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Abstract: Electricity markets are transitioning to zonal and nodal pricing to maximize social welfare, improve
price signals, and enhance congestion management. South Korea, traditionally reliant on uniform pricing, is
evaluating this transition but lacks a detailed impact analysis. This study assessed the impacts of various zonal
and nodal pricing schemes on power systems and provided policy implications for this transition. We (1)
modeled the power system at various levels of granularity, obtaining a detailed 4,579-node representation; (2)
constructed a set of zonal and nodal pricing schemes reflecting changes in market-clearing models and pricing
mechanisms; and (3) performed quantitative analyses through simulations for each scheme. Under the current
system marginal price (SMP)-based uniform pricing, the schemes with least market impact are SMP-based zonal
pricing with two bidding zones and extended locational marginal pricing. These results can guide the
development of an appropriate pricing transition pathway, although a market price reduction of 4.8-7.0%
appears inevitable. Within the Korean electricity market, wherein Transco is a monopoly retailer, we identified
potential conflicts of interest for Transco in zonal and nodal pricing. By focusing on South Korea, this study
offers valuable insights into any electricity market considering the transition to zonal and nodal pricing.

Keywords: electricity market design; extended locational marginal price (ELMP); locational marginal price
(LMP); nodal pricing; system marginal price (SMP); zonal pricing

1. Introduction

Electricity markets worldwide have adopted various pricing schemes, which are primarily
categorized into three types: nodal, zonal, and uniform pricing. Nodal pricing determines the
individual electricity prices for all nodes in the transmission network and provides the most granular
and accurate price signals. Zonal pricing is an intermediate approach that divides the electricity
market into several bidding zones by setting a single price in each zone. Finally, uniform pricing, the
simplest method, establishes one price for the entire electricity market [1-3]. Each pricing scheme
offers unique advantages and disadvantages. Nodal pricing is the most effective in terms of
maximizing social welfare and managing congestion; however, it involves high computational
complexity. Uniform pricing, although simple, is limited in terms of providing accurate price signals.
Whereas, zonal pricing offers a compromise between these two approaches [1-6].

Recently, the global shift in energy policy from fossil-based sources to zero-carbon systems has
facilitated a rapid increase in renewable energy sources. This has posed new challenges for power
system operations. In the short-term, the intermittent nature of renewable energy sources has
increased system-balancing needs and the associated redispatch costs. Whereas, in the long-term, this
transition intensifies the geographical separation between the load centers and generation sources,
thereby exacerbating grid congestion problems [4,7-12]. To address these issues, several electricity
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markets are transitioning to more granular pricing schemes such as zonal and nodal pricing. These
schemes reflect the locational system conditions more accurately. Consequently, they can improve
economic price signals to guide investment decisions to appropriate locations, enhance congestion
management, and ultimately maximize social welfare. For instance, Italy, Australia, and Japan are
currently pursuing a transition from zonal to nodal pricing, whereas South Korea, the UK, and
Germany, which currently employ uniform pricing, are considering introducing zonal pricing [13-
19].

However, transitioning between these pricing schemes involves complex issues. In particular,
the financial impact on market participants is the most significant obstacle to the transition process.
Regardless of the theoretical validity of a pricing scheme, if it imposes excessive financial burdens on
existing market participants, its implementation in the actual electricity market becomes challenging.
Moreover, it may also cause social problems owing to substantial stranded costs [20]. Furthermore,
unforeseen challenges may arise during the pricing-scheme transition, such as the potential for abuse
of market power [21]. For instance, in markets wherein a single entity plays multiple roles (e.g., as
both a transmission company and a retailer), the transition to more granular pricing could result in
conflicts of interest and market inefficiencies. Considering these complexities, a comprehensive
quantitative analysis of pricing-scheme transitions is crucial. Such research can identify the financial
impacts on market participants and the potential social risks that may occur during the transition
process. This proactive approach is essential for formulating an appropriate pricing transition
pathway that balances improved market efficiency with stability, thereby contributing to more
sustainable electricity markets.

Previous studies have recognized the importance of this issue and attempted to analyze the
effects of transitioning pricing schemes from various perspectives [2,4,13,15,16,20,22-24]. These
studies consistently concluded that the transition to more granular pricing schemes induces
significant improvements in terms of maximizing social welfare and congestion management.
Despite the significant contributions of these studies, several important challenges remain.

First, although pricing schemes encompass both pricing mechanisms! and market-clearing
models, most previous studies have not comprehensively considered these two elements. For
example, within a specific pricing scheme, various pricing mechanisms such as system marginal price
(SMP), zonal marginal price (ZMP), locational marginal price (LMP), and extended locational
marginal price (ELMP) are applicable [16]. Moreover, when implementing zonal pricing, different
market-clearing models can be formulated, such as available transfer capacity (ATC), which facilitates
power transactions between bidding zones based on predefined maximum transmission capacities,
and flow-based market coupling (FBMC), which optimizes power transactions between bidding
zones based on the physical characteristics of the network [6,25,26]. However, previous studies have
focused on the analysis of the changes in either the pricing mechanism or market-clearing model
individually. Consequently, they have not comprehensively analyzed pricing schemes that reflect
various combinations of these two elements. In addition, prior research has primarily focused on
analyzing the impact of transitioning to nodal pricing. This has resulted in a relative lack of
comparative studies on the transition from uniform to zonal pricing.

The objective of this study was to comprehensively evaluate the impact of zonal and nodal
pricing schemes on large power systems by considering various combinations of pricing mechanisms
and market-clearing models. By analyzing diverse schemes, this study proposed an appropriate
pricing transition pathway. The study sought to strike a balance between implementing more
granular price signals, which theoretically enhance social welfare, and minimizing potential market
disruptions, relative to the currently adopted scheme. Using this balanced approach, this study aimed

L In this paper, we use the term "pricing schemes" to refer to broad market structures such as uniform, zonal,
and nodal pricing. "Pricing mechanisms," in our context, describe specific methods for calculating market
prices within these schemes, including system marginal price (SMP), zonal marginal price (ZMP),
locational marginal price (LMP), and extended locational marginal price (ELMP). Although these terms
may be used differently elsewhere, we maintain this distinction throughout this paper.
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to formulate policy implications that maximize efficiency gains while ensuring market stability

throughout the transition process.

This study focused on the South Korean electricity market as a case study. South Korea's
electricity market, which currently employs uniform pricing based on SMP, is plagued by significant
challenges in managing the geographical separation between load centers and generation sources, as
well as congestion management owing to the absence of locational price signals. These limitations
have become increasingly pronounced with the growing share of renewable energy, thereby
rendering transitioning to zonal or nodal pricing an urgent task. However, a detailed analysis of this
transition is lacking. Thus, this facilitates a suitable environment for analyzing the effects of
transitioning to zonal and nodal pricing. Furthermore, South Korea's unique market structure,
wherein a single transmission company (Transco) functions as a monopoly retailer, offers a
distinctive opportunity to examine the effect of a transition in pricing schemes on potential conflicts
of interest for the Transco.

To achieve the research objectives, this study adopted a stepwise approach as follows:

First, we utilized PLEXOS, an advanced software tool for power system modeling and
simulation [27], to model the power system at various levels of granularity, yielding a detailed 4,579-
node representation. This comprehensive modeling approach facilitated a nuanced analysis of
complex interactions within a power system.

Second, we constructed a comprehensive set of zonal and nodal pricing schemes that reflected
the changes in pricing mechanisms and market-clearing models. These schemes represented various
potential pricing schemes that could be introduced into the Korean electricity market in the long-
term.

Uniform pricing based on SMP (currently adopted pricing scheme)

Zonal pricing with two bidding zones based on SMP

Zonal pricing with two bidding zones based on ZMP

Zonal pricing using ATC with five bidding zones based on ZMP

Zonal pricing using FBMC with five bidding zones based on ZMP

Nodal pricing based on LMP

Nodal pricing based on ELMP

Third, we conducted quantitative assessments through simulations for each of the

aforementioned pricing schemes, covering the entire year 2023. These assessments focused on

evaluating important metrics such as market prices, power flow in the system, power purchase costs
for retailer, generation costs, revenue, and profits for power producers.

This study made the following key contributions:

e  We quantified the impact of various pricing schemes on the electricity market, incorporating
simultaneous changes in both the pricing mechanisms and market-clearing models, an aspect
not fully explored in previous studies.

e  We identified the potential conflicts of interest for Transco in case of the transition to zonal and
nodal pricing within a unique market structure wherein Transco functions as a monopoly
retailer.

NN

e We evaluated quantifiable metrics, such as financial impacts on market participants and
potential social risks associated with various pricing schemes. This can sever to guide
policymakers towards an appropriate pricing transition pathway and policy implications, while
offering crucial information for stakeholders to adapt to potential changes.

e  We contributed valuable insights applicable to electricity markets worldwide, considering the
transition to zonal and nodal pricing, based on a comprehensive analysis of the Korean case
study.

The remainder of this paper is structured as follows. Section 2 describes the pricing schemes
(uniform, zonal, and nodal), preceded by explanations of the market-clearing models and pricing
mechanisms that form the basis for these pricing schemes. Section 3 introduces a comprehensive set
of zonal and nodal pricing schemes for the simulations, provides a brief overview of the Korean
electricity market, and details the data used in these simulations. Section 4 presents and discusses the
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results. Finally, Section 5 concludes with key findings, policy implications, and suggestions for future
research.

2. Fundamentals of Pricing Schemes: Uniform, Zonal, and Nodal Pricing

This section provides an essential background for understanding market-clearing models and
pricing mechanisms in electricity markets, which form the basis for uniform, zonal, and nodal pricing
schemes.

Electricity markets typically follow a two-step process: the market-clearing model, followed by
the application of pricing mechanisms, as shown in Table 1 [28]. Market-clearing models are generally
solved by employing an optimization process called unit commitment and economic dispatch
(UCED). This process considers various constraints, including power balance and transmission flow
constraints such as ATC, FBMC, and DC optimal power flow (DC-OPF) [6,25,26]. Upon the
completion of the market-clearing model, different pricing mechanisms can be applied to determine
the market prices. These mechanisms include the SMP, LMP, ZMP, and ELMP. The combination of
the market-clearing model and chosen pricing mechanism yields different outcomes, even within the
same general scheme (uniform, zonal, or nodal).

Table 1. Overview of electricity market operation.

Market-Clearing Models Pricing Mechanisms
Objective Minimize the total system cost or maximize social
Function welfare
Generator output limi
a utput 1m1ts. LMP
Generator ramp rate constraints ZMP
Generator minimum up and down time ELMP
Constraints requirements
d SMP

Power balance constraints
Transmission flow constraints
Other system operational constraints

2.1. Market-Clearing Models

In general, wholesale electricity markets employ objective functions and constraints [29], as
listed in Table 1. The objective function usually aims to minimize the total system cost or maximize
social welfare subject to several technical and economic constraints. These constraints typically
include generator output limits, ramp rate constraints, minimum up and down time requirements,
power balance constraints, transmission flow constraints, and other relevant system operational
constraints (e.g., reserve requirements). Although these models are largely similar across different
electricity markets, there exhibit notable differences in terms of the implementation of power balance
and transmission flow constraints in various electricity markets.

2.1.1. Power Balance Constraints

The power balance constraint, a fundamental principle in electricity markets, ensures that the
supply satisfies the demand at all times. At the node level, this constraint can be formulated
mathematically as shown in Equation (1); where, the index i represents the individual nodes. This
formulation adapts to different market aggregation levels: at the zone level, i represents the zones;
at the national level, it is simplified to a single entity representing the entire electricity market

Zpg,t+2fk,t=0i,t, VielLteT O

gEG; ked;
where p,, indicates the generation from generator g at time ¢, fi. is the net power flow on
branch k attime t, and D;, is the demand at bus i at time t. The set G; includes all generators at
bus i, and §; includes all branches connected to bus i.
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The level at which this constraint is implemented —national, zonal, or nodal—is intrinsically
linked to the choice of the pricing scheme. The national-level balance corresponds closely to uniform
pricing, whereas the zone-level balance aligns with zonal pricing. Finally, the node-level balance is
fundamental to nodal pricing. Each of these implementation levels reflects a different approach to
managing power balance and pricing in electricity markets. Figure 1 illustrates this concept using
Electric Reliability Council of Texas (ERCOT) as an example, showing both zone- and node-level
representations.

(a) (b)

Figure 1. Comparison of (a) zonal and (b) nodal representations in ERCOT [30].

2.1.2. Transmission Flow Constraints

The key differentiating factor among electricity markets is the treatment of transmission flow
constraints. These constraints are modeled using various approaches, ranging from simplified
representations to more complex methods. In zonal pricing, ATC and FBMC are commonly used.
ATC is simpler but less reflective of network interconnectivity, whereas FBMC offers higher efficiency,
albeit with greater complexity [6,25,26]. In nodal pricing, the DC-OPF approximation of the AC
optimal power flow (AC-OPF) is typically applied due to computational limitations in case of
practical market operations [26]. These variations in constraint modeling can significantly affect the
market outcomes, including dispatch decisions and pricing.

e  ATC: This is a simplified approach that uses predefined transfer limits between zones without
considering the network reactance or other electrical characteristics of the system. This can be

mathematically expressed as Equation (2).

|fk,t| < ATCk; vk € K,t eT (2)

where ATC, is the predefined transfer limits for branch k.

e  FBMC: This approach considers the impact of power flows on multiple lines simultaneously
using power transfer distribution factors (PTDFs). The zonal PTDF matrix is applied only to
calculate flows on critical branches (CBs), facilitating a focused consideration of key network
constraints while preserving the zonal market structure. The FBMC approach is characterized
by Equations (3) and (4).

fur = Z ZPTDF,, x NEX,, Vk€CB,t€T )

z€Z
|fk,t|STLk; VkEK,tET (4)

where ZPTDF, , is the zonal PTDF matrix for branch k and zone z, and NEX, is the net
exchange in zone z. The parameter TL; indicates the thermal limit of branch k, and the set CB
refers to all the CBs within the network. Generally, ZPTDF, , is calculated based on node-level PTDF
matrix; further details can be found in [25,26].
e  DC-OPF: This is the simplified linear model that approximates the AC-OPF for market clearing
and is expressed as Equations (5) and (6).
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fue= ) PTDFXP,  Vk€KreT -

i€l
|fk,t|STLk; VkEK,tET (6)

where PTDF,; is the node-level PTDF matrix for line k and node i, and P; is the net injection
atnode i.

2.2. Pricing Mechanisms

Based on the market-clearing model described earlier, various pricing mechanisms are
employed to determine market prices. These mechanisms are based on the primal and dual variables
from the market-clearing model. The resulting market prices serve as the foundation for the
settlement calculations in the electricity market.

2.2.1. Locational Marginal Price (LMP) and Zonal Marginal Price (ZMP)

LMP is a widely adopted pricing mechanism in most existing electricity markets. This
mechanism reflects the cost of satisfying an incremental unit of demand at each node by incorporating
the cost of energy and its delivery (including losses and congestion). LMP provides the highest
granularity and calculates the price for each node in the system [31]. This is calculated using Equation
@):

Lmp, = (1 - Ltoss j
= A1 ap, )+Z,uk><PTDFk’i, Vi€el )

kEK

Loss

. . 2 . . .
where 1 is the marginal cost of the reference node. I; is the marginal loss factor at node i,

i
and y, is the Lagrangian multiplier related to the kth transmission constraint.

Theoretically, ZMP is similar to LMP; however, it simplifies the approach by aggregating nodes
into zones [3]. Whereas the LMP calculates the prices for each node, the ZMP determines a single
price for each zone.

Notably, although these market prices are determined by marginal costs, generators may incur
financial losses owing to quasi-fixed costs, such as no-load and start-up costs. As a result, make-whole
payments (MWPs) are necessary to compensate generators for these losses.

2.2.2. Extended Locational Marginal Price (ELMP)

Electricity markets, formulated using mixed integer linear programming (MILP), face challenges
owing to their nonconvexity. As previously discussed, traditional marginal cost pricing may not
allow some generators to recover their full production costs, leading to MWPs. These payments can
distort price signals and reduce market transparency [32,33].

ELMP has been developed as a practical alternative to address these issues, approximating
convex hull pricing, while balancing accuracy with computational feasibility. This method allows
fast-start resources (FSRs) to set prices and reduce side payments by adding their quasi-fixed costs to
their production costs and allowing partial commitment [28].

Figure 2 illustrates the ELMP adopted by the Midcontinent Independent System Operator
(MISO), which is a representative electricity market using this price mechanism [34]. Owing to the
computational complexity of node-level UCED, the process is structured into two primary parts:
security-constrained unit commitment (SCUC), followed by security-constrained economic dispatch
(SCED) and SCED-pricing.
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SCED
- Hourly optimization, LP formulation
- Fixed generator commitment from SCUC

—> - Excludes start-up and no-load costs from objective function
SCUC (considered as sunk costs)
- Full representation of transmission loss and congestion
- 24-hour optimization, MILP formulation [Output] Generator dispatch information
- Partial representation of transmission loss and
congestion SCED-pricing
[Output] Generator commitment information - Same as SCED, with the following modifications:

—>» - Allows partial commitment for FSRs
- Incorporates quasi-fixed costs of FSRs in objective function

[Output] ELMP

Figure 2. SCUC, SCED, and SCED-pricing procedure in MISO.

The SCUC is formulated as an MILP problem and optimized over a 24 hours horizon. It
incorporates transmission losses exogenously and only checks the transmission flow constraints for
the watchlist transmission set wherein binding or violations are anticipated. Consequently, the
resulting hourly generator commitment information is passed on to the SCED and SCED-pricing.

The SCED is formulated as an hourly linear programming (LP) problem that determines the
optimal dispatch based on fixed generator commitments from the SCUC. Unlike SCUC, SCED
conducts a more extensive evaluation of transmission flow constraints, encompassing a broader set
of transmission lines beyond the predefined watchlist. The objective function excludes start-up and
no-load costs as sunk costs, whereas the transmission losses are determined endogenously through
marginal loss factors. The SCED outputs the generator dispatch information used in the system
operations.

SCED-pricing, executed independently of the SCED, is also modeled as an hourly LP problem.
It shares fundamental characteristics with SCED. The key distinction is that SCED-pricing facilitates
partial commitment for committed FSRs by relaxing their binary variables to 0-1. This approach
facilitates these resources in setting the market prices and incorporate certain no-load and start-up
costs. The market prices derived from the SCED-pricing, calculated using the LMP formulation in
Equation (7), are defined as ELMP. In MISO, FSR-qualified generators are defined as units that can
start up within 1 hour or less, with a minimum run time of 1 hour or less.

2.2.3. System Marginal Price (SMP)

Another approach to addressing quasi-fixed costs in electricity markets involves incorporating
them directly into market prices, as exemplified by the Korean electricity market. The SMP adopted
in the Korean electricity market is determined by the marginal cost of the most expensive unit
dispatched to satisfy the demand, including no-load and start-up costs as a form of average cost [20].
This is calculated using Equation (8).

Z_ (CNLy . — c9Py2 + CSU
SMP, = max 12 p,, + CEV + = (G o o Por T O o)
gEGpsI ’ Zt:spg_t

. VteT )

where C;D, CgN, and C)'* denote the coefficients of the quadratic cost function, and C5V refers
to the start-up costs of generator g. Further, x,, and y,. are the binary status of the generator,
where x,, indicates the operating status and y,, refers to the start-up status. In addition, s and
z € T denote the start and end times of a contiguous commitment period, respectively, and Gpg; isa
subset of the generators eligible to set the market price.

The determination of Gpg; is crucial for replicating the effects of marginal cost pricing based on
Lagrangian multipliers. In marginal cost pricing based on Lagrangian multipliers, the binding
constraints naturally prevent certain generators from setting the prices. To replicate this effect in the
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SMP mechanism, which does not inherently have this feature, the Korean market applies the
following rules to exclude certain generators from the price settings:
e  Generators with binding ramp rate constraints
¢  Generators operating at their minimum output level
e  Generators with binding transmission or generation constraints

Additionally, when transmission lines between adjacent zones are congested, the SMP for each
zone is calculated using only the Gps; within that specific zone. This allows the SMP mechanism to
emulate Lagrangian multiplier-based pricing by separating market prices under these congestion
conditions. Although this mechanism offers a straightforward method for including start-up and no-
load costs in market prices, it is plagued by certain challenges, particularly in terms of the price
regressivity problem and potential distortion of price signals [20].

2.3. Pricing Schemes in the Electricity Market

The combination of market-clearing models and pricing mechanisms has facilitated various
pricing schemes for electricity markets. Although power balance constraints naturally align with
uniform, zonal, and nodal pricing schemes, the primary focus of this study was the combination of
transmission flow constraints and pricing mechanisms. This interplay forms the basis for the different
pricing schemes observed in electricity markets. For instance, zonal pricing can utilize either ATC or
FBMC with ZMP, while nodal pricing usually implements DC-OPF with LMP or ELMP [26]. The
various pricing schemes resulting from these combinations, which will be analyzed in this study, are
presented in detail in Section 3.

3. Methodology and Simulation Framework

This study explored various potential pricing schemes that could be implemented in the Korean
electricity market in the long-term and investigated appropriate pricing transition pathways through
simulation and quantitative analysis. This section proposes a comprehensive set of zonal and nodal
pricing schemes for the simulation, provides a brief overview of the Korean electricity market, and
outlines the simulation design and data used in the analysis. These elements establish the foundation
for the subsequent analysis and discussion of the results.

3.1. Proposed Pricing Schemes and Korean Electricity Market Overview

As explained in Section 2, pricing schemes encompass both the market-clearing model
(specifically, the transmission flow model) and pricing mechanisms. Therefore, we proposed and
constructed seven comprehensive pricing schemes, including currently adopted schemes, by
combining these two factors, as presented in Table 2.

Table 2. Overview of proposed pricing schemes.

Catego Transmission Pricing Pricing Schemes
gory Flow Models Mechanisms &
Nodal DC-OFF LMP Nodal (LMP)
Pricing ELMP Nodal (ELMP)
i FBMC 5-Zonal (FBMC, ZMP
To-Be 5-Zonal ZMP ( )
Pricing ATC 5-Zonal (ATC, ZMP)
2-Zonal ATC ZMP 2-Zonal (ZMP)
Pricing SMP 2-Zonal (SMP)
As-Is Uniform ATC SMP Uniform (SMP)
Pricing
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Note: The Pricing Schemes are named as Category (Transmission Flow Model, Pricing Mechanism). If only one
transmission flow model is used in a specific pricing scheme, it is simplified to Category (Pricing Mechanism).
For example, "5-Zonal (FBMC, ZMP)" indicates 5-zonal pricing with FBMC and ZMP, while "Uniform (SMP)"
represents uniform pricing with SMP.

For nodal pricing, the DC-OPF with marginal loss factors is commonly used as the transmission
flow model to account for both transmission losses and congestion while ensuring computational
efficiency. Adhering to this common practice, this study applied the DC-OPF to model nodal pricing
schemes. In addition, LMP and ELMP were considered as pricing mechanisms, categorizing nodal
pricing into two schemes: Nodal (LMP) and Nodal (ELMP).

Zonal pricing can be implemented using various bidding zone configurations. Although the
determination of optimal bidding zone configurations is an important research area [3,6,12,22], this
study did not focus on this aspect. Instead, this study adopted two specific bidding zone
configurations for the Korean electricity market, as illustrated in Figure 3. These configurations
represent the most prominent options currently under discussion in Korea. They were selected for
their relevance to ongoing policy debates and their potential for practical implementation.

(b)

Figure 3. Proposed bidding zone configurations for zonal pricing in the Korean power system: (a) two

bidding zones and (b) five bidding zones.

The first configuration, shown in (a), divides South Korea into two bidding zones: the capital
region (KY) and non-capital region (NKY)2. The second configuration, illustrated in (b), delineates
five bidding zones based on administrative districts, with certain modifications to consider the power
system characteristics: the capital region (KY), Chungcheong (CC), Yeungnam (YN), Gangwon (GW),
and Jeolla (JL)3.

For 5-zonal pricing, both FBMC and ATC were considered as transmission flow models, with
ZMP applied as the pricing mechanism. For 2-zonal pricing, only the ATC was considered because
the benefits of the FBMC are limited owing to the single transmission line connecting the two bidding
zones. Both the ZMP and SMP can be applied as pricing mechanisms for 2-zonal pricing. The reasons
why the SMP cannot be applied to 5-zonal pricing are elucidated in Section 4. Consequently, this
study configured zonal pricing into four pricing schemes: 5-Zonal (FBMC and ZMP), 5-Zonal (ATC
and ZMP), 2-Zonal (ZMP), and 2-Zonal (SMP).

2 KY, derived from the Korean term "Kyongin," encompasses Seoul, Incheon, and Gyeonggi province, while
NKY represents the rest of the country.
3 These abbreviations are derived from Korean province names. Note that the Gangwon (GW) zone slightly

differs from the standard administrative district, incorporating parts of Gyeongbuk province to reflect the
distribution of nuclear power plants in the zone.
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Finally, although uniform pricing can be implemented in various forms, this study focused on
evaluating the transition from the current pricing scheme to zonal and nodal pricing. Therefore, we
considered only the Uniform (SMP) scheme currently adopted in the Korean electricity market as the
"As-Is" scenario. This reflected the unique characteristics of the Korean electricity market.

e  Incontrast to typical uniform pricing, the Korean market incorporates a transmission flow model
by using ATC for the capital (KY) and non-capital (NKY) regions.

e Due to the cost-based pool system, SMP mechanisms are applied to compensate the generators
for no-load and start-up costs.

e The market has a unique structure wherein a single company Transco functions as a
monopolistic retailer.

These proposed pricing schemes facilitated the assessment of the effects of transitioning from
existing to more granular pricing schemes. In Section 4, we present the quantitative results of the
transition to zonal and nodal pricing schemes and examine their impact on potential conflicts of
interest for Transco, considering the unique aspects of the Korean electricity market.

3.2. Simulation Design and Input Data

This study applied the seven pricing schemes proposed in Section 3.1 to the Korean electricity
market. The simulation results were analyzed based on actual power system data for the entire year
2023. To ensure consistency and minimize distortions, we used a common dataset and topology
across all simulations, capturing only the effects caused by changes in pricing schemes.

The power system was modeled at various levels of granularity, yielding detailed 4,579-node
representation, as illustrated in Figure 4. The topology included 3,322 transformers (considering 3-
winding transformers), 3,056 transmission lines, 4,579 buses (including auxiliary buses for 3-winding
transformers), and 1,597 generators (including distributed energy resources). To enhance the
reliability of our modeling approach, we utilized PLEXOS, an advanced software tool for power-
system modeling and simulation. The UCED problem and pricing processes were implemented using
the CPLEX solver, which is a typical MILP and LP solver available in PLEXOS. The mixed integer
programming (MIP) gap tolerance was set to 0.0001%. Our simulation methodology performed 24
hours optimizations with hourly time steps. Each day's results informed the subsequent day’s initial
conditions, creating a continuous chain of linked optimizations throughout the simulation period.
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Figure 4. Simplified visualization of the Korean power system (345 kV and above).

The simulation model incorporated comprehensive input data and detailed modeling
techniques to accurately reflect the Korean power system. Hourly demand data for 2023 were
included, with a peak demand of 94,529 MW and an annual consumption of 566,160 GWh [35,36].
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The load distribution was modeled at a detailed nodal level, with the demand allocated to individual
nodes based on node-specific load participation factors relative to the total system demand.

The generator data, including the installed capacities (totaling 150.4 GW), average generation
costs, and average annual maintenance days for the various types of power plants are summarized
in Table 3 [35,36]. Conventional power sources were modeled with detailed technical characteristics,
including output ranges, ramp rates, minimum up and down times, cost functions, and start-up costs.
For renewable energy sources, hourly time-series data were employed to capture generation profiles,
with annual average capacity factors of 14.4% and 19.7% for solar and wind power, respectively.

Table 3. Summary of generator data.

Category Installed Capacity Average Generation Aw./erage Annual
(MW) Costs (KRW/kWh) Maintenance Days

Nuclear 25,782 6.37 70
Coal 37,934 101.11 42
LNG 49,061 180.01 28
Oil 112 330.18 42
Hydropower 1,484 0 0
Pumped Storage 4,700 0 35
Solar PV 26,652 0 0
Wind 2,214 0 0
Other Renewables 2,448 0 0

Note: KRW denotes Korean Won. As of September 6, 2024, 1 USD = 1,335.90 KRW [37].

The transmission network model incorporated transmission line and transformer parameters,
such as thermal limits, reactance, and resistance, thereby enabling an accurate representation of
network topology. In this study, the ATC model employed relatively slack transfer capacities, with
predefined limits set to the thermal limits of the transmission lines. For the FBMC model, all
transmission lines connecting bidding zones were considered as CBs. The model implemented a co-
optimization of energy and 4.5 GW of operating reserves, as practiced in the Korean electricity
market. In addition, following the same market practices, it incorporated 25 key generation and
transmission constraints for transient stability, voltage stability, and other operational requirements,
as listed in Table 4. Although specific data values are subject to confidentiality requirements, our
approach aimed to provide a reliable representation of the Korean power system by using
comprehensive input data and detailed modeling techniques. Additional information about our
modeling is available upon reasonable request and is subject to data protection agreements.

Table 4. Summary of generation and transmission constraints.

Category Applicable Zone Constraint Type
Transmission NKY-KY Maintain total power flow below a stricter limit (1)
Constraints JL-CC Maintain total power flow below a stricter limit (1)
Must-run (6)
KY . .
Must-run with minimum output (1)
YD Conditional shutdown (1)
. Maximum output limit (1)
Generation
) Must-run (3)
Constraints JL . .
Maximum output limit (1)
cC Must-run (1)

Maximum output limit (5)
YN Must-run (2)
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Minimum output limit (2)

Note: Numbers in parentheses indicate the number of individual constraints for each type in the
specified zone.

The proposed modeling approach accommodated seven proposed pricing schemes while
maintaining a consistent underlying system representation. In nodal pricing, the system
representation remained unchanged, thereby preserving the detailed node-level granularity. For
zonal and uniform pricing, the generators and loads were aggregated according to their respective
zones, and the transmission capacity connecting different bidding zones was represented by the sum
of the thermal limits of all transmission lines crossing from one zone to the other [29]. Because of this
zonal aggregation, only interzonal power flows were considered, whereas intrazonal power flows
were omitted from the model [38]. In addition to these general modeling approaches, each pricing
scheme had specific assumptions and modeling considerations, as follows.

8. Nodal (LMP) and Nodal (ELMP): As explained in Section 2, Nodal (LMP) and Nodal (ELMP)
refer to the results of the SCED and SCED-pricing, respectively, following SCUC execution. In
our study, for the SCUC, all transmission lines were considered watchlist transmission sets. The
MIP gap tolerance for SCUC was set at 0.1% as per the MISO market rules [34], compared to the
typical 0.0001%. The DC-OPF for nodal pricing employed a distributed slack bus model.

9. Nodal (ELMP): While MISO considers generators capable of starting within 1 hour or less with
a minimum run time of 1 hour or less as FSRs, such resources are scarce in the Korean electricity
market. Therefore, this study expanded the FSR qualification to resources with a minimum
runtime of 4 hours or less for a Nodal (ELMP) scheme simulation.

10. 5-Zonal (FBMC, ZMP): For the 5-Zonal (FBMC, ZMP), the characteristics of the transmission
lines connecting different zones were estimated. Specifically their resistance and reactance were
calculated using PSS/E-based system reduction techniques.

11. Bidding strategy: The current Korean electricity market operates on a cost-based pool system,
wherein generators are required for bidding based on marginal costs. However, under pricing
mechanisms, such as ZMP, LMP, and ELMP, generators generally submit price bids that are at
least sufficient to recover the opportunity costs associated with invested capital, such as the time
value of money during the production period. In this study, for schemes adopting ZMP, LMP,
and ELMP mechanisms, we assumed a weighted average cost of capital (WACC) of 5.5% and a
3-month capital recovery period, thereby applying a mark-up on short-run marginal costs in the
price bidding process.

12. Pricing process implementation: PLEXOS provides built-in pricing processes for the ZMP, LMP,
and ELMP. However, the SMP, which follows Korea-specific rules, was not built into the
PLEXOS. To address this, we implemented Equation (8) from Section 2 and the Korean market
rules in a separate Python-based script. This script utilized the generator commitment, dispatch,
and other relevant data from PLEXOS to calculate the SMP according to Korean market rules.

13. Transmission losses: To consider transmission losses, we adopted a sequential linear
programming (SLP) method to update marginal loss factors [39]. This process iteratively refines
the marginal loss factors for each node, reducing the gap between the actual (quadratic model)
and modeled losses to 0.001% tolerance. For schemes using the ATC model, which does not
incorporate the transmission line resistance, it is not feasible to endogenously calculate losses
based on the marginal loss factors. Instead, to minimize distortions in scheme comparisons
owing to transmission losses, we added the losses observed in the nodal pricing scheme to the
system demand.

4. Simulation Results

Our analysis conducted simulations for each pricing scheme, evaluating metrics such as market
prices, power flow, power purchase costs for retailer, and generation costs, revenue, and profits for
power producers throughout 2023.
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The subsequent subsections are structured as follows. First, to establish the reliability of our
model, we compare the actual 2023 Korean electricity market prices with the Uniform (SMP) market
prices simulated using our model in Section 4.1. The Uniform (SMP) scheme in our model was
designed to simulate the pricing scheme currently adopted in the Korean electricity market.
Subsequently, we analyze the results of the seven proposed pricing schemes and divide our
examination into the following sections: market price in Section 4.2, financial impacts on power
producers and retailer in Section 4.3, and power flow in Section 4.4. Finally, through a sensitivity
analysis of Table 4 in Section 4.5, we examine how transitioning to zonal and nodal pricing schemes
affects the potential conflicts of interest for Transco in a market structure wherein a single Transco
also acts as a monopoly retailer.

4.1. Model Validation: Comparison of Simulated Uniform (SMP) and Actual Market Prices

To validate the reliability of the simulation model, we compared the simulated market prices
from our Uniform (SMP) scheme with the actual market prices for 2023. The annual load-weighted
average price derived from our model was 164.75 KRW/kWHh, closely aligning with the actual market
price of 167.00 KRW/kWh [40], thus indicating a deviation of only 1.35%.

Although perfect alignment is challenging owing to limitations in accessing precise maintenance
schedules, heat demand for combined heat and power (CHP) sources, and other factors, this level of
accuracy substantiates the reliability of the simulation model.

Figure 5 illustrates a daily comparison between the simulated and actual market prices. As
evident, our model effectively captured both overall trends and short-term fluctuations throughout
the year. This comprehensive validation, encompassing both annual averages and daily dynamics,
provides a robust foundation for subsequent analyses of the zonal and nodal pricing schemes.
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Figure 5. Comparison of daily simulated Uniform (SMP) and actual market prices for 2023.

4.2. Market Price

In this section, we analyze and compare the market prices resulting from the different pricing
schemes: current uniform, 2-zonal, 5-zonal, and nodal pricing. Our analysis begins by examining the
differences between the currently adopted Uniform (SMP) and the 2-zonal pricing schemes, which
include both 2-Zonal (SMP) and 2-Zonal (ZMP) schemes, as illustrated in Table 5.

Table 5. Comparison of market prices under Uniform (SMP) and 2-zonal pricing schemes.

.. Uniform 2-Zonal (SMP) 2-Zonal (ZMP)
Pricing Scheme
(SMF) KY NKY KY NKY
Market Price
(KRW/kWh) 164.75 164.76 146.05 153.07 132.47
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Note: KY refers to the capital region and NKY to the non-capital region.

When analyzing the 2-Zonal (SMP), we observed that the KY zone maintains a price level nearly
identical to the current Uniform (SMP). However, the NKY zone exhibited a significant market price
decrease of 11.4%. In contrast, the 2-Zonal (ZMP) facilitated an average price reduction of
approximately 8.2% for both the KY and NKY compared to the 2-Zonal (SMP). This price reduction
is attributed to the fundamental difference between the SMP and ZMP mechanisms in their treatment
of the no-load and start-up costs. The SMP compensates for these costs; however, the ZMP does not.

The dramatic price divergence between the KY and NKY zones under the 2-Zonal (SMP) scheme
may raise questions. This phenomenon is rooted in the imbalance between the electricity demand
and supply in the Korean power system. Table 6 summarizes the demand and generation for the
capital (KY) and non-capital (NKY) regions for 2023. As illustrated in Table 6, although the KY zone
accounted for approximately 40% of the total demand, it contributed to only approximately 20% of
the total generation. This imbalance resulted in a significant power flow from NKY to KY. Moreover,
the distribution of generation sources was exacerbated the price divergence. Low-cost generation and
renewable energy sources, particularly solar PV, were predominantly located in the NKY zone,
whereas high-cost generation sources were concentrated in the KY zone. Consequently, under the
current Uniform (SMP), price-setting units were mostly situated in the KY zone.

Table 6. Regional distribution of electricity demand and generation.

Category Capital (KY) Non-Capital (NKY)
Demand (TWh) 219.9 (38.6%) 349.5 (61.4%)
Generation (TWh) 118.3 (20.1%) 455.0 (79.9%)

This distribution explains why the market price of the KY zone under the 2-Zonal (SMP) model
remained nearly identical to the Uniform (SMP) price*. Conversely, the significant price decrease in
the NKY zone was particularly influenced by the concentration of solar PV generation, with 93.1% of
such sources located in this zone [36]. To illustrate this effect, Figure 6 depicts the annual hourly
average solar PV generation pattern alongside the market price gap between the KY and NKY zones
under the 2-Zonal (SMP) throughout the year 2023. This visualization clearly demonstrates the
positive correlation between solar power generation in the power system and the price differential
between the two zones.

4 The slight increase observed in KY prices under the 2-Zonal (SMP) compared to the Uniform (SMP) is
owing to numerical effects from the load-weighted average calculation.
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Figure 6. Annual hourly average solar PV generation and market price gap between KY and NKY
zones under the 2-Zonal (SMP).

Market price separation occurs when the transmission lines become congested. In the current
imbalanced structure, NKY generation flowed to KY, and price separation occurred when
transmission lines become congested during high-demand periods. This typically occurred between
10:00 and 17:00, when demand peaked. Coincidentally, this timeframe corresponded to a period of
rapidly increasing solar PV generation, which was predominantly concentrated in the NKY zone.
This temporal overlap between high demand and peak solar PV generation resulted in a unique
dynamic of zonal pricing. During these hours, while KY's market price was set by the LNG plants,
and the NKY's marginal unit shifted to coal plants owing to the influx of solar PV generation. This
shift in marginal units within each zone explains the significant price disparity observed in the 2-
zonal pricing scheme. In 2023, an exceptionally large gap between coal and LNG fuel costs led to a
significant price divergence; however, the magnitude of this effect may vary annually based on fuel
costs and changes in the merit order.

We now examine the market prices resulting from the 5-zonal pricing schemes categorized as 5-
Zonal (ATC, ZMP) and 5-Zonal (FBMC, ZMP). Table 7 presents a comparative analysis of the pricing
outcomes across the five designated zones.

Table 7. Comparison of market prices under 5-zonal pricing schemes.

Market Price
(KRW/KWHh) KY CC JL KW YN
5-Zonal (ATC,
ZMP) 153.12 132.27 132.44 133.06 132.25
5-Zonal (FBMC,
ZMP) 151.73 135.12 133.85 134.52 133.66

Note: As shown in Figure 3, Zones CC, JL, KW, and YN represent further
subdivisions of the non-capital (NKY) region from the previous 2-zonal pricing
scheme.

Our analysis of the 5-zonal pricing schemes revealed noteworthy insights. As evidenced in Table
7, the price differentials among the four zones within NKY (CC, JL, KW, YN) were notably small,
ranging as 0.81-1.46 KRW/kWHh, regardless of application of the 5-Zonal (ATC, ZMP) or 5-Zonal
(FBMC, ZMP) scheme. This holds true although the FBMC model, which incorporated the zonal
PTDF matrix and marginal loss factors, tended to reflect the network characteristics more accurately
than the ATC model. The consistently small price differences across both the schemes indicated to the


https://doi.org/10.20944/preprints202410.2337.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2337.v1

16

occurrence of minimal congestion between the four zones within NKY, even when considering more
precise network modeling.

By extending this analysis, we observed that the 5-zonal pricing schemes effectively replicated
the market price levels of the previously discussed 2-Zonal (ZMP) scheme. This similarity in
outcomes can be attributed to two key factors: negligible price differentiation within the NKY zone
(discussed earlier) and the persistence of the binding transmission flow constraint between the NKY
and KY zones. Essentially, the absence of significant congestion within NKY, coupled with the
dominant congestion between NKY and KY, resulted in price patterns that closely mirrored those
observed in the simpler 2-Zonal (ZMP).

Finally, we present the nodal pricing results, categorized as Nodal (LMP) and Nodal (ELMP), in
Table 8 and Figure 7. Table 8 lists the average market prices for the load and generation nodes across
the entire Korean power market, calculated as load- and generation-weighted averages, respectively.
Figure 7 offers a visual representation of these weighted average market prices for nodes within each
subregional administrative division, providing a detailed geographical perspective on the price
distribution under nodal pricing.

Table 8. Comparison of market prices under nodal pricing schemes.

Pricing Scheme Nodal (LMP) Nodal (ELMP)
Node Type Load Generation Load Generation
Market Price
(KRW/KWH) 144.38 138.45 156.84 149.82

120 130 140 150 160

Market Price [KRW/kWh]

Figure 7. Geographical distribution of nodal prices in the Korean power system: (a)
Nodal (LMP) and (b) Nodal (ELMP).

Nodal (ELMP) yielded higher prices than Nodal (LMP) because owing to the partial
incorporation of the FSR's no-load and start-up costs into market prices based on allowance for their
partial commitment. Regardless of the specific nodal pricing scheme, the nodal pricing results
maintained the trend observed in zonal pricing, with the KY zone generally exhibiting higher market
prices than the NKY zone. Further, the results aligned with the typical expectation that load nodes
experienced higher prices than generation nodes owing to transmission losses and network
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congestion [41]. Consequently, this detailed nodal pricing reflected the local network constraints and
delivery costs across the network, offering precise economic signals for market participants.

Nodal pricing resulted in varied prices across individual nodes, implying that the market prices
affecting each generator can vary significantly, in contrast to that in the current uniform pricing
system. Figures 8 and 9 compare the market prices that each of the 1,597 generators would receive
under the Nodal (LMP) and Nodal (ELMP) pricing schemes, respectively, against the current
Uniform (SMP) adopted in the Korean power market. Under Nodal (LMP), 91.7% of the generators
exhibited a price drop compared with Uniform (SMP), whereas 71.1% experienced a reduction under
Nodal (ELMP). Notably, the Nodal (ELMP) presented here may yield more optimistic outcomes for
generators than a standard ELMP implementation, as it assumes a broader range of units qualify as
FSRs, leading to higher market prices.
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Figure 9. Comparison of Nodal (ELMP) and Uniform (SMP) prices for individual
generators.

To summarize our findings from the market price analysis:
The market price trend followed the order: Uniform (SMP) > 2-Zonal (SMP) > 2-Zonal (ZMP) =
5-Zonal (ATC, ZMP) = 5-Zonal (FBMC, ZMP).

14. In nodal pricing, which was not directly comparable to uniform and zonal pricing,
approximately 71.1-91.7% of the generators faced downside risk under both the Nodal (LMP)
and Nodal (ELMP) schemes.

15. On a market-wide level, the average market price was expected to decrease by 4.8-7.0%, even
though the 2-Zonal (SMP) and Nodal (ELMP), which compensated for the no-load and start-up
costs, exhibited the least price reduction compared to the currently adopted pricing scheme.
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16. However, when analyzed at the zonal or granular level, this market price reduction was found
to be concentrated among generators in non-capital region.

These results suggest that although the transition to more granular pricing schemes may
facilitate overall market price reductions, the impact is likely to be unevenly distributed. The
generators in non-capital region are expected to bear a disproportionate share of downside risk. For
a more detailed examination of the daily market prices across different pricing schemes, please refer
to Appendix A.

4.3. Financial Impacts for Power Producers and Retailer

Following the calculation of the market prices under each pricing scheme, the power purchase
costs, generation costs, revenues, and profits must be quantified to assess the financial impact on
power producers and retailer. These quantitative indicators can be calculated using the results of the
market-clearing models and the pricing mechanisms described in the previous subsection.

In this study, the single retailer was assumed to purchase electricity at the market price
corresponding to its specific area. Accordingly, the retailer’s power purchase cost is defined in
Equation (9) as the product of the demand and market price at the respective zone or node, depending
on the pricing scheme. The generation costs of the power producers, including fuel and start-up costs,
are expressed as Equation (10). Energy revenue is defined in Equation (11) as the product of the
market price and generation output determined by the market-clearing model. Furthermore, the
MWPs, which compensate for deficits in generation costs, are determined by Equation (12) as the
difference between energy revenues and generation costs per hour. Finally, the profit of power
producers is expressed in Equation (13) as the sum of the energy revenues and MWPs minus the
generation costs. If the generators receive MWPs, their profit during those specific operating hours is
zero. The following equations define the calculations:

PowerPurchaseCost;, = m;; X Dy, 9)
GenerationCosty, = (C3°p2; + CEVNpge + CNMlxge) + C5Vy4 1 (10)
EnergyRevenues,; = Ty X Py (11)
MWP,, = —min(O, EnergyRevenues,; — GenerationCostg,t) (12)
Profit,, = EnergyRevenues,, + MWP,, — GenerationCostg, 13)

where m;, is the market pricein area i attime t, and m,;, denotes the market price received by
generator g at time ¢.

Based on these definitions, the comparative financial effects between uniform and zonal pricing
and between uniform and nodal pricing, are presented in Tables 9 and 10, respectively. For a more
detailed examination of the financial effects across pricing schemes at the zonal level, please refer to
Appendix B.

Table 9. Comparative financial impacts of uniform and zonal pricing.

Zonal Pricing
Pricing Scheme Uniform 5-Zonal 5-Zonal
(KRW billion) (SMP) 2-Zonal 2-Zonal
(SMP) (ZMP) (ATC, (FBMC,
ZMP) ZMP)
Retailer PowerCl;‘s‘trChase 93,810 87,279 79,962 79,984 80,313
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Generation Cost 39,317 39,317 39,317 39,317 39,271
Energy Revenues 93,905 85,562 78,425 78,446 79,088
Power
Producers Make-Whole 1,592 1,947 2,805 2,805 2,853
Payments
Profit 56,179 48,191 41,913 41,934 42,670

Table 10. Comparative financial impacts of uniform and nodal pricing.

1 Prici
Pricing Scheme Uniform Nodal Pricing
(KRW billion) (SMP) Nodal Nodal
(LMP) (ELMP)
) Power Purchase
Retailer 93,810 81,739 88,795
Cost
Generation Cost 39,317 40,863 40,863
Energy Revenues 93,905 79,374 85,923
Power
Producers |  Make-Whole 1,592 2,940 2,064
Payments
Profit 56,179 41,451 47,123

The results for power purchase costs, energy revenues, and profits followed a trend similar to
that of the market prices discussed in the previous section. This trend can be summarized as: Uniform
(SMP) > Nodal (ELMP) = 2-Zonal (SMP) > Nodal (LMP) = 5-Zonal (FBMC, ZMP) = 5-Zonal (ATC,
ZMP) = 2-Zonal (ZMP). However, the MWP exhibited a trend opposite to that of the market prices.
This is because it compensated for deficits in generation costs when energy revenues were
insufficient, which resulted in higher MWPs under pricing schemes that yield lower market prices.

An analysis of generation costs revealed that while uniform and zonal pricing exhibited minimal
differences, nodal pricing resulted in higher generation costs owing to the additional constraints in
more granular representation of the network topology at the node level. However, these results did
not consider redispatch costs. If such costs were considered, the opposite trend in the generation costs
would likely be observed. In other words, the general consensus is that when the total system costs
include both generation costs of the wholesale electricity market and redispatch costs of the balancing
market, nodal pricing typically yields the lowest total costs [1,2,25]. The results presented in Tables 9
and 10 differ from this consensus because we excluded the balancing market from our analysis. This
limitation of the study is discussed in greater detail in the conclusion section.

4.4. Power Flows

While Sections 4.2 and 4.3 primarily focus on the results dominated by pricing mechanisms,
power flow is an aspect strictly related to the market-clearing model. Consequently, the power flows
for the Uniform (SMP), 2-Zonal (SMP), and 2-Zonal (ZMP) zones, which shared common market-
clearing results, were identical. Within the nodal pricing, Nodal (LMP) and Nodal (ELMP) shared the
same market-clearing results. Notably, the power flow resulting from nodal pricing can be considered
to align with the actual power flows, that is, power system operations. Only the 5-zonal pricing
yielded different market-clearing results depending on whether the ATC or FBMC model was used.

The results for uniform pricing and 2-zonal pricing, which stem from the imbalance between the
capital and non-capital regions mentioned in Table 6, indicated an annual average flow of 11,661 MW
from NKY to KY, with transmission congestion occurring for 4,376 hours annually.

Our primary focus was on the 5-zonal pricing. Figure 10 illustrates the power flow between each
zone when adopting the ATC and FBMC model in 5-zonal pricing. In Figure 10, the red lines represent
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identical flows in the ATC and FBMC models, whereas the blue lines indicate different flows.
Specifically, the flows differed in the two transmission lines: KY—GW and CC—JL. Table 11 presents
the annual average power flow and congestion hours between the zones. To compare the results of
the 5-zonal pricing with the actual power flows, we must consider that the actual power flows were
derived from nodal pricing. Therefore, for a direct comparison with the 5-zonal pricing, we
aggregated the power flow results from nodal pricing into the zones defined in the 5-zonal pricing
scheme. The aggregated results, reflecting the zonal grouping of power flows from the nodal pricing,
are presented in Table 11 for comparison.

(b)

Figure 10. Comparison of interzonal power flows of (a) 5-Zonal (ATC, ZMP) and (b) 5-Zonal (FBMC,
ZMP).

Table 11. Comparison of annual average power flows and congestion hours between zones in 5-
zonal pricing and aggregated nodal pricing results.

5-Zonal (ATC, ZMP) 5-Zonal (FBMC, ZMP) Nodal Pricing
gz;(:rr:i A;f;:fe Congestion A;f;i,ge Congestion A;f;:fe Congestion
(MW) Hours (h) (MW) Hours (h) (MW) Hours (h)
KY-GW 4,423 4,374 -4,491 3,665 -5,619 1,457
CC—KY 16,083 4,374 7,615 3,665 6,947 1,457
GW—CC 14,996 5,275 2,347 0 1,697 0
CC-JL 1,814 8,083 -2,865 431 -2,280 86
JL-YN 4,802 568 166 1 34 0
YN—CC 875 8,612 184 2 174 0
YN-GW 5,065 0 1,310 0 1,691 0

Two significant implications can be drawn from these results. First, the ATC model, which
disregards physical laws, produced interzonal flows that deviated from actual power flows.
Consequently, if redispatch, which was not considered in this study, were to be considered, it is
anticipated that the ATC model would facilitate a substantial increase in side payments. In contrast,
the FBMC model demonstrated reasonable interzonal power flows compared to the actual flows.
Although the FBMC model necessitates accompanying processes such as system reduction, it is
expected to necessitate less redispatch than the ATC model, which is a commonly observed advantage
in previous studies [25].
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Second, this analysis elucidated why the SMP mechanisms could not be applied to 5-zonal
pricing in the Korean power system. As illustrated in Figure 10, Korea's power system forms a loop
network. The SMP mechanism is based on the rule of separating market prices when transmission
lines between adjacent zones are congested. For instance, consider a scenario where the CC-JL line is
congested, necessitating different prices between these two zones. Simultaneously, if the CC-YN and
YN-JL lines are not congested, the SMP mechanism would imply that prices in these zones should
remain uniform. This creates a logical contradiction, as the CC and JL zones would be required to
have both different and identical prices at the same time, making it impossible to adopt the SMP
mechanism in the loop network. Consequently, although the SMP mechanism can be applied to radial
systems, such as Australia or a 2-zonal pricing in the Korean power system, it is not applicable to
such loop systems.

4.5. Impact of Zonal and Nodal Pricing on Transco’s Conflicts of Interest in a Combined Transmission-Retail
Monopoly

In the current Korean electricity market, the Korea Electric Power Corporation (KEPCO) acts
simultaneously as both a Transco, which should remain neutral to maximize social welfare, and a
retail monopoly, which is motivated to minimize power purchase costs [42]. This section investigates
the effect of the transition to more granular pricing schemes on the potentially conflicting interests of
Transco in this unique structure.

In Korea, certain generation and transmission constraints are incorporated into the market-
clearing model to address issues such as equipment overload, transient stability, and voltage stability,
as listed in Table 4. Transco bears significant responsibilities for maintaining power system reliability,
including expanding transmission lines, increasing energy storage system (ESS) capacity for grid
stabilization, reinforcing reactive power compensation equipment, and maintaining transmission
facilities [43]. If these investments and improvements could alleviate the generation and transmission
constraints outlined in Table 4, a reduction in the generation costs would be anticipated. However,
this could paradoxically lead to an increase in power purchase costs, creating a potential conflict of
interest for Transco.

To explore this dynamic, we conducted a sensitivity analysis across seven pricing schemes,
examining the impact of alleviating generation and transmission constraints. It was assumed that this
alleviation resulted from Transco’s efforts to enhance power system reliability. Specifically, we
compared the change in generation costs (a proxy for social welfare) to the change in power purchase
costs. As presented in Table 4, although the Korean electricity market typically applies 25 generation
and transmission constraints, we simplified our sensitivity analysis to manage the computational
load. Instead of analyzing each of the 25 constraints individually, we relaxed all constraints applicable
to each zone simultaneously. Further, to reduce computational complexity, we set the MIP gap
tolerance to 0.1% in the sensitivity analysis.

Tables 12 and 13 present the changes in generation and power purchase costs when the
generation and transmission constraints were relaxed for each zone under different pricing schemes.
For example, the costs listed for the CC zone reflected the results obtained when only the constraints
applicable to the CC zone in Table 4 were relaxed. The base case represents the generation and power
purchase costs when all constraints listed in Table 4 were applied. The numbers in parentheses
indicate the rate of change compared with the base case when the constraints for the applicable zone
were relaxed.

Table 12. Generation and power purchase cost sensitivity to generation and transmission constraint

relaxation in uniform and zonal pricing.

Pricing Scheme Uniform 2-Zonal 2-Zonal 5-Zonal 5-Zonal
(KRW billion) (SMP) (SMP) (ZMP) (ATC, (FBMC,
ZMP) ZMP
Base Generation 39,329 39,329 39,329 39,328 39,282
Case Cost
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Purchase 94,033 87,512 80,593 80,539 80,727
Cost

KY Generation 38,586 38,586 38,586 38,587 38,221
Cost (-1.89%) (-1.89%) (-1.89%) (-1.88%) (-2.70%)

Purchase 89,797 89,797 82,412 82,459 75,054
Cost (-4.50%) (+2.61%) (+2.26%) (+2.38%) (-7.03%)

CC Generation 38,346 38,346 38,346 38,345 39,118
Cost (-2.50%) (-2.50%) (-2.50%) (-2.50%) (-0.42%)

Purchase 92,232 82,453 75,148 75,221 81,229
Cost (-1.91%) (-5.78%) (-6.76%) (-6.60%) (+0.62%)

JL Generation 39,160 39,160 39,160 39,158 38,662
Cost (-0.43%) (-0.43%) (-0.43%) (-0.43%) (-1.58%)

Purchase 93,836 87,572 80,843 81,111 82,798
Cost (-0.21%) (+0.07%) (+0.31%) (+0.71%) (+2.57%)

KW Generation 39,223 39,223 39,223 39,222 39,169
Cost (-0.27%) (-0.27%) (-0.27%) (-0.27%) (-0.29%)

Purchase 93,709 86,759 79,823 79,794 79,929
Cost (-0.34%) (-0.86%) (-0.96%) (-0.93%) (-0.99%)

YN Generation 39,022 39,022 39,022 39,021 38,983
Cost (-0.78%) (-0.78%) (-0.78%) (-0.78%) (-0.76%)

Purchase 94,046 88,422 81,522 81,448 81,669
Cost (+0.01%) (+1.04%) (+1.15%) (+1.13%) (+1.17%)

Table 13. Generation and power purchase cost sensitivity to generation and transmission constraint

relaxation in nodal pricing.

Pricing Scheme Nodal (LMP) | Nodal (ELMP)
(KRW billion)
Base Case Generation 40,863 40,863
Cost
Purchase 81,739 88,795
Cost

KY Generation 40,510 40,510
Cost (-0.86%) (-0.86%)

Purchase 83,914 87,799
Cost (+2.66%) (-1.12%)

CC Generation 39,596 39,596
Cost (-3.10%) (-3.10%)

Purchase 75,449 81,976
Cost (-7.70%) (-7.68%)

JL Generation 40,702 40,702
Cost (-0.39%) (-0.39%)

Purchase 81,736 87,527
Cost (-0.00%) (-1.43%)

KW Generation 40,755 40,755
Cost (-0.26%) (-0.26%)

Purchase 81,037 88,560
Cost (-0.86%) (-0.26%)

YN Generation 40,632 40,632
Cost (-0.57%) (-0.57%)

Purchase 82,510 93,886
Cost (+0.94%) (+5.73%)
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As presented in Tables 12 and 13, our analysis revealed that, while generation costs invariably
decreased with the relaxation of constraints across all cases, power purchase costs may not
necessarily exhibit the same trend. In the currently adopted Uniform (SMP), the power purchase costs
remain relatively stable despite the relaxation of generation and transmission constraints, owing to
the formation of a single price for the entire wholesale electricity market. Conversely, in the zonal
and nodal pricing schemes, we observed cases wherein the purchase costs increased when the
generation and transmission constraints were relaxed, particularly evident in the KY, JL, and YN
zones. For example, when high-cost generators were subject to must-run constraints with minimum
output requirements, these generators typically operated at the lower bound of their constraint,
precluding them from setting market prices. In this case, lower-cost generators determined the
market price. However, upon relaxation of these constraints, previously uncommitted generators
with intermediate marginal costs became economically viable for dispatch. This shift in the merit
order resulted in these newly committed units setting the market price, potentially leading to higher
market prices in the affected zones or nodes, despite the overall reduction in the generation costs.

This finding has significant implications for the transition to zonal or nodal pricing, particularly
for firms with monopolistic structures in transmission and retail. Although we did not consider the
costs of improvements made by Transco to enhance power system reliability in this analysis, our
results suggest that there may be incentives for a combined Transco-retailer to prioritize addressing
the generation and transmission constraints that minimize power purchase costs rather than
maximize overall social welfare. This conflict of interest could potentially lead to Transco
intentionally delaying certain transmission investments or biasing the prioritization of projects.

Considering these potential conflicts, it may be worth considering having an independent entity
assume the role of determining the prioritization and execution of projects related to maintaining
power system reliability, such as transmission line expansions, increasing the ESS capacity for grid
stability, and reinforcing reactive power compensation equipment. This could help ensure that
investment decisions are made with true neutrality, thereby prioritizing overall system efficiency and
social welfare.

5. Conclusions

This study quantified the impact and policy implications of transitioning to zonal and nodal
pricing in the electricity market, considering South Korea as a case study. We modeled the power
system at various levels of granularity, yielding a detailed 4,579-node representation and constructed
a comprehensive set of seven pricing schemes that reflected the changes in market-clearing models
and pricing mechanisms. Our primary objective was to evaluate the impact of these schemes on large
power systems, propose an appropriate pricing transition pathway, identify potential conflicts of
interest for Transco, and evaluate the financial impact on market participants and the associated
social risks.

Our findings suggest the following policy implications:

1. Our research indicates that, under the current SMP-based uniform pricing, the schemes causing
the least market impact were SMP-based zonal pricing with two bidding zones and ELMP, a
specific type of nodal pricing. These results are expected to provide critical guidance for the
development of an appropriate pricing transition pathway that aims to implement more
granular price signals, while minimizing market disruption. However, on a market-wide level,
a price reduction of 4.8-7.0% appears inevitable.

2. We found no evidence to support a significant transition to a 5-zonal pricing system. Owing to
the minimal transmission congestion within the non-capital region, the price differences between
zones in this region ranged 0.81-1.46 KRW/kWh. Consequently, all the elements were similar to
a ZMP-based zonal pricing with two bidding zones. Moreover, the implementation of a 5-zonal
pricing system may necessitate system reduction techniques, and risk-producing power flows
that are inconsistent with actual system operations.

3. When transitioning to nodal pricing, 71.1-91.7% of generators were likely to experience a
decrease in their received market prices under both LMP and ELMP mechanisms compared to
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the current pricing scheme. Moreover, across all the proposed zonal and nodal pricing schemes,
market price reductions were found to be significantly concentrated among generators in non-
capital regions. This finding suggests that the transition to more granular pricing schemes, while
potentially leading to overall price reductions, would likely have an unevenly distributed impact.
Here, non-capital generators are expected to bear a disproportionate share of the downside risk.

Consequently, to address these policy implications, Korea's electricity market requires mid- to
long-term preparation in the following areas:

1. For a transition to more granular pricing schemes, our research suggests an appropriate pathway
that involves first moving from the current uniform pricing to SMP-based zonal pricing with two
bidding zones, and then progressing to ELMP as the final stage. However, there is a critical need
to analyze the potential market exit of non-capital region generators owing to revenue structure
changes and its subsequent impact on any future capacity market and resource adequacy. To
address these challenges, the implementation of a capacity market based on the net cost of new
entry (Net CONE) [44], which considers revenue decline, could reduce the power producers'
resistance to the transition to zonal and nodal pricing while improving overall market efficiency
and enhancing system reliability.

2. Considering the loop network of Korea's power system, the maintenance of SMP mechanisms
beyond SMP-based zonal pricing with two bidding zones will be limited in the future. Therefore,
transitioning from a cost-based pool to a price-bidding system should be considered.
Furthermore, in the transition to zonal or nodal pricing, it is imperative to initiate discussions on
two critical aspects. The first is the mechanisms for settling the congestion surplus that is expected
to arise, such as the implementation of financial transmission rights (FTRs) [5,45]. The second is
the implementation of more granular retail electricity prices to ensure accurate price signals [46].

3. To mitigate potential conflicts of interest for Transco in markets with a monopolistic structure in
transmission and retail, it may be beneficial to explore the involvement of an independent entity
in prioritizing and executing projects related to power system reliability. This could help ensure
that investment decisions are made with impartiality, thereby focusing on overall system
efficiency and social welfare rather than aligning with the interests of Transco.

This study had several limitations that provide opportunities for future research. Our analysis
focused on the wholesale electricity markets and excluded redispatch costs in the balancing market.
Future research incorporating these costs could provide a more comprehensive analysis of pricing
transitions. In addition, we defined zones based on administrative districts; however, research on
optimal zone delineation is crucial for maximizing social welfare in zonal pricing.

The effectiveness of specific pricing schemes can vary depending on factors such as generation
mix, fuel costs, and demand profiles. Therefore, each power market should conduct rigorous
simulations to determine the most suitable pricing scheme under specific conditions. Nevertheless,
our research offered valuable insights for electricity markets worldwide, considering zonal and nodal
pricing transitions by providing a comprehensive analysis of various pricing schemes. This detailed
examination provided important guidance for policymakers and stakeholders to navigate the
complexities of electricity market reform.
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Appendix B

Table B1. Comparative financial impacts based on zone of uniform and 2-zonal pricing.

Pricing Scheme Uniform (SMP) 2-Zonal (SMP) 2-Zonal (ZMP)
(KRW billion) KY NKY KY NKY KY NKY
Power
Retailer Purchase 36,334 57,476 36,237 51,042 33,665 46,296
Cost
Generation | 0 o1 22,701 16,616 22,701 16,616 22,701
Cost
Energy | o076 | 73620 | 20226 | 6533 | 18598 | 59,827
Power Revenues
Producers Make-
Whole 1,041 551 1,052 894 1,560 1,245
Payments
Profit 4,701 51,478 4,663 43,529 3,542 38,371
TableB2. Comparative financial impacts based on zone of 5-Zonal (ATC, ZMP).
Pricing Scheme 5-Zonal (ATC, ZMP)
(KRW billion) KY CC JL KW YN
Power
Retailer Purchase 33,677 12,713 8,728 11,932 12,935
Cost
Generation | 17 10,875 1,938 3,801 6,087
Cost
Energy 18,606 15,007 11,844 18,087 14,902
Power Revenues
Producers Make-
Whole 1,559 493 203 135 414
Payments
Profit 3,549 4,626 10,109 14,421 9,229
Table B3. Comparative financial impacts based on zone of 5-Zonal (FBMC, ZMP).
Pricing Scheme 5-Zonal (FBMC, ZMP)
(KRW billion) KY cc | JL | Kw | YN
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Power
Retailer | Purchase 33,371 12,986 8,820 12,063 13,072
Cost
Generation |, -\ 11,084 2,016 3,829 6,271
Cost
Energy 17,940 15,541 12,047 18,301 15,260
Power Revenues
Producers Make-
Whole 1,638 466 200 128 420
Payments
Profit 3,507 4,923 10,231 14,600 9,409
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