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Abstract 

 

Day-ahead Imbalance Band Market 

Operation of Transmission System 

Operator Considering Devolution of 

Balancing Responsibility 

Yong Hyun Song 

School of Electric Engineering and Computer Science 

The Graduate School 

Seoul National University 
 

This research proposes a method of day-ahead market operation 

of transmission system operator (TSO) to efficiently manage supply 

and demand when the balancing responsibility devolves to several 

local distribution system operators (DSOs). 

The difficulty of managing imbalance has been increased in 

recent years by the variability and uncertainty of net loads as 

distributed energy resources (DERs) based on renewable energy 

have multiplied in the power system. In a situation where most of the 

imbalance-causing entities are situated in the distribution systems, 

it is inefficient for the TSO to manage and operate all resources along 

with the full balancing responsibility. Therefore, this research 

assumes the design that the devolution of balancing responsibility 

may be achieved by a contract between the TSO and DSO. 
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First, this research defines the differences in the imbalance 

managing methods of TSOs under the imbalance band market for the 

devolution of the balancing responsibility. Because the expected 

range of imbalance in the power system depends on the price of the 

market and the situation of the DSO, instead of securing a fixed-

capacity reserve, the operation plans for the power generation and 

flexible resources should be established based on the details in the 

DSO’s band bidding information. 

Second, based on the interval unit commitment (IUC), a method 

is proposed to establish an operation plan for the power generation 

resources and the trade volume of the imbalance band. The utility 

function is constructed and optimized for the purpose of maximizing 

social benefit based on the capacity and price bidding for the 

imbalance band. In this process, it is shown that the requirement for 

the operating reserve can be reduced while maintaining a certain 

level of reliability by using the correlation of locational imbalances. 

Applying this method would allow the extent of contribution to total 

imbalance to be reflected in the results of the imbalance band market, 

therefore providing an incentive to invest in flexible resources. 

At the same time, based on the results of optimization, this 

research proposes a method to determine the energy and imbalance 

band market prices by utilizing the Lagrange function and applying 

the concept of marginal price. The results of case studies identify the 

increases in reserve price and the cost of transmission congestion 

due to the increased imbalance band are reflected in energy and 

imbalance band prices. 
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If the day-ahead market operations proposed in this study are 

applied, balancing cost could be allocated as a cost-causal principle. 

This provides DSOs with the economic incentives for a managing 

imbalance caused in each distribution system, and allows the 

devolution of balancing responsibility to be implemented. In addition, 

a system is implemented in which flexible resources in the 

transmission and distribution systems are secured by TSO and DSO 

according to price signals. These structures could be used as an 

efficient method of system operation in a future environment where 

the role of DSOs has been increased due to the increase of DERs, 

especially renewable energy resources (RES). 

 

Keywords : Imbalance band market, Interval unit commitment, 

Locational Marginal Price, Transmission System Operator, Reserve, 

Day-ahead energy market. 

Student Number : 2013-20807 
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Chapter 1. Introduction 
 

1.1 Study Background and Motivation 
 

This section presents the important changes in the future power 

system environment that are caused by the expansion of distributed 

renewable energy sources. The cooperation scheme with the 

Transmission System Operator (TSO) and Distribution System 

Operator (DSO) will also be discussed. 

 

1.1.1 Changes in Power System Operation Environment 
 

Distributed energy resources (DERs) are becoming increasingly 

prevalent worldwide. The capacity and production of renewable 

energy has nearly doubled in 2016 compared to 2008. In this period, 

wind power, one of the representative Renewable Energy Sources 

(RES), has 4 times the capacity and 2.5 times the production. Solar 

power, another representative RES, showed explosive growth of 

about 25 times the capacity and production in the same period [1]. 
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[Figure 1.1] Global renewable energy trends [1] 

 

The growth of RES is based on various incentive policies, such 

as feed-in-tariffs, auctions, and Renewable Portfolio Standards 

(RPS) in many countries. As of 2016, 150 countries have a target 

proportion of renewable energy [2], and Korea is also aiming for 

3020 of renewable energy, which is supported by the RPS policy [3]. 

In addition, companies have recently joined in the promotion of 

renewable energy such as Renewable Energy 100% (RE100), so the 

spread of DER is expected to expand further. 

The increase in DERs is positive in terms of the expansion of 

eco-friendly energy, but causes many problems in terms of power 

system operation. High volatility and uncertainty, which are intrinsic 

characteristics of DERs, appear to be the main causes of these 

problems [4]. This increases the volatility of the net load and 

requires more flexible resources in the grid. If there are not enough 

flexible resources, it can be costly due to price peak, load shedding, 
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RES curtailment, etc. [5]. 

 
[Figure 1.2] Projected load and renewable profiles in 2020 of 

CAISO[4] 

 

Another characteristic of DERs that causes problems in terms of 

power system operation is that many resources are connected to the 

distribution system. The existing distribution system is not equipped 

with sufficient monitoring and control functions, so it is difficult to 

accurately recognize the circumstances of a DER in order to deal with 

it. Therefore, active research has been carried out to strengthen the 

role of DSOs by introducing Active Network Management (ANM). 

ANM is a smart grid technology applied to the distribution system 

that enables the following functions [6]. 

 

- Measurement of voltage, current, power generation, and load 

in distribution systems in real time 

- Determination by dispatch of resources in the distribution 

system considering various physical constraints including 

system constraints 
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- Delivering the dispatch instruction to the resources in the 

distribution system by using communication facilities 

 

 
[Figure 1.3] Concept of active management [7] 

 

The maintenance and repair of facilities are the main role of the 

existing DSO. However, based on the ANM, DSO expects to be given 

the role of a small system operator in the distribution system. As a 

small system operator, the DSO will perform the following new 

functions: 

 

- Prediction of demand and generation in distribution system [9] 

- Operation distribution power market [8] 

- Establishment of operational plan for demand response and 

distributed energy resources [10][8] 

- Review of technical constraints for market participation [8] 
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[Figure 1.4] Future role of DSO [8] 

 

In this situation, the supply-demand imbalance management 

system that TSO undertakes alone reaches its limit. First of all, it is 

necessary to secure more flexible resources due to the increase in 

volatility of total net load. In the situation where most of the 

volatility-contributing resources are in the distribution system; the 

most valuable flexible resources are those in the same distribution 

system. However, it is structurally impossible for the TSO to directly 

utilize flexible resources within the distribution system managed by 

the DSO [11]. Also, since it is not possible to share all the information 

with the DSO, the distribution system becomes a black box to the 

TSO. 

For these reasons, the necessity of a system to induce DSO to 

manage supply-demand imbalance has been proposed [12]. In most 

of today's electricity markets, system balancing costs are distributed 

according to the energy amount-based cost allocation scheme (EA-

CAS), which Balancing Responsible Party (BRP) contracts in the 

market. In this scheme, DSO has no incentive to reduce supply-
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demand imbalance by itself. On the other hand, if the cost sharing 

principle is changed to the cost-causality-based cost allocation 

scheme (CC-CAS), the cost is borne only by the imbalance of supply 

and demand. There is an economic incentive to reduce the imbalance, 

so it is possible to construct a system that passes the TSO's 

management responsibility to the DSO. This is expressed as a 

decentralized supply-demand imbalance management system. Kim et 

al. (2017) also showed that the DSO should have the capacity to 

manage supply-demand imbalances in order to achieve the original 

purpose of the system [12]. 

 

1.1.2 Cooperation structure of TSO and DSO 
 

As the role of the DSO becomes important, cooperation between 

TSO and DSO becomes crucial. According to Gerard et al. (2018), 

there are five cooperation models that largely depend on the 

relationship between TSO and DSO and the distribution of roles [13]. 

 

[Table 1.1] Comparison of key elements in the five coordination 

schemes [13] 

Coordination 

scheme 
Role of the DSO 

Market 

organization 

(market 

operator) 

Allocation 

principle of 

flexibility from 

the 

distribution 

grid 

Centralized 

AS market 

model 

Limited to possible 

process of 

prequalification 

Common 

market (TSO) 

Priority for the 

TSO 

Local AS 

market model 

Organization of local 

market 

Aggregation of 

resources to central 

market 

Central market 

(TSO) 

Local market 

(DSO) 

Priority for the 

DSO 
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Buyer of flexibility for 

local congestion 

management 

Aggregation of 

resources to central 

market 

Shared 

Balancing 

Responsibility 

model 

Organization of local 

market Central market 

(TSO) 

Local market 

(DSO) 

Exclusive use 

for the DSO 

Buyer of flexibility for 

local congestion 

management and 

balancing 

Common 

TSO-DSO AS 

market model 

Organization of 

flexibility market in 

cooperation with TSO 

Common 

market (TSO 

and DSO) 
Minimization 

of total costs 

of TSO and 

DSO 

Buyer of flexibility for 

local congestion 

management 

Central market 

(TSO) 

Local market 

(DSO) 

Integrated 

Flexibility 

market model 

Buyer of flexibility for 

local congestion 

management 

Common 

market 

(independent 

market 

operator) 

Highest 

willingness to 

pay 

 

Among these, the Shared Balancing Model is the most feasible 

model to apply because the DSO participates in the power market as 

a power purchaser/seller in that model and can be implemented with 

minimal change to the existing operating structure. It is also most 

similar to the structure of the responsibility allocation for the 

imbalance band market described below. Therefore, in this paper, the 

discussion will be based on this model. According to Gerard et al. 

(2018), in this model, there is a risk that the DSO will pay excessive 

imbalance costs under the Two Settlement system if it does not have 

enough flexible resources to cover the uncertainty [13]. It may be 

unreasonable for the TSO to take all of the responsibility for supply-

demand imbalances caused by uncertainties that cannot be monitored 
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by it. This dissertation recognizes these problems and deals with the 

operation of TSOs to ensure that a decentralized supply-demand 

imbalance management system will work correctly. 

 

1.1.3 Previous Research 
 

Previous studies have proposed the introduction of a Band 

Contract Market as a method to implement the decentralized supply-

demand imbalance management system [14][7]. Band contract 

market can clarify the domains of the DSO and TSO for the imbalance 

of the whole system. As a result, DSOs can reduce imbalance cost 

risk and TSO can reduce operational liability. 

Lee (2016) proposed band bidding strategies and procuring 

internal flexible resources of DSO when considering band violation 

[14]. Kim (2018) has realistically improved DSO’s band bidding 

strategies based on the ANM and consideration of physical 

distribution system operating constraints [7]. Also, this cost 

distribution method is consistent with the cost-causal principle and 

is more cost effective than the energy-based distribution method. 

However, these studies limit the scope of the DSO, which is the 

buyer of the band. It is meaningful to deal with the supply side of the 

band as the band market can function properly if the price and supply 

of the band are properly determined. 

Ilic, Skantze, Yu, and Cardell (1999), who first mention the 

concept of the imbalance band market, proposed a model in which the 

power exchange for frequency control(PXFC) band providers are 
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power generation companies contracted directly with the band buyer, 

and individual entities play roles corresponding to the current load 

following and regulation control [15]. Each imbalance has a part to 

cancel, so the total imbalance will be smaller than the simple sum of 

individual imbalances; it is more efficient to collect more buyers and 

supply a band than to supply a band to one buyer. In the end, the most 

efficient form is when the TSO collects band-wide demand for the 

system and centralizes the supply. Therefore, this study will deal 

with the problems that occur when the band market is operated by 

TSOs. 

 

1.2 Main Contribution 
 

The main contributions of this dissertation are as follows: 

 

- This dissertation proposes the generation resource 

scheduling scheme via the PXFC band market 

- This dissertation proposes a penalty-setting method that 

enables the interpretation of the meaning of an individual band 

bid. 

- This dissertation proposes robust scheduling which can deal 

with variations occurring within the band range. 

- This dissertation proposes a band pricing method by applying 

the concept of marginal price. 

- This dissertation proposes the effect of bidding and resource 

composition on band price and purchase volume as 
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experimental results. 

 

1.3 Dissertation Outline 
 

This section provides the dissertation outline. Chapter 1 

summarizes the research background and motivation. Chapter 2 

describes in more detail the scope covered in this study compared to 

existing system operation methods. Chapter 3 proposes a generation 

scheduling method using band contract. Chapter 4 proposes a method 

of determining band and violation penalty price based on the results 

of chapter 3. Appropriate penalty price-setting enables us to use the 

band as a source of useful analytic information. Chapter 5 presents 

the result of applying the proposed method in the test system and 

verifies the results. Chapter 6 shows the implications of this study 

and discusses future research projects. The detailed formulation and 

data for simulation are presented in Appendix A and B. 
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Chapter 2. Problem Definition: 

Limitation of Conventional 

Balancing system and Imbalance 

Band Market Environment as an 

Alternative 
 

2.1 Traditional balancing operation 
 

In this section, we will discuss the structure of balancing 

operations prior to the DSO’s appearance and the considerations for 

the balancing operation in the resource scheduling phase. 

 

2.1.1 The structure of balancing responsibility 
 

As shown in [Figure 2.1], there are three main entities in the 

balancing structure: balancing service buyer, balancing service 

provider, and balancing service operator. The balancing service 

buyer is an entity that causes imbalance and requires balancing; in 

the existing system, demand is considered the balancing service 

buyer. The balancing service provider is a resource that can adjust 

its power generation or consumption as needed. The generation 

resources were the traditional balancing service providers, but the 

participation of demand resources has been increasing recently. 
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[Figure 2.1] Two-sided domain of TSO’s system balancing 

 

Currently, it can generally be said that the TSO has balancing 

responsibility. The reason the TSO is responsible can be explained 

in two ways: The first is a legal interpretation that the regulator has 

given responsibility to the TSO. The second is that TSOs perform 

balancing the best. Ideally, the entity causing imbalance should be 

responsible. However, in existing systems, the imbalance causer is 

primarily a power consumer whose imbalance in not intended but 

occurs naturally, and more importantly, they have no ability to control 

imbalance. In the existing centralized scheme, the TSO is the only 

entity that can recognize and deal with imbalance, so the imbalance 

responsibility of the demand is delegated to the TSO. Therefore, the 

TSO performs balancing instead and imposes the cost on demand. 
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[Figure 2.2] Process of conventional balancing operation 

 

As a balancing service operator, the role of the TSO is to balance 

real-time supply and demand. For this, TSO goes through the 

following steps: First, it expects the imbalance of a specific time and 

procures balancing resources as reserves equal to the expected 

imbalance. It reduces projected imbalance by updating forecasts and 

rebalancing resources until delivery time. The imbalance that occurs 

in real-time is solved through prepared reserves. Based on the 

results of the operation, TSO calculates the cost of the balancing 

service and settles with the provider first. It distributes that amount 

of settlement to a balancing service buyer in accordance with certain 

principles, such that the balancing service buyer is ultimately 

responsible for the cost. TSO acts as a market operator in both the 

balancing market and the charge domain. TSO’s profits are strictly 

limited so that TSO can’t abuse this monopoly status. 

 

2.1.2 Operation of reserve 
 

2.1.2.1 Classification of reserve 

 

In order for the TSO to operate the balancing service efficiently 
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and reliably, the method of determining and securing the reserve 

requirement is important. The classification criteria for reserve are 

function and application situation. 

 

 
[Figure 2.3] Sequential response of frequency control reserves 

[16] 

 

When it is classified by function, a method of participating in 

frequency control in a series of situations is applied as a standard. 

This classification is most representative of European network of 

transmission system operators for electricity, which distinguishes 

between primary, secondary and tertiary reserves. Each reserve acts 

sequentially according to reaction time [Figure 2.1]. The primary 

frequency control reserve responds within 5s to quickly resolve the 

imbalance and stop the frequency fluctuation. It is also referred to as 

governor-free, governor-turbine control because it is supplied by 

the turbine-governor operation of the generator. To get a fast 

reaction speed, the frequency change in each generator unit is 

detected and the output is adjusted as necessary by the preset droop 
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control. 

As a result of the operation of the primary reserve, the change 

in frequency is stopped by reaching the power balance, but recovery 

to the reference frequency is not achieved. To recover to the 

reference frequency, the energy balance must be met, after which 

secondary reserve is in charge. The secondary reserve generally has 

a reaction time of about 5 minutes, or slower than the primary 

reserve. Like the primary reserve, the secondary reserve operates 

automatically, but has a centralized control structure. The secondary 

reserve also has the objective of off-setting tie-line flow deviations, 

such that an entity who knows the system information needs to 

allocate the required amount. The energy management system 

generates an area control error (the signal to be followed by the 

generators) considering the frequency deviation in the balancing area 

and the tie-line flow deviation. 

Tertiary reserve has the longest reaction time of the reserves 

and has a wide range, from five minutes to one hour. Unlike the 

previous two reserves, the activation of tertiary reserve is 

determined manually by SO decision. There are three main purposes 

of tertiary reserve. The second is the most important. 

 

1) It should maintain the spinning reserve capacity of the 

generator participating in the primary control at the 

appropriate level. 

2) It should maintain the optimal dispatch of the generator 

participating in the secondary control. 



 

 16

3) It should restore the secondary control power bandwidth 

within a given period. 

 

Primary and secondary reserves have disadvantages in that they 

have a physical limit on duration or their cost is high, instead of 

having a rapid agitation speed. Therefore, it is necessary to restore 

the primary and secondary reserve to the standby state with the 

tertiary reserve power. Because of this characteristic, the tertiary 

reserve is treated as a rebalance of the economic dispatch. 

There is a normal operation and a contingency event operation 

when dividing the reserve into application categories, which is the 

standard of the North American Electric Reliability Corporation. The 

standard includes primary, secondary, and tertiary reserve for 

contingency events. In other words, the reserve that is to be used 

sequentially in the event of a large-scale credible accident is the 

contingency reserve. Normal operation only includes secondary and 

tertiary reserve. It can be seen that relatively short fluctuations 

correspond to the secondary reserve, and large fluctuations 

correspond to the tertiary reserve because the imbalance isn’t severe 

and there are many naturally canceled parts. As shown in [Figure 

2.4], the two criteria are applied at the same time according to 

circumstances in different countries. 
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[Figure 2.4] Comparison of different reserve classification systems 

[17] 
 

2.1.2.2 Reserve Procurement Criteria 

 

The TSO has a mandate from the regulator, so there is a need to 

have sufficient reserves to avoid liability. If a TSO gets more reserve 

than it actually needs, it will be more reliable but more expensive. 

Conversely, if it takes less reserve, additional damage due to 

occurrence of imbalance may result. In these circumstances, most 

countries have established reserve procurement criteria to ensure 

continuous reliability without imposing excessive balancing 

responsibilities on TSOs. This indicates a kind of consensus that TSO 

will not be held liable for any problems that arise when the TSO 

observes this standard. 

There are both deterministic and probabilistic methods of 

reserve procurement. A deterministic method is often based on the 

size of an accident that could occur in the system. For example, n-1 

contingency sets the reserve capacity as the value of the maximum 

imbalance that can occur when one piece of equipment fails. The most 

common probabilistic method is achieved through modeling the 
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probable distributions of demand and generation to derive a reserve 

amount that will maintain specific reliability. 

Most countries have determined the reserve capacity in a 

deterministic way. For that reason, there has been a lack of data and 

a distrust of the probabilistic method [17]. In addition, in the existing 

system, probability distribution modeling was meaningful only for the 

load error, but the deviation was not large, so the contingency 

accident was dominant. However, as the ratio of resources with large 

errors, such as renewable energy sources, has recently increased, 

more studies on probabilistic decision methods have been actively 

conducted [18][19]. 

 

2.2 Concept of Power Exchange for Frequency 

Control Band Market 
 

2.2.1 General concept 
 

The existing balancing system was designed based on the 

premise that load causes imbalance and only the TSO has control 

capability. In future power systems, however, the imbalance of 

renewable energy sources will increase, and the DSO will have its 

own controllability. In this situation, a balancing system in which the 

DSO and TSO cooperate is needed, and a band market form derived 

from PXFC could be an option [7][14]. Originally, PXFC was first 

proposed as a concept to implement a decentralized balancing 

structure in Ilic et al. (1999) [15]. 

The usual electricity market consists of the energy market for 

trading-expected demand and reserve market for balancing. PXFC is 
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a market where the reserve market is replaced by the band market. 

Participants in the PXFC market bid on the expected power usage and 

the maximum error range for each hour of the day to the market 

operator. As a result of the PXFC market operation, the ex-ante band 

price is determined, and the market participant pays the cost of each 

purchase. The PXFC balancing service provider will calculate and 

procure the appropriate reserve capacity based on the band purchase 

volume. If the actual amount of power used at delivery time fluctuates 

within the band, market participants can use the power without paying 

additional costs. However, as in the second time zone of [Figure 2.5], 

if the imbalance goes beyond the band, it incurs a corresponding 

penalty. 

 

 
[Figure 2.5] Conceptual figure of imbalance band market [7] 

 

Ilic et al. (1999) did not mention a penalty when band violation 

occurred [15]. However, if there is no penalty, it is possible for 
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market participants to abuse the scheme by purchasing a band 

smaller than the actual imbalance. Lee (2016) examined islanding and 

fines as violation penalties when microgrid participated in PXFC [14]. 

Assuming that DSOs are participating in the PXFC market, islanding 

can be very dangerous in terms of system reliability. The islanding 

to relieve the imbalance can invite large disturbances that can be 

considered accidents, which can then adversely affect stability and 

lead to the elimination of other resources. Thus, islanding is less 

realistic as a penalty and should be avoided. Kim (2018) analyzed the 

sensitivity of DSO’s band bid amount to the penalty price [7]. As the 

penalty price increases, it is observed that the band bid increases for 

risk avoidance. 

 

2.2.2 Operation Process of PXFC Band Market 
 

Kim (2018) proposed the operation process of PXFC band 

market by further refining the decisions of the DSO and TSO [7]: 

 

1. DSO submits a bid curve. Before the PXFC band market closing, 

DSO cannot know the price of the band. Therefore, it can determine 

the optimal bid amount through internal simulation on the given band 

price and construct a bid curve by collecting the bid amount. 

2. TSO estimates the balancing reserve requirement. The total 

balancing reserve requirement is determined by taking into account 

the correlation and risk of the bids. At this time, it is assumed that 

TSO knows the balancing cost according to the requirement in 
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advance. 

3. TSO receives incentive to assess regulatory penalty and band 

violation costs, band sales costs, and reserve purchase costs. The 

regulatory penalty is assumed to be determined by the band 

requirement. 

4. After the market closing, TSO announces the band purchase 

amount and price. 

 

 

[Figure 2.6] Process of balancing operation with imbalance band 

market 

 

Kim (2018) also proposed a way to determine the price of a band 

by dividing when the TSO can receive the incentive and when it 

cannot [7]. However, there are problems that arise when applying 

this method in reality. Most importantly, the price of the band is 

determined based on probabilistic methods. From a long-term 

perspective, the price of the band can be used to recover the 

necessary costs and to function as an investment signal, but it is 

unlikely to be true in individual cases. For example, it was assumed 

that the balancing cost was known in advance through the past data, 



 

 22

but it can vary greatly depending on the state of the generation 

resources at that time. In addition, if the violation cost or penalty is 

assumed to be a value obtained stochastically, the penalty should not 

exist if there are no violation. Therefore, there is a need for a method 

to determine the amount and price of the band considering actual 

system operation situation. 

The band market is applied in such a way that the TSO and DSO 

determine and procure the amount of reserve needed the day before 

through a contract. The change due to the introduction of the band 

market in the operating process is the process of determining reserve 

procurement, and as a result, reserve procurement and price become 

different. In the subsequent real-time system operation, existing 

system operation methods used by the TSO can be directly applied. 

For example, the reactive power supply for voltage control is not 

affected at all by the introduction of the band market. Even if the 

reserving method is changed, the process of controlling the 

frequency through the automatic generation control during real-time 

operation using the procured resources will be the same. In fact, even 

when the structure of the electric power industry has been changed 

from a vertically integrated structure to a market structure, the 

function of the system operator in real-time operation has been 

maintained and there has been no change in the operation considering 

various physical constraints. 

 

2.3 Role of TSO in band market environment 
 

TSO has three main areas to be newly defined in the band market 



 

 23

environment. In this section, the considerations (requirements) of 

each item are discussed, and proposed methods for each are 

discussed in chapters 3 and 4. 

 

2.3.1 Calculating requirement of reserves  
 

First, it is needed to know how to determine the reserve 

requirement. Setting a reserve requirement as a simple sum of bands 

produces results that are too conservative. In Kim (2018), the 

reserve requirement is expressed by equation (2.1) using Λ function 

[7]. 

 

 𝑅𝑒𝑠𝑒𝑟𝑣𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 =  2𝛬 𝐵𝑎𝑛𝑑  (2. 1) 

 

Λ function can be set as a function related to the covariance of 

load imbalances. In Ilic et al. (1999), Λ =
√

, when the load imbalance 

is individually independently distributed and Λ = 1, when it is fully 

correlated [15].  

However, if the DSO has control capability, the raw imbalance 

reduces based on the amount of band purchased through the 

balancing mechanism at the DSO level. Therefore, the deviation of 

observed imbalance will vary depending on the amount of band. Also, 

even if one purchases the same amount of band, one should also 

consider the possibility that the penalty will make the control more 

robust. 
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[Figure 2.7] Balancing Responsibility with band contract 

 

For example, when the load band with high correlation 

(correlation coefficient > 0.7) with all other resources increases by 

a unit, there are more reserve requirements than when the load band 

with less correlation increases by a unit. Thus, equation (2.1) needs 

to be modified so that the reserve requirement can be reflected to 

have different weights for each band. 

 

2.3.2 Pricing band and penalty price 
 

The second area for definition is how to determine the price of 

the band and the penalty price. The price of a band serves as a basis 

for the DSO whether in activating flexible resources or determining 

how much band to purchase. It is also the basis for the compensation 

price of generating resources that supply the reserve. 

 

2.3.3 Scheduling generation resource 
 

The third area for definition is to establish an operational plan 

that can respond to the imbalance that occurs within the band. The 
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TSO's responsibility was limited to the band, so the size was reduced, 

but the boundaries became more pronounced. The existing reserve 

is reflected in scheduling as a concept of capacity that can be further 

adjusted in real time. However, this method has limitations in a 

situation where volatility is considerable [20]. For example, there is 

a situation in which the capacity of the reserve is ensured to be larger 

than the imbalance size, but the imbalance can be increased more than 

the ramping capacity of the reserve, so that the frequency is 

continuously decreased. Therefore, a scheduling scheme that takes 

into account the ramping capability of reserve is required. 

Existing methods use a fixed size reserve; however, the size of 

the band can be adjusted in this study. The size of the band is at the 

balance between the reserve supply cost and the utility of the DSO. 

Since the supply cost of the reserve is affected by the dispatch, 

estimating the cost to determine the band size in advance is in danger 

of not reflecting the actual cost. For this reason, a method of 

determining the size of the band together in the dispatch process 

should be provided. 
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Chapter 3. Generation and Reserve 

Scheduling Method to Fulfill 

TSO’s Balancing Responsibility in 

Imbalance Band Market 
 

3.1 Uncertainty handling Scheduling Method 
 

3.1.1 Deterministic Unit Commitment 
 

The result of the day-ahead energy market is determined by a 

deterministic unit commitment. In the Korean power market, the 

results of price setting scheduling and operation scheduling are 

obtained with the optimal solution of deterministic unit commitment 

[3]. While maintaining the balance between demand data forecasted 

on the previous day and the amount of generation, the generators’ 

commitment plan is established at minimum cost. Total operating cost 

includes start and stop cost, generation cost and reserve cost. 

 

 𝐶  = 𝐶 , + 𝐶 , + 𝐶 , + 𝐶 , + 𝐶 ,  (3. 1) 

 
C , = QPC 𝑃 𝑢 , + 𝑝 , + 𝐿𝑃𝐶 𝑃 𝑢 , + 𝑝 ,

+ 𝑁𝐿𝑃𝐶 𝑢 ,  

(3. 2) 

 𝐶 , =  𝑆𝑈𝐶 𝑣 ,  (3. 3) 

 C , = 𝑆𝐷𝐶 𝑤 ,  (3. 4) 

 C , = 𝑅𝐶 𝑟𝑢 ,  (3. 5) 

 C , = 𝑅𝐶 𝑟𝑑 ,  (3. 6) 

 

As shown in equation (3.2) generation cost is approximated by a 
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quadratic function related to the power generation of each generator. 

Because the objective function is set as a quadratic form, mixed 

integer quadratic programming is used to obtain the optimal solution. 

In order to get to the solution more quickly, the method for modifying 

the objective function as a piecewise linear function is used [21]. In 

this paper, approximation using duality is applied and stated in 

appendix A [22]. 

The start and stop costs of the generator are described in 

equations (3.3) and (3.4). A feature of the start-up cost is that it 

becomes smaller when the stopping time is brief before the next 

generator start-up. For this reason, stair-wise function is used to 

approximate start-up cost [23]. In this paper, however, start-up 

cost is treated as constant because it is not a key factor. 

 

Power System Requirement 

 (𝑃 𝑢 , + 𝑝 , ) =  D ,  (3. 7) 

 𝑟𝑢 , ≥  𝑅𝑈  (3. 8) 

 𝑟𝑑 , ≥  𝑅𝐷  (3. 9) 

 

(3.7) guarantee the balance between generation and load for each 

period. The provision of spinning reserve is ensured by constraints 

(3.8) and (3.9) 

 

Minimum Up and Down Time: 
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 𝑣 , ≤ 𝑢 ,  (3. 10) 

 𝑤 , ≤ 1 − 𝑢 ,  (3. 11) 

 

Logical Constraint: 

 u , − u , = v , − w ,  (3. 12) 

 u , − u0 = v , − w ,  (3. 13) 

 

Generation Limits: 

 𝑝 , ≤ P − 𝑃 u , − P − SU v ,  (3. 14) 

 𝑝 , ≤ P − 𝑃 u , − P − SD 𝑤 ,  (3. 15) 

 
𝑝 , ≤ P − 𝑃 u , − P − SU v ,

− P − SD 𝑤 ,  

(3. 16) 

 

Ramping Limits: 

 (p , + ru , ) − p , ≤ RPU  (3. 17) 

 − 𝑝 , − 𝑟𝑑 , + 𝑝 , ≤ 𝑅𝑃𝐷  (3. 18) 

 

Transmission Limits: 

 𝐺𝑆𝐹 , 𝑝 , − D , ≤ 𝐹𝐿  (3. 19) 

 −𝐹𝐿 ≤ 𝐺𝑆𝐹 , 𝑝 , − 𝐷 ,  (3. 20) 

 

 

3.1.2 Comparison of scheduling method with 
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uncertainty 
 

Scheduling methods considering uncertainty are typically 

stochastic unit commitment, robust unit commitment, and interval unit 

commitment. Stochastic unit commitment generates a large number 

of scenarios by probabilistically modeling demand and the amount of 

renewable energy, and then finding the most optimal solution for all 

scenarios. The more scenarios are created, the better the solution 

that is obtained. However, because it takes such a long time to treat 

all scenarios, scenario reduction techniques are used to reduce to 

around 10-100 of the meaningful scenarios. The sophistication and 

computation burden of probability modeling affects the result. 

The goal of robust unit commitment is to achieve an optimal 

solution that minimizes a contingency (or cost) by assuming the 

worst-case scenario that can occur. Since it is difficult to find a 

solution directly, it takes a two-stage method to find the worst-case 

scenario and minimum cost separately. The result of robust unit 

commitment is dependent on what the criterion is set for the worst-

case scenario. The worst-case scenarios are usually selected by 

either a constraints violation or a total operation cost. Constraints 

violations contain the amount of non-served energy and the amount 

of violating power flow. When constraints violations are selected for 

the worst-case scenario, the result is more reliable. However, when 

setting an operation cost for scenarios, it can get economical results. 

The results of robust unit commitment are not as effective as the 

stochastic unit commitment in terms of cost optimization, because it 
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minimizes costs and violations as the least likely scenario. It also 

shows a large deviation of execution time according to finding the 

worst-case scenario. 

Interval unit commitment derives a schedule that meets the 

requirements for the worst-case scenario that can occur according 

to uncertainty in the network operation. Interval unit commitment and 

robust unit commitment differ in terms of the worst-case scenario. 

The first requirement of the interval unit commitment is that it should 

always be able to meet the balance between supply and demand for 

the maximum and minimum load. The second requirement is to meet 

the largest ramping condition that can occur in the transition path 

from the previous time point to the present and the next time point. 

This approach offers the benefit of considering the worst-case 

scenario in advance. It is also expected to get more economical 

results, because it performs cost minimization for forecasted load 

scenarios. However, because robust unit commitment performs 

according to the worst-case scenario, it can get more reliable results. 

 

 

[Figure 3.1] Uncertainty modeling of SUC, RUC and IUC 
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[Table 3.1] Comparison between UC Models [24][25] 

 SUC RUC IUC 

Uncertainty 

modeling 
Scenarios 

Uncertainty 

range 

Uncertainty 

range 

Objective 

The expected cost if 

the scenarios 

considered 

The highest cost 

among all 

realization 

The cost of the 

most likely wind 

forecast 

Reliability 
Depends on the 

number of scenarios 
high high 

CPU time higher 

Depends on the 

worst scenario 

searching 

process 

lower 

 

[Table 3.1] shows a comprehensive comparison of stochastic 

unit commitment, robust unit commitment and interval unit 

commitment. Robust unit commitment is the most outstanding in 

terms of reliability, while interval unit commitment is in second place 

in the other aspects. One of them is selected and used depending on 

the situation because none of them is clearly superior. 

Various methods have been applied in the preceding studies to 

model the characteristics of uncertainty in power system 

comprehensively. Gaussian distribution is a widely used probabilistic 

model, but observations often do not match. In this case, there are 

studies that apply a Gaussian mixture model expressed as the sum of 

several Gaussian distributions [26]-[28]. Another way to describe 

the probabilistic characteristic in the power system is through a 

copula function [29]. Copula function is used to obtain conditional 

probabilities, especially in situations where there is a correlation 

between variables [30][31]. The proposed model in this study may 

also be used in the Gaussian mixture model or the copula function. 
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However, the purpose of the study is not to propose probability 

modeling, and it is therefore excluded. 

In this study, there is clear information about the uncertainty 

bound through band bidding. However, some assumptions are needed 

because an exact estimation is difficult for probability distribution. 

Therefore, stochastic unit commitment in not suitable for this study, 

because it is more important to model probability distribution. For 

determining band price, it is necessary to calculate the marginal value 

for the band. There is no relationship between the scenarios of 

stochastic unit commitment and robust unit commitment. In this case, 

the marginal value of the imbalance can be found in each scenario, 

but it is difficult to find the marginal value of the band. In this problem, 

the size of the band should be found while changing the uncertainty 

bound. Stochastic unit commitment is inefficient in terms of execution 

time, because it must be repeated when creating a scenario. Robust 

unit commitment is faster than stochastic unit commitment in 

searching for scenarios, however, it requires multiple iterations to 

find the optimal solutions which have unit commitment and the band 

size. Therefore, interval unit commitment, which can directly reveal 

changes in bounds without requiring detailed probability distribution, 

is suitable for this problem and for application in future studies. 

 

3.2 Interval Unit Commitment with Imbalance 

Band 
 

3.2.1 Basic IUC constraints 
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Interval unit commitment considers expected scenario (s=e), 

which is also considered in deterministic unit commitment, as well as 

upper bound (s=u) and lower bound (s=l). The balance constraints 

are represented as equation (3.22): 

 

 (𝑃 𝑢 , + 𝑝 , , ) =  𝐷 , + 𝑒 ,  (3. 21) 

 e , = 0 (3. 22) 

 𝑒 , = 𝑈𝐵𝑇 , UBT ≥ 0  (3. 23) 

 e , = −𝐿𝐵𝑇 , LBT ≥ 0 (3. 24) 

 

Since conventional interval unit commitment method regard UB  

and LB  as constant value, it seems set of uncertainty as give 

condition. Since total imbalance in the system is targeted, the bound 

for each load is not considered. 

Ramping constraints in interval unit commitment are changed in 

transition between scenarios and a scenario. Ramping constraints 

that are changed in a scenario are shown in equation (3.25)-(3.26). 

ramping constraints in transition between scenarios are shown as 

equation (3.27)-(3.30). Constraints shown as equation (3.27)-(3.28) 

represent the lower bound in an expected scenario and upper bound 

in transition between scenarios respectively. Constraints in transition 

between upper and lower bounds are represented as equation (3.29)-

(3.30). According to equations (3.25)-(3.30), it is possible to model 

all of the transitions between scenarios in [Figure 3.2]. However, 

(3.27)-(3.28) can be excluded, because it is reasonably satisfied by 
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(3.29)-(3.30) [26]. 

 

[Figure 3.2] Interval Unit Commitment Scenario transition 

 

 p , , − p , , ≤ RPU  (3. 25) 

 −p , , + p , , ≤ RPD  (3. 26) 

 

 −p , , + p , , ≤ RPD  (3. 27) 

 p , , − p , , ≤ RPU  (3. 28) 

 −p , , + p , , ≤ RPD  (3. 29) 

 p , , − p , , ≤ RPU  (3. 30) 

 

Line rating constraints are checked for expected scenarios, and 

upper and lower bound scenarios, respectively. In the case of the 

generation resource scheduling problem, there are many cases in 

which DC power flow is simply used instead of AC power flow, which 

ruins the linearity and convexity of the whole problem [27][28]. DC 

power flow is achieved by using phase angle and generation shift 

factor (GSF) [29]. In this paper, the method of using GSF is adopted  
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(the reason is stated in chapter 3.2.2.4). 

 

 𝐺𝑆𝐹 , 𝑝 , , − (D + 𝑒 , , ) ≤ 𝐹𝐿  (3. 31) 

 −𝐹𝐿 ≤ 𝐺𝑆𝐹 , 𝑝 , , − (D + 𝑒 , , )  (3. 32) 

 

3.2.2 Proposed IUC with clearing imbalance band 

market 
 

3.2.2.1 Reserve allocation 

 

Since the modeling method using interval unit commitment takes 

the amount of generation as variables, the reserve is not modeled in 

interval unit commitment. Interval unit commitment can model 

reserve requirements and the allocation to generators by operating 

as if the demand in the bound scenario is the value when the maximum 

imbalance occurs in the expected scenarios and the reserve at the 

maximum imbalance. Regardless of the type of reserves, the 

difference between the expected scenarios and the upper bound is 

the requirement of the up-reserve in every time point and the 

difference from the lower bound is the demand of the down-reserve. 

The difference between the amount of generation in the upper-bound 

scenario and expected scenario can be considered as an allocated 

amount of up-reserve, and the difference between power generation 

in the lower-bound scenario and the expected scenario. All of these 

conditions can be expressed as equations (3.33)-(3.36): 
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 p , , = p , , + ru ,  (3. 33) 

 p , , = p , , − rl ,  (3. 34) 

 𝑟𝑢 , ≥ UBT  (3. 35) 

 𝑟𝑙 , ≥ 𝐿𝐵𝑇  (3. 36) 

 

3.2.2.2 Band bid curve 

 

The biggest difference between assumption and scheduling with 

imbalance market in interval unit commitment is the variability of the 

uncertainty bound. Using statistical data, the uncertainty bound is 

generally set as a constant value and the subsequent steps are 

carried out. However, in the imbalance band market, the band is 

determined according to the decision of the DSO, which is affected 

by the transmission system, the amount of flexible resources, and its 

price inside the distribution network. Therefore, the band should be 

modeled as a variable. 

In order to determine the optimum value of the band, trade-off 

should be due to the amount of band. In practice, as the value of the 

band increases, the cost of securing the reserve and the utility of the 

DSO increase. Therefore, the trade-off relationship is established 

between the cost of reserve and the utility of the DSO. The price of 

optimal band is determined at the point where the marginal cost of 

the reserve due to increasing band meets the marginal utility of the 

DSO, as shown in [Figure 3.3]. At this point, social benefit can be 

maximized, shaded in [Figure 3.3]. Therefore, the objective function 

should be changed from minimizing the operation cost to maximizing 
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the social benefits. 

 

[Figure 3.3] Example of supply and demand curve 

 

In the conventional scheduling of generation resources, the social 

benefits are defined as the subtraction generation cost from the 

utility of demand. Since the decision of the band is the main focus in 

this study, the demand is fixed as an expected scenario. As a result, 

the consumer utility is applied only to the utility of purchasing band 

and the supply cost includes the cost of expected energy and band 

reserve supply cost. An expected energy supply cost should be 

included because it varies according to unit commitment due to 

requirement of reserve. 

In a previous study by Kim (2018), a case study shows that the 

band bid curve of DSO can be approximated as quadratic function [7]. 
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Surplus 

Producer 
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In this study, it is assumed that the band bid curve can be a linear 

function as shown in [Figure 3.4] to easily observe the marginal 

utility.  

 

 

[Figure 3.4] Example of band bid curve and band utility function 

 

Since the objective function should include the total utility, the 

band bid curve changes to a quadratic function form by integration. 

Assuming that the x-intercept and y-intercept of the band bid curve 

as a and b respectively, the band utility function can be expressed in 

equation (3.37)-(3.38). The objective function is changed to equation 

(3.39) to express social benefit maximizing as a negative social 

benefit minimizing problem. 

y 

x 

Utility 

Units Consumed 

Marginal Utility Point of Satiety 

Total Utility 

Dissatisfaction 0 
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 −
b ,

2a ,
× 𝑏𝑑 , + 𝑏 , × 𝑏𝑑 , = U(bd , ) (3. 37) 

 0 ≤ bd , ≤ 𝑎 ,  (3. 38) 

 

obj = 𝐶 , , + 𝐶 , , + 𝐶 , , + 𝐶 , + 𝐶 ,

− 𝑈 ,  

(3. 39) 

 

Since it is a quadratic function like the power generation cos 

function of a generator, it is possible to approximate it as a linear 

function in order to improve the execution of a large size problem. In 

this paper, the improvement in execution of the start/stop plan is out 

of scope.  The line flow constraints described later are also 

considered as a quadratic form. A dual vale should be used to obtain 

the marginal value when pricing based on the performance results. If 

the linearization is carried out, the dual value derived directly from 

the solver cannot be obtained, so it is necessary to calculate it 

separately. For this reason, the utility function of the band is used as 

a quadratic function for convenience. 

 

3.2.2.3 Relation between imbalance 

 

The range of imbalance that can occur in each tie-line is 

determined by the size of the band. Based on the size of the ban, the 

TSO should establish the criterion of reserve requirement by setting 

the range of the imbalance of the whole system. It causes 

conservative results to get a threshold range of imbalance in the 
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whole system with a simple summation of each band. This is because 

the imbalance of each load has an effect to cancel out each other. 

Combining the total amount of energy from renewable sources such 

as wind and photovoltaic generators, which are volatile and uncertain, 

the accuracy of forecasting is increased. As volatility and uncertainty 

of outputs decrease, the accuracy of forecasting ability increases 

[30][31]. However, if the TSO estimates it too low, it is more likely 

to risk an accident by preparing too little reserve. The TSO should 

make a careful choice between reliability and economy. 

Assuming that the TSO fulfills the balancing responsibility to 

maintain DSO operations in the band, the TSO can determine the size 

of the band. According to the penalty pricing strategy described in 

chapter 4, the size of the individual band represents a certain level of 

confidence. Imbalance at each point can be assumed to follow 

Gaussian distribution with mean zero and a standard deviation which 

is constant of the band. It is also assumed that the TSO has a 

correlation coefficient between imbalance through past operational 

results. Historical covariance is not available because the standard 

deviation changes when the size of band changes. Therefore, the 

correlation coefficient which does not change the value as the 

criterion of the estimation even though it is multiplied by a constant, 

strictly speaking, a correlation coefficient is a variable that changes 

when the standard deviation is changed. However, in a situation 

where the average imbalance is 0, the standard deviation can be 

modeled by a constant. There are cases in which correlation 

coefficient is used instead when it is difficult to estimate covariance 
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with practical conditions[38][39]. 

 

 

[Figure 3.5] Conceptual figure of a TSO’s risk taking 

 

Using the correlation coefficient and band, the reliability of total 

summation of imbalance can be estimated as the following equation: 

 

 𝜌 , 𝑏𝑑 , 𝑏𝑑 , × 𝜋 ≤ 𝑏𝑑𝑡  (3. 40) 

 

When the TSO is regulated to a certain confidence level in the 

imbalance agreement so as not to excessively reserve capacity, it 

can be bounded as range of bdt  shown in equation (3.40). After 

squaring the equation (3.40) on both sides, it can be shown as 

quadratic constraints. In this case, the correlation coefficient can 

always be regarded as a second order cone (SOC) constraint because 

it satisfies the positive semi-definite by definition. Since most 

optimization solvers support SOC programming, it is easier to find the 

optimal solution than other nonlinear constraints modeling: 
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 𝑟𝑢 , ≥ bdt  (3. 41) 

 𝑟𝑑 , ≥ bdt  (3. 42) 

 

In the proposed model, the equation (3.35)-(3.36) is changed to 

(3.41)-(3.42) using the above values. 

 

3.2.2.4 Line constraints 

 

Since the set of uncertainty is fixed in the conventional interval 

unit commitment, each imbalance can be assumed to be a simple 

bounded value in the maximum imbalance situation. However, when 

bdt  is treated by considering reliability level, there are various 

combinations in which the sum of the imbalances is expressed as bdt . 

Therefore, the range of line flow due to imbalance is not fixed. Since 

the current constraints are considered in the reliability level, the line 

flow constraints also aim to avoid problems within a certain reliability 

level. 

Let the line flow constraints equation (3.21)-(3.32) be revised as 

follows:  

 

 −𝐹𝐿 ≤ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 ≤ 𝐹𝐿  (3. 43) 

 

Here, the expected value of the load and the deviation can be 

expressed as follows: 
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 −𝐹𝐿 ≤ 𝐺𝑆𝐹 , 𝑝 , , − (𝐷 + ∆𝐷 ) ≤ 𝐹𝐿  (3. 44) 

 

−𝐹𝐿 + 𝐺𝑆𝐹 , ∆𝐷 ,

≤ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 ,

≤ 𝐹𝐿 + 𝐺𝑆𝐹 , ∆𝐷 ,  

(3. 45) 

 

∑ 𝐺𝑆𝐹 , ∆𝐷  is a random variable which means the summation 

of imbalance is multiplied by scalar. Therefore, the range with the 

same confidence level in the same way as equation (3.40) is obtained 

as follows. 

 

 

− 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

≤ 𝐺𝑆𝐹 , ∆𝐷

≤ 𝜌 , (𝐺𝑆𝐹 , 𝑏𝑑 , )(𝐺𝑆𝐹 , 𝑏𝑑 , )  

(3. 46) 

 

Using the above range, equation (3.45) can be expressed as 

follows: 
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−𝐹𝐿 + 𝐺𝑆𝐹 , ∆𝐷 ,

≤ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 ,

≤ 𝐹𝐿 + 𝐺𝑆𝐹 , ∆𝐷 ,  

(3. 47) 

 

In the inequality expression, ∑ 𝐺𝑆𝐹 , ∆𝐷  should have a 

negative bounded value on the left side of equation (3.47) and a 

positive bounded value on the right side. However, in terms of the 

violation of the constraints, when the violation is the largest, it has 

the opposite value in each situation. Therefore, it should be 

expressed by the equation ( 3.48 ). Since the optimal solution is 

searched in a state in which the range of the solution is maximally 

narrowed, all the cases where the same reliability is satisfied can also 

be satisfied. 

 

 

−𝐹𝐿 + 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 , × 𝜋 ,

≤ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 ,  

≤ 𝐹𝐿 − 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 , × 𝜋 ,  

(3. 48) 

 

In the rest of this dissertation, equation ( 3.49 ) is used for 

describing line flow constraints. 
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 flb , = 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 , × 𝜋 ,  (3. 49) 
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Chapter 4. Pricing and Clearing 

Mechanism Implementing Cost-

Causality in Imbalance Band Market 
 

4.1 Penalty pricing strategy 
 

The way to determine the penalty depends on which of two goals 

is meant to be achieved with the penalty. The first goal is to recover 

additional costs, and the second is to regulate for the probability that 

violations will occur. Because the TSO can set the penalty for both 

of these purposes, each of the goals of penalty will be considered.  

When setting a penalty for cost recovery, it is necessary to 

estimate the additional costs that have accrued due to band violation. 

One of the estimating methods is by checking the increase in 

balancing cost in previous violation cases. What should be considered 

in this method is that individual band violation and the band violation 

through the whole system never occur together. If the tie-line flow 

of a DSO exceeds the band but violation is canceled by others, it is 

possible that no additional cost is incurred in the whole system. On 

the other hand, violation of each band did not occur, but imbalances 

exceeding the bdt  set by the TSO may be observed. At this time, 

there is no band violation, but the system incurs additional costs due 

to curtailments or additional reserves. The ambiguity of this situation 

makes it difficult to estimate band violations and additional costs from 

historical data. 

Conversely, it is possible to regulate violation through penalty. If 
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the price of the band is a signal for the use of flexible resources in 

the distribution system, then the penalty price can be interpreted as 

a signal for the purchase of the band. That is, under the same 

conditions, the amount of band owned by the DSO can be adjusted 

according to the penalty price. In Kim’s (2018) sensitivity analysis, 

it is verified that the amount of purchased band decreased when the 

penalty price was increased with maintained band price [7]. The fact 

that the DSO’s willingness to purchase band changes according to the 

price of the penalty and band makes a difficult decision for the TSO. 

Since the DSO decides how much they will purchase of the band 

without knowing the purchasing risk, it cannot be determined how 

band has a relationship with actual imbalance distribution. In order to 

solve this problem, the confidence of the band is correlated with the 

penalty price and the price of the band. 

The cost of band purchased by the DSO is expressed as follows: 

 

 

BC = λ 𝑏𝑑 + 𝑐 (𝑓𝑟)

+ λ 𝑓(𝑥) 𝑥 − (𝑏𝑑 + 𝑓𝑟) 𝑑𝑥

+ 𝑓(𝑥)(−𝑥 + (𝑏𝑑 + 𝑓𝑟))𝑑𝑥  

λ : price of band 

𝑏𝑑: purchase amount of band 

𝑐 : Cost function of active flexible 

resource 

𝑓𝑟: amount of flexible resource 

(4. 1) 
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λ : penalty price of band violation 

𝑓(𝑥): probability distribution function of 

imbalance 𝑥 

 

The first term is the payment of the band price and the second 

term is payment of the band violation penalty. In order to obtain the 

optimal decision of the DSO, Karush-Kuhn-Tucker conditions are 

applied as follows. Flexible resource cost is independent of the 

purchasing volume of the band and it is assumed that the purchase 

amount of an individual band does not affect the price of whole band 

because it is a perfectly competitive market. 

 

 

∂BC

∂bd
= λ − λ 𝑓(𝑥)𝑑𝑥 + 𝑓(𝑥)𝑑𝑥

= 0 

(4. 2) 

 λ =
λ

∫ 𝑓(𝑥)𝑑𝑥 + ∫ 𝑓(𝑥)𝑑𝑥
 (4. 3) 

 

In equation (4.3), the denominator on the right side means the 

probability of band violation. If it is assumed that λ = 𝛼 ∙ 𝜆 , it is as 

follows: 

 

 𝛼 =
1

∫ 𝑓(𝑥)𝑑𝑥 + ∫ 𝑓(𝑥)𝑑𝑥
 (4. 4) 

 

Equation (4.4) implies that the probability of band violation can 



 

 49

be estimated by setting the value of 𝛼. If TSO can set the penalty 

price to 10 times the band price by setting 𝛼 = 10 to adjust the band 

to 90% of reliability. For setting the reliability as 95%, 𝛼 should be 

20. If the TSO sets 𝛼 too high for reducing the risk, DSOs may have 

an excessive economic burden. 

This method of linking the penalty price to the price of the band 

allows the TSO to use the band of an individual DSO as a stochastic 

indicator of imbalance. If the penalty is set at 90% of reliability, the 

band of the DSO corresponds to approximately 1.65 times the 

imbalance distribution standard deviation. Based on this information, 

TSO can help estimate the total band requirement. 

 

4.2 Band pricing strategy 
 

The imbalance band market is operated within the energy market. 

Therefore, energy price and band price are derived together. 

Traditionally, a locational marginal price is used for allocating 

generation that includes transmission constraints. This chapter 

describes how to derive the locational marginal price and the band 

price. 

In order to obtain the locational marginal price, the dual variable 

of every constraint which is called shadow price is useful. To do this, 

the value of the binary of the proposed interval unit commitment are 

re-formulated as u , , 𝑣 , , 𝑤 , , 𝑏𝑑 ,  and a convex quadratic 

programming (QP) problem can be obtained. the Lagrange function 

can be expressed as follows: 



 

 50

 

ℒ(𝑝, 𝑏𝑑, 𝜆, 𝛼, 𝛽, ω, 𝜂, 𝛾, 𝜇, 𝜈) =
∑ ∑ 𝐶 𝑃 , + ∑ ∑ 𝐶 𝑟𝑢 , + ∑ ∑ 𝐶 𝑟𝑑 , + ∑ 𝜆 ∑ 𝐷 , −

∑ 𝑃 , + ∑ 𝜆 , bdt − ∑ 𝑟𝑢 , + ∑ 𝜆 , bdt − ∑ 𝑟𝑑 , +

∑ ∑ 𝛽
,

𝑝 , , − P − 𝑃 u , − P − SU v , + 𝛽 , P −

𝑃 u , − P − SD 𝑤 , − 𝑝 , , + 𝛽 , 𝑝 , , − P − 𝑃 u , +

P − SU v , + P − SD 𝑤 , +

∑ ∑ 𝜔 , ∑ ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 , − 𝑓𝑙𝑏 , +

∑ ∑ ∑ 𝜂
,

∑ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 − 𝐹𝐿 + 𝑓𝑙𝑏 , −∈{ , }

𝜂 , −𝐹𝐿 + 𝑓𝑙𝑏 , − ∑ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 +

∑ ∑ 𝜂
,

∑ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 − 𝐹𝐿 − 𝜂 , ∑ 𝐺𝑆𝐹 , 𝑝 , , −

𝐷 + 𝐹𝐿 + ∑ 𝛼 𝑏𝑑𝑡 − ∑ 𝑟𝑢 , + 𝛼 𝑏𝑑𝑡 − ∑ 𝑟𝑙 , +

∑ 𝛾 ∑ ∑ 𝜌 , 𝑏𝑑 , 𝑏𝑑 , − 𝑏𝑑𝑡 + ∑ ∑ 𝜇 , p , , − p , , −

ru , + ∑ ∑ 𝜇 , p , , − p , , − rd , + ∑ ∑ ∑ 𝜈 , , p , , −

p , , − RPU + 𝜈 , , −p , , + p , , − RPD + ∑ ∑ 𝜈 , p , , −

p , , − RPU + 𝜈 , −p , , + p , , − RPD   

 

(4. 5) 

 

According to the definition of locational marginal price [41], the 

marginal price of bus m is obtained as follows:  

 

 

LMP , =
ℒ(𝑝, 𝑏𝑑, 𝜆, 𝛼, 𝛽, ω, 𝜂, 𝛾, 𝜇, 𝜈)

∂D ,

= λ , − 𝐺𝑆𝐹 , 𝜂 , − 𝜂 ,

− 𝐺𝑆𝐹 , 𝜂 , − 𝜂
,

,

 

 

(4. 6) 
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It can be seen that the band also affects the locational marginal 

price by checking the late term in equation (4.6). The marginal price 

of the band can be obtained in a similar way. However, because of 

the constraints expressed with bdt  and fl , , the chain rule must be 

applied to transform the marginal expression for bd , . 

 

 
𝜕𝑏𝑑𝑡

𝜕𝑏𝑑 ,
=

∑ 𝜌 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝑏𝑑 , 𝑏𝑑 ,

 (4. 7) 

 

 
𝜕𝑓𝑙𝑏 ,

𝜕𝑏𝑑 ,
=

𝐺𝑆𝐹 , ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

 (4. 8) 

 

In contrast to the price of energy, the price of the band or reserve 

should be set according to up and down operation. bd ,  means the 

absolute size of the band, however it signifies upper bound and lower 

bound when it is interpreted as imbalance in practice. Therefore, 

when it comes to upper bound, it should be set with the price of upper 

band or reserve up. However, in opposition to that, lower bound 

should be applied with the price of lower band or reserve down. 

It is obvious that (A. 18) and (A. 19) corresponds to  the upper 

bound case and the lower bound in the constraints of the reserve 

requirement. The transmission constraints should be classified 

according to a sign of GSF at a bus. When GSF ,  is greater than or 

equal to zero and the price is applied with upper bound, it is applied 

to (A. 33) because flb ,  has maximum (positive) value. When applied 

with a lower bound, it corresponds to (A. 32) because the lower bound 
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has the minimum value. The marginal price of the band is obtained as 

follows: 

 

 

BDP , , =  
ℒ(𝑝, 𝑏𝑑, 𝜆, 𝛼, 𝛽, ω, 𝜂, 𝛾, 𝜇, 𝜈)

∂bdu ,

= 𝜆 , + α
∑ 𝜌 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝑏𝑑 , 𝑏𝑑 ,

+ 𝜂 , , ,

,

𝐺𝑆𝐹 , ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

 

(4. 9) 

 

 𝜂 , , , =
𝜂 , , 𝐺𝑆𝐹 , ≥ 0

−𝜂 , , 𝐺𝑆𝐹 , < 0
 (4. 10) 

 

 

BDP , , =  
ℒ(𝑝, 𝑏𝑑, 𝜆, 𝛼, 𝛽, ω, 𝜂, 𝛾, 𝜇, 𝜈)

∂bdd ,

= 𝜆 , + 𝛼
∑ 𝜌 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝑏𝑑 , 𝑏𝑑 ,

+ 𝜂 , , ,

,

𝐺𝑆𝐹 , ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

∑ ∑ 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 ,

 

(4. 11) 

 

 𝜂 , , , =
−𝜂 , , 𝐺𝑆𝐹 , ≥ 0

𝜂 , , 𝐺𝑆𝐹 , < 0
 (4. 12) 

 

 

The value of equation (4.7) and (4.8) in LMP ,  is as a kind of 

weight factor. The denominator is the value of 𝑏𝑑𝑡 , which is the 
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same at all nodes, so the value of the numerator determines the size. 

Since the band value of each DSO is obtained by multiplying it with a 

correlation coefficient, the marginal price of band increases as DSO 

has a large correlation coefficient at other nodes. Therefore, even if 

the same band bid curve is bid on, a resource with high correlation 

coefficient can be estimated to be awarded a small amount of band. 

 

4.3 Clearing Mechanism 
 

This section explains the clearing process in the day-ahead 

energy market and imbalance band market using the pricing scheme 

in chapter 4.2. The cost-causal payment principle will be verified. 

 

4.3.1 Energy Payment and Credit 
 

The DSO and generator will be settled based on LMP , , load and 

the amount of generation of the day-ahead energy market. 

 

 𝐷𝑆𝑂 𝑃𝑎𝑦 = 𝐷 LMP ,  (4. 13) 

 𝐺𝑒𝑛 𝐶𝑟𝑒𝑑 = 𝑃 , , LMP ,  (4. 14) 

 

If there is no transmission congestion, payment of the DSO and 

credit of the generator are equal because all nodes will have the same 

price. the market that uses system marginal price instead of 

locational marginal price corresponds with this case. On the other 

hand, if transmission congestion occurs, charge for congestion is 
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imposed and difference between system marginal price and locational 

price exists. The TSO is naturally regulated by law because of its 

monopolistic position. Therefore, charge for congestion is not 

provided by TSO but is returned to market participants through 

various ways. For example, PJM in the US operates the financial 

transmission rights market and chooses to receive congestion 

charges from market participants with the transmission right. 

 

4.3.2 Band payment and Credit 
 

The DSO settles based on the amount of purchased band, BDP , ,  

and BDP , , . 

 

 DSO pay for band = 𝑏𝑑 , BDP , , + BDP , ,  (4. 15) 

 

The price of a band is determined by BDP , ,  and BDP , , , which 

is different for each node, not for unit price. The reason why the price 

of a band differs by node is that there are two correlation coefficients 

with transmission congestion. The price of another band at the node 

can serve as an investment signal for market participants. If the price 

of a band is higher than other regions, it means that there is an 

incentive signal for market participants. If the price of a band is 

higher than other regions, it means that there is an incentive to 

energy storage system (ESS) or fast unit at that location. In point of 

DSO, it is advantageous to avoid resources with patterns similar to 

those of existing resources when it is possible to select renewable 
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resources at the same cost. Additionally, it has a pattern that is 

contrary to the existing one, so it can make a decision to select a 

resource that will offset the imbalance. 

 

 

Gen credit for band

= (𝑟𝑢 , BDP , , + 𝑟𝑙 , BDP , , ) 
(4. 16) 

 

The credit that generation resources receive by supplying a band 

is also estimated based on BDP , ,  and BDP , , . The difference 

between DSP and band payment is that the sales volume is set based 

on bdt . Since it is always valid that bdt  is less than or equal to 

∑ 𝑏𝑑 , , payment and credit is not mated in band market even though 

there is no transmission congestion. 

Previous research has mentioned how to set the band price for 

matching payment and credit [7][15]. If the TSO’s profits are highly 

regulated, the band price will have to be obtained through pre-

forecasting as described in Kim (2018), or a method of obtaining the 

average cost from the total sum of generator’s credits [7]. It should 

be noted, however, that if the TSO fails to maintain balance between 

supply and load and loses responsibility of imbalance, the TSO will 

also receive a political penalty. If the political penalty is given in form 

of an economic disadvantage, the TSO needs to prepare its 

specification. Under zero-income regulation, it is unfair to impose 

monetary penalties because there in no way for TSO to secure 

specification. On the other hand, if TSO can be allowed a certain level 
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of revenue, TSO will be tempted to refine the band reserve to earn 

revenue. In addition, even if a political penalty occurs, it can be 

covered by the profits collected during that time. 

 

The TSO's way to increase profits is to reduce unnecessary 

reserves by modeling the characteristics of supply-demand 

imbalance well. That is, the more efficient the operation, the higher 

the profitability. Under these circumstances, the TSO will be 

incentivized to increase operational efficiency. Also, the TSO gets 

penalized if reliability decreases, so the TSO must maintain reliability 

to increase profitability. In the end, applying the method proposed in 

the paper, the TSO finds ways to reduce operating costs while 

maintaining its own reliability without enforcing regulations. 

On the other hand, the TSO's revenue means efficiency of 

operation, and thus there is an index to evaluate the operational 

efficiency of TSOs. Since the TSO has exclusive authority over 

system operation, information asymmetry exists. Therefore, it is 

difficult to evaluate the operation of the TSO from the outside, but it 

is possible to use the profit of TSO as an evaluation index in the 

proposed method. Indeed, in the UK, since 2013, the incentive-based 

regulatory method has been applied under the name RIIO (Revenue 

= Incentives + Innovation + Outputs) [42]. 

 

4.3.3 Market Equilibrium 
 

In this section, an equilibrium analysis of the competitive market 
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for the proposed method is conducted. In the power industry, the 

partial market equilibrium model analysis can be applied [43], where 

market participants are considered as the price taker. 

 

4.3.3.1 Analysis of generator profit maximization 

 

Generators receive the energy credit and the band reserve credit 

and use it as operational cost, including production cost. It can be 

formulated as the problem of maximizing profit of the resource as 

follows. 

 

 

𝑃𝑟𝑜𝑓𝑖𝑡 𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑙𝑒𝑚 𝑜𝑓 𝑔𝑒𝑛 

(P , LMP , + 𝑟𝑢 , BDP , , + 𝑟𝑑 , BDP , ,

− 𝐶 (𝑃 , )) 

(4. 17) 

 

LMP , , BDP , ,  and BDP , ,  are the given values and 𝑃 ,  is the 

determinant variable. Even if 𝑟𝑢 , , 𝑟𝑑 ,  is allocated from a band 

market, it can vary in real time as  𝑃 ,  changes. Using the 

verification method used in Ye et al. (2017, shown in APPENDIX E), 

𝑃 ,  , which is the result of equation (4.17), is equal to the result of 

the proposed interval unit commitment. In other words, BDP , ,   and 

BDP , ,  have a role to maintain reserve level for uncertainty as 𝑟𝑢 , , 

𝑟𝑑 , . 

 

4.3.3.2 Analysis of DSO operation cost minimization 

 

The DSO pays the tie-line flow purchasing cost and the band 
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purchasing cost. The DSO will minimize the amount of payments to 

maximize its profits. If the DSO does not make purchases to reduce 

band purchasing costs, the penalty will have to be paid each time a 

violation occurs, resulting in even greater damage. Previous studies 

on the operation of DSOs in PXFC have shown that purchasing an 

appropriate amount of bandwidth can save money, even if the DSO 

has its own flexible supply resources [7][14].  

 

 

𝐶𝑜𝑠𝑡 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑙𝑒𝑚 𝑜𝑓 𝐷𝑆𝑂 

𝐷 LMP , + 𝑏𝑑 , (BDP , , + BDP , , )

+ 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 

(4. 18) 

 

Flexible supply resources directly available to DSO include small 

generators, distributed power control, demand response resources, 

and ESS [45][46]. Generally, the method of supplying the band is 

based on the output adjustment of the transmission system 

generators. Small generators and demand response resources are 

likely to be a more expensive option than band purchases because 

transmission system generators are more efficient than small 

generators. On the other hand, ESS has lower unit cost than 

generators because the losses due to charge and discharge efficiency 

are the only operating costs. In addition, direct control of the 

distributed power source is a method that can be applied when the 

generation amount needs to be reduced. In the previous study, Case 

A has no flexible supply resources, Case B only sets direct control 
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of distributed power, Case C sets direct control of distributed power 

and ESS. As a result, the DSO has found that when it uses direct 

control of distributed power sources and ESS, their band purchase 

volume is reduced. This shows that the flexible supply resources 

available to DSO can be more economical than the band. In addition, 

DSO confirms that in order to maximize profits, it must purchase an 

appropriate amount of band depending on its own situation. 
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[Figure 4.1] Band bids, energy bids, and Tie-line flow for each 

scenario of Case B (a) and Case C (b) [7] 

 

 

Similarly, LMP , , BDP , ,  and BDP , ,  are given values and 𝐷  

is a determinant variable. Unlike the generator case, the amount of 
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purchases 𝑏𝑑 ,  remains constant even if 𝐷  changes. In other 

words, the cost of purchasing the band when real-time operation has 

already been decided and there is no vacancy for reduction. The 

violation penalty is a value that does not occur when 𝐷  is in the 

band, so it gets as many degrees of freedom as 𝑏𝑑 ,  without 

additional cost. As a result, the given price cannot fix energy usage 

(or sales volume) to 𝐷 . The DSO will try to maximize profits by 

maximizing the degree of freedom of 𝑏𝑑 ,  according to real-time 

operational condition.  

Because of this, the TSO must bear in mind not only the predicted 

demand for expected scenarios, but also the feasibility of bound 

scenarios. In real-time operations, sufficient sources of flexibility 

must be available in advance to respond to bound scenarios. The 

proposed method is essential in the devolution of balancing 

responsibility, allowing specifically the requirement of flexibility and 

cost-effective access to the flexibility provider. 
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Chapter 5. Verification of Proposed 

Model’s Cost-Causality and 

Reliability 
 

In this chapter, the concepts, which are presented in chapter 3 

and 4, will be confirmed through case studies. IEEE 6-bus system 

and IEEE 39-bus system are selected as the case environment. In 

the IEEE six-bus system, the influence of major variables is simply 

analyzed. In the IEE 39-bus system, compares the economics and 

reliability is compared using deterministic unit commitment, interval 

unit commitment and the proposed interval unit commitment. Also, 

the effectiveness of the optimization technique to improve 

performance is verified. 

 

5.1 Base analysis in small system 
 

5.1.1 IEEE six-bus system 
 

In this section, the six-bus test system is introduced. The 

schematic is shown in [Figure 5.1]. There are three generators, 

three loads and seven lines. [Table 5.1] and [Table 5.2] show the 

physical constraints and economic specification of generators. Line 

data are shown in [Table 5.3] 
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[Figure 5.1] One-line diagram of six-bus test system 

 

[Table 5.1] Generator characteristic of six bus system part 1 

# P P SUC MUT MDT Inis SUC_hot CST RPU 

 MW MW $ h h h $ h MW/h 

1 100 220 180 4 4 4 180 1 24 

2 10 100 360 3 2 3 360 1 12 

3 10 20 60 1 1 -2 60 1 5 

 

[Table 5.2] Generator characteristic of six bus test system part 2 

# RPD NLPC LPC QPC SDC PO SUP SDP 

 MW/h $ $/MW $/MW  $ MW MW MW 

1 24 176.9 13.5 0.004 50 120 100 100 

2 12 129.9 32.6 0.001 40 50 10 10 

3 5 137.4 17.6 0.005 0 0 10 10 
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[Table 5.3] Line data of six bus test system 

# start end MVA rating X(p.u.) 

1 1 2 200 0.17 

2 1 4 100 0.258 

3 2 4 100 0.197 

4 5 6 100 0.14 

5 3 6 100 0.018 

6 2 3 200 0.037 

7 4 5 200 0.037 

 

 

[Table 5.4] GSF of six bus test system 

Bus 

Line      
1 2 3 4 5 6 

1 0 -0.682 -0.6502 -0.4827 -0.5144 -0.6347 

2 0 -0,318 -0.3498 -0.5173 -0.4856 -0.3653 

3 0 0.172 0.1029 -0.261 -0.192 0.0693 

4 0 -0.146 -0.2469 0.2216 0.3225 -0.2959 

5 0 0.146 0.2469 -0,2216 -0.3225 -0.7041 

6 0 0.146 -0.7531 -0.2216 -0.3225 -.0.0741 

7 0 -0.146 -0.2469 0.2216 -0.6775 -0.2959 

 

Since DC power flow will be used in line data, only reactance and 

line recording were selected in the original data set, excluding 

transformer. [Table 5.4] shows the GSF when the reference bus is 

bus 1. 

Assume that the system has three load nodes and that each node 

has one DSO. Load assumed that L3, L4, and L5 each had 20%, 40%, 

and 40% of the total load. The total load and the 24-hour load for 

each node are in [Table 5.5]. The correlation coefficient between 



 

 65

each subordinate is in [Table 5.6]. To clearly observe the effect of 

correlation coefficient on LMP or bd , , the correlation coefficient was 

chosen directly to have a significant amount of correlation. The 

band's bid assumed that all nodes submitted the same curve (a , = 40, 

b , = 20) every hour, which is to verify the cost of supplying reserve 

over time by analyzing the band's winning volume for the same utility. 

 

[Table 5.5] Demand data for six bus test system 

h 1 2 3 4 5 6 

MW 175.19 165.15 158.67 154.73 155.06 160.48 

h 7 8 9 10 11 12 

MW 173.39 177.6 186.81 206.96 228.61 236.1 

h 13 14 15 16 17 18 

MW 242.18 243.6 248.86 255.79 256 246.74 

h 19 20 21 22 23 24 

MW 245.97 237.35 237.37 232.67 195.93 195.6 

 

[Table 5.6] Correlation of imbalance for six bus test system 

     L3 L4 L5 

L3 1 0.681259 0.343518 

L4 0.681259 1 0.280944 

L5 0.343518 0.280944 1 

 

The optimization problems of this chaper are all implemented 

based on Julia/JuMP. Julia is an open source language developed to 

address optimization issues at MIT, and JuMP is an optimization 

implementation module used in Julia [49]. Dunning, 2017 2017 Solver 

chose CPLEX and solved it. The PC used for the simulation is the 
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Intel(R) CoreTM i5-4690 CPU @ 3.50Ghz, 8GB RAM, and a 64bit 

Windows 7 OS. The relative gap of Julia-JuMP/CPLEX solver is set 

to 0.1%. 

 

5.1.2 Results and discussion 
 

5.1.2.1 Generation and band dispatch result 

 

The results of performing the applied scheduling method in the 

six bus test system are as follows: [Figure 5.2] shows the size of the 

predicted load and band in situations where (a , = 40, b , = 20).  

Only the No. 1 generator produces energy because the sum of 

the load and the band from 1 a.m. to 9 a.m. does not exceed 220MWh, 

which is the maximum generation of the No. 1 generator. The No. 3 

generator turns on after 10 a.m., at which point the sum of the load 

and band is 218MWh, which does not reach the maximum capacity of 

the No. 1 generator. However, because the sum of the load and the 

band is at least 184.51MWh at 9 a.m., 34.05MW/h is needed for the 

ramping requirement, which is greater than the ramping capacity of 

the No. 1 generator, 24MW/h. Therefore, another generator should 

turn on at 10 am. The NLPC of the No. 2 generator is smaller than 

the No. 3 generator. However, when generating 10MW, which is the 

least power generation, it costs $456 for the No. 2 generator and 

$313.90 for the No. 3 generator. Therefore, the No. 3 generator turns 

on instead of the No. 2 at 10 a.m. 

From 1 a.m. to 11 a.m., band transactions were made, and the 

scope of acceptance was shown. From 12:00 p.m. to 9:00 p.m., there 
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are few band transactions, so you can see that the acceptance range 

converges at 0. This suggests that the supply cost of the band at that 

time was at least higher than the price of the DSO's bid.  

 

 
[Figure 5.2] Forecasted Demand and results of band market for six 

bus test system (𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟐𝟎) 

 

The generator start-up situation, generation volume and reserve 

power distribution can be found in [Table 5.7]. All three generators 

are in use from 12 p.m. to 9 p.m. because of the high demand, but No. 

3 generators are excluded from the limit generators because they 

have maximum power. The No. 1 and No. 2 generators are not 

producing maximum power. Since generator 2 is more expensive, it 

is economical to make the most of generator 1. However, it is often 

necessary to reduce the power output of generator 1 to obtain more 

reserve power. The marginal cost of production then increases by 

about $20. Therefore, the band's trade can only take place if the 

band's bid price exceeds $20 at the same time. As a result, it can be 
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interpreted that no band transactions were made because the band 

bid rate was set at a maximum of $20 in the simulation. 

 

[Table 5.7] Dispatch result of generators for six bus test system 

(𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟐𝟎)  

 P(MWh) ru(MW) rd(MW) 

Time G1 G2 G3 G1 G2 G3 G1 G2 G3 

1 175.2 0.0 0.0 7.6 0.0 0.0 7.6 0.0 0.0 

2 165.2 0.0 0.0 6.3 0.0 0.0 6.3 0.0 0.0 

3 158.7 0.0 0.0 11.2 0.0 0.0 11.2 0.0 0.0 

4 154.7 0.0 0.0 8.9 0.0 0.0 8.9 0.0 0.0 

5 155.1 0.0 0.0 14.8 0.0 0.0 14.8 0.0 0.0 

6 160.5 0.0 0.0 3.8 0.0 0.0 3.8 0.0 0.0 

7 173.4 0.0 0.0 7.3 0.0 0.0 7.3 0.0 0.0 

8 177.6 0.0 0.0 12.5 0.0 0.0 12.5 0.0 0.0 

9 186.8 0.0 0.0 2.3 0.0 0.0 2.3 0.0 0.0 

10 197.0 0.0 10.0 11.6 0.0 0.0 11.6 0.0 0.0 

11 203.6 10.0 15.0 2.5 0.0 0.0 2.5 0.0 0.0 

12 203.8 12.3 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

13 200.8 21.4 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

14 200.1 23.5 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

15 197.6 31.2 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

16 194.3 41.5 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

17 194.2 41.8 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

18 196.9 29.8 20.0 1.4 0.0 0.0 1.4 0.0 0.0 

19 199.0 27.0 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

20 202.4 15.0 20.0 0.6 0.0 0.0 0.6 0.0 0.0 

21 203.1 14.2 20.0 0.0 0.0 0.0 0.0 0.0 0.0 

22 204.7 13.0 15.0 0.0 0.0 0.0 0.0 0.0 0.0 

23 195.9 0.0 0.0 11.8 0.0 0.0 11.8 0.0 0.0 

24 195.6 0.0 0.0 11.8 0.0 0.0 11.8 0.0 0.0 

 

In the context of doubling the band bit rate of DSOs (a , = 40, 
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b , = 40) to validate the above interpretation, the results of the band 

purchase are shown in [Figure 5.3]. You can observe the amount of 

band purchases even during the 12 p.m. to 9 p.m. hours. Rather, you 

can see that the band purchase between 9 p.m. and 11 p.m. is lower, 

which seems to be due to the high basic ramping requirement of the 

protected scenario. 

 

 
[Figure 5.3] Forecasted Demand and results of band market for six 

bus test system (𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟒𝟎) 

 

[Table 5.8] Dispatch result of generators for six bus test system 

(𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟒𝟎) 

 P(MWh) ru(MW) rd(MW) 

Time G1 G2 G3 G1 G2 G3 G1 G2 G3 

1 165.2 0.0 10.0 19.0 0.0 0.0 19.0 0.0 0.0 

2 165.2 0.0 0.0 5.0 0.0 0.0 5.0 0.0 0.0 

3 158.7 0.0 0.0 12.5 0.0 0.0 12.5 0.0 0.0 

4 154.7 0.0 0.0 7.5 0.0 0.0 7.5 0.0 0.0 

5 155.1 0.0 0.0 16.1 0.0 0.0 16.1 0.0 0.0 

6 160.5 0.0 0.0 2.4 0.0 0.0 2.4 0.0 0.0 
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7 173.4 0.0 0.0 8.6 0.0 0.0 8.6 0.0 0.0 

8 177.6 0.0 0.0 11.1 0.0 0.0 11.1 0.0 0.0 

9 176.8 0.0 10.0 12.1 0.0 0.0 12.1 0.0 0.0 

10 182.0 10.0 15.0 6.8 0.0 0.0 6.8 0.0 0.0 

11 189.9 18.7 20.0 9.3 3.3 0.0 12.6 0.0 0.0 

12 187.4 28.7 20.0 10.2 2.0 0.0 12.2 0.0 0.0 

13 185.3 36.9 20.0 7.9 3.8 0.0 11.7 0.0 0.0 

14 182.5 41.1 20.0 5.5 7.8 0.0 13.3 0.0 0.0 

15 178.4 50.4 20.0 12.2 2.2 0.0 14.5 0.0 0.0 

16 178.6 57.2 20.0 9.4 2.5 0.0 11.9 0.0 0.0 

17 179.3 56.7 20.0 11.4 0.0 0.0 11.4 0.0 0.0 

18 182.1 44.7 20.0 9.9 2.4 0.0 12.3 0.0 0.0 

19 181.2 44.8 20.0 12.6 0.6 0.0 13.2 0.0 0.0 

20 184.0 33.4 20.0 8.0 6.1 0.0 14.2 0.0 0.0 

21 189.2 28.2 20.0 4.6 5.8 0.0 10.4 0.0 0.0 

22 195.7 22.0 15.0 7.1 0.0 0.0 7.1 0.0 0.0 

23 195.9 0.0 0.0 11.8 0.0 0.0 11.8 0.0 0.0 

24 195.6 0.0 0.0 11.8 0.0 0.0 11.8 0.0 0.0 

 

 
[Figure 5.4] Band purchase amount of DSOs (𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟐𝟎) 
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can be found in [Figure 5.4]. In most of the time zones, the DSO's 

band purchase, located on the fifth bus line, is the largest. This is 

because the mothership with the smallest correlation coefficient with 

the other bus line has the least effect on the increase of bdt  even if 

the same amount of band is purchased. The DSO of the third bus with 

relatively distinct correlation resulted in the purchase of the least 

amount of band even after submitting the same bit curve. Therefore, 

the DSO of bus number 3 needs to increase the bit rate to increase 

the amount of band purchases.  

 

5.1.2.2 LMP and band price 

 

From 1 a.m. to 9 a.m., the LMP is maintained at $14.8/MWh, 

which is the marginal price of the No 1. generator because only the 

No 1. generator is under operation. At 10 a.m., the No. 3 generator 

is turned on, however, the No. 1 generator, which is less expensive 

than the No 3. generator has extra capacity, so the marginal cost is 

determined by the $15.066/MWh of the No 1. generator. In the 

following time, there is a congestion in the No. 2 transmission line, 

so it is not possible to keep the No. 1 generator turned on to the 

maximum. Also, the No. 3 generator is generating maximum power 

because it has the smallest capacity. Therefore, only the No. 2 

generator can adjust the amount of generation and the LMP is 

determined by the cost of the No. 2 generator. The maximum power 

generation cost of the No. 2 generator is 32.8 MW/h, but The LMP is 

larger at sometimes. Since the difference in price between 
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generators is added to LMP when transmission congestion is 

occurring, LMP can be larger than the marginal price of the marginal 

generator.  

As confirmed in Chapter 5.1.2.1, the No. 2 and No. 3 generators 

in addition to the No. 1 generator are being started simultaneously 

from 12 p.m. to 10 p.m. Therefore, it can be expected that the time 

frame will represent a different generation price from a different time 

zone. Simulation results confirmed that congestion occurred on 

power lines 2, i.e. on a transmission line between bus 1 and bus 4. 

Therefore, LMPs will appear different for each parent line. The 

results are shown in [Figure 5.5]. 

The biggest increase in costs due to congestion is on bus No. 4. 

This is because the GSF for the No. 2 transmission line is the largest, 

and the rest of the buses are also affected by the GSF's order of size 

for the No. 2 transmission line. The congestion occurred only on two 

power lines in all scenarios and was most affected by Scenario 3. As 

confirmed earlier in Chapter 4, we have confirmed that the energy 

price, LMP, also includes the impact of the band. 

On the other hand, since bus No. 1 was used as a slam bus in the 

GSF calculation, the GSF is zero for all power lines. Therefore, the 

LMP change due to transmission congestion was also calculated as 

zero. This is the threshold shown because the power flow calculation 

was approximated to DC OPF by GSF. In later studies, this problem 

could be solved by using an indicator that can calculate the sensitivity 

of line flow to the injected power regardless of the designation of the 

slide bus [50].  
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[Figure 5.5] LMP of six bus test system (𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟐𝟎) 

 

As seen in Chapter 4.3, the price of the band is the DSO-paid 

band purchase price and the reserve supply price paid by the 

generator. Reserve supply price is given for bdt  and the simulation 

results are shown in [Figure 5.6]. Low prices in most time zones are 

shown, which is the result of the reserve bit price being reflected as 

a band price when the cost changes are not caused by the ramping 

constraint. Overall price is lower than band price compared to energy 

price. If band price is set higher than energy price, DSO will have 

less incentive to purchase band.  

Between 5 p.m. and 7 p.m., the up-and-down band and down-

band have a high value for each other. This is a threshold that occurs 

when the band size in the previous time zone is constrained by the 

size of the band in the next time zone, and the band rate is calculated 

based on the IUC. To solve these problems, consider how the ramping 
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requirements are divided into even and odd times, as in Pandzic, et 

al. (2016) [32]. Some reliability of the results may be lost, but the 

advantages of this method are that it can achieve the stability of the 

reserve supply price.  

 

 

[Figure 5.6] Band price at bus 3(𝐚𝐢,𝐭 = 𝟒𝟎, 𝐛𝐢,𝐭 = 𝟐𝟎) 

 

5.2 Comparison of reliability between DUC, IUC 

and proposed model 
 

In this section, the reliability of the applied model in this paper is 

compared with DUC. The simulated system chose IEEE 39-bus test 

system. 39-bus test system is called the 10-unit New England 

system and is the most frequently used system among papers dealing 

with UC and ED. The generator, load and track data are listed in 

Appendix B.  
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[Figure 5.7] One-line diagram of IEEE 39-bus test system 

 

Reliability verification is performed by releasing an economic 

Dispatch in 15 minutes to check the difference between the amount 

and time of non-served energy and the total operating cost. A total 

of 1000 load scenarios were constructed by adding a normal Gaussian 

load imbalance in 15 minutes to the base 39 bus load.  
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[Figure 5.8] Imbalance scenarios for  

 

[Table 5.9] Scenario design for verification reliability 

 Case 1 Case 2 Case 3 Case 4 Case 5 

UC model IUC 
Proposed 

model 

Proposed 

model 

Proposed 

model 
DUC 

Reserve 

requiremen

t 

𝑏𝑑 ,  
Confiden

ce level 

99.9% 

Confiden

ce level  

99% 

Confiden

ce level 

59% 

𝑏𝑑 ,  

 

The comparison case consists of DUC, IUC, and Proposed Models. 

First, obtain the size of the band with the proposed model. In DUC, 

the size of the band is the reserve requirement, and in IUC, the 

startup shutdown results are obtained in each of the three cases. 

Apply the results of each shutdown to the following identical 

electronic dispatches model to verify the results of the emergency 

power supply. Reliability is assessed as the total non-served energy 
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and time of each case, and economics as the total operating cost. The 

results of the experiment were shown in the following graph. 

 

 

 

[Figure 5.9] Reserve cost and NSE for each case 

 

[Table 5.10] Results of each case for verification reliability 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Total Cost 

($) 
619,505 585,529 579,228 572,766 575,470 

Fuel Cost 

($) 
593,148 568,140 56,4730 560,573 552,206 

Startup 

Cost ($) 
5,700 5,920 5,460 5,400 5,280 

Reserve 

Cost ($) 
20,657 11,469 9,038 6,793 17,984 

NSE (MWh) 57,543 92,106 102,090 116,094 259,710 

 

Reliability showed the best results in the IUC case for both time 

and energy. DUC was found to be the least reliable, with both time 

and energy showing about five times the figure compared to IUC. 
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Proposed models appeared halfway between DUC and IUC. 

Economically tends to be the opposite. Compared to DUC, the cost of 

the proposed model is increased by 2% and IUC by 8%.  

 

Chapter 6. Conclusions and Future 

Extensions 
 

6.1 Conclusions 
 

This study focuses on the balancing operation of TSO in a 

decentralized balancing system. The present system, where TSO 

carries full responsibility, has limitations in the grid operational 

condition containing many distributed energy resources in the future. 

In this situation, if allocating the balancing cost is adapted to the 

cost-causal principle, there is incentive for the DSO to relieve the 

balancing responsibility for the TSO. This paper proposes PXFC as 

an implementation method of the cost–causal principle. When PXFC 

was introduced, it defined how the balancing operation of the TSO 

differs from the conventional system. Specifically, it should be able 

to determine the amount of balancing service by considering the 

amount of balancing service and the prices which are required from 

the balancing responsibility party (BSP). Since the range of 

uncertainty is given in the form of a band, it is necessary to be able 

to cope with an imbalance where it is not likely to be found. 

Stochastic unit commitment, robust unit commitment and interval 

unit commitment are reviewed in order to meet these requirements. 

It is also explained that interval unit commitment has more advantage 
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over the others, and a new scheduling model based on interval unit 

commitment is proposed. Using this method, it is verified that the 

PXFX can be operated in accordance with the cost-causal principle. 

For this operation, the penalty pricing method, which uses bidding 

information on band effectively, is proposed. Based on this, it is 

shown that the imbalance correlation can be used as an index to meet 

the balancing responsibility economically without losing reliability.  

Also, even if the proposed band pricing method is used, it is 

shown that the generator can save costs and have incentive to keep 

the schedule. The price of band, which is calculated differently at 

each node, is able to conduct the investment signal by showing the 

changed revenue according to different ESS locations. However, 

even if financial transmission rights market is applied, it is possible 

to violate conventional revenue regulation when TSO gets a revenue 

from it. Thus, this can be interpreted as a specification to prepare for 

the political regulation of the TSO. 

This paper is significant in that it suggests a solution to the 

problems that may arise when the imbalance band market is actually 

applied. In particular, the main contribution of this paper is in defining 

the balancing of the TSO that were not treated in previous studies. 

 

6.2 Future Extensions 
 

This paper has attempted to solve many problems of the TSO in 

the imbalance band market. However, there are additional issues to 

be considered. The first is how to provide the TSO with an incentive 

to attract energy consumption/supply of the DSO to predefined 
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scheduling in real-time operation. It can be assumed that the band 

will not be out of bounds. However, there is a disadvantage in that 

the TSO has to make a conservative decision because it has to 

consider that there is always the possibility of imbalance. The second 

is that the DSO should have a certain amount of flexible resources to 

ensure the economic efficiency of the band market. If the DSO has 

little or no flexible resources, the TSO can have great market power 

even if the TSO decides the band price arbitrarily. Therefore, it is 

important to decide how large the size of the participant in the band 

market is in practice. The appropriate size of the band depends on 

the system environment. First of all, it is necessary to decide the 

appropriate size of the band considering a plan of integrating 

distributed resources and ESS into the domestic power system. 

In order to solve two limitations of this paper, it is necessary to 

be able to guess the decision of the DSO in common and model the 

response of the TSO to it. Recently, market equilibrium has been 

analyzed based on game theory. Schneider and Roozbehani (2018) 

show an analysis of market equilibrium when market participants 

know the information of each other or they don’t have the information. 

if this approach is applied, the limitations can be solved. 
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Appendix A. Detailed Formulation 

of Proposed model 
 

In this section, the proposed model introduced in Chapter 3.2.2 

is summarized. 

 

 

obj = 𝐶 , , + 𝐶 , , + 𝐶 , , + 𝐶 , + 𝐶 ,

− 𝑈 ,  

(A. 1) 

 

 
C , = QPC 𝑃 𝑢 , + 𝑝 , + 𝐿𝑃𝐶 𝑃 𝑢 , + 𝑝 ,

+ 𝑁𝐿𝑃𝐶 𝑢 ,  

(A. 2) 

 𝐶 , =  𝑆𝑈𝐶 𝑣 ,  (A. 3) 

 C , = 𝑆𝐷𝐶 𝑤 ,  (A. 4) 

 C , = 𝑅𝐶 𝑟𝑢 ,  (A. 5) 

 C , = 𝑅𝐶 𝑟𝑑 ,  (A. 6) 

 

 −
b ,

2a ,
× 𝑏𝑑 , + 𝑏 , × 𝑏𝑑 , = U(bd , ) (A. 7) 

 0 ≤ bd , ≤ 𝑎 ,  (A. 8) 

 

 (𝑃 𝑢 , + 𝑝 , , ) =  𝐷 , + 𝑒 ,  (A. 9) 

 e , = 0 (A. 10) 

 𝑒 , = bdt  (A. 11) 

 e , = −bdt  (A. 12) 
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 𝑣 , ≤ 𝑢 ,  (A. 13) 

 𝑤 , ≤ 1 − 𝑢 ,  (A. 14) 

 

 u , − u , = v , − w ,  (A. 15) 

 u , − u0 = v , − w ,  (A. 16) 

 

 𝜌 , 𝑏𝑑 , 𝑏𝑑 , × π ≤ 𝑏𝑑𝑡  (A. 17) 

 𝑟𝑢 , ≥ bdt  (A. 18) 

 𝑟𝑑 , ≥ bdt  (A. 19) 

 

 𝑝 , , ≤ P − 𝑃 u , − P − SU v ,  (A. 20) 

 𝑝 , , ≤ P − 𝑃 u , − P − SD 𝑤 ,  (A. 21) 

 𝑝 , , ≤ P − 𝑃 u , − P − SU v ,

− P − SD 𝑤 ,  

(A. 22) 

 

 p , , = p , , + ru ,  (A. 23) 

 p , , = p , , − rl ,  (A. 24) 

 

 p , , − p , , ≤ RPU  (A. 25) 
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 −p , , + p , , ≤ RPD  (A. 26) 

 

 −p , , + p , , ≤ RPD  (A. 27) 

 p , , − p , , ≤ RPU  (A. 28) 

 −p , , + p , , ≤ RPD  (A. 29) 

 p , , − p , , ≤ RPU  (A. 30) 

 

 𝜌 , 𝐺𝑆𝐹 , 𝑏𝑑 , 𝐺𝑆𝐹 , 𝑏𝑑 , × 𝜋 , ≤ 𝑓𝑙 ,  (A. 31) 

 

 

−𝐹𝐿 + 𝑓𝑙 , ≤ 𝐺𝑆𝐹 , 𝑝 , , − 𝐷  

 

(A. 32) 

 𝐺𝑆𝐹 , 𝑝 , , − 𝐷 ≤ 𝐹𝐿 − 𝑓𝑙 ,  (A. 33) 
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Appendix B. IEEE 39 bus system 

data 
 

[Table B.1] Generator characteristic of IEEE 39 bus test system 

part 1 

 
Pmin Pmax SUC MUT MDT Inis SUC_hot CST RPU 

 
MW MW $ h h h $ h MW/h 

 
150 455 9000 8 8 8 4500 5 130 

 
150 455 10000 8 8 8 5000 5 130 

 
20 130 1100 5 5 -5 550 4 60 

 
20 130 1120 5 5 -5 560 4 60 

 
25 162 1800 6 6 -6 900 4 90 

 
20 80 340 3 3 -3 170 2 40 

 
25 85 520 3 3 -3 260 2 40 

 
10 55 60 1 1 -1 30 0 40 

 
10 55 60 1 1 -1 30 0 40 

 
10 55 60 1 1 -1 30 0 40 

 

 

[Table B.2] Generator characteristic of IEEE 39 bus test system  

part 2 

 
RPD NLPC LPC QPC SDC PO SUP SDP 

 MW/h $ $/MW $/MW  $ MW MW MW 

 
130 1000 16.19 0.00048 0 0 150 150 
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130 970 17.26 0.00031 0 0 150 150 

 
60 700 16.6 0.002 0 0 20 20 

 
60 680 16.5 0.00211 0 0 20 20 

 
90 450 19.7 0.00398 0 0 25 25 

 
40 370 22.26 0.00712 0 0 20 20 

 
40 480 27.74 0.00079 0 0 25 25 

 
40 660 25.92 0.00413 0 0 10 10 

 
40 665 27.27 0.00222 0 0 10 10 

 
40 670 27.79 0.00173 0 0 10 10 

 

 

 

[Table B.3] Line data of IEEE 39-bus test system 

# start end MVA rating X(p.u.) 

1 1 2 600 0.0411 

2 1 39 1000 0.025 

3 2 3 500 0.0151 

4 2 25 500 0.0086 

5 2 30 900 0.0181 

6 3 4 500 0.0213 

7 3 18 500 0.0133 

8 4 5 600 0.0128 

9 4 14 500 0.0129 

10 5 6 1200 0.0026 

11 5 8 900 0.0112 

12 6 7 900 0.0092 

13 6 11 480 0.0082 

14 6 31 1800 0.025 

15 7 8 900 0.0046 
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16 8 9 900 0.0363 

17 9 39 900 0.025 

18 10 11 600 0.0043 

19 10 13 600 0.0043 

20 10 32 900 0.02 

21 12 11 500 0.0435 

22 12 13 500 0.0435 

23 13 14 600 0.0101 

24 14 15 600 0.0217 

25 15 16 600 0.0094 

26 16 17 600 0.0089 

27 16 19 600 0.0195 

28 16 21 600 0.0135 

29 16 24 600 0.0059 

30 17 18 600 0.0082 

31 17 27 600 0.0173 

32 19 20 900 0.0138 

33 19 33 900 0.0142 

34 20 34 900 0.018 

35 21 22 900 0.014 

36 22 23 600 0.0096 

37 22 35 900 0.0143 

38 23 24 600 0.035 

39 23 36 900 0.0272 

40 25 26 600 0.0323 

41 25 37 900 0.0232 

42 26 27 600 0.0147 

43 26 28 600 0.0474 

44 26 29 600 0.0625 

45 28 29 600 0.0151 

46 29 38 1200 0.0156 

 

[Table B.4] Demand and location of each bus in IEEE 39-bus test 

system 

# Proportion (%) Bus 

1 5.28 3 
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2 8.20 4 

3 3.83 7 

4 8.56 8 

5 0.12 12 

6 5.25 15 

7 5.40 16 

8 2.59 18 

9 10.30 20 

10 4.49 21 

11 4.06 23 

12 5.06 24 

13 3.67 25 

14 2.28 26 

15 4.61 27 

16 3.38 28 

17 4.65 29 

18 0.15 31 

19 18.11 39 
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초     록 
 

수급균형 책임의 지역분권화를 

고려한 송전계통운영자의  

전일 수급불균형 범위 시장 운영 

송 용 현 

전기•컴퓨터공학부 

공과대학원 

서울대학교 
 

본 학위논문은 수급 불균형 관리 책임이 TSO와 다수의 지역적인 

DSO에게 분권화된 상황에서 수급 불균형 관리를 효율적으로 수행하기 

위한 TSO의 전일 시장 운영 방법을 제안하였다. 

전력 계통에 신재생에너지 기반의 분산형 전원이 증가하면서 

순부하의 변동성과 불확실성이 증가하여 수급 불균형 관리의 어려움도 

함께 증가하였다. 수급 불균형을 유발하는 주체가 다수 배전계통에 

존재하는 상황에서는 기존처럼 TSO가 수급 불균형 관리의 전적인 

책임을 가지고 모든 자원을 관리하면서 운영하는 것이 비효율적이다. 

때문에 TSO와 DSO가 계약을 통해 수급 불균형 관리 책임을 분배하는 

지역분권화된 구조를 배경으로 연구를 진행하였다. 

첫 번째로, 본 논문은 기존의 구조와 비교했을 때 지역분권화 구조 

구현을 위해 도입된 수급불균형 범위 시장하에서 TSO의 수급불균형 

관리 방법의 차이점을 정의하였다. 전력 계통의 수급불균형 예상 범위가 

시장의 가격과 DSO의 상황에 따라서 달라지기 때문에 기존처럼 고정 

용량의 예비력을 확보하는 대신 DSO의 범위 입찰 정보를 기준으로 
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발전자원과 유연성 공급자원의 운영계획을 수립해야 한다. 

두 번째로, Interval 기동정지 계획을 기반으로 수급불균형 허용범위 

거래량과 발전자원 운영계획을 수립할 수 있는 방법을 제안하였다. 

DSO의 수급불균형 허용범위에 대한 용량과 가격입찰을 바탕으로 

효용함수를 구성하여 사회적 효용 최대화를 목적으로 최적화를 수행한다. 

이 때, 지역별 수급불균형의 상관관계를 이용해서 일정 수준의 신뢰성을 

유지하면서 TSO의 예비력 확보량을 줄일 수 있음을 보였다. 이 방법을 

적용하면 수급불균형의 크기에 기여하는 정도가 수급불균형 허용 범위 

시장의 운영 결과에 반영되어 유연성 자원을 투자할 유인을 제공할 수 

있다. 

동시에, 최적화의 결과를 바탕으로 라그랑주 함수를 구성하고 한계 

가격의 개념을 적용하여 에너지 공급 가격과 수급불균형 허용범위 

가격을 결정하는 방법을 제안하였다. 제안한 방법에서 수급불균형 

허용범위 증가로 인한 예비력 가격의 상승, 송전 혼잡 비용 등이 에너지 

가격과 수급불균형 허용 범위 가격에 반영되는 것을 사례 연구를 통해서 

확인했다. 

본 연구에서 제안하는 전일 수급불균형 범위 시장의 운영 방법이 

적용된다면 비용유발자 부담 원칙 기반의 수급균형 관리 비용 분배가 

가능하다. 이를 통해 DSO에게 수급불균형 관리의 경제적 유인을 

제공하여 수급균형 관리 책임을 지역분권화 할 수 있다. 또한 

송전계통과 배전계통에 있는 유연성 자원을 TSO와 DSO가 가격 신호에 

따라서 확보하는 체계가 구현된다. 이러한 운영 방법은 향후 재생에너지 

기반 분산형 전원이 증가하여 DSO의 역할이 증대된 환경에서 효율적인 

계통 운영 방안으로 사용될 수 있을 것이다.  

 

주요어: 수급불균형 범위 시장, 기동정지계획, 지역한계가격, 송전 계통 
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운영자, 예비력, 에너지 시장 

학  번: 2013-20807 


	Chapter 1. Introduction 
	1.1 Study Background and Motivation 
	1.2 Main Contribution 
	1.3 Dissertation Outline .

	Chapter 2. Problem Definition: Limitations of Conventional Balancing System and Imbalance Band Market Environment as an Alternative 
	2.1 Traditional balancing operation 
	2.2 Concept of Power Exchange for Frequency Control Band Market 
	2.3 Role of TSO in band market environment 

	Chapter 3. Generation and Reserve Scheduling Method to Fulfill TSOs Balancing Responsibility in Imbalance Band Market 
	3.1 Uncertainty handling Scheduling Method .
	3.2 Interval Unit Commitment with Imbalance Band

	Chapter 4. Pricing and Clearing Mechanism Implementing Cost Causality in Imbalance Band Market 
	4.1 Penalty pricing strategy 
	4.2 Band pricing strategy 
	4.3 Clearing Mechanism 

	Chapter 5. Verification of Proposed Models Cost Causality and Reliability .
	5.1 Base analysis in small system 
	5.2 Comparison of reliability between DUC, IUC and Proposed model .

	Chapter 6. Conclusions and Future Extensions .
	6.1 Conclusions 
	6.2 Future Extensions .

	Bibliography .
	Appendix A. Detailed Formulation of Proposed model 
	Appendix B. IEEE 39 bus system data 
	초 록 


<startpage>18
Chapter 1. Introduction  1
 1.1 Study Background and Motivation  1
 1.2 Main Contribution  9
 1.3 Dissertation Outline . 10
Chapter 2. Problem Definition: Limitations of Conventional Balancing System and Imbalance Band Market Environment as an Alternative  11
 2.1 Traditional balancing operation  11
 2.2 Concept of Power Exchange for Frequency Control Band Market  18
 2.3 Role of TSO in band market environment  22
Chapter 3. Generation and Reserve Scheduling Method to Fulfill TSOs Balancing Responsibility in Imbalance Band Market  26
 3.1 Uncertainty handling Scheduling Method . 26
 3.2 Interval Unit Commitment with Imbalance Band 32
Chapter 4. Pricing and Clearing Mechanism Implementing Cost Causality in Imbalance Band Market  46
 4.1 Penalty pricing strategy  46
 4.2 Band pricing strategy  49
 4.3 Clearing Mechanism  53
Chapter 5. Verification of Proposed Models Cost Causality and Reliability . 62
 5.1 Base analysis in small system  62
 5.2 Comparison of reliability between DUC, IUC and Proposed model . 74
Chapter 6. Conclusions and Future Extensions . 78
 6.1 Conclusions  78
 6.2 Future Extensions . 79
Bibliography . 81
Appendix A. Detailed Formulation of Proposed model  89
Appendix B. IEEE 39 bus system data  92
초 록  96
</body>

