the use of an on/off binasiable of the UC problem and the
characteristics of the non-linearity cost functfon ED decision (T. O. Ting et ak006;
Tiew On Ting et al., 2003).

The UC plan optimization is performed by setting tibjective function for problems
that each country and region considers importach si$ minimization of generation cost,
minimization of GHG emissions from coal-fired powsants, and the maximization of
security constraints, and by adding the generatoingsical constraints or the power
system’s operational constraints as conditionaresgongChandrasekaran et al., 2012;
Dieu & Ongsakul, 2008; Gjorgiev et al., 2015; Saber et al., 2007). In the case of the
security-constraint optimal power flow (SCOPF) mipdehich is applied by the power
system operator when establishing a short-term p@egaeration operation plan of the
DAM or real-time market, the ISOs, who are regigmalver system operators of the US,
have largely used three methodologies (FERC, 20fitEar programming (LP),
Lagrangian relaxation (LR), and mixed-integer pamgming (MIP). Korea also used the
priority list method until 1980, the LR method chgithe 1990s, and has used the MIP
methodology since the 2000s (Eom et al., 2009).leTéb indicates that the MIP
methodology is mainly used when the ISOs in thedd8 Korea establish a short-term

power generation operation plan in the DAM.

Table 3. Generation scheduling methodologies for DAM dD§5n the US and Korea

Methodology Plan

24



LR | MIP LP

CAISO o Maintains MIP
ISO-NE o -
MISO o -
Applied MIP to day-ahead market since 2014
NYISO o
(changed from LR to MIP)
PIM o Maintains MIP
Uses MIP in the day-ahead market
SPP o o
Uses LP for dispatch planning and pricing
KPX
le) -
(Korea)

Source: FERC (2011), Liu et al. (2019), compiled by the author

2.2.2 Optimization techniques for solving UC problem withHigh

Renewable Energy Sources Penetration

Most studies on the expansion of variable renewable energy have added the renewable
energy volatility as a constraint to the conventional UC and ED problems or reflected the
required flexibility supply amount in the reserve quota. Since such volatility is a
probabilistic rather than a deterministic factor, new methodologies for unit commitment
and economic dispatch scheduling have been suggested to improve the conventional UC
planning problem based on a probabilistic renewable energy generation scenario such as
deterministic unit commitment (DUC), stochastic unit commitment (SUC), interval unit
commitment (IUC), hybrid deterministic-stochastic unit commitment (HUC), and

probabilistic unit commitment (PUC) (Bruninx, 2016; Bruninx et al., 2016; Conejo et al.,
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2010; Pandzic et al., 2016). Abujarad et al. (2017) provide detailed carigon of the newly
suggested methodologies regarding the objectivetitum uncertainty reflection method,
and the considered constraints.

What is important is that to increase the powetesydlexibility to respond to renewable
energy volatility, the output and reserves of gatws participating in the market need to
be changed, and that a change of the power gememgieration plan for this purpose is
not only able to increase the total generation, tngtalso change the profit structure of the
existing power generation companies. The generatehincrease to respond to renewable
energy volatility is called balancing cost, whishai new cost in the power market. When
establishing a UC plan, a method of securing tlebility supply amount that minimizes
this new cost should be established (Hirth & Zidgagen, 2015). Meanwhile, according
to Koltsaklis et al. (2017), the flexibility reqeiment can be affected not only by the
composition of renewable energy sources, but ajsthé locations of renewable energy
power plants. The authors analyzed the flexibitgéguirement and compensation level
according to the renewable energy supply rate e€G, whose power system is connected
to the power systems of five countries, and emgedsthat the ramp-up/down rates of
secured resources are more important factors aaswehether or not the flexibility supply
amount has been acquired. This means that theqgathysharacteristics of the source of
flexibility should be considered in order to enhae flexibility of the power system.
Moreover, the flexibility for response to renewableergy volatility may have a different

response mechanism from that of the existing reseegources for responding to the

26



demand prediction errors or unexpected failurepavfer plants and transmission lines.
Although the current operational reserve has amabip@al mechanism for immediate
response after a major accident, responding taliity of new and renewable energy may
require proactive measures if it exceeds the sobgbhe operational reserve. For these
reasons, the California ISO (CAISO) has introdueadping product service in the power
market separately from the existing reserve auyisarvice to secure the flexibility supply
amount, and uses it as a resource for respondingntgwable energy volatility (CAISO,
2015).

A short-term power system flexibility enhancemelainpcan be created by establishing
a day-ahead or several-hours-ahead unit commitargheconomic dispatch schedule that
is economical, consistent with national energyqoknd satisfies various constraints. This
short-term generation scheduling means the edtatdist of a day-ahead unit commitment
and economic dispatch schedule in the domestic pmaeket. With the rising proportion
of renewable energy, it is necessary to analyzethvenghe reserve securing regulation
operated by each power system during UC and EDhjpigns appropriate for the situation
and characteristics that require flexibility andderive improvement measures. In this
context, the simulation of the short-term power kaibased on the proposed generation
scheduling model can be used to analyze not omlyfléxibility evaluation of the future
power system by utilizing the information of th& BSDP, but also the improvement

direction of the power market operation accordmthe renewable energy expansion.
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2.3Research of the Energy policy in Korea

In 2017, Korea announced the “Renewable 3020” mpdamchieve a 20% share of
renewable energy in total power generation by 2080is promoting the energy transition
policy to replace nuclear and coal power generatitimrenewable energy and LNG power
generation (Ministry of Trade, Industry, and Ene2@17). The facility capacity changes
in Table 4 show that the facility capacities of lcadNG, and new and renewable power
generation excluding nuclear and oil power areeasmng. In particular, 95% of the
increase in the new and renewable energy genematigimates from the increase in solar
and wind power facilities. A sharp increase in theable renewable energy of solar and
wind power generation can cause an intermittenael@m in the power system. To respond
to such output uncertainty, methods of evaluatind atrengthening domestic power

system flexibility are being research@dn, 2017; Chang & Cho, 2018; Cho & Cho, 2018).

Table 4. Prospect of power generation mix according toethergy transition policy of Korea

Other
Year Classification Nuclear  Coal LNG  renewables (oil, pumped Total
storage)
Share (%) 30.3 454  16.9 6.2 1.3 100
2017 | Facility capacity
22.5 369 374 11.3 8.9 117.0
(GW)
Share (%) 23.9 36.1 18.8 20.0 11 100
2030 Facility capacity
20.4 399 475 58.5 7.5 173.8
(GW)
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Difference (%p) -6.4 -9.3 1.9 13.8 -0.2 0.0

Source: & ESDP, compiled by the author

Ahn (2017) formulated a 2030 power supply scenfai@valuation of domestic power
system flexibility and established a short-termt woimmitment and economic dispatch
schedule using long-term model in M-Core, a comiaérpower market simulation
program. Following Lannoye et al. (2015), the autthetermined the number of periods of
flexibility deficits in an hourly unit by calculatg the available ramp-up/down flexibility
supply amounts. According to the result, the upwkexbility deficits occur five times in
total when the share of the power generation iit&lagion is 20%, but it was estimated
that hourly volatility could be managed by adjustinef the merit order, independent
operation of GT, and new pumped storage. Howeuecedong-term model in M-Core
estimates the approximate merit order of centmdifypatched generation units for fast
performance, there is a limitation to analyzingdapynward flexibility supply. In other
words, to analyze the power market impact accortiinthe research purpose requires
modifications to constraints or conditions on gatien scheduling model, but the
embedded constraints and function in commerciagnamm M-Core cannot be modified or
added. Therefore, generation scheduling modelsgrsthidy is directly implemented, which
reflected the fact that the domestic power marlggrates dual unit commitment and
economic dispatch schedules for DAM: price set8ngeduling with no constraints and

operation setting scheduling that reflects openalioeserves and constraints. As a result,
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the current dispatch operation method could beyaedlin detail.

According to the 8 ESDP, the domestic flexibility facilities that amewly constructed
to respond to the renewable energy volatility amagosed of 3.2 GW LNG generators that
allow the independent operation of GT and 2 GW alddg-speed pumped storage
generators that can control the outguting both generating and pumping mode (Ministry
of Trade, Industry, and Energy, 2017). These ressuare considered as flexibility supply
sources when evaluating the domestic power sydexibility. According to the estimation
result of flexibility deficits of domestic power sgm in 2030 in time units of 10, 30, 60,
and 120 min, approximately 1.8 GW of flexibilitypaecity is insufficient in the 120 min
unit only. Even this deficit was predicted to bealeed by using demand-responding
resources and ESS or adjusting the upper limheLING power generation. However, the
available flexibility capacity was analyzed assugnine merit order as nuclear, LNG (for
resolving thermal constraint of the capital areal, and LNG (others) without using the
power market simulation program. Therefore, thigshmé has the limitation that the
flexibility supply amount, which is the sum of thwer generation remaining after
satisfying the net demand and the reserve, carffieeedit from the actual power market
operation.

Meanwhile, with respect to the power market simatatmnodel, Cho and Cho (2018)
analyzed the hourly reserve requirements to respotide renewable energy generation
volatility of 24 hours on the representative daydonr seasons using the multi-period

security-constraint optimal power flow (MPSOPF) rabhdvhich can analyze the power
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system continuously for 24 hours. The model wasliged by researchers at Cornell
University with the support of the US Federal EgeRegulatory Commission (FERC).
They also estimated the reserve requirements its whil0 minutes using change rate
analysis separately from the model. As a resudtfltictuation of renewable energy in 2030
was estimated to be approximately 3.2 GW. It wameted that additional reserves would
need to be secured because the current standageldanng spinning reserve was 1.5 GW
excluding non-spinning reserve. Furthermore, it waso claimed that a plan to
dynamically operate the reserve securing regulatfmuld be examined, considering the
different reserve requirements by season. The MPF3@R advantages such that it can be
applied to day-ahead generation scheduling becdiusen analyze the power system
continuously for 24 hours unlike the convention@(3F method, and it is easy to analyze
probabilistic data such as the volatility of renéleaenergy output and demand. However,
the purpose of power flow calculation is to esttbk power system operation plan in real
time or every few minutes considering the capasjriction of the transmission line, the
loss of the transmission line, and the voltage sfaach bus. As a function included in the
Energy Management System (EMS), the MPSOPF is pppte for real-time dispatch
operation. In other words, the power system opedtermines the power market price
by establishing the next-day generation schedutimg day before, establishes the
operational generation plan for actual system djggraonsidering the various constraints
affecting the power system, and notifies relatedigrogeneration companies of dispatch

information on start-up/shut-down the generatoniret day. The same day power system
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operation is performed by real-time dispatch tontain stability and fairness of the power
system considering the generator start-up, stofpudwadjustment, and load reduction
instruction of demand-responding resources, andromece of transmission restrictions
according the variations of power demaautld renewable energy output based on the
operational generation scheduling established the bitfore (Korea Power Exchange,
2020a). Furthermore, the MPSOPF corresponds to &biéhg the UC techniques. Since
the domestic power market is still using the DUt MPSOPF has a limitation as a tool
for power system flexibility evaluation and econormmnpact analysis, although it can be
an appropriate alternative for flexibility manageme

Among the studies on energy transition policy, gehal. (2018) analyzed the effects
of the complete or partial abolition of nuclear ano@l power generation scenarios on the
domestic power market on the premise of expandingwable energy generation over the
period of 2018-31. They comprehensively evaluatedIMP, total generation cost, GHG
reduction, and power generation fuel variabilitgtéas and suggested that replacing coal
power with nuclear power can not only reduce gdimraost and GHGs, but also draw
social consensus. Although they established a Hagehunit commitment and economic
dispatch scheduling program by MILP and analyzediftects on the power market from
various perspectives, it has the limitation thag frexibility supply side considering
renewable energy volatility was not included in tealuation of the power mix to
configure the remaining 80% when the 20% share fgoaknewable energy generation is

achieved.
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2.4 Limitations of previous research and Research Motiation

In the energy transition policy for renewable egeegpansion, the propagation and
expansion of renewable energy is a crucial isswsveer, we should also not neglect to
improve the power market system and prepare theresponse strategies by evaluating
measures to improve renewable energy volatilityheir impact on the power market in
advance. Many studies have been conducted in tefite evaluation of power system
flexibility and the establishment of short- to letegym unit commitment and economic
dispatch schedules to improve the renewable enarigyility. However, most selectively
focus on individual issues rather than comprehehgsidealing with new issues in the
power market that may result from renewable energgansion such as flexibility
evaluation, flexibility resources, and improvemehthe unit commitment and economic
dispatch scheduling program. Since various stakiehsl such as power generation
companies, ISO, power grid companies, sales commpaand electricity consumers are
organically interconnected in the power markettradl individual issues also interact with
one another. Therefore, this study aims to commrgkiely analyze the effects of the
renewable energy transition policy on the domegsdiger market in terms of flexibility and
economics. For the simulation of the power marketlay-ahead unit commitment and
economic dispatch scheduling program is implememteén MILP problem using the

General Algebraic Modeling System (GAMS) takingoirgccount the domestic power
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market. Until now, new methodologies for UC optiatinn (e.g., SUC, IUC, HUC, and
PUC) or MPSOPF have been developed, but they drgatapplied practically at the
academic research level.

Studies on the flexibility evaluation and flexibyliimprovement methods for the
domestic power system have been conducted aroarithttea Energy Economics Institute.
Most established day-ahead unit commitment andanandispatch schedules by using
the commercial program M-Core or by assuming a mowgrit order, and compared the
resulting reserve and spare generation as fletyilslupply amount with the flexibility
requirement. However, the merit order decision w@share different from the method
currently used in the domestic market and do nanexe the differential physical
properties of the flexibility supply sources in @étMoreover, the method of assuming
merit order is likely to cause significant errocaiculating capacity of flexibility available.
Song et al. (2018) analyzed the effects of theweabée energy policy on the domestic
power market. They defined and analyzed the sevactdrs for deciding the power mix
of the traditional power generation sources exclgdenewable energy generation, but did
not consider the flexibility aspect to respondtte tenewable energy volatility.

In this study, different from previous studiessipossible to find out the online/offline
flexibility contribution of the flexibility supplycause operational reserve through the
results of the flexibility evaluation of the futuedectric power system, and to estimate the
number of ready-to-operation times of fast-respoeseurces. In addition, by analyzing

the contribution to the flexibility supply of opdi@nal reserves and fast-response resources,
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it is possible to propose a standard for operatirayfixed or flexible manner. In terms of
methodology, unlike commercial programs, it hasatieantage to analyze the economic
impact by directly reflecting the constraint formuhccording to the research purpose.
Finally, it is expected that expansion to varicesearch topics will be possible through the
next-day development plan establishment model ptedén this study in the future.
Renewable energy expansion can have a significloence on the power wholesale
market depending on the merit order in the estatnént of day-ahead commitment and
economic dispatch schedules, as well as on the mpsystem flexibility problem due to
volatility and uncertainty. However, the influenakthe renewable energy policy on the
domestic power market has not yet been analyzeg@mansively. Therefore, this study
aims to analyze the three objectives describedwbelsing a simplified power market
simulation model reflecting the domestic power meardperating regulation. This study
derives the improvement points of the power madystem with high penetration of
renewable energy through evaluating the power sy#txibility and analyzing economic
impacts such as the variations of power marketepribe profits of power generation

companies, and the power purchase cost of poweloversuch as KEPCO.
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Chapter 3. Methodology

3.1 Methodological Framework

To analyze the impact of the energy transitionqyotin the domestic power market in
terms of the flexibility and economic aspects & fower system, this study used the data
of the 8 ESDP for the power supply and demand situatio2@f1. To evaluate the
flexibility of the domestic power system, this sfuslas conducted in four steps as follows

(Figure 3).

[Step 1] Analysis of volatility of renewable energy
[Step 2] Modeling the power market based on geimeratheduling
[Step 3] Evaluation of power system flexibility

[Step 4] Examination of the configuration of reseresources and flexibility

In Step 1, to analyze the volatility of renewaliergy, the demand patterns for the past
three years (2016-18) were analyzed, and demaadata®,760 h in 2031 were generated
using the forecast increase rates of power consamptesented in theé"&SDP. For the
variable renewable energy (VRE), a representatbveep generation curve was generated
by weight-averaging the power generation data lier ppast three years based on each

facility capacity for solar and wind power genavai, and the forecast increase rates of
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[Step. 1] Analysis of volatility of
renewable energy

[Demand Data]
= 2016,17,18 real data + 8 ESDP

[Renewable Generator Data]

=  Estimated wind/PV output profile
= Using forecast data of 8" ESDP

[Step. 2] Modeling the power market based on

Generation Scheduling

[Step. 3] Evaluation of Power system flexibility

"= oEoE o oE Wr—

Conventional Generator Data] [Fuel Cost]
Stirtin/Shiut dow t ti *  Nuclear, Coal, Hydro,
art up, ut down cost, ime LNG and etc

Coefficients of the heat function

Ramp-up/Ramp-down limit

Maximum power output [Reserve Criteria]

Minimum power output *  G/F, AGC capacity
Minimum on time/Minimum off time =  Spinning: 1.4 GW
Maintenance Scheduling (Overhaul) *=  Non-spinning : 1.4 GW

[Flexibility requirement]
= Change in Net load per hour (@)

NLR =NIL —NL,_,, 1<t<|NL|-1

[Quick-start Generator Data]
Maximum capacity and on time, Start-up time
Ramp-up/Ramp-Down rate [i.e., GT(Gas-turbine), hydro-, ESS]

T .=

—3

1
1
1
1
1
1
1
1
1
]
1
[Flexibility capacity] !
1
1
1
1
1
1
1
1
1
]
1
1
1

= Total available flexibility = Online/Offline
Flexibility capacity + reserve (®)

g

[Net deficit of flexibility]

=  Flexibility requirement

System marginal price, total power generation cost
Remaining capacity of committed unit
Plan to operate the quick-start generator

[Net load Data] =  Net Load Ramping — Total available flexibility
= Hourly demand — hourly VRE [Price seFting Sched'uling] [Operation Scheduling] = Each contribution on flexibility supply (on/offline)
= Input demand for Daily = Ph}_/smal constraint = Economic dispatch ‘ e - ____C.
Generation Scheduling = Unit cor{nnxtxnent & - Reser\(e, coal-ﬁrgd 'constramt
generation output = Capacity upper limit:
= Operating unit & SMP 90~100% vs No limit [Step. 4] Examination of the configuration of
’V | - | reserve resources and flexibility
[Net Load Ramping, @] [Result, ®)] = Regulation on reserve criteria
= Net load ramping capacity/ = Energy production, reserve allocation (on/offline) = Composition of flexible resource
direction . = Analysis of flexibility within an hour

=  Separating the auxiliary service market from the
energy market

Figure 3. Power system flexibility evaluation methodology
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renewable energy generation were used for the geoepatterns for 2031. The net load
and net load ramping were derived using the estichdemand and renewable energy
generation data. Net load ramping (NLR) was useahdsourly flexibility requirement in
the power system.

In Step 2, the day-ahead unit commitment and ecandispatch, which is a critical part
of the power market simulation, was directly imptted using the MILP method. The
specific objective functions and constraints argcdbed in section 3.2. The proposed unit
commitment and economic dispatch model is divide#o price setting and operation
setting scheduling modules considering the poweregsion facility data, fuel cost,
reserve regulations, and quick-start generators.rmbdel can calculate the annual SMP,
generator start-up and shut-down plan, and poweergéion output. Furthermore,
additional data such as the total power generatast, the remaining capacity of the
committed unit, and power generation sources fegmes can be acquired. Such data can
be used as basic data for detailed analysis dfpkeation of flexibility resources such as
upward and downward flexibility supply amounts gaadver market impact analysis.

In Step 3, the flexibility of the domestic powestym in 2031 is evaluated by comparing
the flexibility requirement and supply amounts ded from Steps 1 and 2. In Step 4, the
variations of variability response capacity accogdio the composition of operational
reserve resources in responding to the renewaldegervolatility through the current
operational reserve system, the roles of quick-gfamerators, and the limitations due to

the integrated operation of the energy maaket the auxiliary service markets are analyzed.
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Regarding the analysis of economic impact of the expansion of renewable energy on the
power market, not only the direct impacts due to the high merit order of renewable energy
such as the change in power purchase cost of vendors, the change in the profit structure of
vendors, and the change in the total power generation cost, which can be a factor in
increasing electricity rates, to which consumers are sensitive, but also indirect impacts due
to the Renewable Portfolio Standard (hereafter RPS), and emissions trading system related

to the expansion of renewable energy were considered (Figure 4).

[Change of SMP]
= Change of the electricity sales profits of power generation
companies
= Change of the electricity cost settlement amount of vendors
= Change of the settlement amount of power generation
sources for reserves
= Change of electricity purchase price for each fuel source

[Change of emissions trading cost] [Change of RPS obligatory
= Change of the emissions settlement ‘ Expansion of ) supply amount]
amount of vendors ( \
*  Paid allocation rates: 15% and 20% ) } renewable energy ' OC: ::fg;ﬁ RPS settlement amount
= Emissions price: 27,000 KRW/ton, (20% achicvement) ' *  Obligatory rates: 10% and 28%
85,000 KRW/ton .

[Change of operational reserve service]
= Analysis of the effect of incentives to participate in reserve
service
= Change of total power generation cost --> Estimation of auxiliary
service market size
= Upper limit constraint on generation output: 100%, 95%, and 90%

Figure 4. Analysis of economic impacts of the expansion of renewable energy on the power market

The change of power purchase cost of vendors is analyzed based on the criteria for
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calculating the power market settlement amount bynguthe SMP and the power
generation and cost of each generation sourceasiihthrough power market simulation.
Since the real-time dispatch operation resulthefftture cannot be accurately predicted,
the generation schedule established one day abemdumed as the result to simulate the
changes of electricity settlement amount, RPS abbg fulfilment cost, and emissions
trading cost in 2031 relative to 2018. Furthermaie, effects of incentives to participate
in reserve service were compared based on theaifive calculating the reserve settlement
amount. Finally, when operating separately from ¢hergy market, the market size of
reserve ancillary service was estimated usingllaege of the total power generation cost

when securing reserves through the upper limittcaims for each power generation source.

3.2Unit Commitment and Economic Dispatch Modeling

The domestic power market is a CBP market wherentrit order is determined based
on the marginal cost of power generation for eaategator type such as coal, nuclear, and
LNG. The electricity trading process is as follo@\ggure 5). When power generation
companies bid one day ahead on the amount of ielecthat they can supply at each hour
the next day, the KPX determines the power markiee @t each hour and the generation
amount of each generator by reflecting the elattrdemand at each hour on the day of
power supply and orders the power generation corapda supply power. After paying

the price according to the actual amount of povesregation, they charge the amount to
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the vendor, KEPCO.

Korea Power
h | Generators
Exchange

Prod. Cost Fixed: Yearly -
S T — leed Cost,
Evaluation  Var.: Monthly Variable Cost
Demand Z- Day ahead
F t - Offer ’
ke Generation Scheduling | 4—————— Available Capac
(Historical ‘ ‘A ;
data,Weather — ’ Ready for generatio

data)

P Trading day

Dispatch instruction
Real-time Dispatch e

D22 o
Invoice notlﬁcatlog

Invoice notificatiof

KEPCO
(Seller) Power purchase payment

Figure 5. Electricity market business process in Korea

Source: KPX, reconstructed by the author

The optimal unit commitment and economic dispatch model developed herein was
implemented using the MILP method for price setting scheduling and operation scheduling,
which are performed one day ahead by the KPX. To minimize the total power generation
cost, the physical characteristics of the generators and the requirements for power system
operation were reflected as constraints according to the domestic power market operating

regulation.
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3.2.1 Generation scheduling using MILP

Generation scheduling is a mixed-integer problem that combines the start-up/shut-down
plan of the generators participating in the power market and the ED that determines the
generation amount of power plants scheduled for start-up for economic operation. The
algorithms proposed to find the solution of the generation scheduling problem include
numerical methods such as priority technique (Senjyu et al., 2003), Lagrangian relaxation
(Ongsakul & Petcharaks, 2004), and MILP (Guan et al., 2003). Recently, metaheuristic
approaches for optimization search such as genetic algorithm, simulated annealing, and
Tabu search have also been applied to generation scheduling (Abujarad et al., 2017).
Among these methods, the MILP methods are mainly used for next-day generation
scheduling in the power market from the 2000s owing to advanced computer performance
and algorithm evolution (e.g., CPLEX, LINDO, OSL, and XPRESS-MP). Since generation
scheduling is basically modeled as a mixed-integer problem, the optimal solution can easily
be found by modeling new constraints or reflecting the changes of the power market.
Therefore, this study modeled the generation scheduling problem using the GAMS through
the MILP and applied a methodology for optimizing generation scheduling using the
CPLEX, which is an MILP solver.

When establishing the next-day generation schedule, the objective function is generally
set as the minimization of the power generation operating cost. However, it can be set in

various ways depending on the research objective such as minimization of GHG emissions,
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maximization of security constraints, and minimiaatof reserve securing cost. In this
study, the minimization of power generation ope@gticost, which is used when
establishing the day-ahead generation scheduleeid@mestic power market, was set as
the objective function. Simulation was then perfedhby configuring the constraints in

accordance with the object of generation sched(pnige setting or operation).

Objective function

The objective function for generation schedulingsgat minimizing the total operation

cost (TOC) during the target period of scheduling.

> (U E (P + 4 OS) Eq. (1)

H
h=1 i=1

minTOC =

wherel is the centrally dispatched generation urtitss time (24 h), Uih is the
condition of generatdrat timeh (0, 1), Eh is the generation cost of generatat
timeh, P" is power generation of generatat timeh (MW), and S" is the start-

up cost of generatarat timeh.

The generation cost of generatoat timeh is calculated using the price coefficient

a;, b; and ¢;, and the power generation of the corresponding imexpressed by Eq. (2):
F'(R"=a(P)+bP'+ ¢ Eq. (2)
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Power plant start-ups can be classified by theatjmer condition and the elapsed time
after shut-down into re-start and hot, warm, anid starts. However, in the case of the
CBP market, the start-up cos§Y) is calculated based on the hot-Stasperation result.
Thus, the start-up cost applied herein means thsthd cost and the shut-down cost is not

considered according to power market operatingrule

Constraints

To find the optimal solution of the objective fuioet, the physical constraints of the
generator and the operational constraints of theepsystem must be considered. The
generally considered constraints are as follows.

For the constraints on generator power outputiipeer and lower limits are set, and the

generator power is adjusted in this range, asvialio
P min < P" < P max Eq. (3)
where P min is the minimum power output of generator P max is the

maximum power output of generator

The sum of the power demand and the power of theeocommitted generator at each

1 The start-up cost varies by the temperature ofjémerator. The hot start means start-up whenehergtor
temperature is sufficiently high. In the domestiover market, it is defined as 6 h or shorter dowre tuntil
re-start after the generator is disconnected fitwerpower system.
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hour must be identical as follows:

R(HIU (=0 Eq. (4)

|
i=1

where D, is the total power demand at tifne

At this time, the pumping mode operation of the pedistorage generator can be added
to the corresponding hourly demand, and the poweeation of demand-responding

resources and renewable energy can be subtraotadtie demand.

The minimum up-time constraint that the online catted generator must maintain
before shut down after being connected to the pewstiem and the minimum down-time
constraint that is required before the generatorbgareconnected after shut down are set

as follows:

H> >MUT,H° >MDT Eqg. (5)

where H is the total on time of generator H" is the total off time of
generatoii, MUT, is the minimum up-time of generatigrand MDT, is the minimum

down-time of generatar

The adjustment of the generator power output issttamed by ramp-up/down rate

constraints in the increase or decrease direcdnlws:
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R,h - Fi),h—ls UR, Ii:)h—l_ Ph < DR Eqg. (6)
where UR is the ramp-up rate of generat@nd DR is the ramp-down rate of

generator.

The constraints for the generator on and off stateset with the on or off condition of
the generator at time, U, and a binary decision variable indicating stat-8U" or

shut-down SD" as follows:

ur-uM=su"- sp, sU+ sh<1 Eq. (7)

where U" takes the value of 1 when generatisron (committed), and 0 when
it is off (uncommitted), SU" takes the value of 1 when generatswitched from off to
on, and 0 otherwiseSD" takes the value of 1 when generatewitched from on to off,

and O otherwise.

The pumped-storage generator operates in two mpdewing and generating. The water

level of the reservoir is converted to the elecfrawer. The constraints related to the
operation of the generator consist of maximum aridimum storage powers, the
relationship between pumping and generating moaed,the maximum and minimum
power generations and pumped storages.

First, the reservoir water level at the first amdtlhours of the day can be input in the
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model. However, the starting initial value was ased to be full water level and from the
second day, it was assumed that the reservoir \ater of the last 24 h of the previous

day was used as the initial value, as follows:

VOL'™ = VOLINIT, i PHES

h=24 Eq. (8)
VOL™" =VOLLAST

where VOL! is the water level at time of pumped-storage generatdiMWh),
VOLINIT, is the initial water level of pumped-storage geter (MWh), and VOLLAST

is the final water level of pumped-storage generiatblWh).

Here, the final water level at tinteis determined by subtracting the power generation
at timeh from the water level at timie-1, or by multiplying the energy stored by pumping

by the efficiency of the pumped-storage generadobows:

VoL -VOU™ =- Pgefi+ Ppumpx Effi Eqg. (9)

where Pgerf is the power generation of pumped-storage geneirabtimeh
(MWh), Ppumpg is the pumped storage of pumped-storage genératdimeh (MWh),

and Effic is the total efficiency of pumped-storage genera(@o).

Here, the reservoir water level of the pumped-gt@igenerator and the upper and lower

limit constraints of pumping and generating modas loe set as follows:
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VOLmin, < VOL< VOLmax ,
Pumpmin, < Ppumg Pummax , Eqg. (10)
Pgemmin, < Pgerx Pgemax

where VOLmin,max is the minimum and maximum pumped storages of the
reservoir of pumped-storage generatdMWh), Pumpmin,max is the minimum and
maximum pumped storages of pumped-storage generd®ih), and Pgermin, max

is the minimum and maximum power generations of peoirstorage generatofMWh).

The pumped-storage generator cannot be operatadtamously in pumping and
generating modes. Thus, the binary decision vafabF the pumping and generating

mode operations have the following relationship:

Pumping' + Generating<1 Eg. (11)

where Pumping takes the value of 1 in the pumping mode openatid
pumped-storage generaiprand O otherwise Generating takes the value of 1 in the

generating mode operation of pumped-storage genmeyaind O otherwise.

Although there is a constraint related to congestiothe transmission network, the
constraint on power generation capacity due tofficéent capacity of the transmission
line was not reflected in this study to simplifyetmodel. However, the long-term
transmission and substation facility plan of KEPGla® transmission network operator,
indicates that the high-voltage direct current (H8)ack-to-back (BTB) and flexible AC
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transmission system (FACTS?) are continuously expanding. Thus, there is sufficient room

for improvement in transmission restrictions in the future.

3.2.2 An empirical model for day-ahead unit commitment am economic

dispatch

The proposed optimal generation scheduling model aims at establishing the UC and ED
plans of centrally dispatched generation units for 8,760 h for one year each in 2018 and
2031. The optimization is performed daily in 24 h units. The unit commitment and
economic dispatch simulation is sequentially performed for the total period of 365 days,
using the result of the UC and ED planning of the previous day as the initial values of the
next day planning, including the constraints of generators (e.g., minimum up/down time).
Tables 5-7 below report the definitions and descriptions of the sets, parameters, and
decision variables used in the proposed optimal unit commitment and economic dispatch

model.

Table 5. Definitions and descriptions of sets and elements

Sets Description

2 The flexible AC transmission systems refer to thyristor controlled series capacitor (TCSC) and static
synchronous compensator (STATCOM), which can increase the transmission capacity by actively controlling
the electricity flow and reduce the restriction cost of a large-scale power generation complex due to the loss
reduction effect.
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Technology, t
Dispatch_tech, dt
Nuclear_Gen
Coal_Gen
LNG_Gen
Qil_Gen

Pump_Gen, pump

Generator set (Nuclear, Coal, LNG, Oil, Pump, Rendayaitydro)
Set of centrally dispatched generators (Nuclear], &G, Oil, Pump)
Nuclear generator set (Nuclear_Gent, dt)

Coal generator set (Coal_Gen t, dt)

LNG generator set (LNG_Gen t, dt)

Oil generator set (Oil_Gexr t, dt)

Pumped-storage generator set (Pump_Gen dt)

Renewable_Gen

Renewable generator set (Renewable_Get)

FRE_Gen, FRE Fixed-renewable energy (excluding solar, wind) (FRE),
VRE_Gen, VRE Variable renewable energy (solar, wifRE c t)
Whole, w 8,760 hayeaw € {1, 2,3, ..., 8,760}
Day, d 365 days ayead € {1, 2, 3, ... 365}
hour, h, hh 24hadayh € {1, 2, 3, ... 24}
Mode, m Upper and lower limit powers of generator, Modef{low, high}
Cost_factor Heat rate coefficient, Cost_fact@ {QHC, LHC, NLHC, Mincost}

SMP_cost_factor
Cost_set
Cost Segments, k

TLF

price coefficient, SMP_cost_facta& {QPC, LPC, NLPC}
Fuel cost and start-up cost, Cost_sef{FCOST, SCOST}
Cost segments for piece-wise linear functiorg Ksg1, sg2, sg3, ... sg20}

Transmission loss factor, TLE {TLF1, TLF2, ... TLF12}

Specification, spec

Technical specifications set of each generato; gpgminimum up-time,

minimum down-time, start-up time, minimum outpwtmp-up/down rate}

Pump_specification

Technical specifications set of pumped-storage ig¢og
Pump_specificatiore {efficiency, maximum power generation time,
charging time, maximum output, minimum output, nmaxin power storage,

minimum power storage, maximum charge amount, mininsharge amount}
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Table 6. Definitions and descriptions of parameters

Parameters Description
Demand (w) Power demand for 8,760 h (MWh)
PO (t, h) Presence or absence of preventive maintenancenefaert at timeh (0 / 1)

FRE_Gen_year (w, FRE)
VRE_Gen_year (w, VRE)
Capacity (t)
Mode_cap (dt, m)
Consumption (dt)
Cost_table (dt,cost_set)
Cost_data (k, dt, *)

Tech_spec (dt, spec)

Power generation of fixed renewable energy for @ AgMWh)
Power generation of variable renewable energy fo8@h (MWh)
Rated capacity of generatofMW)

Output upper and lower limits of centrally dispadrgeneratodt (MW)
Internal power consumption rate of centrally dispat generatat (%)
Fuel cost and start-up cost of centrally dispatafpeerators dt (1,000 KRW)
Heat consumption per segment of centrally dispatciemeration unitdt (Geallh)

Technical specifications table for each centralgpdtched generator

Pump_spec (Pump_gen,
Pump_specificatin)
Pump_consumption(Pump_gen)
pVolmax (pump)
pVolmin (pump)

pVollast (pump)

pPumplast (pump)

pGenlast (pump)

pEffic (pump)

Technical specifications table for each pumpedagtergenerator

Internal power consumption rate of pumped-storageetator (%)
Maximum power storage of pumped-storage geneptop(MWh)
Minimum power storage of pumped-storage genemiomp(MWh)
Power storage of pumped-storage generatanpat previous
midnight (twenty four hundred hours) (MWh)

Charge amount of pumped-storage genematanpat previous
midnight (twenty four hundred hours) (MWh)

Generation amount of pumped-storage genepatompat previous
midnight (twenty four hundred hours) (MWh)

Total efficiency of pumped-storage genergiomp(%)
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Margin_cost (dt, h)

Nload_cost (dt, h)

Incremental cost of centrally dispatched generdtat timeh (KRW/kWh)

No-load cost of centrally dispatched generaitaat timeh (KRW/kWh)

S cost (dt, h) start-up cost of centrally dispatched generdtat timeh (KRW/kWh)
SMP (h) SMP at timeh (KRW/kWh)
IGP (dt, h) Interim generating unit price of centrally dispatdrgeneratout at timeh (KRW/kWh)
GP (dt, h) Adjusted generating unit price of centrally dispesid generatodt at timeh (KRW/kWh)
SP (dt, h) Stack price of centrally dispatched generalioat timeh (KRW/kWh)
COD (dt) Continuous operation time of centrally dispatchedegatordt (h)
T_PSE (dt) Total daily power generation of centrally dispatdfgeneratodt (MWh)
plniUC (dt) Generation of centrally dispatched generatat previous
midnight (twenty four hundred hours) (0/1)
pl niout (dt) Generation amount of centrally dispatched geneditat previous

Oper_hour_remained (dt)

Stop_hour_remained (dt)

midnight (twenty four hundred hours) (MWh)

Next-day operation time remained of centrally dispad
generation unitdt (h)

Next-day stop time remained of centrally dispatchederation

unitsdt (h)

Table 7. Definitions and descriptions of decision variable

Decision variables Description
vTotal VCost Total power generation cost for 24 h a day (KRW)
vCommit (t, h) Start-up/shut-down state of generatat timeh (0/1)

vStartup (dt, h)

vShutdown (dt, h)

Start-up or not of centrally dispatched generdtat timeh (0/1)

Shut-down or not of centrally dispatched generdtat timeh (0/1)
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vHpumping (pump, h) Pumping mode or not of pumped-storage genepatompat timeh (0/1)
vHgenerating (pump, h) Generating mode or not of pumped-storage genepatopat timeh (0/1)
vProduct (dt, h) Output of centrally dispatched generation uditat timeh (MWh)
vProductl (dt, h, k) k-th segment output of centrally dispatched gemewitat timeh (MWh)

VvProdut2 (dt, h) Sum ofvProductlof centrally dispatched generatitrat timeh (MWh)
vTotaloutput (h) Total power generation output at timéMWh)

vPVol (pump, h) Power storage of pumped-storage generatonpat timeh (MWh)
vPump (pump, h) Pumped storage of pumped-storage genepatorpat timeh (MWh)
vPgen (pump,h) Power generation of pumped-storage genefarpat timeh (MWh)

The objective function of day-ahead unit commitmamd economic dispatch schedule
in the domestic power market is the minimizatiorthef total power generation cost. The
generator operation combination for each timeisldetermined in terms of minimization
of the fuel cost and start-up cost according tofgbeer generation, and the economic
output is allocated after UC planning.

Therefore, the objective function implemented with mixed-integer model was set as
Eq. (12a). The heat rate function to calculateftieé consumption for each generator is a
quadratic curve equation, which cannot be diremplylied to the LP (linear programming).
Thus, the power generation output range was divildied20 segments using the piecewise
linear function and the fuel consumption of alleials were summed up (Carrion &
Arroyo, 2006). When the actual quadratic cost cdoreunit commitment, Eq. (12b), is
replaced with the approximated piecewise lineactions, the objective function can be
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set as Eq. (12a), wherdlincost, is the heat rate at minimum output, agggmentCos

is the marginal heat rate per unit capacitk-tti segment.

min.vTotalVCost=

20
2¢| (vCommif, ,Mincost, +>° SegmentCqst vProdugfi Eq. (12a)
k=1

22

“ " xFCOST, /TLE, +SCOSJx vStartyp

H, =QHC vProdud}, +LHC vProdugt +NLHC Eq. (12b)

where H s total heat rate (Gcal/lh)QHC is the quadratic heat rate coefficient
(Gcal/MWeh), LHC is the linear heat rate coefficient (Gecal/MWh)dahLHC is the
no load heat rate coefficient (Gcal/h).

When the generation cost is divided by the transioisloss factor (hereafter TLF),
which represents the degree of power loss of eamtergtor, the closer the power
generation source is to the demand site, the ltdvegpower generation cost. Consequently,
the merit order may be raised, or conversely, majplvered as the distance between the
power generation source and demand site increBises, it can be interpreted as reflecting
a policy that encourages power generation sourcé® located near demand sites. The
TLF will be explained in more detail in section 32The physical constraints and power
system operation constraints of the generator densil to obtain the minimum value of

the objective function are as follows.
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(1) Maximum and minimum output constraints of genarato

Mode_cap(dt,low¥ vProudct(dt,k) Mode pgdt, high') Eqg. (13)

(2) Power supply and demand balance constraint

vTotaloutpu€ h=

demand_ houf h— renewable generat(or)+hz vPYm) Eq. (14a)
pump
vTotaloutpuf h
= vProduct(hx (1-consumption(dt}) Eq. (14b)
dt

Znger( Px(1- pump consumptibn puih

pump

Eq. (14a) represents the net load determined byramiimg the renewable energy
generation from the hourly demand and then addwegpumping mode charge of the
pumped-storage generator. Eq. (14b) representsethgeneration excluding the internal
power consumption rates of the centrally dispatciwed pumped-storage generators. In

other words, the demand and supply balance mean<tis. (14a) and (14b) must be

identical at each hour.

(3) Ramp-up/down constraints of centrally dispatchexegation units
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vProduct2(dt,h} vProduct2(dt,h-X techesfdt,Ramp_ug Eqg. (15a)

vProduct2(dt,n) vProduct2(dt,h-B  -tedpec(dt;Ramp_dow Eg. (15b)

(4) Minimum up/down time constraints of centrally disghed generation units

Z:h=h+l— Minoper( deStartun dt hDIS Vcomnﬂt dt)l Eq (lGa)
h -
D bt et <o sampime yShutdowa dt i 1- vComngit dt) Eq. (16b)

only if, h={h/h= ope( stop_ hour remaindd }i

Egs. (16a) and (16b) are cases where the minimu@ngbdown-time constraints of one
day-ahead do not affect the next day. Considelirgcase where they affect the next day,
a condition was added to apply the above equabahsat times when they are greater

than the respective remaining constraint time.

(5) start-up and shut-down constraints of centralbpdiched generation units

vCommi( df h— vComnt dt-hl)= vStartgp,d)-h vShutd@um) Eqg. (17a)

vStartugg dt h+ vShutdown dj sl Eq. (17b)

On the day of preventive maintenance of the geoertite corresponding generator is

set as in a shut-down condition for 24-h of the ntemance day. The generators’
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commitment state and generation output informatidhe last hour of the previous daj (

h=24) are input as the initial valuab+@, h=0) for the next-day generation scheduling.

(6) Maximum and minimum storage power constraints ahped-storage generator

pVolmin(pump¥ vPVol(pump,k) pVolmax(pu Eq. (18)

(7) Pumping and generating mode constraints of purspmage generator

vHpumping pump i+ vHgeneratihg pump<i Eq. (19)

(8) Pumping and generating mode relationship constodiptimped-storage generator

vPVol( pump h— vPVdl pump-hl)=

, Eq. (20)
-vPger{ pump J#+ vPunfp pump>h pEffic pur

(9) Maximum and minimum pumped-storage generation tcainss of pumped-

storage generator

pumpMinx vHpumpingge vPump pumpMax vHpump
Pminx vHgeneratinge vPgea Pmax Hgenerating

Eq. (21)
The types of bidding for a pumped-storage generstdivided into a pumping plan and
a power-generation plan, and initial and modifiedsbare available the day before the

trading day. At this time, when submitting a bid éopumped-storage generator, the power
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generation business operator is required to submit the power generation amount and the
pumping amount in connection with each other, and the deviation rate between the annual
generation bid amount and the pumping bid amount is maintained within 10% of the
allowable deviation rate. In addition, KPX is required to allocate power generating and
pumping to each transaction time so that generation costs are minimized within the total
amount of possible power generation per day and the total planned amount of pumping
when establishing a price setting scheduling for pumped storage generators.

In this study, since the bidding process and redistribution process cannot be implemented,
a simple power generation plan was established with 24-hour daily optimization, the
allowable deviation between the amount of power generation and the amount of pumped
water was set to be 0%, and simulation was carried out. The results of power generation

scheduling of pumped storage power plants in 2031 were reported in Appendix 1.

3.2.3 Model Input data

The data required to build an optimal unit commitment and economic dispatch model

largely consist of forecasts for demand and renewable energy generation, the status and

plans of generation facilities, and data related to generation cost evaluation (Table 8).

Table 8. Summary of model input data

Classification Year Description Source
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Demand

2018

- Demand forecast data for price setting

(8,760 h)

KPX

2031

- Actual demand data for 2018 (8,760 h)|.

- Power consumption forecast for 2031

KPX
- 8" ESDP

Renewable energy
(Non-dispatchable

2016-18

- Hourly solar and wind power generatio

- Capacities of solar and wind power

generation facilities

KPX

2031

- Solar and wind power generation

forecasts for 2031

8" ESDP

Power generation

facilities

(Dispatchable)

2018

- Status of generators by fuel source

(number of units, capacity, etc.)

KPX

2031

- Generator construction and demolition

plans by year

8" ESDP

Generation cost

2018

- Unit price of heat

- Input/output characteristic curve

coefficient

- Start-up cost

- Technical characteristics data (physica

characteristics such as start-up, shut-

down, ramp-up/down rates, etc.)

- Internal power consumption rate

- Preventive maintenance plan

- TLF

- Other renewable energy generations

- Technical characteristics data for

pumped-storage generator

KPX

2031

Similar generation cost information is

applied considering the scale and fuel f

pr

new power plants based on the generation

cost data for 2018.
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Power demand data are divided into demand foretztat used for the price setting
schedule and actual demand performance data fdictirg future demand. The power
demand data for 2031 were generated by reflechiag/éar-by-year power consumption
increase rates considering the hourly actual demeswts data of 526,149 GWh/year for

2018 and the power consumption forecasts of thESDP (Table 9).

Table 9. Forecasts for power consumption and solar and wower generations (2019-2031)

Power consumption Solar power Wind power

increase increase increase
Year GWh GWh GWh

rate (%) rate (%) rate (%)
2018 519,069 - 7,534 - 2,397 -
2019 530,358 2.17 9,453 25.47 3,921 63.58
2020 540,054 1.82 11,371 20.29 5,576 42.21
2021 548,898 1.63 13,673 20.24 7,333 31.51
2022 556,088 1.30 15,975 16.84 9,615 31.12
2023 561,700 1.00 18,277 14.41 12,422 29.19
2024 566,228 0.80 21,347 16.80 15,756 26.84
2025 569,824 0.63 24,416 14.38 19,614 24.49
2026 572,800 0.52 27,486 12.57 23,473 19.67
2027 575,229 0.42 31,067 13.03 27,433 16.87
2028 577,029 0.31 34,648 11.53 32,443 18.26
2029 578,515 0.25 38,229 10.34 37,454 15.45
2030 579,547 0.17 42,322 10.71 42,566 13.65
2031 580,443 0.15 42,514 0.45 42,566 0.00

Source:8" ESDP reconstructed by the author
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The power demand data used in price setting scimgdaie forecast on an hourly basis
based on the hourly power generation (demand g2xfibne day ahead, the highest and
lowest temperatures of eight major cities natiomymhd operate rate status (Korea Power
Exchange, 2020a). Therefore, the forecast demaadalgprice setting scheduling used to
verify the model consistency of unit commitment aednomic dispatch simulation in this
study is different from the actual demand resulad&or the VRE data for 2031, a
representative power generation pattern for 2018geaerated by weighted averaging the
hourly power generation of solar and wind poweregation in 2016-18 by the yearly
facility capacity ratio. Then, the power generaiiocrease rate in Table 9 was applied. The
power generations of hydro, marine, bio, wastertergy, by-product gas, fuel cells, and
IGCC, excluding solar and wind power, were cal@ddiy multiplying the facility capacity
forecast by the average hourly utilization rates2@15-2017.

The operation data for power generation facililiethe power market were input based
on the operation results of the power market. Tavegs mix forecast data for 2031 were
set up by reflecting the new construction and déianlplans in the 8 ESDP (Table 10).
The combined cycle (CC) power plant is a generatonposed of gas turbine (GT) and
steam turbine (ST), and generates power firstlgthsting the GT and secondly by starting
the ST with the exhaust gas heat generated fronGtheHowever, GT single mode
operation was not considered herein, and the LN&pplant was assumed to operate in
combined mode. The GT single mode operation hashhgacteristics of low merit order

due to higher generation cost than combined modeatipn and high ramp-up/down rates.
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Thus, it is mainly used as a resource to responm@ya output variations in real-time

dispatch operation. Thus, it has little effect lb@ merit order decision in the establishment

of the day-ahead unit commitment and economic tispa

Table 10 Inputs to power generation facilities in 2018 2081

Classifi- 2018 (Model) 2018 (Market) 2031 (Model) 2031
(Forecast)
cation Generators  Capacity Capacity Generators Capacity ~ Capacity
(units) (GW) (GW) (units) (GW) (GW)
Nuclear 23 21.85 21.85 18 20.40 20.40
Coal 61 35.32 354 58 38.07 39.92
LNG 86 37.8 37.8 100 47.94 47.46
Qil 23 4.1 4.1 9 0.80 1.39
Pump 16 4.7 4.7 22 6.7 6.7
Renewable 9 135 135 9 58.61 58.61
Total 218 117.27 117.35 212 172.52 174.48

Source: Reconstructed by referring to Electric RdBtatistics Information System (EPSIS) and the

8" ESDP
1) To total power generation of facilities in the pawearket in 2018 was 119 GW. 105.5 GW of centrally
dispatched generation units was reflected in théahdut some non-centrally dispatched generators

(coal, oil) that do not affect the merit order war reflected.

2) Some differences were generated because the 1.86f@@n-centrally dispatched coal power plant
and the fuel of steam power plants in Jeju and Mamyill be converted to bio-oil in 2031 and the

collective energy construction was not reflectadrahe announcement of th& BSDP.

Generation cost data include the unit cost of peagenerator required to calculate the
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market price of the electricity produced by the eyator and determine the merit order,
coefficients related to input/output characteristicve equations, the operation cost of each
power generation facility such as start-up costl tecthnical characteristics data. It is
directly applied to the operations of the power keirand power system such as the
establishment of price setting scheduling, markieepecision, real-time dispatch orders,
and calculation of settlement amount for each gaoerSuch generation cost data are
created directly by power generation companiesaipey the generators according to the
detailed operating regulations for cost evaluatod confirmed through the deliberation
and decision of the Cost Evaluation Committee (lidPewer Exchange, 2020Db).

The heat unit price means the fuel cost (KRW/Greduired to generate unit heat for
each generator. Table 11 lists the monthly heat pnces for each fuel of centrally
dispatched generators in 2018 applied in this st@ilyce the generation efficiency of
generators varies by the output phase, the fuetwuoption heat (H) according to the
generator output appears as a quadratic curveiequ@ihe three values (linear, quadratic
heat rate coefficients and no load heat rate cot)stequired to define this generating units’
quadratic cost curve for the UC problems are knawrinput/output characteristic curve
equation coefficients.

The input/output characteristic curve equationseduto calculate the generation cost
required for each output phase of the generatoe dénerator cost is calculated by

multiplying the input/output characteristic cunauation by the heat unit price as follows:
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Generation cost GHC x P> + LHCx P+ NLHCX Heat unit pric
=QPC< P+ LP&G R NLPC

whereQPC s the quadratic incremental price coefficient WRIW2h), LPC is

Eqg. (22)

the linear incremental price coefficient (KRW/MWnNdNLPC is the price coefficient
(KRW/h).

The start-up cost is related to generator stardugh consists of start-up fuel, internal
power consumption, and water costs. It is calcdlaténg the results data of generators. In
addition, the generation cost data include thet-sgartime, maximum and minimum
generation capacities, and output increase andedserrates, which are physical
constraints of each generator presented in Talle the model, the cost data were input
individually for each generator, but they are traderets of power generation companies.
Hence, the input data are briefly outlined as ayeralues for each fuel in Table 12.

Since the merit order decision is affected by ttieedule of preventive maintenance
conducted to maintain the performance of generatioesaccurate maintenance plan was
reflected by using the weekly preventive mainterasthedules announced by the KPX,
and daily preventive maintenance schedules wergeddpr each generator. When setting
the preventive maintenance level for 2031, somé @ébwn plans were reflected for coal-
fired power generators (winter: 8-15 coal-fired g@mors, spring: 21-28 coal-fired
generators) in spring and winter as part of paditeumatter reduction measures. The
preventive maintenance schedules of other gensratne adjusted in accordance with the

power generation proportions in 2031 in consideratif the level of 2018, and the same
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preventive maintenance schedules were then apptietinuously for analysis. Through
the model proposed in this study, if the policyatmlish coal-fired power plants and limit
the total amount of power generation of coal-fipeaver plants is applied to the market, it
is possible to easily modify and upload a new neaiahce plan schedule due to the policy.

TLF is an indicator of the degree of power lossagated in the process of transmitting
the power generated by the generators to the desitasl It was introduced to provide
geographic price signals for operation and investroépower generation facilities and is
used to decide the generation cost of generatgisedpto price setting scheduling and
operation scheduling.

TLF is calculated as the ratio of output chang¢hefreference generatoto the unit
output increase of a random generator. The TLFetdrence generators is 1, and the
generator closer to the demand site has a valgerléinan 1 and those farther from the
demand site have a value less than 1 (Korea Ponaralage, 2012). The monthly TLF
values of each generator for 2018 were obtained ftee KPX. For power plants that are
newly constructed until 2031, the TLF data of tbevpr plants in operation in nearby areas

were applied.

3 Reference generators are generators No.3 to 6 &dhgong Thermal Power Plant on the mainland and
the generators of Jeju Thermal Power Plant onldkjnd. According to Article 2.5.1 of the Power Meir
Operation Regulation, TLF is the power generatiothefstandard bus required for unit load suppls of
random bus (unit line to which various power fdigB such as generators are connected). It islagdclias

the ratio of the power generation reduced fronréfierence generator including grid loss when tlag lo
increases by 1 MW per bus.
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Table 11 Monthly average heat unit prices of centrallypadiehed generation units by fuels in 2018 (unitVWBcal)

Classification Jan Dec Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Bituminous 22,523 22,390 23,426 23,253 24,162 24,104 24,719 24,542 24,428 25,593 25,961 25,876

Domestic coal 25,240 24,666 24,674 24,908 24,648 25,612 25,345 24,042 23,932 26,126 24,405 27,496

QOil 51,256 54,756 59,043 60,637 60,639 60,228 60,791 61,132 66,413 70,384 72,274 73,126
LNG 53,941 53,807 59,493 52,760 51,097 52,843 52,771 53,747 57,228 59,419 61,303 64,528
Nuclear 2,339.6 2,341.2 23532 23571 23565 23556 23516 23540 23538 23525 23569 273581

Source: KPX, reconstructed by the author

Table 12 Average data for generation cost characterigtjwst for centrally dispatched generation unit2@18

Classification Q;(\i\sisall LHN(IZ\EVC?](;aI/ (gtgﬁ]) Si?nr:eup NlIJISI?mu;n (!I\:lnlvr\]/IthLijnTe OlthS/l(thorv?/:m ciftl?lggo colnnsf::stlion
(h) (h) (h) rates(MW/h) KRW) rate

Bituminous 0.000408 1.763827 177.012042 3.3 7.6 12.9 503 46,885.3 0.0505
Domestic coal 0.00087 2.123138 62.304671 5.3 9.3 12 60 12,423.7 0.0872
oil 0.001899 1.543843 126.275744 2.5 7.3 9.2 235 16,188.2 0.0575

LNG 0.000839 1.445838 79.614824 2 4 3.3 570 3,654.9 0.0174

Nuclear 0.000241 1.868985 369.131725 93.9 10.5 10.3 68 0 0.0383

Source: KPX, reconstructed by the author
66



For the technical characteristics data of pumped-storage generators, the physical
characteristics data for 16 such generators in 2018 were input using the total efficiency,
start-up time for generating and pumping modes, generation and pumping available times,
and maximum power storage in the report of the Korea Power Exchange (2013) (Table 13).
For Yeongdong, Pocheon, and Hongcheon pumped-storage power plants to be newly
constructed by 2031, 85.8% was applied for the total efficiency by estimating it using the
exponential smoothing method. For other characteristics, the dataof Yecheon, Cheongsong,

and Yangyang power plants, which were most recently constructed, were used.

Table 13. Technical characteristics data of pumped-storage generators

Cheong  Sam- . San- Yang-  Cheong-

Classification . Muju Yecheon
_ pyeong  nangjin cheong yang song
Con;gﬁ“on 1980 1985 1995 2001 2006 2006 2011
No. of 2 ) 2 2 4 2 2
generators
Rated capacity 600 600 700 1,000 600 800
(MW)
Tota ?Iz)cmncy 723 763 765 787 800 816 826
Start-up time 5 2 5 4 3 3 3
(generating, min)
Start-up time 6 10 15 7 7 7 7
(Pumping, min)
Generation
walblotma) 65 6.0 6.9 7.0 83 95 8.3
Pumping
wldiotme) 58 7.0 9.4 10.1 10.3 10.9 9.0
Maximum 26 3.6 4.1 4.9 8.3 5.7 6.6

power storage(GWh)
Source: Study on the operation methods for pumped-storage generators considering system reliability (Korea

Power Exchange, 2013)
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3.2.4 Evaluation of the power system flexibility

The flexibility of the domestic power system is evaluated by the number of periods of

flexibility deficit by comparing the flexibility requirement and supply for 8,760 h in a year.

The flexibility requirement is applied by the hourly fluctuation of net load (NL), flexibility

supply is divided into on/offline, and is separately calculated for downward flexibility

supply according to the increase of VRE output, and conversely for upward flexibility

supply according to the decrease of VRE output.

Flexibility requirement is calculated using hourly net load ramping (NLR) and is

expressed as Eq. (23). The monthly statistics of NLR are outlined in Table 14.

NLR, = NL, = NL, 1< he| Ni-1 Eq. (23)
Table 14. Monthly statistics for net load ramping in 2031
Classification Jan Feb Mar Apr May Jun
Maximum
9,905.1 9,596.5 8,627.8 7,038 6,135.6 6,017.1
MW)
Minimum
-7,485.4 -9,895 -6,980.6 -6,310.5 -5,365.6 -4,652
MW)
Average
17.9 -6.2 -9.5 2.4 5.1 -6.5
MW)
Standard
. 3,208.1 3,265.1 3,044.4 2,715.7 2,358.7 2,003.8
deviation
Average
. 2,742.6 2,637 2,429.2 2,400.1 2,122.1 2,003.8
increase (MW)
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Frequency of

. _ 357 338 379 334 343 330
increase (times)
Average
-2,502 -2,681.1 -2,541.8 -2,081.2 -1,805.6 -1,707.6
decrease (MW)
Frequency of
, 386 334 365 386 401 390
decrease (times)
Classification Jul Aug Sep Oct Nov Dec
Maximum
6,188.8 6,607 7,709.6 9,701.8 9,837.2 9,473
(Mw)
Minimum
-5,798.5 -5,301.5 -6,197 -7,484.6 -8,383.3 -8,625.2
(Mw)
Average
20.3 -12.2 -12.6 7.7 0.9 6.2
(Mw)
Standard
o 2,4855  2,460.7 2,416.6 2,836.6 2,138 3,380.5
deviation
Average

, 2,075.2 2,131.1 2,202.1 2,4415 2,703.5 2,914.7
increase (MW)

Frequency of
increase (times)
Average
-2,023.6  -1968.1 -1,754.7 -2,040.5 -2,417.3 -2,591.4
decrease (MW)
Frequency of
decrease (times)

371 355 317 340 340 351

373 389 403 404 380 393

Analyzing the variability of NL in 2031 according £q. (24) revealed the maximum
and average total fluctuation rates were 36.3%4ah#%, respectively. These values are
slightly different from the solar and wind powewndtuation rates of 30% and 23%,
respectively, in Park (2017), and of 32.8% and %8il6the 9" ESDP (provisional version).
However, it has the effect of simultaneously coesity the volatility of demand and
renewable energy together when using the hourtdhtion in NL. Hence, the NLR for

2031 is assumed as flexibility requirement.
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Netload variality (%)= NL, = Nl x100= NLR,

VRE VRE x 10 Eq. (24)

Flexibility supply can be divided into output margof power plant in operation
including operational reserves regulated in the gromarket, and the output of un-
committed power plants (including quick-start gexters) which are not included in the
day-ahead unit commitment and economic dispatcledidh. In addition, flexibility
supplies can be divided by direction into upward downward flexibility. Here,RampUp
and RampDowhrefer to the amount of power generation that ¢@nincreased or

decreased over 60 minutes.

(1) Upward flexibility capacity from committed powelapts

Flesomine _Z vCommif df hxmin( RampUp
* 4 Mode_cap(dt'highy vProduct(dt)h Eqg. (25)
(2) Upward flexibility capacity from un-committed powglants
Flexine _Z (L-vCommif dt B)x min( RampUyp
o | (L— Startuptimé d}), Mode cap dt hid)) Eq. (26)

(3) Downward flexibility capacity from committed powplants
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Fle)g?cline - Z

dt

[vCommi( dt hxmin( RampDown:L

vProduct(dt,h> Mode_cap(dt,loy' Eq. (27)

The downward flexibility capacity from uncommittggbwer plants can be used to
consider the case where a stationary pumped-stgeaggrator operates in pumping mode.
However, a power storage deficit is required fomping mode operation. Since the
usability of pumped-storage power plants is exgktteincrease as upward flexibility
resources together with the expansion of renewatéegy, an appropriate level of power
storage will be maintained for emergency respols#his situation, the contribution of
pumping mode operation to the downward flexibitgn only be insignificant. Moreover,
the downward flexibility capacity can be coped wiithmeans of renewable energy output
curtailment, P2G, and ESS charging schedule adargtrithus, this study only considers
the downward flexibility capacity in operation €aand such capacity in off state is not

considered.

(4) Total upward/downward flexibility capacities

TFlex,, =), (FlexX™ + Flex|™) + reserve Eq. (28a)

TFlex,_ =" FleX"™ + reserve Eqg. (28b)

The operational reserverg¢serve ) can contribute to both upward and downward

flexibility capacities. However, if the reserve oasces of power generation sources in

71



operation are used as flexibility resources in an actual power system, the operational reserve
can be insufficient until a supplementary reserve resource is allocated. It should not be
overlooked that if an emergency occurs in the power system in this state, the response

ability can have a problem.

(5) Evaluation of power system flexibility

D,.=TFlex, -~ NLR,, DO_= TFlex_~| NLR|
PFD, =#D,, 0D,, <0, Eq. (29)
PFD.=#D,_ 0D,_<0

For evaluation of the power system flexibility, the number of periods of flexibility deficit
(PFD) suggested by Lannoye et al. (2015) was calculated, and the numbers of

upward/downward flexibility deficits were used as indicators.

3.2.5 Economic impact analysis

To analyze economic impact on power market participants, such as estimating the power
generation sales of the power generation companies and the power purchase cost of vendors
using the changed composition of power generation sources in 2031 due to the expansion
of renewable energy, it is critical to identify the variations of power market prices. Thus,
price setting scheduling was performed using the proposed day-ahead unit commitment
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and economic dispatch model, and the SMP was el which provides the criterion
for calculation of hourly power settlement amounthe trading day. The SMP is set to the
highest price among the stack prices (SP) of eadkrtor to which the unit commitment
and economic dispatch amount is assigned accotdlitg hourly price setting scheduling.
It is calculated through the interim generating pnice (IGP) and the generating unit price

(GP) as shown in Table 15 (Korea Power Exchang20&0

Table 15 SMP calculation process

Sequence Classification Description
1 IGP Incremental fuel cost + no-load cost + stigrcost of generator
2 GP Price adjustment of the generated generatbirwane hour

The GP of the generator in an abnormal operatete ggeneration
3 SP at minimum generation capacity, output increaselegrease at

maximum speed) is excluded

4 SMP Determined as the maximum SP of each gemerato

Source: Power Market Operation Regulation, recanstd by the author

To forecast the power market operation results08f12and to compare them with those
of 2018, this study performs power market simulaticsing operation scheduling that
reflects the reserve constraint in price settingedaling. The KPX stably operates the
power system in real time through operation schirduteal-time dispatch scheduling, and
dispatch instructions to power generation compagiesea Power Exchange, 2020a).

Among these, operation scheduling refers to geioeratchedule established for actual
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system operation on the trading day consideringouarconstraints that influence the
power system. It is established one day aheadedfalling day after considering additional
constraints such as heat supply and fuel cons$réanieach generator, power transmission
constraint, reserve level, and power system stalaifter price setting scheduling of the
trading day. In contrast, real-time dispatch scliadus performed through the process of
state estimation (every 1 min), demand forecaserge\s min), security constrained
economic dispatch (SCED, every 5 min), and ED glanfevery 1 min) to determine the
effective output of the generator in real time lonsidering the generator cost, reserve,
contingency, and transmission line constrainteal time through the EMS on the trading
day. Based on the results of operation and rea-tiirspatch scheduling, the power system
is operated through dispatch instructions to pogemeration companies regarding grid
connection or disconnection of generator, activwgroand frequency adjustment, power
generation output instruction, voltage adjustmerid automatic generation control
operation (Korea Power Exchange, 2020a). Howeiraglation of the real-time dispatch
scheduling of the power market in 2031 requiresumgtions of numerous market
conditions, is difficult to implement, and the eddility of the result is inevitably low.
Therefore, operation scheduling was performed impkfying the constraints influencing
the power system only to the reserve level in lirin the research objective, and it was
assumed that dispatch instructions are made aogptdi this schedule for the actual
operation of the power generation facilities ontilagling day.

The sets and parameters added for the analysisooioeic impact on the operation
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scheduling and power market are listed in Table 16.

Table 16 Sets and parameters added for operation schgdulin

Set Description
Generators subject to RPS among the centrally wikpd generatait
RPS_Gen(dt)
RPS_Gen (dte {dt| Capacity dt =500}
Parameters Description
oPerReserve(h) Operational reserve in operation state requirdiirath (MWh)
Limit_capacity(dt) Upper limit of generation of centrally dispatchezhgratordt (%)
DR_capacity Average demand reduction per day (201 MW/1 time3 times/day)
oo_purchase_cost(d,h) Power purchase cost obpower generation sources on ahgt timeh (KRW)
oo_generation(d,h) Power generation on efopower generation sources on dhgt timeh (MWh)
- oo € {Nuclear, Coal, LNG, Oil, Renewable, Pump}
RPS_generation(d) Power generation on dalyof power plant subject to RPS (MWh)
Settlement adjustment coefficient
SA_coeff
- Nuclear: 0.6083, Coal: 0.7037, others: 1 (as of7201

Among the operational reserves, the frequency-gatjusnd standby/substitute reserves
in on state are secured from the power generataomces included in the generation

schedule. The hourly reserve regulation was addedcanstraint as follows:

oPerReserve(h
Zdt[vCommi( df hx Mode cap dt high- vProduct(dt]

Eq. (30)
According to the Power Market Operation Regulatig¢area Power Exchange, 2020a),

the operational reserve is secured by settingitheupply capacity of coal, LNG, pumped
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storage, and hydro generators excluding nuclegb%b, thus limiting the maximum output.
As a proviso clause, coal-fired power can be digted in 95-100% to ensure that adequate
reserve power is first secured by generators dtiaar battery storage devices and coal-
fired power generators. In other words, the openati reserves are secured through 5%
extra output that has not been dispatched duegerdimit constraint on generation output,
and dispatch adjustment. The method of securingatipeal reserves in on state was
reflected in the unit commitment and economic didpaimulation as shown in Egs. (30)
and (31). For the operational reserves in off stede assumed to be secured every hour
according to the regulation on the amount of setusserve because it is specified
separately by the KPX after generation scheduliaged on operation experience and

system condition analysis.

vProudct(dt,hx Mode_cap(dt,'high) LimiZapacity(dt Eq. (31)
where Limit _Capacity( d) is nuclear 100%, and coal, LNG, oil, and pumped

storage 90-100%.

The settlement adjustment coefficient is used jostdhe power settlement amount of
the generators owned by power generation subsdiaf electricity vendor (KEPCO)
subject to government regulations and centrallypatished coal-fired generators. If
KEPCO pays the power settlement amount to all payeseration companies based on
SMP as itis, those companies operating base generssing nuclear and coal-fired power
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plants will earn too much profit. Therefore, thétleenent adjustment coefficient is used to
adjust the power settlement amount paid for thevexy of base generators’ excess profit
and the maintenance of financial balance betweeP®®& and power generation
subsidiaries (Korea Power Exchange, 2020a, 2020js, the power purchase cost was
reflected differently depending on whether thelsgtént adjustment coefficient is applted

as follows:

purchase cos t(d, h=
vProduct(dt,hx{ Margin_cost(dt,kY SK/IF)}

dt{ nuclear coa}l|:_Margin_COSt(dtvh))x SA Coeﬁ Eq (32)

+ > [vProduct(dt,hx SMP Y

dtC{ LNG oil, pump renewabje

To calculate the settlement amount for the RPSgahbin fulfilment cost, the power
generations of power plants with 500 MW or higheaility capacity, which are subject to
the RPS, need to be estimated. The obligatory gugplount of the current year is
calculated by multiplying the total power generatiof the previous year (excluding
renewable energy) by the RPS obligatory rate ottheent year (Table 17). In this model,
the total power generation of the previous yeatusng renewable energy is calculated

using Eq. (33).

4 Power settlement amount = Variable cost by geaera{SMP- Variable cost by generator) Settlement
adjustment coefficient. A larger settlement adjwsitrcoefficient increases the power settlement arnpaid
by KEPCO to power generation subsidiaries and thialva cost excess profits of subsidiaries.
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24
RPS_ generatioh J= > > vProduct(c Eqg. (33)

RPS_ Geff df Al

Table 17. RPS obligatory rates

Year 12 13 14 15 16 17 18 19 20 21 22 23~
Ratio (%) 2.0 25 3.0 3.0 35 40 50 60 7.0 80" 9.0 1000

Source: Korea Energy Agency

1) The 1% increase from 2021, which was announcedl&gn by the Ministry of Trade,
Industry, and Energy in May 2020, was not reflected

The market operation result for demand respongedfter DR) trading in 2018 is a total
reduction of 221,264 MWh for 1,279 h accordinghe power market statistics of the KPX
(Table 18). DR was not considered as flexibilitypgly resource, but to reflect the DR
trading result in the demand variation of operagoheduling, it was assumed that demand
reduction of approximately 201 MW for 3 h per dagworred in the daily peak hour. The
DR market has a high potential as flexibility resmy but in Korea, since the market
opening in November 2014, the economic DR and bihitig DR (peak reduction) were
operated at first. Since January 2020, economiticpéate matter, and peak demand DR
have been operated. The system of using DR asxiifty resource has not been

introduced yet.
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Table 18. Monthly DR trading results in 2018

Month 1 2 3 4 5 6 7 8 9 10 11 12
Reductions o 1,4 3 147 131 128 65 279 119 54 475 28

GWh) . . . 8 6. . 9 5. .
Implemented oo Jo 59 100 96 47 39 140 112 74 248 199

hours (h)

Source: Power Market Statistics 2018 by KPX (May 2019), reconstructed by the author

3.3Model validation

3.3.1 Overview of model validation

To verify the reliability of the power market simulation model proposed herein, the SMP
announced in the power market in 2018 is compared with the estimated SMP. To use the
method of comparing the generation amounts and shares of power generation sources, it
is necessary to forecast the results of power system operation in real time by reflecting
various constraints. However, the proposed model did not reflect all constraints due to the
research purpose. Thus, the model is verified using the SMP of price setting scheduling,
which assumes an ideal condition with no constraints for price setting.

To calculate the forecast error rate of the SMP result and estimate for 8,760 h based on
the mainland in 2018, the mean absolute percentage error (MAPE), which is often used to
calculate error rates, is applied as Eq. (34). Song et al. (2018) also verified the proposed
power market simulation model using SMP based on the MAPE and the MAPEs for 2016
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and 2017 were 4.03% and 4.68%, respectively. Qttethods to evaluate the accuracy of
time series data forecasts include mean absolute @IAE) and root mean square error
(RMSE), but the MAPE has the advantage of showigetrror intuitively in a situation

where sufficient data can be acquired (de Myttemaeal., 2016).

8760 SMP - SMP
MAPE = 100 2(1 market, w modelvl Eq (34)
8,7604%|  SMP. |
where SMP._.... is the result announced in the power market &MP, .., is

the model estimate.

As shown in Figure 6, the trend of yearly weight@drage SMP of the domestic power
market based on the mainland from 2001 to 2018 shakge variability. The main causes
must be variations of fuel cost for power generatimd changes in power mix. The
monthly SMP variability level for one year is 109 RRW/kWh at the maximum and 86.58
KRW/kWh at the minimum as shown Figure 7, whichwsithe monthly weighted average
SMPs of 2018. Note that the SMPs have been sepaggtglied to the mainland and Jeju
since 2010. The weighted average SMP is the h@&MiPs that were weighted averaged
by the corresponding hourly power demand forecastiss mainly used to analyze market
trends. To examine the variation range of hourlyPSMn 2018, the maximum value is
140.73 KRW/kWh, the minimum value is 51.12 KRW/kWamd the standard deviation is
10.4 KRW/KkWh. SMPs have similar patterns by pesadh as day and season according
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to the net demand pattern excluding the renewalnlergy generation. Thus, the
representative section for each quarter is setten@MP result and estimate patterns will

be compared and presented together with the motsistency evaluation result.
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Figure 6. Yearly weighted average SMP in 2001-2018
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Figure 7. Monthly weighted average SMP in 2018

Source: Electric Power Statistics Information Sys{&PSIS), reconstructed by the author
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3.3.2 Model validation result

Table 19 reports the results of evaluating the consistency of the power market simulation
model. It can be seen that the MAPE value for the SMP estimates for 8,760 h in 2018 is
2.37%. According to Lewis (1982), a MAPE value of less than 10 can be considered highly
accurate forecasting, 10-20 as good forecasting, and 20—50 as reasonable forecasting, and
over 50 as inaccurate forecasting. Thus, this result suggests the day-ahead unit commitment

and economic dispatch scheduling of the proposed model is highly accurate.

Table 19. Monthly MAPEs in 2018 (unit: %)

Month 1 2 3 4 5 6 7 8 9 10 11 12 Average

2018 162 236 187 1.63 254 266 3.78 3.20 3.47 151 159 2.20 2.37

The monthly MAPEs for 2018 show relatively large errors during the summer period
from July to September. In particular, the largest forecast error appears in July. However,
when comparing with the results of evaluating the credibility of the simulation proposed
by Song et al. (2018) (maximum error: 7.47%, minimum error: 1.64%), it can be seen that
the model proposed in this study estimates SMP with relatively more elaboration. The main
cause of errors is the limitation that the renewable energy generation, preventive
maintenance and failures of generators, performance changes by external temperature and

the DR trading information cannot be reflected realistically. The KPX forecasts the
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renewable energy generation of the next day andiespfhis to the day-ahead unit
commitment and economic dispatch scheduling. Howesiace these forecasts are not
open to the public, the proposed model used theweble energy generations created
based on past results. Furthermore, the prevemtaietenances and failures of generators
are managed on an hourly basishe power market; however, this study only considered
daily preventive maintenances, taking account tmepexity of the model. The differences
in input information for renewable energy genenagi@affect the hourly net demands and
the generator maintenance and power plant faikcaase differences in the one day-ahead
bidding information for hourly available supply eajities of power plants. This can
ultimately cause differences in the hourly margimate setting generators. Lastly, among
the DR resources, the economic DR can cause a ehainthe marginal price setting
generators if demand reduction is more economiwa power supply of the generators
through price competition, but it can cause anrdoerause the DR resource operating
principle was not reflected in the model. Howewehat is important is that the above
reasons can generate some forecasting errordhisutdes not have a significant effect to
lower model consistency.

For additional verification of the model estimatthge quarterly representative sections
were set and the patterns of SMP results and dstintaeach section were compared. The
representative section was set as 240 h from the 186th of the first month of each quarter
to include both weekdays and weekends. Throughctiisparison, whether the trend for
SMP estimates of the model has been reflected e@hdcked visually. Figure 8 shows the
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result of comparing the quarterly SMP patternsalh be seen that the model provides
similar estimations of the trends of SMPs in summearekends, and holidays when the

SMP changes the most during the day.
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Chapter 4. Empirical Studies

4.1The study on evaluating the power system flexibilt

This section evaluates the flexibility of the domestic power system in 2031 due to the
expansion of VRE. First, this study presents an overview of flexibility evaluation. Second,
the net load variability is predicted and hourly flexibility requirements are calculated. Third,
the flexibility supply amounts of power generation sources in on/off states are calculated
through the optimal unit commitment and economic dispatch scheduling simulation. Lastly,
the periods of flexibility deficit of the power system in 2031 are compared and calculated,

and the analysis results are presented.

4.1.1 Overview of flexibility evaluation and premises ofanalysis

To examine the composition of power generation sources in the domestic power market
in 2031 in terms of flexibility, the optimal generation scheduling of flexible power
generation sources (e.g., coal, LNG, pumped storage, hydro, ESS, and oil) should respond
to the output variations of the variable power generation sources (solar and wind power).
The flexibility supply amount is secured through the operation of operational reserves and
quick-start generators. However, if the upper limit of the maximum generation capacity for

each power generation source is regulated to secure the operational reserve, more spare

87



generation capacity for each generator that casebared unintentionally is generated in
addition to the flexibility supply amount securatarding to regulations as a result of unit
commitment and economic dispatch scheduling.

In terms of flexibility responsiveness, only theng@up/down rate constraint may be
considered for flexibility resources supplied frpmwer generation sources in an on state.
However, for operational reserves or quick-startegators in an off state, the compliance
time, which is the time elapsed from the start-ofil connection to the power system after
a dispatch instruction, must be also consideredther words, in terms of the speed of the
response to flexibility, the operational reserve apare generation capacity secured from
power generation sources in an on state have nigberhutility than those in an off state.
Therefore, the flexibility capacity supplied frorayger generation sources in an on state is
used first, and then flexibility supply from those an off state will be considered
additionally if there is a deficit of the flexihi}i supply amount.

To secure reliability of the power system, the agienal reserves consist of frequency
control reserve for maintaining stable frequencyidinary times, and first, second, and
third reserves for restoring the frequency in tiient of a failure. Quick-start generators
refer to centrally dispatched generators that cemnpty within 20 min and maintain output
for over 4 h separately from the operational resexv respond to renewable energy
volatility, and mainly specify hydro, pumped stogagnd gas turbine generators (Korea
Power Exchange, 2020a). The secured energy andesetione criterion by reserve type

are outlined in Table 20.
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Table 20 Operation criteria for operational reserve anitlkstart generators

Classification Secured energy (MW) Secured timeddn
Frequency control Comply within 5 min
700 or higher )
reserve Output for more than 30 min
. . Comply within 10 s
First reserve 1,000 or higher _
Output for more than 5 min
. Comply within 10 min
Second reserve 1,400 or higher )
Output for more than 30 min
Third reserve 1,400 or higher Secure within 30 min

) ) Comply within 20 min
Quick-start generators 2,000 or higher
Output for more than 4 h

Source: Power Market Operation Regulation (2026pmstructed by the author

If the reserve resources (general power generationces excluding pumped storage,
hydro, and ESS) are classified into on and offestéiased on the secured time criterion,
the frequency control reserve and the first andsgceserves must be secured in an on
state, and the third reserve and quick-start géorsranust be secured in an off state
considering the start-up time of each power geiaratource. To summarize, the online
flexibility is the sum of operational reserves heghthan 3.1GW secured in the on state
(frequency control reserve + first reserve + seaq@sgrve) and spare generation capacity,
whereas the offline flexibility is the sum of 3.4GaY higher (third reserve + quick-start
generators) power secured by the Power Market @per&egulation and the power
generation that can be secured within 1 h fronptheer generation sources in an off state

that have not been specified as reserves and gtackgenerators.
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The flexibility supply amount calculation scenarfosflexibility evaluation were set as
shown in Table 21. When setting up the scenariosafmlyzing the flexibility supply
amount, important factors such as the size of gpeeulimit constraint, the supply capacity
for each state of operational reserve, and whetheot a quick-start resource is applied
should be considered.

To analyze the impact of each factor on the suppfiexibility, a total of five scenarios
were set. For Scenario 1, it is assumed that fkere regulation on operational reserve and
quick-start generators, and the online upward/doavdwlexibility capacities that can be
secured automatically by unit commitment and ecadoatispatch scheduling according to
the change of the upper limit of power generat@®100%) are analyzed. For Scenario
2, the need for operational reserve regulationnaly@ed assuming that there are only
regulations on it without generator upper limit.r Fecenario 3, the need for operating
quick-start generators is examined consideringoffi;me flexibility supply amount and
quick-start generators. For Scenarios 4a and 4b,sdtured amount of flexibility is
calculated according to the size of the genergtpeulimit assuming the generator upper
limit as 95% and 90% and compared with the flekipilequirement.

In Table 21, (On) and (Off) Reserve are the clasibn of the operational reserve and
quick-start generators in Table 20 by operatiotestBhe minimum value of the secured

amount was applied to this analysis.
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Table 21. Flexibility supply amount calculation scenario

Classification Settings

Description

Limit_Capacity(h) = 90-100%,

1 Reserve =0

Upper limit of power generation 90-100%,
No regulation on operational reserve and

quick-start generators

Limit_Capacity(h) = 100%,
2 (On) Reserve = 3.1 GW,
(Off) Reserve = 1.4 GW

Upper limit of power generation 100%,
Operational reserve in on state 3.1GW,

Operational reserve in off state 1.4GW

Limit_Capacity(h) = 100%,
(On) Reserve = 3.1 GW,

Upper limit of power generation 100%,

Operational reserve in on state 3.1GW,

. (Off) Reserve = 3.4 GW Operational reserve+quick-start generators in
off state 3.4GW
Limit_Capacity(h) = 95%, Upper limit of power generation 95%,
(On) Reserve = 3.1 GW, Operational reserve in on state 3.1GW,
4a (Off) Reserve = 3.4 GW Operational reserve+quick-start generators in
off state 3.4GW
Limit_Capacity(h) = 90%, Upper limit of power generation 90%,
1 (On) Reserve = 3.1 GW, Operational reserve in on state 3.1GW,

(Off) Reserve = 3.4 GW

Operational reserve+quick-start generators in

off state 3.4GW

4.1.2 Net load variability and calculation of flexibility requirement

Net load is the hourly demand forecast data minus the forecast generation amount of

VRE. The net load duration curves in 2018 and 2031 are compared in Figure 9. The power

consumption in 2031 is approximately 11.8% higher than that in 2018, whereas the share

of the variable renewable energy generation increases to 20%. As a result, the power
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generation that must be supplied every hour by gémenerators (excluding renewable

generators) decreases in general.
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Figure 9. Net load duration curves in 2018 and 2031

The variability of net load is caused by the eriarthe forecasts of demand and VRE
generation. In flexibility research, calculatingetfexibility requirement by the hourly
fluctuations of net load means to reflect the Mgility of demand and that of renewable

energy generation together as in Eq. (35).

NLR = NL - NL_,
(Demang - VR -( Demand- VRB Eqg. (35)

=ADemand-A VRE
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To compare the variations of hourly net load andEMR 2018 and 2031, the size of the
VRE variation relative to the net load variationsbd on the maximum in Table 22 is
approximately 17.2% in 2018 and approximately 93i6%031. Thus, it can be seen that

most of the net load variability comes from theiagon of VRE output.

Table 22 Comparison of the variations of net load and MRE018 and 2031

o Net load variation VRE variation
Classification
2018 2031 2018 2031
Maximum (MW) 9,460.92 10,362.48 1,630.10 9,702.43
Minimum (MW) -6,155.74 -9,766.44 -1,498.26 -8,595.4
Mean (MW) 0.95 1.04 -0.06 -0.98
Standard deviation 2,127.30 2,875.05 394.91 2,260.05
Mean increase
1,675.79 2,388.97 275.79 1,590.81
(MW)
Increase frequency
. 4275 4177 3915 4132
(times)
Mean decrease
-1,595.82 -2,175.82 -222.96 -1,422.17
(MW)
Decrease frequency
4484 4582 4845 4628

(times)

When the contribution of renewable energy volatitid the variation of the net load
maximum change date and time is examined, in 20&1lNovember 1, 15:00-16:00. This
change is caused by an increase in the deman@@7 MW and a decrease in the VRE

output of 8,555 MW. On the other hand, the net logkimum change date and time in
93
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2018 is January 8, 07:00-08:00, when the demandases by 9,519 MW, but the VRE
output increases by 58 MW, thus giving a very shimafiact. In other words, if the net load
ramping (NLR) is used as the flexibility requiremheaccording to the expansion of
renewable energy, the variations of demand andbkerirenewable energy generation can
be considered together. However, if the share dE\gBneration is low, characteristics that
represent the volatility of demand may appear. &toee, the contribution of demand and
renewable energy generation should be checked®fste applying the NLR.

The hourly variations of the VRE output profile éipd herein are shown in Figure 10.
If the volatility of demand is also considered, thet load variations in 2031 appear as
shown in Figure 11. This value is assumed as ¢héhility requirement and flexibility are

evaluated by comparing this with the flexibilitypgly amount at the same time slot.
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4.1.3 Unit commitment and economic dispatch simulation ad

calculation of flexibility supply amount

In this section, the flexibility supply amount is calculated by performing optimal unit
commitment and economic dispatch simulation according to the flexibility supply amount
calculation scenario (Table 21). In Scenario 1, the variations of spare generation capacity
of the generators that were determined to committed centrally-dispatched generation units
according to the result of unit commitment and economic dispatch scheduling were
analyzed while decreasing the generation upper limit from 100% to 95% and 90%.

Figure 12 shows the variations of the secured amount of upward flexibility according to
the size of the upper limit of power generation. It can be seen that the higher the upper limit,
the larger the spare generation capacity becomes, and the greater the secured amount of
upward flexibility also becomes. When the variations of the mean secured amount of
upward flexibility are examined, it was found to be 599 MW at 100%, 2,487 MW at 95%,
and 4,590 MW at 90%. Thus, the amount of upward flexibility that can be obtained by a 5%
increase of the upper limit was approximately 2,000 MW. However, when the upper limit
of power generation is increased, generators with high power generation costs are
additionally started, leading to a higher total power generation cost.

Figure 13 shows the change in the secured amount of downward flexibility in Scenario
1. Unlike the upward flexibility, there is a power reduction margin of 17,320MW on

average even without an upper limit. When the upper limit of 95% was applied, the secured
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energy decreases to 16,442MW, and it decreasesi4dAMW when the upper limit of 90%
was applied. Thus, the secured energy decreasédaiipas the upper limit was increased.

To summarize, although restricting the upper liafipower generation contributes to the

solution of the upward flexibility deficit problenit, does not contribute to the downward

flexibility deficit. Hence, a different method ftiis problem should be considered.

In Scenario 2, the generation capacity securechbyperational reserve regulation is
calculated in a condition where 100% rated outputefach generator is possible without
the upper limit of power generation. Specificathe online operational reserve of 3.1GW
and the generation capacity remaining after seguhie operational reserve were analyzed
through the unit commitment and economic dispaittiulsition, and the offline operational
reserve of 1.4GW was added to the result to detertfie total upward flexibility. When
calculating the downward flexibility supply amoumgserve_ is a concept of room for
reduction as power adjustment becomes possibleeimpdrarily releasing designated
reserve resources, and is the similar as the cotemline downward flexibility. Thus,
the total downward flexibility was determined thgbusimulation assuming that the
reserve_ was already reflected. The flexibility lypamount calculated in Scenario 2 is
shown in Figure 14. The secured upward flexibiktyn the range of 4.4-13.6 GW, and the

secured downward flexibility is in the range of &=8GW.
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Figure 12 Change of upward flexibility capacity in Scenatio

98



(Frequency: times)

7,000

6,000

5,000

4,000

3,000

2,000

1,000

\
S

Downward flexibility (spare generation capacity)

H90% m95% m100%

1 4 0 0 3 3 1 4 0 21 32 42 56 54 63 27
3 5 3 0 1 1 4 2 0 21 35 3,65 51 6% 1
17 33 42//59//562 /75
3 2 5 1 3 5 2 1 0 -- 0__
Q Q Q \} \} \} \} \} Q \} Q \} Q \} Q Q Q \} Q \} Q
Q Q S Q Q N\ \) S \) \} \) \) \) \) \) \) \) \) \) \) \)
PTAIFTT T TSI ITILSTTLSTSTITFT TS

Figure 13 Change of downward flexibility capacity in Sceinak

99

(secured amount of flexibility: MW)



(Downward flexibility frequency: times)
0 1,000 2,000 3,000 4,000 5,000 6,0C0

14,000
13,000
12,000
11,000
10,000
9,000 Upward flexibility Downward flexibility
8,000
7,000
6,000
5,000

(Flexibility supply amount: MW)

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000
(Upward flexibility frequency: times)

Figure 14. Secured amount of flexibility in Scenario 2

In Scenario 3, the 2 GW quick-start generators are additionally considered as flexibility
supply resources in addition to those in Scenario 2. Because they are not affected by the
day-ahead unit commitment and economic dispatch scheduling, the quick-start generators
that supply flexibility capacity while waiting in an off state can be added to the upward
flexibility capacity of 2 GW calculated in Scenario 2 to determine the total supply amount.
In other words, since an upward flexibility of 4,773 MW and a downward flexibility of
16,387 MW can be secured averagely in Scenario 2, the upward flexibility in Scenario 3
increases to 6,773 MW, but the downward flexibility will be the same as the amount secured
in Scenario 2. However, in Scenarios 4a and 4b where the power output upper limit is
adjusted to 95% and 90%, respectively, the unit commitment and economic dispatch

scheduling result is affected by the changed constraints. The analysis results for flexibility
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supply amount through simulation in Scenarios 4a and 4b are shown in Figures 15 and 16,

respectively. With respect to the upward flexibility supply amount, it can be seen that the

secured amount increases with the upper limit as in the analysis result of Scenario 1.
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Figure 15. Secured amount of flexibility in Scenario 4a
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Figure 16. Secured amount of flexibility in Scenario 4b
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Table 23 Comparison of upward flexibility supply amount §genario

(unit: GW) 5 6 7 8 9 10 11 12 13 14 15 16

Scenario 2 7,837 576 99 83 55 47 35 16 11 1 0 0

Scenario 3 0 0 7,837 576 99 83 55 47 35 16 11 1
Scenario 4a 0 0 7,621 740 129 82 62 61 32 18 13 2
Scenario 4b 0 0 1,6833,051 2,609 1,008 260 83 33 21 14 3

In Table 23, Scenarios 3 and 4a secure similaitifility supply amounts but show very
different patterns in terms of total power gen@ratost or the composition of operational
reserve resources. Unlike Scenario 4a, 4b, whighiepthe power output upper limit
method reflecting the current operational reseoggissition system, Scenario 3 is designed
to secure the operational reserve by deciding Beldn and the spare generation capacity
of started generators inside the simulation withopper limit method. If this reserve
optimization method is used, it is expected thatttital power generation cost could be
reduced by 300.3 billion KRW for one year in 203npared to Scenario 4a, and reserve
resources could also be secured mainly from poweeigation sources with high variable
costs such as LNG power plants. Thus, this can desteffective alternative solution to
improve the reserve securing method. The downwiaedbility supply amount did not
differ significantly by scenario and was similarttee result presented in Scenario 1. In
addition, Scenario 3 was not separately preseheddxibility evaluation result in 4.1.4
section because it has a flexibility supply amopattern similar to Scenario 4a for

analyzing the change of amount according to theulmit of power generation.

102



4.1.4 Empirical results of evaluating the power system #éxibility

For the flexibility evaluation of the domestic power system in 2031, the number of
flexibility deficits was determined by comparing the flexibility requirement for 8,760 h
with the flexibility supply amount. For example, Figure 17 shows the flexibility
requirement and supply amount for 15:00-20:00 on November 1, which is the date when
the largest change was made to the net load in 2031. Since the upward flexibility supply
amount of 7,051 MW is lower than the fluctuation in net load of 10,362 MW, which is the

flexibility requirement at 16:00, a flexibility deficit of 3,311 MW can occur at this time.

80,00(
s
S 60,000
>
‘C
(o]
g 40,000
(8]
c
S
S 20,000
()
@
e i n m _ _I N
(20,000)
(unit:MW)
A
(40,000) 15h 16h 17h 18h 19h 20h
= Net load 46,593 52,049 62,412 67,928 66,906 64,197
® Flexibility requirement 5,457 10,362 5,517 -1,022 -2,709 -1,215
= Upward flexibility 6,722 7,051 7,171 6,759 6,607 6,706

Downward flexibility -11,896 -14,961 -21,227 -24,042 -23,786 -22,166

Figure 17. Comparison of calculation results for flexibility requirement and supply amount on

November 1, 2031
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The flexibility evaluation results of Scenarios 2, 4a, and 4b for calculation of flexibility
supply amount are presented by the number of upward flexibility deficits (PFD+) and the
number of downward flexibility deficits (PFD-). The flexibility evaluation result for
Scenario 2 in Figure 18 shows that PFD+ occurred 537 times and PFD- occurred 18 times.
For lack of upward flexibility, cases less than 2,000 MW is 404 times and can be solved
when quick-starter generators are reflected. To cope with the remaining deficits of upward

flexibility increasing the level of securing operational reserves should be considered
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Figure 18. Flexibility evaluation result of Scenario 2

When the frequency and probability of occurrence at each hour were analyzed, the

distributions of PFD+ and PFD- are as shown in Figure 19 and 20, respectively.
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Figure 19. PFD+ distribution of Scenario 2
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Figure 20. PFD- distribution of Scenario 2
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The PFD+ distribution shows that many upward fléitibdeficits occur between 7:00—
8:00 and 13:00-18:00. The flexibility requiremen7a200-8:00 is the ramping-ypwer
generation capacity required due to a sharp iner@asiemand rather than renewable
energy volatility, and could be responded to by-tieae dispatch operation. By contrast,
the flexibility requirement at 13:00-18:00 is cadi®g renewable energy volatility, and an
increase of the flexibility supply amount should ¢tensidered. The PFD- distribution
shows that due to a rapid increase of renewableygmeneration, a downward flexibility
deficit can occur at 8:00-12:00 when a reductiorthef output of the existing power
generation sources is required. Thus, it can besidered as a period in which it is
appropriate to respond with a renewable energy ubutpirtailment, P2G, ESS, and
pumped-storage charging.

In Scenario 4a, for which quick-start generatorsensdditionally reflected, PFD+ was
found to occur 126 times and PFD- occurred 19 timéstal (Figure 21). The cause of the
decreased number of upward flexibility deficits4iyl times compared to Scenario 2 can
be considered to be primarily the contribution afiolf-start generators. The PFD+
distribution in Figure 22 shows that the largesmnber of deficits occurs at 16:00-17:00.
It is estimated that the upward flexibility requirent increased due to a reduced output of
solar power generation. Furthermore, in the casd-@f-, one deficit additionally occurred
at 12:00 in the PFD- distribution of Scenario 2.a0is important here is that although the
flexibility deficits decreased significantly comgalrto prior to the introduction of quick-
start generators by adding 2 GW quick-start genesats flexibility resources, the problem
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remains that a flexibility deficit phenomenon can still occur.
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Figure 21. Flexibility evaluation result of Scenario 4a

o

(Probability of occurrence during the
year: %)

123456 7 8 91011121314151617 1819 2021 22 234
s Frequency <---++ Probability of occurrence

Figure 22. PFD+ distribution of Scenario 4a
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In Scenario 4b, the upper limit of power generation of Scenario 4a was adjusted from 95%
to 90%, PFD+ and PFD- occurred 59 and 18 times, respectively (Figure 23). Due to the
effect of increasing the spare generation capacity of each generator when the upper limit
amount is larger, the upward flexibility deficits decreased by over 50% compared to
Scenario 4a. When the PFD+ distributions are compared between Scenarios 4a and 4b, the
periods of upward flexibility deficit are similar, but the number of deficits decreased in
Scenario 4b due to the increased output limit of 5% (Figure 22 and 24). It can be seen that
compared to scenario 4a, the probability of lack of upward flexibility decreases from about

16.7% at 16:00 to about 8.7% for scenario 4b.
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Figure 23. Flexibility evaluation result of Scenario 4b
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Figure 24. PFD+ distribution of Scenario 4b

The analysis result for the PFD- distribution oeBario 4b was not presented because
it was the same as the periods of downward flaigtileficit of Scenario 2. The number of
downward flexibility deficits is low until the shaiof renewable energy generation is 20%.
However, if the share of renewable energy generatimtinuously increases in the future,
the renewable energy output constraint may increhse to the lack of power grid
acceptance and flexibility. Therefore, measuresojpe with downward flexibility should
also be researched in a timely manner.

To summarize the analysis results regarding theg®rand frequency of flexibility
deficit for each flexibility capacity supply scemarit is believed that additional flexibility
supply to the power system is necessary in 2034 necessary to increase the operational

reserve or quick-start generators especially becpasods of flexibility deficit occurred

109



even though 2GW, which is the current criterion daick-start generators, was reflected
in terms of upward flexibility supply. The flexilty evaluation result of Scenario 2
indicates that approximately 94% of renewable energlatility in 8,760 h can be
responded to only with the operational reserve. réfoee, this study proposes
consideration of the measures to increase theiontér the secured amount of quick-start
generators that are operated in emergencies. Ttheaineed to be improved to utilize the
variable-speed pumped-storage power plant of 2Gi&tréned to be installed in thé'8
ESDP, LNG power plants of 3.2GW that can operasagdines alone, and 0.7GW of ESS
as additional quick-start generators, and a congiEmssystem to guarantee participation
incentive should be prepared. Regarding the imprevre of the criteria for securing quick-
start generators, the maximum upward flexibilit§icieis 3,349 MW in Scenario 4b. Thus,
upward flexibility deficit will not occur if the auent criterion of 2GW is increased by the
deficit amount. What is important here is that tlegulation for securing flexibility
resources must be flexible, instead of being fixEds is because increasing the secured
amount of operational reserve on average for theve%tility to which response is
uncertain by such reserves can be inefficientrimseof cost. While the criteria for securing
operational reserves were operated statically iepgmation for emergencies in the
traditional power system, the criteria for secuniagewable energy volatility can be cost-
effective flexibility response measures only ifyfage operated flexibly in accordance with
the weather conditions and the range of securirgadion reserves is set dynamically. For
example, rather than regulating to secure 10,362 MKiich is the maximum fluctuation
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of net load in 2031 for all 8,760 hours, a moreneenical alternative can be to secure fixed
operational reserves for 95% of a year and to uggkeptart generators for 5% with a large

fluctuation level.

4.2 Composition of flexibility resources and ability torespond to

volatility

In this section, the problems that may arise urndercurrent system are analyzed in
terms of the composition of flexibility resourcesdathe ability to cope with volatility
around operational reserves and quick-start gesrsraivhich are used as resources to
respond to renewable energy volatility. First, #edtlement regulations about power
generation sources participating in the operatioes¢rve service are examined, and the
incentive effect of participating in reserve seeviof coal and LNG power generation
sources is then analyzed. The composition of fiéiibsupply resources that can occur
when the resources included in the operationatvesare reflected in the order of variable
cost due to the characteristics of the CBP markefforecast, and the flexibility
responsiveness to renewable energy volatility witbhe hour is analyzed. Finally,
improvement of the reserve system to respond taghewable energy volatility and the
need for separation of the energy market and txdiany reserve service market are

examined.
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4.2.1

Incentive effect for participation in operational reserve service

The settlement amounts for power generation sources participating in the domestic

power market can be largely classified into scheduled energy, available capacity (largely

representing fixed costs of generation), auxiliary service, and additional settlement

(constrained-on energy and constrained-off energy) (Korea Power Exchange, 2019a,

2020b). Different settlement prices are applied when calculating the settlement amount

depending on whether the price setting schedule established one day ahead as shown in

Table 24. The settlement for available capacity is based on the bidding amount.

Table 24. Standard prices for power trading settlement amount

Classification  Scheduling included Scheduling not included
R tb . . .
equest by Min (market price, variable cost)
power N
Market price generation capacity price
Generation + company paetyp
Capacity price Max (market price, variable cost)
Request by ISO +
capacity price
Non- (Mar.ket price —
Variable cost) . .
N Capacity price
ti . .
generation Capacity price

Source: Settlement Regulation Manual (KPX, 2019), reconstructed by the author

Table 25 outlines the detailed settlement method by the type of power trading settlement

amount. The settlement amount that can be received additionally by participating in an
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operational reserve service is the constrainecea#frgy payment (COFF), which is a
compensation for the loss of electricity sales edusy restricting the maximum generation
output to secure reserves, and the auxiliary sersattlement amount for the generation

capacity participating in reserve service.

Table 25 Settlement calculation method for power genenatiources participating in the power

market

Classification Calculation method

Scheduled energy . )
Power generatiorn market price (MP)
payment (SEP)

Capacity payment . )
(P) Bidding amounk capacity price

. ] Frequency tracking, automatic generation conteserve, self-starting
Auxiliary service )
service
payment
Unit price for each service supply amount

System constrained-on (CON) = Max (market pricejaide cost)x
additional settlement constrained power generation
(Uplift) System constrained-off (COFF) = (market price-\a@da cost) x

constrained power generation

Source: Settlement Regulation Manual (KPX, 201&jpnstructed by the author

In the domestic power market, whether to includeegation scheduling and operational
reserve service is determined by the KPX, but thefitpchanges resulting from

participation in the energy and auxiliary servicarkets will directly affect power

® Market Price (MP) is calculated as follows consitgthe system marginal price (SMP), the uppertlimi
price of settlement (PC), stack price (SP), transimisloss factor (TLF), and impact mitigation fac{tMF).
However, in this study, SMP was used as the MPusec is similar to SMP.

MP ={max(min(SMP PC SPX{L (1 - TLK I}
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generation companies. If the profit decreases biicizating in the reserve auxiliary
service market compared to the energy market, pgemeration companies may not want
to participate in the operational reserve semnvitels, it is important to maintain the reserve
service price at an appropriate level.

According to the 2018 power market statistics mi#d by the KPX (Korea Power
Exchange, 2019b), the contributions of frequencjustthent reserve and standby /
substitute reservésto operational reserves by power generation sowere estimated
based on the auxiliary service settlement amourgyfstem operation in 2018 as shown in
Figure 25. Bituminous coal and LNG contributed apimately 91% to the frequency
adjustment reserve, whereas pumped storage, amd pgder contributed approximately
98% to the standby/substitute reserves. Thus, @yam the incentive effect on the
participation in operational reserve service, #tigly calculates the representative power
plants of coal and LNG power generations, whichraagor power generation sources of
operational reserve in the on state (Table 26jhisttime, each rated capacity is assumed
to be the same, and the actual value of referepoeer plants is used for the fuel cost,
variable cost, and settlement adjustment coeffici€he increase or decreasetlire net
profit when the generation upper limit for partiafipn in the reserve market is decreased
to 95%—-90% based on the net profitach representative power plant when partigigati

100% in the energy market is also evaluated.

6 After the revision of the Power Market OperatiorgRlation in December 2019, frequency adjustment
reserves correspond to frequency control resengefiest and second reserves, and standby/sulestitut
reserves correspond to third reserve in the ofésta
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mCoalmLNG = Oil m Pumpecm Hydropower

Figure 25. Share of operational reserve auxiliary service settlement amount by fuel source in 2018

Source: Power market statistics 2018 (KPX, 2019), reconstructed by the author

Table 26. Comparison of the characteristics of representative power plants

Classification Coal-fired power plant A LNG power plant B
Rated capacity (MW) 959 959
Physical characteristics AA thermal power plant ~ <><> combined power plant

benchmark

(Southern Power Co.)

(Western Power Co.)

Unit price of heat

21.333 55.157

(1,000 KRW)
Settlement adjustment coefficient 0.7037 1
variable cost (KRW/kWh)
49.2 93.8
(100% output)
SMP (KRW/kWh) 100
Settlement unit price

85 100

(KRW/kWh)
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When the reserve participation amount is increageapplying the upper limit of power

generation to secure operational reserves, thenvevef coal-fired power plant increases

gradually and that of LNG

power plant decreaseduglly, as shown in Figure 26.

90%

91%

92%

93%

94%

(Generation upeer limit: %)

95%

-400,000

m LNG power plant B

m Coal-fired power plant A (After reflecting settlemedjustment coefficient)

m Coal-fired power plant A (Before reflecting thetkehent adjustment coefficient)

100,000 600,000 1,100,000
(Net profit change: KRW/hr)

Figure 26. Comparison of revenue change according to thergéon upper limit

The reason for this phenomenon is that the reguldir calculating the additional

settlement amount for constrained off-generatiatesigned to increase the compensation

amount for a power plant with a lower variable cfshn, 2018). To respond to the

renewable energy volatility, fast compliance isuieed, and LNG power is better than coal
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power in terms of this physical characteristic. However, facilities with high flexibility have
a high variable cost and would want to participate in the energy market rather than the
reserve auxiliary service market. If the settlement adjustment coefficient is considered
when calculating the settlement payment amount for constrained off-generation, it can be
seen that not only LNG plant’s but also coal-fired plant’s profits decrease. In sum, it shows
the problem of the market structure where the incentive to participate in the reserve service
is lower than that of energy production. In this respect, to cope with the increasing share of
renewable energy, it is necessary to consider the improvement from the current single
reserve service price to a differential compensation plan for participation in the reserve
service in view of the characteristics required to respond to flexibility such as start-up time,

ramp-up/down rates, and hold time.

4.2.2 Composition of operational reserve resources for éibility supply

In unit commitment and economic dispatch scheduling with the minimization of total
power generation cost in the CBP market, the composition of operational reserve resources
secured by the upper limit of power generation is influenced by the variable cost that
determines the merit order. Table 27 presents the merit order of centrally dispatched
generators (excluding hydro and pumped storage) in 2031 is determined by the order of
variable cost based on the rated output. After the power generation fuel tax reform in April

2019, the tax charge for bituminous coal increased from 36 KRW to 46 KRW per kg. The
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tax burden for LNG decreased from 91.4 KRW to 23/KRer kg. Since this study used
the power generation fuel cost data in 2018 forl2@3e unit price of heat per generator
before the power generation fuel tax reform wadiagpHowever, as can be seen in Table
27, the section in which a change in the merit dd coal power and LNG power
generation is between coal groups 1 and 8. Howevezrms of facility capacity, it can be
seen that the order of nuclear, coal, and LNG imtaimed in general.

If the reserve resources are allocated in ascenatidgr of variable cost through the
upper limit of power generation, the net load casétisfied only with the base generations
(nuclear, coal) during the day with a high renewabhergy generation, it may be
unnecessary to start-up LNG power generation, aedexrve can be secured from the coal
power plant determined as being in an on state. pN@er plants can be started but there
is a limit to them as reserve resources due tq hegt and transmission constraints. When
the periods that can satisfy the net load onlyheyliase generation are analyzed, the total
number of periods of net load below 20,400MW basedhe nuclear facility capacity in
2031 is 30 times. When the coal power generatipadsy of 36,923MW (Coal group 1 in
Table 27) is additionally considered, the total hemof periods of net load smaller than
the sum of nuclear and coal 1 power plant capacitié,862 times. In this situation, the
higher the share of renewable energy generatian|dwer the net load will become.
Eventually, as the periods in which only the basesgr generation source is operated
increase, it may be difficult to construct an apiate operational reserve mix with only
the upper limit of power generation.
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Table 27. Comparison of merit order stack in 2031

Before tax reform After tax reform
Facility Cumlljl.ative Faility Cuml-J!ative
Group name capacity fac"'“_’ Group hame capacity famhty
(MW) capacity (MW) capacity
(MW) (MW)

Qil 5 509 107,224.1

LNG 12 1069.2 106,715.1

Oil 4 146.3 105,646.0

LNG 11 24 105,499.7

Oil 3 83.5 105,475.7

LNG 10 21 105,392.2

Qil 2 40 105,371.2

LNG 9 273.3 105,331.2

Oil 1 26.3 105,057.8

LNG 8 36,456.4 105,031.5

Oil 5 465.8 107,224.1 Coal 8 578.6 68,575.1

LNG 7 151.5 106,758.3 LNG 7 3,060 67,996.5

Oil 4 45.8 106,606.8 Coal 7 340 64,936.5

LNG 6 1,061.3 106,561.0 LNG 6 4,435 64,596.5

Qil 3 128.5 105,499.7 Coal 6 500 60,161.5

LNG 5 313.3 105,371.2 LNG 5 927.6 59,661.5

Qil 2 26.3 105,057.8 Coal 5 700 58,733.9

LNG 4 2,673.8 105,031.5 LNG 4 97 58,033.9

Oil 1 37 102,357.7 Coal 4 500 57,936.9

LNG 3 42,659.3 102,320.7 LNG 3 114 57,436.9

Coal 3 515 59,661.5 Coal 3 1,200 57,322.9

LNG 2 412.6 59,146.5 LNG 2 481.7 56,122.9

Coal 2 797 58,733.9 Coal 2 24,283 55,641.2

LNG 1 614 57,936.9 LNG 1 989.2 31,358.2

Coal 1 36,922.9 57,322.9 Coal 1 9,969 30,369.0
Nuclear 20,400 20,400.0 Nuclear 20,400 20,400.0

Total 107,224.1 Total 107,224.1
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Figure 27 shows a histogram of the net load in 208en this is compared with the
cumulative facility capacity in Table 27, the comsftimn of reserve resources can be

roughly identified under conditions that do not sidier other constraints.
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Figure 27. Net load histogram in 2031 (Net load = Demanderévables)

Furthermore, to use the operational reserve asbfligx supply resource, the ramp-
up/down rates should be considered among the glysiostraints of the power generation
sources constituting the reserves. Even if thelfadlaxibility supply amount is sufficient,
the ability to respond to the renewable energytiltlawithin one hour can show different
patterns due to this characteristic. Since theeerar actual measurement data on the
volatility of domestic renewable energy in unitdeds than one hour, this study assumes a

few situations for variations of volatility resp@nability according to the composition of
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operational reserve resources.

All the power generation sources excluding nuclaad renewable energies can
constitute the domestic operational reserves situation where the net load fluctuation is
forecast as 2,500 MW, 2,500 MW of operational resén an on state can be secured as a
flexibility response resource. Consequently, houdpewable energy volatility can be
responded to, and it was assumed that reserveroesoare configured in the following

four scenarios (Table 28).

Table 28 Scenarios for composition of operational reseegurces

L Component power L
Classification i Description
generation sources

A period in which the share of renewable energy
1 10 coal power plants L
generation is high

8 coal power plants, ) , )
P p A period in which the share of renewable energy
2 2 LNG-combined

lant generation is medium
power plants

3 coal power plants,
5 LNG-combined A period in which the share of renewable energy
3 power plants, generation is low (based on the share of operdtiona
2 pumped-storage reserves in 2018)
power plants
10 pumped-storage

4 Assumed to analyze the effect of ramp-up rate
power plants

The scenarios for the composition of power genanagource are assumptions of
situations according to the share of renewableggrgneration. The ramp-up rate for each

power generation source was realistically set$\@min for coal, 18 MW/min for LNG,
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and 135 MW/min for pumped storage. To analyze thiétyato respond to renewable
energy volatility within the time range of [h, h+dgcording to each scenario, the renewable
energy output within 60 min was randomly generatétin the range of [0, 2500] using
the random function. This flexibility evaluationudd be made more precise if the accurate
measurement data for the characteristics of renlevesiergy volatility within one hour can
be acquired in the future. The analysis result absv¢hat when response is started with
dispatch instruction from the time when the rendeva@mergy volatility occurs, it can be
responded to only with Scenario 4, which includesftuctuation areas of volatility 1 and
2 in Figure 28. This is because the time requiggdsécuring 2,500MW within one hour
with the ramp-up rate constraint of the power gati@n sources comprising each scenario

is different at 28, 24, 7, and 2 min for Scenafids 4, respectively.

300(
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P |

1 357 91113151719212325272931333537394143454749 5158%%%
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Figure 28 Comparison of the degree of response to vdlafitir each scenario for compositior

operational reserve resources
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Therefore, to improve the upper limit method to secure operational reserves, the reserve
resources should be composed considering the physical characteristics of power generation
sources that will constitute the operational reserves to improve their usability as flexibility

resources.

4.2.3 Volatility response mechanism of operational resems and quick—

start generators

Although it may be different according to the characteristics of the power system of each
country, every country operates reserves to prepare for frequency adjustment and the
failures of maximum unit capacity power generation facilities and operational reserves to
respond to demand forecast errors and multiple failures of transmission and substation
facilities. The response mechanism of operational reserves is activated at when a major
contingency that can interfere with the balance of demand and supply in the power system
occurs. The response time limits for the operational reserves and quick-start generators of
the domestic power market can be arranged in ascending order as follows: first reserve
(within 10 s), frequency control reserve (within 5 min), second reserve (within 10 min),
quick-start generators (within 20 min), and third reserve (within 30 min) (Table 20). Among
them, the frequency control reserve complies within 5 min through the automatic
generation control (AGC) and the remote output control of the energy storage system. The
first, second, and third reserves, which are frequency recovery reserves, comply within the

specified time in the event of a failure and are used for frequency recover through the
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governor free operation and additional AGC operaftorea Power Exchange, 2020a).

To use the operational reserves and quick-startrgeors as flexibility resources, the
differences in the response mechanism between gimgrevent and a major contingency
of the existing power system should be considelfethe KPX manages the renewable
energy output forecasts in the same time interaalhose of the demand forecasts (every
5 min), considering that the compliance time of guéck-start generators is less than 20
min, the dispatch instruction for quick-start gexters must be given at least 20 min before
the volatility occurrence. The output of the onloperational reserve can be controlled by
the power system at all times, but for the thiskrge in an off state, the dispatch instruction
must be given 30 min in advance like the quicktgianerators so that it can be an available
flexibility resource at the time of volatility ocoieénce. The response measures according
to the forecasted size of net load variation canlassified into a zone where it is possible
to respond with operational reserve in an on dfatme 1), one where it is possible to
respond including the operational reserve in asati (Zone 2), and one where the quick-
start generators must be included to respond (2pfileigure 29).

If the accuracy and precision of the forecast sydigr renewable energy volatility is
low or the forecast system is not established,eimsing the secured amount of online
operational reserves can be one method to resmohdurly volatility. However, as the
secured amount of operational reserve is incredlsedonstrained non-generation amount
will also increase, and the total power generatimst will rise sharply due to this operation
constraint.

124



1,400

1,200

,000

®
=3
=]

(Frequency: times)
a
=3
S

&
S
=

200

Figure 29. Classification by the resources for responding to net load variations

Under the current operation regulations for operational reserves and quick-start
generators, if the renewable energy volatility in 2031 is expected to increase to about 10
GW or more, this corresponds to Zone 3 as shown in Figure 29. Thus, as shown in Figure
30, three dispatch instructions (@), (1), (©) to secure the flexibility supply amount must
be given before the ramping event to input the flexibility resources at the right time.

The traditional response to major contingency of the power system gives dispatch
instructions from the resources with a short compliance time according to the acquisition
time standard from immediately after occurrence. However, to secure the flexibility in a
ramping event, a situation arises in which a dispatch order must be given from the resource

with a long compliance time, as shown in Figure 30. This is because, to secure the flexibility
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supply amount that satisfies the predicted fluctuedf renewable energy at the right time,
the time it requires to start the offline power gextion sources must be considered.
Therefore, a system that can predict renewableggnalatility considering the start-up
preparation time of flexibility resources needsbw introduced to enable the economic
operation of power generation facilities while miizing the inefficient standby time by
accurately issuing the dispatch instruction in aabea However, the advance reservation
of operational reserve to respond to flexibilitg@lhas a risk of lowering the response
ability in the event of a major contingency in aditional power system. Especially for the
domestic power market, which has an isolated pagierthat is not interconnected with
those of other countries, a worst contingency fable power supply should be assumed.
Hence, it is necessary to examine a separate apegan between operational reserves
and flexibility supply resources while the shargaiewable energy generation gradually
increases. In addition, with respect to the comsivn of the Northeast Asian Super Grid
mentioned in the'8ESDP, when the connection line operation methdeisrmined before
the construction, a method of using the total cipat facilities for electricity trading and
a trading method of combining electricity and rgeeby allocating them partially as
resources for responding to flexibility need todmmpared in terms of economics and

system operation safety.
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4.2.4 Improvement of reserve system and separation of theuxiliary

service market

This study assumed the secured amount standard for each type of operational reserve as
the minimum value. However, the Power Market Operation Regulation actually prescribes
it as the minimum or higher as shown in Table 20. Thus, different secured amounts can be
applied depending on the power market situation. However, the renewable energy volatility
inevitably generates errors from the real-time output because it has the inherent
characteristic of uncertainty according to weather conditions. Thus, a probability
distribution should be assumed based on the output forecasts and flexibility resources to
respond to the entire fluctuation should be secured. In other words, the method of applying
different criteria for securing operational reserve by period should consider both a fixed
reserve to prepare for a major contingency of the traditional power system and a variable
reserve for responding to renewable energy volatility.

In the day-ahead unit commitment and economic dispatch scheduling, power generation
companies only bid for the available supply amount, and whether they participate in the
energy market for trading power generation or in the auxiliary service market for supplying
operational reserve is determined by the KPX. At this time, the secured amount in
preparation for flexibility with a large uncertainty is obtained through the generation
constraint of generators included in the price setting scheduling. Therefore, the constrained

generation and non-generation costs increase, and the revenue imbalance among power
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generation sources can increase if the incentive to participate in the operational reserve is
insufficient. If thelimitation of reserve resources composed by the power output upper limit
method proposed in section 4.2.3 and the problem due to the difference in mechanism
between the operational reserve and flexibility response resource are to be considered, the
resources for responding to flexibility should be separated from the operational reserves
and the energy and auxiliary service markets should be separately operated to minimize the
uncertainty and complexity of power market operators and generation companies.

When an auxiliary service market is established by separating the reserve service from
the energy market, the market size is a crucial issue for flexibility suppliers. To analyze
this, this study distinguishes the unit commitment and economic dispatch methods
depending on the consideration of the constraint for securing the operational reserve. The
auxiliary service market size is estimated by comparing the total power generation cost
for one year in 2031 obtained from the simulation result of each method. A total of four
methods of unit commitment and economic dispatch scheduling were considered, as

shown in Table 29.

Table 29. Scenarios for generation scheduling methods to secure operational reserves

Classification Scenario name Description

Operational reserve  Price setting scheduling without the constraint for

not included securing operational reserves (100% upper limit)

Optimization of Addition of a constraint equation for securing

reserve allocation operational reserves without upper limit
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o Addition of a constraint equation for securing
3 95% upper limit ) o
operational reserves by 95% upper limit

o Addition of a constraint equation for securing
4 90% upper limit _ o
operational reserves by 90% upper limit

Here, unlike the upper limit method that collecliveecures a certain ratio for each
power generation source as reserve, Scenario 2ese@serves in such a manner that the
utilization rate of power generation sources witbva variable cost is increased while that
of power generation sources with a high variablgt emd good compliance is lowered to

minimize the hourly total power generation cost.
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Figure 31 Comparison of total power generation costs fog gear according to the method of

securing reserves in 2031
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In comparison with the result of price setting shilieng without operational reserves,
adding the operational reserve acquisition as atcaint equation, an output constraint for
each generator is generated, and the total powesrggon cost increases as generators
with a high variable cost are additionally includedhe power generation operation plan.
Figure 31 shows that when the reserve acquisitjpimization method established to
minimize the power generation cost by only addimg teserve acquisition condition is
compared with the price setting scheduling, antamdil cost of 162,088 million KRW is
occurred for one year. This amount is a generatast that is increased when only the
reserve acquisition condition is added without ottemstraints. It can be considered as the
minimum market size that can be paid to power giigaT companies when the reserve
auxiliary service market is separated from the gpnenarket. However, the proposed
method of estimating the auxiliary service markest $s based on the unit commitment and
economic dispatch scheduling simulation and haslithigation of not considering the
compensation for offline third reserves and quitdets generators. Therefore, if this
limitation is additionally considered, it can beesehat the size of the auxiliary service

market is further increased.
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4.3 Analysis of the economic impact

This section analyzes the changes in the SMP of the domestic power system and the
power purchase cost of vendors in 2031 due to the expansion of renewable energy. The
electricity purchase settlement principles are examined and the changes of the SMP in the
power wholesale market are estimated.

The changes in the scheduled energy payment, available capacity payment, RPS
obligation fulfillment cost, and emissions trading cost, which constitute the power purchase
cost of vendors, are analyzed to investigate the increase of power purchase cost due to the
energy transition policy. Finally, the degree of the pressure to increase electricity rates is

evaluated.

4.3.1 Premises for economic impact analysis

The wholesale purchasers of electricity in the domestic power market are classified into
direct purchasers using power purchase agreement (PPA), community electricity business
companies, and KEPCO, which is (for the most part) the sole retailer of electricity in Korea.
In the power market operation results in 2018, the total settlement amount is 50,700 billion

KRW and can be divided by the settlement factor as shown in Table 30.
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Table 30 Classification of electricity settlement amoumgtgower market settlement factor in 2018

Electricity settlement amount

Capacity Other Total
; ota
Scheduled energy  Constrained-on payment settlements
payment energy payment
36,175.7 billion 5,260.4 billion 6,152.8 billion 3,114.0 billion 50,702.9 billion
KRW KRW KRW KRW KRW
(71.3%) (10.4%) (12.1%) (6.2%) (100.0%)

Source: Annual power market operation results Z&E8X), reconstructed by the author

1) Other settlements: Settlement amount for RPS dimigdulfillment cost, trial operation
generation settlement, constrained-off energy paynuifference settlement, emissions

trading cost settlement, etc.

The settlement unit price by energy source (KRW/kWghcalculated by dividing the
total transaction amount by volume for a speciéid@d ex post facto when the constrained-
on and constrained-off generations are determihealigh real-time dispatch operation
after operation scheduling. The settlement unitgziby energy source in 2018 are listed
in Table 31. It can be seen that those for nu@edrbituminous coal powers are lower than
the average unit price. Renewable energies aradad|, and the average settlement unit
price is 98.6KRW/kWh. This value only includes 8P settlement amount and does not

include the transaction price for renewable eneagtificate (hereafter REC).

Table 31 Settlement unit price by fuel source in 2018 {URRW/kWh)

Classification Nuclear Bituminous Anthracite LNG  Oil Pumped Others Total

2018 62.1 81.8 104.6 121 179.4125.4 985 90.1

Source: Electric Power Statistics Information Sys{&PSIS), reconstructed by the author
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To predict changes in the power market in 2031 compared to 2018, the scheduled energy
payment determined as a result of simulation was used for the electricity settlement amount,
and the additional settlement amount due to constrained-on and off energy payment was
not considered. This is because if the criteria for securing operational reserves are
maintained until 2031, it can be assumed that the constrained-on generation and
constrained-off generation capacities related to them would not be much different from
2018. The settlement amounts that are expected to be most affected by the renewable
energy expansion policy are the RPS obligation fulfillment cost and the emissions trading
cost settlement amount. Therefore, the settlement amount factors considered herein to
analyze the power purchase cost are the generation output, available capacity, RPS
obligation fulfillment cost, and emissions trading cost. Simulations were performed by

defining scenarios with these factors.

4.3.2 Forecasting SMP and electricity settlement amount

The SMP in 2031 was estimated to decrease by 13.7 KRW/kWh on average compared
to 2018 (Table 32). Similarly, Song et al. (2018) also forecast that the SMP would decrease
from 81.18 KRW/kWh in 2017 to 68.75 KRW/kWh in 2031. This is because with the
expansion of renewable energy, the generation requirement of the conventional power
generation sources decreases, and as a result, the marginal price setting generators are

increasingly determined among those with a lower variable cost.
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Table 32 Comparison of SMP estimates between 2018 and 2031

Aver
Month 1 2 3 4 5 6 7 8 9 10 11 12

-age

2018 916 898 1002 895 8.5 8.9 843 869 89.6 1007 1041 1092 932

2031 789 799 8.3 727 727 732 745 716 795 803 912 935 795

When the electricity settlement amount calculated riflecting the settlement
adjustment coefficient using the SMP estimates dach period and the scheduled
generation by fuel source was compared, it wasddardecrease by approximately 1.65
trillion KRW from 43.46 trillion KRW in 2018 to 481 trillion KRW in 2031. Table 33
shows the forecast data for power purchase costleé¢d based on the generation output
by fuel source. It shows that LNG has the largestant of decrease, and the settlement
amount of renewable energy increases rapidly. Heweas the amount of renewable
generation output increases, the SMP, which isstaedard market price for settlement,
decreases, so the scheduled energy payment fdotddegeneration amount may rather
decrease slightly. Therefore, if the market strrecin which the SMP that determines the
power market price decreases continuously duedaipansion of renewable energy is
maintained, the electricity settlement amount walddrease and this can cause an adverse
effect on the profit structure of power generatompanies. As the net load decreases due
to expansion of renewable energy, and there maypdiey times where the conventional
power sources are not included in the power geio@aratan, thus limiting opportunities to

participate in the power market.
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Table 33 Changes in electricity settlement amount by igeirce (unit: trillion KRW)

Pumped
Classification Nuclear Coal LNG Oill Renewable Total
storage
2018 7.78 19.36 13.10 0.03 0.02 3.17 43.46
2031 7.19 17.35 7.30 - 0.28 9.69 41.81
Difference -0.59 -2.01 -5.8 -0.03 0.26 6.52 -1.65

Moreover, as the generation scheduling is perforfoedet load instead of demand, the
pattern of high SMP at peak demands is no longia.v@n the contrary, the SMP is low
during the day when the solar power generationhemthe peak and it is high in late
afternoon when such generation decreases shaiglyer32 shows the daily SMP patterns
for 10 days from July 1 in 2018 and 2031. Due t® ¢éixpansion of renewable energy,
periodic pattern changes appear as the SMP follloeset load peak instead of the demand
peak. This change of pattern necessitates theaimieation of the systems designed in
relation to SMP reduction effect such as demandagament and demand-responding
resource market because the period that requisdsgemand management may not be the
peak SMP period in a day.

In terms of generation cost, the total power geimracost in 2018 was estimated as
25.89 trillion KRW, but decreased by 5.69 trilligiRW to 20.20 trillion KRW in 2031. The
reason for this must be that due to the expandioene@wable energy, many situations will
occur in which the net load can be satisfied wibkver generation sources having a low

variable cost as the generations of the existinggo@eneration sources decrease.
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4.3.3 Analysis of the impact of policies related to thex@ansion of

renewable energy

The RPS system was introduced in Korea from 2012 and is now in operation. According
to Article 18-11 of the Enforcement Decree of the Renewable Energy Act, the government
shall endeavor to ensure that the supply obligor for RPS is able to conserve the appropriate
level of additional costs incurred in fulfilling the supply obligation through the power
market, and electricity sellers participating in the power market should be made an effort
to recover the cost by reflecting it in the electricity bill. In this regard, as shown in Figure
33, the obligation fulfillment cost of power generation companies subject to RPS are

compensated by vendors.

Obligatory
Power Supplier*

Request

Pay
Ff(l)t{this for RPS
iillment fulfillment

cost

Request settlement »
REEVEE Independent System [ — Electricity
Supplier Operator Pay settlement Retailer
—

Figure 33. Compensation process for RPS obligation fulfillment cost

* Obligatory power suppliers: Power generation canips of 500 MW or large scale (22
companies in 2020)
Source: Enforcement Decree of the Renewable Energy Act (Article 18-11), reconstructed by the

author
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The REC is used as a means to assist the revehuesewable energy business by
giving a weight to businesses that require higlilifadinvestment cost. When the REC
issuance amount is calculated, the renewable ergaggration (MWh) is multiplied by
the REC weight of the corresponding power genemaurce. When the weight is revised,
the new weight is applied to new business operatbis applied for REC facility checks
after the notified revision date. For the existmgsiness operators who have applied for
facility checks and received the weight beforeribéfied revision date, the weight effect
continues for a certain period. The price of tleiésl REC must be considered separately
for external purchase (spot market, self-contrasélf-construction, and fixed price
contract (self-contract, selection contract). A2@18, the REC price for external purchase
and self-construction is 87,833 KRW/REC. For fixgite contracts, the base price is the
contract price minus the monthly average SMP foy@érs and 15 years as the contract
term for solar power and ESS in general, and varpices are formed by facility and by
month. In other words, to estimate the trend of REEGlement unit price, the base price
and weight revisions for each contract method efghst need to be tracked. Moreover,
since there is too much uncertainty in the REC pnite outlook for future aspects of
supply and demand, this study simply used the REftllement unit price (79,119
KRW/REC), which was determined by dividing the leettent amount of the RPS

obligation fulfillment cost in 2019 by the obligayossupply amourit in the same year. This

" REC settlement unit price = 2.25 (trillion KRW)/288{&Wh) = 79,119 KRW/REC. According to the
Ministry of Trade, Industry, and Energy, the RP8gatory supply in 2019 is 28,438 GWh. Accordinghe
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price can roughly reflect the price data of the RE@ded by the obligatory suppliers in
2019 and can be considered to include the price afahe contracts of the previous year.

The number of power plants with 500 MW or largepaxities, which are subject to the
RPS system, is expected to increase from 95 (79/} i@ 2018 to 113 (88.4 GW) in 2031
based on the simulation input data. The total gaimer of power plants of 500 MW or
larger capacities calculated through the pricérgesicheduling simulation is 351,229 GWh
in 2018 and 441,141 GWh in 2031. The RPS obligatidiiiiment ratio is fixed at 10%
after 2023 (Table 17). Thus, as shown in TabletBd,settlement amount for the RPS
obligation fulfillment cost in 2032 can increase agproximately 1.823 trillion KRW
compared to the amount in 2019. Assuming that thiegation ratio in 2031 is 28%
according to the 2017 National Five-Year Planabst of fulfilling the RPS obligation will
increase by 8.107 trillion KRW. However, the RP&lement unit price applied in this
study is based on historical data rather than ptiedi analysis, then there is uncertainty in
the future depending on REC market environment.

In addition, since the settlement amounts for RBIgation fulfillment cost in 2019 and
2032 were estimated, the conversion value was fase2D18 by applying the ratio of the
market performance value of 0%9fo 2019. For 2031, the estimate for 2032 was edpli
as it is, considering that there is no differemcpawer plants subject to RPS and the power

mix forecasts are similar between 2030 and 2031.

EPSIS, the result of RPS obligation fulfillment tws2019 is 2.25 trillion KRW.
8 According to the EPI1Shttp://epsis.kpx.or.Br the settlement result for RPS obligation fulfiint cost was
2.05 trillion KRW in 2018, and 2.25 trillion KRW iR019. Thus, the conversion rate of 0.91 was agplie
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Table 34 Results of calculation of obligatory supply amstirmation of RPS fulfillment cost

. ) Settlement for obligation
Power Obligatory supply by obligatory ) -
fulfillment cost (trillion

Classification generation ratio (GWh)
KRW)
(GWh)
6 % 10 % 28 % 2019 2032
2018 351,229 21,074 - - 1.667 - -
3.490 9.774
2031 441,141 - 44,114 123,519 -

(10%)  (28%)

Among the national GHG reduction goals in the cosiem sector, the emissions goal
for 2030 based on BAU has been set to 192.7 mitloors, which was reduced from the
emissions forecast of 333.2 million tons (MinistfyEnvironment, 2018). According to the
third basic plan for emissions trading scheme il in 2019 by the government
(Ministry of Economic and Finance & Ministry of Einenment, 2019), the average paid
allocation rate for the fourth planning period (8862030) is 15% and the emission credit
price was assumed to be fixed at 27,000 KRW/toargye for Jan—Aug 2019), which were
used to calculate the emission trading amountefuature. Therefore, this study assumed
the emissions target after reduction of the conearsector in 2031 as 192.7 million tons
CQOze. For the paid allocation rate, two cases of 16&%020% of the fourth planning period
were assumed and compared because it correspotiasfifth planning period, which has
not been announced yet. The emission credit parecésting for 2031 was performed in

two ways. First, the case where the unit price 020 KRW/ton of 2019 is maintained
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was analyzed. Second. 85,000 KRW/ton estimatedpgreential smoothing method was
applied using the closing price data of the Kor&location Unit (KAU) and the Korean
Credit Unit (KCU) for 2015-2019 of the Korea Exchan

For the available capacity settlement amount, #pacity settlement unit price per unit
capacity was calculated using the result data 18 &illion KRW (Table 30) for 121 GW
of the generation facility capacity as of 2018whs then multiplied by the generation
facility capacity of 174 GW in 2031 to produce 8t@#lion KRW and this was applied to
every scenario. Table 35 shows the calculationltedar the emissions trading cost
settlement amount and available capacity settleammount (capacity payment) according

to the changes of the paid allocation rate and ®ariscredit price.

Table 35 Calculation results for emissions trading cost available capacity settlement amount

Settlement amount according to paid Capacity
Credit price
Classification allocation rate (trillion KRW) payment
(KRW/ton)
3% 15% 20% (trillion KRW)
2018 22,250 0.08 - - 6.15
27,000 - 0.78 1.04 8.84
2031
85,000 - 2.46 3.28 8.84
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4.3.4 Empirical results and discussion

The analysis scenarios for power purchase cost in 2031 compared to 2018 are
summarized in Table 36. As shown in this table, a total of eight scenarios were defined.
First, Scenarios 1 and 2 were divided according to the RPS obligation fulfillment ratio.
Each of these two scenarios was then subdivided into four sub-categories according to the

assumptions for paid allocation rate of emissions credit and the emissions credit price.

Table 36. Forecast scenarios for power purchase cost in 2031

RPS obligation Paid allocation rate of Emission credit
Classification
fulfillment ratio (%) emissions credit (%) price (KRW/ton)
Scenario 1-1 27,000
_— 15%
Scenario 1-2 85,000
_— 10%
Scenario 1-3 27,000
_— 20%
Scenario 1-4 85,000
Scenario 2-1 27,000
S E— 15%
Scenario 2-2 85,000
S 28%
Scenario 2-3 27,000
_— 20%
Scenario 2-4 85,000

The settlement forecast analysis results for each scenario are summarized in Figure 34.
As shown in this figure, in Scenario 1-1, 1-3 the average electricity purchase price in 2031
is 91.42-91.85 KRW/kWh, which is lower than the average electricity purchase price of

93.87 KRW/kWh in 2018. The total settlement amount of the power market in 2031
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increases in every scenario. However, in Scenatlowihere the increase of the total
settlement amount is less than 10%, the averagihase price drops by 2.6% as the total
power supply for one year increases by approximdi@¥ from 545,955 GWh in 2018 to

600,767 GWh in 2031 to satisfy the increased denra031.

mmmm Total purchase cost ==@=Average power purchase price
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Figure 34. Electricity purchase cost analysis result by acienn 2031

If the RPS obligation fulfillment ratio increasep to 28%, the average electricity
purchase price can increase from 8.53% to 12.96#b,this causes a greater financial
burden of vendors and act as a factor to induda@ease of the electricity retail rates.

According to the past performance trend of the pawarket operation (Appendix 2),
the amount of electricity settled continues to@ase as the amount of generation increases.

In addition, looking at the power transaction yite calculated including the RPS and
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ETS costs (Figure 38), it can be seen that thent@erease in renewable energy generation
has turned to an increasing trend since 2016. Mereto continuously increase the share
of renewable energy to 30—35% until 2040, incemtimeist be given to participants in the
renewable energy generation business, and renewablgy expansion policies will be
continuously improved to maintain the incentiveeeff Therefore, when renewable energy-
related polices such as RPS and emissions tradihgn®e are improved or newly
established, policy makers need to predict chaimgése power purchase cost due to the
new policy and analyze the pressure to raise the electricity rates in advance; the results of
this study can be used for this purpose. Furthegmgince this study simulated the unit
commitment and economic dispatch scheduling of 22&kd on the generation data of the
power market in 2018, it has a limitation in ndtereting the reorganization of power plant
fuel tax when calculating the variable costs of popiants. However, as shown in Table
27, it is believed that the differences in analygisults would not be large because the
fluctuations of merit order due to generation figd reorganization only appear in some
sections. Moreover, large changes in the merit romday occur if we include the
environmental improvement cost resulting from titedduction of environmental dispatch
in the future. Even if the merit order is changethe power market operation regulations
are revised, the changes in the market environcanbe easily reflected and analyzed by
modifying the input data, constraint equationsopljective function of the power market
simulation based on the day-ahead unit commitmedtexonomic dispatch scheduling

proposed herein.
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Chapter 5. Summary and Conclusion

5.1Concluding Remarks and Contribution

This study analyzed the changes of the domestiepavarket that may occur when the
share of renewable energy generation is expand@®%o by 2030 through the energy
transition policy in terms of flexibility and ecomics. To this end, a day-ahead generation
scheduling model for market price setting, unit agitment, and operation scheduling in
the power market was implemented using the MILRaddition, the flexibility level that
can respond to the renewable energy volatilithefilower market system in 2031 designed
using the composition of power generation sourcksnand, and renewable energy
generation forecasted in thE BSDP was evaluated in comparison with the poweketa
operation results in 2018. The flexibility evaluatiresults reveal that the spare power and
quick-start generators including the operationagkerees available for flexibility supply
resources need to be expanded by approximatel\® 3yB# from the currently secured
amount. One important result here is that evernéf ¢urrent standard for operational
reserves of 3.1 GW is maintained, it is possibleespond to approximately 94% of the
renewable energy volatility of 8,760 h in total2631. In other words, even though the
uncertainty level of coping only with the operatmeserves is approximately 6%, the
policy to continuously increase the secured amofimmperational reserves to satisfy the

forecasted level of renewable energy volatility bannefficient in terms of cost. Therefore,
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the appropriate level for operational reserves s¢ede maintained statically at all times
to respond to contingencies in the traditional pogystem. As a response to renewable
energy volatility, a method of flexibly operatinget standard for secured quick-start
generators to be constructed should be considered.

When using operational reserves as flexibility teses, the physical characteristics of
the resources constituting the operational resesuel as ramp up-down rates must be
considered to properly respond to volatility witline hour. However, if the spare power
secured by the generation upper limit method i€ifipd as operational reserves as it is
now, the reserves are composed from the genenattirsa low variable cost among the
generators determined to be committed excludindeancpower plants. Therefore, to
compose the resources for operational reservespmitfer generation sources that have
the physical characteristics (e.g., start-up tiraemp up-down rates, and output holding
time) that is needed to the power system to resgumflexibility, it is necessary to consider
the separation of the energy market and the reseméce market. According to result in
section 4.2, when the reserve service market presretparation from the energy market,
the size of auxiliary service market in 2031 wattnested to be approximately 162 billion
KRW. This could be referred to as the minimum masiee because offline operational
reserves were not reflected in the market sizenasitbn.

Despite the increase of demand in 2031, it waststethat the SMP would decrease by
approximately 13.7 KRW/kWh on average as the rebésvanergy generation increases

and the net load supplied by the existing poweregaion resources decreases. More

147



importantly, since the increasing renewable eneggneration also increases the
mismatches of demand and net load peaks, demandgesment policies should also
consider this pattern change. Furthermore, theysisatesults for power purchase cost
show that while the SMP decline will reduce theceleity settlement amount, the impact
of energy policies such as RPS and emissions gasttheme can increase the power
purchase cost in 2031 by up to approximately 12.98dtce this increase in the power
purchase cost can act as a pressure to increasaeittecity rates, this should not be
overlooked when analyzing the effects of the rerB&anergy expansion policy on the

power market.

5.2 Limitations and Future Studies

The power market simulation based on the generatbeduling model implemented
herein only reflects the standard for operationederves for day-ahead operation
scheduling, and thus has the limitation that it bardifferent from the result of real-time
dispatch operation that comprehensively considegs, fuel, and transmission network
constraints. Furthermore, the pattern and levethef flexibility requirement contain
uncertainty because the power generation patte263a was assumed based on the hourly
renewable energy volatility and solar and wind pogeneration data for 2016—2018.

In particular, from the perspective of wind powengration, if past output data are used,

since large-scale offshore wind farms are not iarafion yet, changes in the output of
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offshore wind farms have not been accurately redicAccording to the provisional plan
for the 9th ESDP, offshore wind power is expectedxceed the capacity of onshore wind
power from 2026 and expand to about 3866 solar power generation by 2034.

Therefore, if the research on renewable energytiliblas conducted in district units
nationwide in the future and detailed analysis ltssfor volatility can be used, more
realistic flexibility evaluation will be possible.

Regarding the acquisition of downward flexibilibapacity in terms of the power
system flexibility, the number of flexibility defis in 2031 was estimated to be
approximately 18. As a countermeasure to the lgdckawvnward flexibility capacity,
curtailment of renewable energy output, P2G ortetgty storage devices was suggested,
but the specific methods of using them or the ecoadeasibility were not analyzed.
Therefore, it will be meaningful to study the methaf managing downward flexibility
through economic analysis of compensation due tittment and utilization of storage
devices. In particular, since the expansion ofdamand-responding resources market is
being promoted by policy regarding their utilizatias flexibility preparation resources,
the opening of the flexibility DR market or deriginmprovements of the economic DR
market through comparison of the patterns of densmrtinet load peaks can be timely
research topics.

Finally, if the auxiliary service market is sepahfrom the energy market, the reserve

market requires the composition of resources the¢ Iphysical characteristics such as high

9 In 2034, solar power plant forecast: about 45.5GW, offshvaired power plant forecast: about 17.5GW
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ramp rates according to the forecasted volatilityemewable energy. Thus, a different
regulation for securing method from the CBP, PBRkeiais required. One example that
can be considered here is to announce capacitgerately by category of physical
characteristics and to operate the market througte pidding. Thus, studies to analyze
the operation regulations for the separated auyilservice market, the price setting

method, and the method of securing capacity insesheconomics are also necessary.
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Appendix 1: The results of power generation scheding

of pumped-storage power plants

In this section, the operating patterns of pump@dage power plants in 2031 were
analyzed. In Figure 35, it can be seen that ipisrated in power generating mode at 2h-
9h, and it is operated in pumping mode at 10h-26h;24h. However, compared with the
net load pattern (Figure 36), it seems that thegg@&nerating mode operation is relatively
needed at the time of the peak of net load, fromtd&0h. This error is estimated to reflect
the consideration of minimization of start-up casta result of analyzing the UC plan of

the generators.
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Figure 35. Annual number of operation by pumped-storage iggars’ operation mode in 2031
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Figure 36. Annual average of net load by 24 hour in 2031
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Appendix 2: Power market operation performance

trend (2001-2019)

In this section, based on the performance of theepanarket operation in 2001-2019,
the trends in power settlement amount, generatioouat, and settlement unit price are

presented.
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Figure 37. Power market operation performance trend (20QU920

Source: Electric Power Statistics Information Sys{&PSIS), reconstructed by the author
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As the amount of power generation continues teeiase, the amount of power settlement
also increases. However, the average settlemenprice has turned to a decreasing trend
since 2015 and has been again since 2017. In plartiin the case of including RPS cost
from 2016 and ETS cost from 2017, the settlemeitfuite increased by about 4.3% from
90.5 KRW/kWh in 2014 to 94.4 KRW/kWh in 2018 (Figu38).

Although there is uncertainty about the future,difference in the power settlement unit
price is getting deeper depending on whether RRIFEAIS transaction costs are included,
and it can be expected that environment costs asiétPS and ETS will have a significant

impact on determining future power transactiongsic
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Figure 38. Comparison of settlement unit price trends dependn whether RPS and
ETS costs are included (2001-2019)

Source: Electric Power Statistics Information SystéEPSIS), reconstructed by the

author
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