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Abstract 

 

The traditional electricity market provides a vertical monopolistic structure in a 

certain area which owns and operates generation, transmission and power supply. In 

the early 90‟s the deregulation of the power supply market in UK took place. This 

process has now been repeated in many countries around the world. Although 

different approaches are adopted during the deregulation process, a similar vein can 

be found in those markets: all of those vertical monopolistic markets have generally 

been separated into four parts: generation, transmission, distribution and supply. 

Nowadays competitive markets have been set up in generation and supply sectors but 

due to the unique characteristic of transmission network, whose investment needs 

huge cost and high risk, the transmission sector is to remain in the mode the natural 

monopoly. Consequently each country or each area only has one transmission 

company to operate the transmission services. 

 

As the deregulated generation and supply markets are free open access, markets 

participants not only can trade electrical energy within their local supply areas but 

they also can trade power between different areas for more benefits. This type of 

transaction is not restricted to power companies in one country and can well be 

between a power company in one country with another power company in another 

country which may not be of immediate neighbour. As a result, these transactions are 

transported in more than one transmission network. Because this situation rarely 

exists in traditional markets, transmission owners have not yet come to a common 

consensus on an acceptable charging tariff to collect transmission fees. Currently 

several wheeling charging methods for cross-border trading are proposed to resolve 



xv 
 

this problem but their performances cannot completely fulfil the basic requirement of 

transparency and fair expectation. 

 

This thesis introduces a method to address the allocation problem of wheeling 

charges in cross-border trading. This proposed method calculates short-term and 

long-term wheeling charges respectively and allocates wheeling charges by referring 

to the location of each transmission line. More importantly, this method is able to 

provide a transparent and fair allocation result to market participants. The proposed 

method is illustrated in a 7 bus system and the IEEE 118 bus system. In the case 

study of the IEEE 118 bus system, three scenarios are set up to test the performance 

of allocating wheeling charges between two areas and three areas respectively. This 

thesis has also discussed new challenges of congestion management due to 

cross-border trading. In addition, an approach of congestion management for the 

proposed charging method is introduced. 
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Chapter 1 Introduction 

1.1 Introduction 

Although electricity is a kind of commodity like other products in the modern world, 

it is significantly difficult to establish a free market for it due to its special characters. 

First of all the biggest barrier to introduce a free market is that electricity cannot be 

stored, which commonly happens to other industrial commodities. Secondly the 

electricity is the fundamental energy source of modern industries. This characteristic 

results in any government would not wish to take a high risk to establish a total free 

electricity market. Even now most of electricity markets are influenced more or less 

by the governments. Consequently, in most time of the twentieth century, according 

to the first reason consumers had no choices to choose electricity suppliers except 

local electrical companies to purchase the needed electric energy. In addition the 

second reason causes that most of the local electrical companies are vertically 

integrated, which means they own local generators, local transmission lines and the 

local distribution networks. This model is convenient for government to regulate 

electric prices and outputs to satisfy the varieties of demands such as industrial, 

commercial, residential and others. [1] This traditional market model has been 

running for years until deregulation. 

 

Since 1980‟s the interest of reducing the energy prices and industry costs prompted 

liberalised markets in despite of monopoly markets. The first deregulation happened 

in UK in 1990 after the UK government decided to introduce competition into the 

electric utility. [2] This action was taken to privatise the electric supplier and break 

the vertically integrated utility. The unbundled utility was separated into generation, 

transmission and distribution entities, which are independent from each other. 



Chapter 1 Introduction 

 

2 
 

Additionally suppliers sell electricity to customers after buying it from other entities. 

At the moment free competitive markets exist on generation and supply levels. On 

the contrary, because of the unique characteristics, some people are on the view that 

the transmission and distribution networks are better operated if they are being 

retained as natural monopoly. [3]  

 

 

 

 

 

 

 

 

(a)                                 (b) 

Figure 1.1: (a) vertically integrated utility and (b) deregulated market 

structures  

Figure 1.1 shows the structures of vertically integrated utility and deregulated 

electricity market. Figure 1.1 (a) provides an intuitive idea to explain how the 

electricity simply flows throughout the vertically integrated network. It is 

uncomplicated to operate the system and assign profits as all of those components 

owned by a single company. As revealed by figure 1.1 (b) the generation, 

distribution and supplier are broken into different companies in deregulated market 

meanwhile the transmission network keeps the natural monopoly. In addition, unlike 

the generation and supply, distribution systems are unbundled with respect to 

Generation 

Transmission 

Distribution 

Supply 
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Transmission 

Disco Disco 
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geographic zones. The distribution network in a specific zone is regulated and 

maintained by a natural monopoly entity. Consequently real competitions only 

appear in generation and supply markets. The most obvious benefit of deregulation is 

to decrease energy prices for costumers. However, the disadvantage side with 

deregulation is because the whole market is operated by several entities instead of 

one big integrated company, which increases the difficult level of management. A 

common solution to this issue is to establish an Independent System Operator (ISO) 

in each operation area, which is not related with either government or electric 

companies, to regulate the market.  

 

At the same time, new energy pricing mechanisms are created for the deregulation 

electricity market. In general they are classified as Uniform pricing, Zonal pricing 

and Nodal pricing. [11] The issues on weighting merits against each other are being 

debated all the time since the deregulated market operated. But it is commonly 

agreed that nodal pricing serves the market from the most economic viewing. [11] 

 

To sum up, significant changes have been caused by the deregulation of electricity 

market. With deepening of deregulation progress, new challenges are increasingly 

appearing in competitive markets. This thesis will mainly discuss the issue of 

allocating transmission wheeling charges in cross-border trading in the deregulation 

market.  

 

1.2 Cross-border trading and current status 

Since the electric market in UK became deregulated in early 90‟s, the process has 

been adopted in many other countries, such as USA, Australia and New Zealand. 
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[4][5][6] As discussed in the previous section, the generation and supply sides are 

completely open access in the deregulated market. As a result, market participants can 

not only trade electricity within their local networks but also trade power among 

different operation areas. For instance, costumers are able to choose cheap suppliers 

that are located in other operation areas for electricity consume. Those cross-border 

transactions use more than one transmission network in practice, which never 

happened in the traditional market. In other words, the transmission tariff for 

cross-border trading had not been considered until deregulation happens. As a result 

of this new situation how to charge the cross-border transmission services becomes a 

new challenge in modern electric market.  

 

There are several cases of electricity markets that involve cross-border trading. In the 

US, under the supervision of federal Energy Regulatory Commission, several 

successful independent deregulated markets exist though out the whole country and 

some of them cover different states. They have familiar market structures and the 

most famous market is PJM which is a Regional Transmission Operator (RTO). PJM 

became an independent neutral organisation in 1993 and opened bid-based energy 

market in 1997. It operates a nodal price based pool market to serve 13 states and the 

District of Colombia. [7] In PJM, although some transactions are crossing different 

transmission areas, all of them are dispatched by the same system operator (PJM), 

which means the safety, reliability and security could be easily achieved.  

 

The Europe also experienced the similar revolution in the last decade. In 2003 

Directive 2003/54/EC and Regulation (EC) [8] were adopted to form a single 

European market in the future. This is the turning point of European electric market. 

Since then electric markets of different countries try to break the borders of networks 

and connect to other networks. In other words, electricity could be freely traded by 
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generators and loads throughout Europe whilst each country keeps its former 

transmission company operating local systems and co-operating with other 

transmission companies. As a consequence, every country has a local transmission 

company which could provide transport services for cross-border trading from other 

participants in Europe.[8][9] Unlike the PJM market, there is not an independent 

system operator to manage cross-border trading in Europe. All transmission 

companies have to cooperate with each other to settle the inter-payment for 

cross-border trading. With the concept of ETSO 2005, European electric market used 

to use transit flow concept to charge cross-border trading in 2005 and 2006, but it has 

been found some flaws existing. [10] At the moment, several new methods are under 

discussion and being examined by the EU energy commit. However, none of them is 

entirely superior over the other one so the EU energy commit is still gathering views 

from the electricity industry. [13][14] This thesis will provide detailed information of 

new methods in EU in addition to list advantages and disadvantages of each method 

in Chapter 3 

 

1.3 Objective of the thesis 

Because not most of generation facilities are near consumers, electricity needs to be 

transported from sources to end customers. Variety of costs, such as operation costs 

and security costs, will be added in the duration of transmission. If the system was 

vertically integrated, those costs could be easily charged as part of the final energy 

price and fully paid by the consumers. However, the situation would be different for 

deregulated market in which the transmission network is operated independently. In 

deregulated market the transmission companies charge everyone who uses their 

service. In other words, all of the generation and load have to pay transmission 

services. The payment could be paid by generation or shared by a ratio between 
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generation and demand side, such as 5:5 or 7:3. This ratio is regulated by the ISO in 

the market. 

 

Nevertheless, as mentioned in the beginning of this chapter, consumers do not only 

buy electricity from local network but also are able to buy it from other networks. 

This change makes the allocation of transmission wheeling charges even more 

complicated because there is not a transmission tariff for allocating transmission fees 

in cross-border trading.  Consequently, an allocation method is needed to overcome 

this problem. 

 

According to the situation described above, objectives of this thesis are described as 

the following:  

 To review current electricity pricing methods in the deregulated market: 

Uniform pricing, Zonal pricing and Nodal pricing. In addition, advantages 

and disadvantages of the three pricing mechanisms are compared with case 

studies. 

 

 To explore current mechanisms of calculating transmission wheeling charges 

and discuss disadvantages when they are implemented to allocate 

transmission charges in cross-border trading. 

 

 To present and analyse advantage and disadvantages of the current allocation 

methods of transmission wheeling charges in cross-border trading.  
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 To propose a solution for allocating transmission fees in cross-border trading 

in deregulated markets, which eliminates disadvantages of current allocation 

methods in cross-border trading. 

 

 To set up a standard procedure of allocating transmission fees in cross-border 

trading with the proposed method. 

 

 To simulate and investigate the proposed method under different situations. 

 

 To explain the congestion issue that is accompanied by cross-border trading. 

An approach of congestion management is suggested for the proposed 

method after discussing current congestion solutions. 

 

1.4 Original Contributions of the Thesis 

Based on the above objectives, the original contributions of this thesis are presented 

in the following: 

 The thesis explains why allocation of transmission wheeling charges in 

cross-border trading after deregulation is a challenge, which does not 

previously exist in pre-deregulation era and that current charging methods 

are not able to fulfil the allocation task. Other charging methods for 

cross-border trading are discussed but they are discovered to be insufficient 

to achieve a fair allocation. 

 

 A new method is proposed in the thesis to resolve the problem of allocating 

transmission wheeling charges in cross-border trading. This proposed 

method is supposed to perform a fair allocation and meet the need to 
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economic and technical expectations. The effectivities of the proposed 

method are tested by using two systems: a 7 bus system and the IEEE 118 

bus system. 

 

 Three scenarios in the IEEE 118 bus system is used to simulate and analyse 

the proposed method. The simulation is completed with Matlab and 

Powerworld software. Simulation results fully support that the proposed 

method is able to allocate transmission wheeling charges in cross-border 

trading with non-discrimination and transparency. 

 

 The characteristic of congestion and its influence in deregulated electricity 

markets are introduced in the thesis. Additionally the reason why congestion 

needs to be eliminated efficiently is explained. Consequently a measure of 

congestion management is suggested for the proposed method after 

comparing current congestion solutions. The aim of this measure is able to 

give transmission owners incentives to reinforce networks to eliminate 

congestion. 

 

1.5 Outline of the Thesis 

This thesis is organised with seven chapters in the following order: 

 

Chapter 1 presents an overview of deregulated electricity markets and explains the 

importance of researching allocation of transmission wheeling charges in 

cross-border trading. Objectives, original contributions and outline of the thesis are 

also presented in this chapter. 
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Chapter 2 firstly discusses the traditional electricity market structure which is 

re-organised into four parts after deregulation from the vertical integrated structure. 

All of four parts are independently operated so an Independent System Operator 

(ISO) is needed to operate the market as a supervisor. In addition, three energy 

pricing mechanisms are discussed in this chapter: Uniform Pricing, Zonal Pricing 

and Nodal Pricing. Advantages and disadvantages are discussed as well. Finally 

Chapter 2 introduces the deregulated market experience around the world: UK, PJM 

(US), California (US), Texas (US) and Nordic markets. 

 

Chapter 3 first describes traditional methodologies for wheeling charges. Although 

they can help transmission owners collect transmission wheeling charges in 

conventional markets, drawbacks of those methodologies prevent them from being 

implemented in cross-border trading. The next section reveals the challenge when 

cross-border trading is involved during transactions in deregulated markets. By 

following those contents, the research work in the EU market is reviewed. Two 

major methods of wheeling methods, Average Participation (AP) and With and 

Without Transit (WWT), will be compared in this section. 

 

Chapter 4 introduces a new method for resolving allocation of transmission wheeling 

charges in cross-border trading. This proposed method takes into account both 

transaction path information and congestion information so that both technical and 

economic expectations are achieved. The information provided by the proposed 

method could provide participants a fair market environment and encourage their 

investment incentives. After the mathematic theory of the proposed method is 
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presented, this proposed method is tested on a 7 bus system and the IEEE 118 system. 

The results show the proposed method is fully functional.  

 

In Chapter 5 the IEEE 118 bus system is used as an illustration network to set up 

three different scenarios to analyse the proposed method. Firstly the IEEE 118 bus 

system is split into two areas to simulate a trade across two areas. Its purpose is to 

reveal impacts of cross-border trading under the proposed method. After this test, a 

bilateral contract is added into the first scenario. Additionally, within three areas in 

the IEEE 118 bus system, a cross-border trade between two areas could require the 

third area to transport those traded energy through its transmission network. Impacts 

of the three scenarios are discussed in this chapter. 

 

Chapter 6 explains the congestion issue in power system and how it affects energy 

prices through the whole market. Current major measures of congestion management 

in the deregulated electricity market are presented in this chapter. An approach is 

presented with the proposed method to resolve congestion problem.  

 

Chapter 7 presents the conclusion of this thesis and future research works. 

 

1.6 Publications 

 Chunyang Zhao, S. Galloway and K. L. Lo, “A New Method of Charging 

Transmission Services”, 44
th

 International Universities‟ Power Engineering 

Conference (UPEC), Glasgow, UK, 1-4 September 2009. 
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 Chunyang Zhao and K. L. Lo, “A New Method of Charging Transmission 

Services in Cross-border Trading”, 2
nd

 Asia-Pacific Power and Energy 

Engineering Confference (APPEEC), Chengdu, China, 28-31 March 2010.  

 

 Chunyang Zhao and K. L. Lo, “Allocating Transmission Fees of 

Cross-border Trading”, Under preparation for journal submission. 
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Chapter 2 Structure of Deregulated 

Electricity Market 

2.1 Introduction 

The electricity supply industry is one of the fundamental public utilities that support 

our industry and our daily life. The original industry was vertical, tightly regulated and 

monopolised by governments. However, economists have long considered that open 

competitive trading of electricity would benefit both buyers and sellers, there exists 

strong argument that a competitive electricity market is a better choice to maximise the 

total social welfare in a modern society. [1] In 1990 the UK became the first western 

country in which the electric industry was deregulated. Since then the deregulation 

have happened in many parts of world though the process could be significantly 

different from one country to another.  In the duration of deregulation different 

market models (uniform pricing, zonal pricing and nodal pricing) have been accepted 

in different countries. The advantages and disadvantages have been widely discussed 

in various publications. In practice the chosen model is dependent on the social 

structure and economic development of the country concerned but nodal pricing is 

broadly agreed to be the most economical market model at the moment.  

 

However, the most important issue to set up competition is to break the monopoly 

rather than purely accepting the new market models. For this purpose the vertically 

integrated structure has been broken into generation, transmission, distribution and 

supply. Instead of the whole system centrally controlled, there are many companies 

competing on the generation and supply levels. This means the trading and operation 

strategy of each company is non-related to others. On the other hand, unlike the daily 

commodities, the electricity energy must be simultaneously produced by the 

generators and consumed by the loads. There would be technical faults in the system if 
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an unbalance between generation and load happens. The worst fault is the blackout. To 

avoid this situation a central-control authority is an acceptable solution. Before 

deregulation this role was played by the vertically integrated company. In the 

deregulated market the duty could be fulfilled by an independent authority from both 

of government and electric companies. In most countries, this kind of authority is 

called Independent System Operator (ISO).  

 

In addition, another improvement must be accomplished to ensure the competitive 

market must have open access for generation companies. The open access can be 

defined as a system in which the electricity producer can enter or quit the market freely 

and sell electricity to any buyers without discrimination. [2] Only in this way it can be 

possible for the buyers enjoy the lower electricity prices while the sellers maximise 

their profits. 

 

Although the deregulation process is not always experiencing total success in every 

country, one notable example is the huge power shortage in California (USA), yet the 

trend of deregulation has been extended to larger areas all round the market. In this 

chapter, the fundamental issues of deregulated market will be introduced. In section 

2.2, the main issues of deregulated market are discussed, which includes pricing 

schemes and the role of ISO (Independent System operator). In addition, comparisons 

between current pricing schemes are also presented in this section. The section that 

follows is about the deregulated market experience around the world: UK, PJM (US), 

California (US), Texas (US) and Nordic markets. This section mainly focuses on the 

current status in each market, such as: role of ISO, energy trading method and 

transmission cost recovery.  
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2.2 Deregulated market 

2.2.1 General structure of deregulated electricity market 

Unlike the traditional electricity market, which was vertically integrated, the 

deregulated electricity market has been broken into several parts to co-ordinate the 

system operation. In practice different parts are involved in different roles. In this 

section, the general description of the main parts of deregulated market will be 

presented. 

 

 Generation 

In deregulated market the generation companies only own and operate 

generators to produce electricity. They earn profits by selling electricity energy 

to the rest of the participants in the system. Furthermore they are not only paid 

for the active power they produce but also the reactive power production is 

recovered from the payment. Additionally they also provide other services to 

keep the system stability, such as frequency regulation and capacity reserves. 

Because it is technically easy to assign generators to operate separately and 

independently, the deregulated generation market is completely competitive. 

 

 Transmission  

In a specific country the transmission network could be split into several 

regional transmission companies after the deregulation. However they would 

not to compete with each other because the natural monopoly in transmission 

can maximum the benefits for other participants in the system. Therefore only 

one transmission company exists in a particular transmission area. Otherwise 

those transmission companies are supervised by a system operator, which is an 

independent organisation to regulate the whole electrical system. The 
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transmission companies have the duties to ensure secured and reliable 

operation for generation, distribution and the end customers.  

 

 Distribution  

The distribution network is defined as the low voltage level network that 

transports electricity from the transmission network to the consumers. The 

distribution network in a specific region is owned by one company but it does 

not necessarily have to be operated by the same company. Similar to the 

transmission, natural monopoly provides the most efficient operation for its 

customers. 

 

 Supply 

Unlike the monopolised supply in vertically integrated structure, the supply 

level is broken into numbers of smaller companies. The duty of those 

companies focuses on buying electricity form generators and selling it to 

customers and they are not involved into any technical operation. A 

competitive market exists in supply level.  

 

 Independent System Operator (ISO) 

The ISO did not exist in the traditional market as the vertically integrated 

structure was central-controlled by the only company. However, after the 

deregulation, the vertically integrated structure is broken and there is no such a 

company holding the position of supervision of overall system operation. As a 

consequence, the system needs an organisation with non-discriminatory to 

co-ordinate the different companies for safe operation. This is the reason why 

an ISO is needed in deregulated market. More descriptions of ISO are 

presented in section 2.2.4. 

 



Chapter 2 Structure of Deregulated Electricity Market 

 

18 
 

2.2.2 Pricing schemes 

2.2.2.1 Uniform pricing 

The main characteristic of this pricing scheme is that energy prices in the market are 

the same irrespective of the location it is consumed in the network. For most 

countries the uniform pricing market is also known as the pool market. In the pool 

market the ISO is the only administrator taking the duty to keep the balance between 

generation and load in the system. In another words it has the ability of dispatching 

the outputs of each generator to ensure safe operation. As a result the generation 

companies have to submit their capacities and bids to ISO on advance for entering 

into the market. The ISO will create a generation curve stacking from the lowest bids 

until the amount of generation meets the demand. The price of that generator on the 

equilibrium point is used to set the system marginal price (SMP). The generators 

whose bids are below or equal the SMP are chose to output in the market. [3] Figure 

2.1 shows what the curve looks like: 

 

 

 

 

 

 

 

 

Figure 2.1: Determine of the SMP 
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The most famous pool market is England and Wales (E&W) began in 1990 and 

terminated in 1998. The mechanism in E&W precisely explains how the pool market 

works in practice. [4] As mentioned above, the SMP must be set up before market 

clearing. After this procedure, the Pool Purchase Price (PPP) is paid to each 

generator by the ISO for purchasing electrical energy. 

                   PPP=SMP+LoLP×(VoLL-SMP)                  (2.1) 

where the VoLL is Value of Lost Load and LoLP means the Loss of Load 

Probability. The VoLL is the cost that customers are willing to pay for ensuring the 

electricity supply without disruptions. ISO sets this value of the VoLL and increases 

it taking into concern the annual rate of inflation (RPI). The LoLP could be described 

as the likelihood that the output capacity cannot meet the total demand during a 

given period.  

 

On the other side, the customers buy electricity from ISO at the Pool Selling Price 

(PSP). 

                        PSP=PPP+Uplift                          (2.2) 

where Uplift is the component which helps ISO to recover the costs of maintaining 

the system stability and power balances, such as ancillary services and congestion 

costs. 

 

The procedures described above are calculated under no congestion and are 

considered as economically efficient. Even so, when congestion happens in the 

system, the weakness of uniform pricing appears. If one or some lines are 
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constrained, the ISO has to re-dispatch the generation to meet system demand. In 

other words, some of outputs of cheaper generators would be curtailed which would 

need to be replaced by more expensive generators. However, according to the 

uniform pricing theory, the SMP remains the unchanged. Obviously the ISO pays 

more to buy electricity energy from generators comparing to the situation that has no 

congestion. Those additional costs may be added into Uplift. Furthermore the 

solution to congestion does not provide adequate market signals to market 

participants. To some points this mechanism does not encourage a completely free 

competition in the market because the participants cannot freely determine their 

trading prices. 

 

2.2.2.2 Zonal pricing 

Zonal pricing is introduced into the market for the reason that it can be one of 

solutions to congestion problem in uniform pricing. The most famous zonal pricing 

market is the Nordic electric market, which is briefly introduced in [5]. In general, 

two main stages are used in zonal pricing. The first stage is to determine the SMP 

which is similar to that used in uniform pricing, which is enough to clear the market 

without congestion.  

 

If congestion is found during generation dispatch, the second stage will be 

implemented. [6] In the second stage, the ISO will divide the system into different 

zones on both sides of the transmission lines whose transmission capacities are 

exceeded. To simplify the explanation, assuming there are only two zones in this 

case. After splitting the market there likely to have a high-price zone in which the 

generation cannot meet all the local demands and a low-price zone with generation 
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surplus. By following this step, the ISO may buy electricity from the low-price zone 

and sell it to the high-price zone through the tie lines which have not yet reached 

their capacities. The action is considered to draw the price gap between two zones 

and maximise the social welfare. Figure 2.2 shows the relationship between the 

prices and power traded by ISO. 

 

 

 

 

 

 

 

(a)                                     (b) 

Figure 2.2: (a) low-price zone and (b) high-price zone 

 

The PISO in Figure 2.2 dedicates the traded power between two zones. Because of the 

market splitting, the surplus generation in low-price zone can be sold at a higher 

price whilst the customers in high-price zone enjoy cheaper energy. 

Although zonal pricing improves the congestion solution and its handling is more 

transparent to market participants when it is compared to uniform pricing, yet some 

people point out the drawbacks when applying this pricing scheme. Those arguments 

focus on abuses of the market power when intra-congestion happens and inefficient 
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congestion solutions. [7] The advantages and disadvantages of zonal pricing are 

discussed in section 2.2.3.2. 

 

2.2.2.3 Nodal Pricing 

Nodal price is a pricing scheme known for its simplicity and is a considerable 

combination of physical power flows and economic views. In this scheme every 

electrical node (busbar) has its own energy price which is determined by the cost of 

supplying the next MW at this node. As a result nodal pricing is also known as 

Locational Marginal Pricing (LMP).  

 

To carry out nodal pricing, all participants need to submit their bids and offers to the 

ISO and it is responsible for determining in the nodal prices at each node by taking 

into account losses and transfer capacity of the system. [8] Under ideal conditions 

when a system has zero losses and congestion does not exist, all the nodal prices will 

be identical. However, in practice, the prices at different nodes are different with 

respect to the marginal losses and congestion. According to the nodal pricing, the 

nodal prices are paid to generators and are charged to consumers.  

 

For the purpose of determining nodal prices, the OPF (optimal power flow) 

algorithm is implemented to calculate marginal costs at each node. The OPF 

formulation was first developed to solve the objective functions which are subject to 

certain constraints during traditional power solution. In general, the OPF solution of 

active power can be written as: 
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And the constraints are: 

                            

                

                             

      
                 

                                                         

               
                                                               

where        refers to the amount of generation at bus k 

      
    refers to the maximum active power generation at bus k 

      
    refers to the minimum active power generation at bus k 

        refers to the amount of load at bus k 

           refers to amount of active power injected into system from bus k 

        refers to the amount of active power on line l 

       
    refers to the capacity constraint of line l 

 

The OPF solution could be used for multi-purposes. For calculating nodal prices, the 

Lagrange function of the OPF which is subject to the minimum of the operation cost 

can be written as: 
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where              is the energy bid function at bus k 

              is the lagrange multiplier at bus k 

              is the marginal cost of transmission constraint on line l 

             
    is the lagrange multiplier of maximum limit of active power at 

bus k 

             
    is the lagrange multiplier of minimum limit of active power at 

bus k 

 

By solving the Lagrange function, the nodal marginal cost can be expressed as: 

     
      

   
    

   
                                                        

where         is marginal price of supplying the next MW bus k 

             
      

 is the energy cost of supplying the next MW at bus k 

             
    

 is the congestion cost of supplying the next MW at bus k 

             
     is the loss cost of supplying the next MW at bus k 
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The first component is determined by the marginal cost at slack bus. The second and 

third components can be considered as the costs which are incurred by congestion 

and losses in the duration of the delivery. Because congestion and losses have 

different impacts at different buses so that  
    

 and       are met the same at 

those buses. Consequently, each bus likely has a different nodal price for the energy 

trading. On the other hand, if the congestion and losses are not counted in the 

calculation, all the nodal prices will be the identical. 

 

To demonstrate nodal pricing, assume two nodes shown in Figure 2.3. The nodal 

prices are £10/MWh and £15/MWh respectively. As shown in the Figure, the L1 can 

buy its 40MW demand from G1 at £10/MWh. As they are connected to the same bus, 

there is no transmission surplus: 

L1 pays 40MW×£10/MWh=£400/h 

G1 recieves40MW×£10/MWh=£400/h 

The same situation incurs between G2 and L2. But this is a 60MW shortage of L2,  

so it can buy 60 MW from G1. According to the nodal price theory,  

L2 pays 60MW×£15/MWh=£900/h 

G1 receives 60MW×£10/MWh=£600/h 

 

The difference, which is £300/h, reflects the transmission costs. It could be paid to 

the transmission network for the future reinforcement or shared by the market 

participants. For calculating transmission fees, the information we need to know is 

only the nodal prices from sending node and receiving node respectively.  
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Figure 2.3: Example of nodal pricing 

The main criticism on nodal pricing is transmission cost recovery and transmission 

investment. [9] The methodology claims to be an appropriate pricing scheme to 

encourage competition amongst market participants. Nodal pricing is widely 

accepted for a standard market design in the world at the moment, such as New 

Zealand and US (PJM, New York and New England).  

 

2.2.3 Comparison of pricing mechanisms 

The previous section presents the current pricing methodologies for market operation. 

Different methodology offers different approach to market operation and financial 

settlement and with its own benefits as well as weaknesses. In this section the 

advantages and disadvantages of each pricing methodology will be discussed 

respectively. 
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2.2.3.1 Advantages and disadvantages of uniform pricing 

If the ISO prefers a pricing scheme which is simple to collect revenues, uniform 

pricing is the most suitable method in the three of charging methodologies described 

because all the prices in the system are identical. “Simple” seems to be the best 

advantage of uniform pricing. It provides easy and efficient pricing procedures for 

the competitive environment because the energy price is the same all over the system. 

This reduces complexity in the collection of revenue. Furthermore the ISO performs 

the central-control of generation dispatch in maintaining the balance of generation 

and demand. The problem of congestion is also handled by the ISO who has the sole 

responsibility for generation dispatch and thus ensures that any sudden surge in 

demand or loss of load is met with the most efficient plant.  

 

As mentioned above the ISO plays a significant role in uniform pricing because it is 

responsible for maintaining system operation and solving the monetary issues at the 

same time.  In other word the ISO is a replacement of the vertically integrated 

company in deregulated market. This market structure determines that the ISO is able 

to individually handle the whole system without co-ordination with market 

participants. This situation results in that ISO does not send out sufficient signals to 

market participants. All the market participants can do is to follow the operation 

signals from the ISO. In other words, the participants cannot receive sufficient 

market signals from ISO for future planning and investment. For instance, assume a 

transmission line is congested during operation. According to the theory of uniform 

pricing, the ISO is able to re-dispatch the generators to relieve the congestion, and 

the additional congestion costs are automatically added into Pool Selling Price (PSP). 

For market participants, they only know the trading price in the market but have no 

idea about the ratio of congestion costs in that price. It is obviously that the lack of 
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market information cannot lead to a sustainable development market under a 

long-term consideration. 

 

2.2.3.2 Advantage and disadvantage of zonal pricing 

The most considerable advantage of zonal pricing is to solve the congestion problem 

in the market.  As presented in uniform pricing section, lacking solutions to 

congestion seems to be an obstruction for performing a full competitive market. 

Although zonal pricing is using one single price to charge electricity usage similar to 

uniform pricing under an unconstraint situation, zonal pricing efficiently addresses 

the congestion issue by splitting market into different operation zones when 

congestion happens. The process of this solution is explained in section 2.2.1.2. To 

sum up, splitting market satisfies price concerns on both sides between the congested 

lines, and this method is much simpler to implement than nodal pricing. 

 

By accompanying the benefits listed above, the defects of zonal pricing are being 

debated all the time. In [7] it presents defining zone boundaries is a complicated task 

for the ISO. For the reason that congestion is terminated by trading between zones, 

well-defined zone boundaries are able to help the ISO process easier administrative 

works. On the contrary, if the boundaries are badly set up, the ISO would take more 

complex actions to relief congestion. At the moment two methods are usually used to 

help the ISO finish the task: Power Transfer Distribution Factor (PTDF) or locational 

price.  
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As the pre-defined zones are always defined on the lines where congestion mostly 

happens during operation, so the zonal boundaries are rarely changed once they are 

confirmed. This would result in intra-zonal congestion problem. According to zonal 

theory, the aim of this method is to relief the congestion on tie lines which are most 

likely congested. However, it does not take into concern the low possibilities of 

intra-zonal congestion. The intra-zonal congestion problem may result in unfair 

trades in zonal markets because the intra-congestion could give generators incentives 

to game in the market for higher profits gain. One example in such as a generator 

which causes congestion intentionally can keep unnecessary outputs so that loads 

have to pay the generator for stopping generating excess energy.  

 

Besides the problems discussed above, other disadvantages are also discussed in 

some articles. In [7] the author mentions zonal pricing also has limited abilities to 

solve congestion as major companies control most of resources. Additionally 

complex administrative rules and insufficient price transparency also cause poor 

incentives for investment. [23] 

  

2.2.3.3 Advantage and disadvantage of nodal pricing 

As defined in an efficient and economic method, the advantage of nodal pricing is 

able to reflect the real marginal cost of supplying each node. This cost is transparent 

and available to any participants in the market so that it is also treated as the 

opportunity cost. As a result, this transparent and fair price signal encourages the 

participants to invest to build more facilities in specific location or area where they 

could earn profits. It is also believed that those investments can gradually achieve the 

fair competitive environment under the long-term consideration.  As the aim of the 
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deregulation is to introduce the free competition into electrical energy market, nodal 

pricing is considered as the most suitable pricing schemes amongst deregulated 

markets.   

 

Regardless of the advantages above, some people argue nodal pricing is not a sound 

method in practice. The first defect is the fake incentive of investment. Because 

building new electrical facilities is not only relative to economic concerns but also 

depends on technical issues. For instance, the first concern of building a wind farm 

would be the location where the wind resource is rich. Nevertheless the high 

locational price is not the first factor to build the wind farm. Secondly some 

researches reveal nodal pricing cannot recover the full operation cost for 

transmission companies. [9] To solve this problem, a fixed transmission charges can 

be introduced into the tariff in nodal market. Finally, because the ISO or transmission 

companies could choose to recover operation costs from the surpluses from solving 

congestion, it could become an incentive for transmission companies to keep or even 

create congestion. Obviously this is a hazard of breaking the free competition. To 

avoid this risk, the ISO can allow transmission companies to charge a fixed 

connection fee to recover operation costs instead of the surplus from congestion. The 

congestion surplus can be solved by the financial approach, such as FTR (financial 

transmission rights). [3] 

  

Although there are defects existing in nodal pricing, researchers are able to find 

proper solutions of those problems. Furthermore, as the deregulated electricity 

market needs the support of economic theory, nodal pricing is being widely accepted 

in many markets.  
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2.2.4 Roles of ISO 

Before the deregulation the electrical system is vertically integrated and central 

controlled by one company whose structure is efficient for the administrative 

management and revenue collecting. This structure ensures the maximum possibility 

on system safety and stability at the expense of free competition. However, this 

efficient structure has been broken into generation, transmission, distribution and 

supply after the deregulation. Although those companies could keep close 

co-operation to maintain the safe operation, this is less inefficient and could lead to 

unexpected accidents with the comparison to the traditional market structure. For the 

purpose of efficient management after the deregulation, the role of Independent 

System Operator (ISO) is introduced into the market by most of countries. 

 

The ISO is an independent and non-profit organisation which is in charge of 

managing the safety and balance in the system and it regulates the participants in the 

market. The word of “independent” means ISO cannot be a part of the government 

and is responsible of guaranteeing a fair and non-discriminatory access to 

transmission services for market participants. The objectives of ISO are classified in 

[10] as  

 Reliability 

 Independence 

 Non-discrimination 

 Unbundling 

 Efficiency 
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Because the role of the ISO is supposed to be the only organisation which is 

responsible of the market regulation, the responsibilities of ISO are divided into six 

parts in the article [11]: 

 Planning services 

 Power market administration services 

 Operations planning service 

 Real-time operations 

 Metering and settlement services on energy, ancillary and transmission 

markets 

 Open information communication services 

 

In addition, the role of the ISO differs in different transaction models. For the model 

of bilateral transactions, the ISO is limited to only ensure the safety of transactions 

between participants and minimise the costs of losses and congestion in the system. 

However, if the market is using the centralised dispatch model, the ISO has a more 

important monetary responsibility to be in charge of setting up energy prices, 

collecting revenues from demands and allocating those revenues with generators. In 

another word, the ISO operates the monetary market in centralised dispatch model. 

 

Regardless of what the market structure is, the ISO is always operating a spot market 

which is designed to eliminate the imbalance in real time dispatch. The reason of 

operating a spot market is that imbalance in real time dispatch is usually caused by 

unexpected situation, such as sudden load changes or a generator experiences a 

technical problem. In addition, unlike other daily commodities, the imbalance in 

power system is required to be resolved as quick as possible. As a result, for the 

safety reason, the ISO would ask the generators and loads to adjust their outputs and 
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consumption in the spot market when the imbalance happens, and this unscheduled 

adjustment could be paid by the offers and bids from generators and loads 

respectively. Consequently the ISO needs to provide a spot market as a trading 

platform for participants to trade unscheduled energy in the balancing stage. The 

Figure 2.4 [22] presents the role of ISO in operating the spot market. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The role of ISO in spot market 

 

2.3 World experience 

Since UK became the first country in the western world to deregulate, the 

deregulation progress has happened in many parts of the world. A number of 

countries design their own deregulated electricity market with respect to their 
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pool model (uniform pricing) in England and Wales from 1990 and accepted bilateral 

transaction when NETA was implemented in 2001. Nodal pricing is largely accepted 

in regional market of USA whilst the Nordic market prefers zonal pricing. In this 

section brief descriptions are introduced for famous deregulated markets: UK, USA 

(PJM, New York and California) and Nordic markets. 

 

2.3.1 UK [12] [13] 

The first UK deregulated market existed in the England and Wales from April 1990 

to March 2001. Generally it is called as the “English Pool” in which uniform pricing 

mechanism was in implementation to achieve the financial settlement. In the pool 

market, the generators needed to submit their offers to ISO and the ISO dispatched 

those generators from the cheapest offers until the dispatched generation meet the 

predicted demands at the day-ahead stage. The highest offer among dispatch 

generators set the System Marginal Price (SMP). The ISO in pool market was 

supposed to collect the revenue from customers for energy consumed and send the 

generators payments for their production. Besides the monetary responsibility, the 

role of ISO is included to maintain system operation safety for all concerned. 

 

Although this model successfully leaded the vertical integrated market to a 

deregulated market, the flaws of this model were discovered over the years. The most 

critical disadvantage was the pool could not provide enough market signals to market 

participants, which would limit the incentives to further investment in the system. 

According to this issue, in March of 2001, the New Electricity Trading Arrangement 

(NETA) was implemented in England and Wales. The key design of NETA was to 

apply the bilateral transaction between generators and demands rather than using the 
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pool platform to trade energy. In other words, the ISO was restricted to system 

operation and had no right to determine market prices because the market 

participants would directly negotiate energy prices and amount of trading they accept. 

So bilateral contracts between participants in NETA can be both physical and 

financial contracts In practice, the participants needed to inform the ISO the amount 

of the contract energy before transaction occurred and all the ISO needed to do was 

to operate a real-time energy trading market to balance the generation and demand. 

This market model was considered as a more economic market structure when 

compared to centralised dispatch.  

 

On 1 April 2005, the Scottish network joined into the NETA to form the British 

Electricity Trading and Transmission Arrangements (BETTA). The new arrangement 

has minor changes and could be considered as an extension of NETA. In some views, 

the main change of this arrangement is to complete a competitive electricity market 

across the Britain.  

 

The charging scheme of transmission services in BETTA is introduced in article [21]. 

This charging scheme is call Transmission Network Use of System (TNUoS) and set 

annually by Nation Grid Company. The transmission network is divided into 

different zones and each zone has a different charging tariff for generation and loads. 

At the moment the British network is divided into 20 generation zones and 14 

demand zones. For the generation, each zone has a wider generation tariff and a local 

tariff to set up a generation TNUoS tariff of using transmission service. Afterwards 

setting up tariffs throughout zones, the wheeling charge for a particular generator 

could be calculated as chargeable generation capacity multiplied by relevant 

generation tariff.  



Chapter 2 Structure of Deregulated Electricity Market 

 

36 
 

On the other side, loads in British network are charged by two categories: half-bourly 

metered (HH) and non-half-hourly metered (NHH). The first category is for those 

loads whose demand is high at peak time. The peak time can be found in UK during 

three half hour periods of greatest demand between November and February. A HH 

metered load is charged by their demand during this period multiplied by its zonal 

demand tariff. A NHH metered load is simply charged as its demand between 16:00 

and 19:00 every day over a year multiplied by its zonal demand tariff. In addition, 

National Grid Company also charges an annual connection fees from generators and 

loads. 

 

2.3.2 USA 

2.3.2.1 PJM [14] 

The PJM (Pennsylvania-New Jersey-Maryland) interconnection is a regional 

transmission organization which operates the competitive wholesale electricity 

market in  all or parts of Delaware, Illinois, Indiana, Kentucky, Maryland, Michigan, 

New Jersey, North Carolina, Ohio, Pennsylvania, Tennessee, Virginia, West Virginia 

and the District of Columbia. The PJM initially began in 1927 and after changes over 

years it acted as an ISO in 1998. In 2001 the Federal Energy Regulatory Commission 

(FERC) granted the PJM the status of Regional Transmission Organization (RTO), 

which was the first RTO in USA. [15] 

 

The role of the PJM is to operate an energy market, a FTR (Financial Transmission 

Right) auction market and an ancillary service market. In addition the energy can be 

divided into a day-ahead market and a real-time balancing market. The Pricing 
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scheme in PJM is implementing Locational Marginal Pricing (LMP), which is also 

known as nodal pricing, to calculate the energy price at each node.  The PJM buys 

energy from generation and sells it to demand. Otherwise the market participants are 

free to make bilateral transactions as long as they obey the market regulations.  

 

For recovering the transmission service costs, the charges are divided into three 

services: firm point-to-point transmission service, non-firm point-to-point 

transmission service and network integration transmission service. [16] 

 Firm Point to Point Transmission Service: The transmission customers pay for 

transmission reserved capacity between specified nodes. The charge for each 

transaction is 

                           

                                                                    

The PJM charges Firm Point to Point Transmission Services monthly by summing 

the individual transmission service charges for each hour.  

 

 Non-Firm Point-to-Point Transmission Service: The transmission customers pay 

for transmission reserved capacity between specified nodes. But this service is 

subject to curtailment or interruption to give Firm Point-to-Point Transmission 

Service priority. The calculation is 

                                           

                                                         

                                                      

The PJM charges Non Firm Point to Point Transmission Services by summing the 

individual transmission service charges for each hour. 
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 Network Integration Transmission Service: The Network customers pay this 

service for monthly demand charge, direct assignment facilities charge, other 

supporting facilities charge and ancillary services. This transmission charge is 

calculated as 

        
                                                                                             

                 
  

 

2.3.2.2 New York [17] 

The New York market was being operated as a central-dispatched market for the 

purpose of minimising the costs and ensuring safety until 1999. After the 

restructuring plan was approved by New York Public Service Commission in 1998, 

the New York pool system became an ISO and started to establish a competitive 

retail in 1999. Nowadays over 99% capacities of the system is covered by investor 

owned utilities, New York Power Authority and Long Island Power Authority. 

Furthermore, the rest capacity is supplied by independent power producers, which 

sell most of their output under long-term contracts. 

 

There is a wholesale market operated by NY-ISO. The generators may choose to 

enter this centralised market and sell their output at the market clearing price. At the 

same time the demands buy electricity energy at the market clearing price from the 

wholesale market. Otherwise the market participants have the right to trade energy 

by bilateral contracts with scheduling the transmission service with ISO in advance. 

 

In transmission system market the ISO is responsible for operating a transmission 

network with an open and non-discriminatory access. All the users are charged by 
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ISO for the transmission service, which includes a transmission service charge, a 

transmission use charge and a New York Power Authority transmission access 

charge. The first component is used to cover the fixed costs in the duration of 

operation. It is calculated as 

                            
    

                            

  
   

 

where RR is annual transmission revenue requirement ($) 

CCC is annual scheduling, system control and dispatch costs of the individual 

transmission owner ($) 

SR is sales revenue from sales of transmission congestion contracts ($) 

ECR is excess congestion rents ($) 

CRR is transmission owner‟s congestion payment ($) 

WR is wheeling revenue ($) 

BU is transmission owner‟s billing units (annual MWh) for the transmission 

district (MWh) 

 

The second component refers to the congestion and losses costs. The following 

equation is used to calculate this part of wheeling charges: 
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The final component is supposed to recover any shortfall that is not recovered by the 

first two components after assessing on all transactions. This charge is calculated as a 

$/MWh charge. 

 

2.3.2.3 California 

The California market began to deregulate in 1996 and a spot market was under 

operation in 1998. However, due to the design, the energy producer could take 

generators offline during peak time for the purpose of raising the energy price. As a 

result, in 2001 the energy price exceeded over ten times than usual price. As a 

contrary, the wholesale price was capped by regulator, which is much lower than the 

price offered by generators, so that the wholesale companies would significantly lost 

benefits if they stayed in business. This situation caused the rolling blackouts in the 

summer of 2001. Around 1.5 million customers were affected by the blackouts until 

the government ended the emergency after taking over the market. [18] 

 

After this crisis, the ISO began to migrate from the failed decentralised and zonal 

based market system to another market design. At the moment there is a centralised 

electricity market in California with the Locational Marginal Price (LMP) scheme 

since 2009. This market is regulated by two entities: California Power Exchange (PX) 

and California Independent System Operator (CAISO). The first entity is in charge of 

regulating energy trades in the market. On the other side the CAISO provides the 

technical service to market participants, such as balancing generation and demand, 

congestion and ancillary service.   
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The transmission rates in California include Transmission Access Charge (TAC) and 

Grid Management Charge (GMC). The first part is charged for access service of 

retail customers. The second part recovers the costs of operation and management in 

the duration of transmission. [19] 

 

2.3.3 Nordic market [5] 

The Nordic market consists of Norway, Sweden, Finland and Denmark to provide 24 

million populations electricity supply. The Nordic market is co-ordinated by three 

key elements: the power exchange, transmission system operators (TSOs) and market 

participants. The first element, power exchange, is responsible for determining the 

system price and operating an efficient spot market. In addition it also takes actions 

on congestion alleviation. Secondly the TSOs, who own the transmission facilities, 

are in charge of operating the transmission network. Their tasks include managing 

real-time system, maintaining the main grid, calculating and managing financial 

settlement of imbalances in real-time. Thirdly the market participants are the large 

customers who trade energy in the market. They are obligated to inform the TSOs 

and Power Exchange the transaction amount and time if they are involved in bilateral 

contracts. 

 

The energy trading in Nordic Market is divided into two types of markets: the 

wholesale market and the retail market. The wholesale market is a platform for 

participants to trade electricity at a transparent spot price or a bilateral contract. The 

retailers usually could buy electricity from the wholesale market for selling to end 

costumers. The wholesale market has four sub-markets: 

 OTC (over-the-counter) market 
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 Bilateral market 

 Nord Pool Group 

 Real-time market 

In the retail market, the large-scale end-costumers, such as industrial or commercial 

users, could sign contracts with retailers for electricity supplies. Meanwhile the 

homeowners, which are called as small-scale end-users, have the right to freely 

choose the retailers. They may have contracts with retailers or just pay what they use 

at the spot price. 

 

For recovering the transmission operation costs, the Nordic market uses the 

point-of-connection tariff to charge the network usage. This point tariff is calculated 

by considering the location of the node regardless of the transaction path. In addition 

there are three levels of grid owners: main, regional and local grid owners. The 

customers pay the transmission charges to the grid which they are connected to. 

Furthermore the lower-level grid also needs to pay a tariff to the connected 

higher-level grid. This tariff ensures customers get the free access to the transmission 

network for trading electricity. For instance, the load customers will not pay 

surcharges for consuming energy which comes from other national network whilst 

the generators do not need to pay for transferring their outputs across networks. [20] 

 

2.4 Summary 

This chapter presents the top issues of deregulated market. The pricing schemes are 

firstly introduced because those schemes decide the structure of the market. Three 

schemes have been presented in this chapter: Uniform Pricing, Zonal Pricing and 

Nodal Pricing. In addition the comparison is added in the following section to 
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discuss the performance in practice. Furthermore this section lists the roles and 

responsibilities of the ISO. The following section presents the experiences of 

deregulation around the world. This section introduces the deregulated markets in the 

UK, PJM, New York, California and Nordic countries. The statuses of ISO 

responsibilities, energy trading methods and transmission tariffs are the main topics 

in this section. 
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Chapter 3 Wheeling Charges in 

Electricity Market 

3.1 Introduction 

Since the deregulation was implemented in electrical industry, the vertically 

integrated structure has been broken into four parts: generation, transmission, 

distribution and supply. Each part is supposed to establish its own competitive 

market. However, as discussed in the previous section, the current transmission 

network is considerably constructed to satisfy energy transport purpose, so 

introducing competition in the transmission network would cause huge costs and 

high risks. As a result, a natural monopoly in the transmission market is still 

maintained to efficiently serve the entire customers at the moment. Consequently 

only one transmission company exists in a specified area with no competition. All 

the participants who use transmission services in this area are supposed to pay 

charges to the specific transmission company for energy transport. This payment is 

called wheeling charges. 

 

On the other side, the open access to transmission for generation and suppliers is 

entirely established after the deregulation so that the participants not only are able to 

trade electricity in local transmission area but also can trade with participants located 

in other transmission areas. Those cross-border trades introduce a new problem 

which has never happened in the vertically integrated market: two transmission 

companies should be paid for wheeling services but how much they should earn from 

the total payment. In other words, there is a lack of tariffs to guide transmission 

companies to share the total payment from participants. This has been considered as 

a challenge in deregulated electricity markets. 
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The European electricity market can be set as an example to establish a united 

market with cross-border trading. On 26
th

 June 2003, the European Union 

commission adopted Directive 2003/54/EC and Regulation (EC) to form a single 

European market in the future. The purpose of this action aimed to form a single 

European market by breaking the political borders of different networks. As a result, 

the transmission network in each country is open access to the neighbour countries 

and all the participants are able to trade electricity within Europe no matter where 

they are. For the issue of sharing wheeling charges in the cross-border trading, 

Europe is using transit flow concept to charge cross-border transmission services, 

which would result incorrect monetary settlement. At the moment, some people 

argue new methods to address this problem, such as the Average Participant (AP) or 

With and Without Transit (WWT). 

 

In this chapter, the traditional methodologies for wheeling charges are described in 

Section 3.2. The drawbacks of those methodologies in cross-border trading are also 

presented at the end of this section. The Section 3.3 reveals the challenges when 

cross-border trading is involved in the duration of transactions. In Section 3.4, the 

research work for EU market will be reviewed. Two major methods, Average 

Participation (AP) and With and Without Transit (WWT), will be compared in this 

section. 

 

3.2 Traditional Mechanisms for Wheeling 

Charges 

The wheeling charges exist in the electricity market no matter what the market 

structure is. The charging methods are categorised as two different classes: 
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non-transaction based pricing and transaction-based pricing. [1] The non-transaction 

based pricing methodology charges participants by depending on the capacity they 

use on transmission lines regardless of the transaction locations. This methodology is 

able to provide accurate results but complicated to employ. The other one is also 

known as the point-point tariff because it only considers the source nodes and end 

nodes of transactions. The capacity usage on transmission lines is not considered 

when calculating transmission payments. Despite of the simplicity of the philosophy 

of the point-point tariff, it is widely implemented in many markets. In this section 

three methods will be presented: Postage Stamp, Contract Path and Line by Line.  

 

3.2.1 Postage Stamp 

The Postage Stamp methodology is classified as a point-point tariff and is described 

in article [1]. The transmission fees charged by Postage Stamp depend on the total 

amount of transacted energy in the system because the whole transmission network is 

considered to carry the transaction. In particular, the transmission fees from a 

particular transaction i can be calculated by the following equation: 

 

       
  

     
                                                                   

where the Fi  refers to the transmission fees paid by transaction i, the TTC is the total 

transmission charges in the whole system and Pi and Ppeak mean the transacted power 

for transaction i and the peak load amount in the system respectively. What needs to 

be noticed is that transport distances between sellers and buyers are irrelevant to 

wheeling charges, which is a significant drawback of this method. The impacts of 

this drawback will be discussed in following sections. 
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Because Postage Stamp uses the total transmission charges (TTC in equation 3.1) as 

an important parameter to calculate the individual wheeling charges, the idea of this 

method is widely used in different markets. The strongest advantage of Postage 

Stamp is the simplicity of implementation. 

 

3.2.2 Contract Path 

The Contract Path is a methodology that calculates the wheeling charges by 

assuming the transacted power flowing along a predefined wheeling path so it is not 

considered as a point-point tariff. The wheeling paths in this method are usually 

selected by the system operator for specific transactions and only the flows on the 

predefined path are charged. Those transacted flows which are not within contract 

path are ignored during the monetary settlement. [2] This method can be found in 

Florida Reliability Coordinating Council market and Western Electricity 

Coordinating Council market. 

 

The article [3] presents the calculation process for Contract Path. For calculating 

wheeling charges by Contract Path, first the system operator needs to determine the 

lowest the MW capability of the specified path. Secondly the annual wheeling costs 

on the specified paths will be calculated in £/MW. Finally, when the transactions on 

the paths start to proceed, the system operator charges the participants as: 

                                                                           

where the Fi is the transmission charges for transaction i, AWC refers to the annual 

wheeling cost rate and the TPi is the transacted power for transaction i. 
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3.2.3 Line-by-line [4] 

The line-by-line method is also known as MW-mile method, which takes both the 

transacted MW and distance into account when solving transmission charges. There 

are two types of MW-mile methods: distance-based MW-mile method and 

power-flow-based MW-mile method. The first method counts miles based on the 

airline distance between the source and the sink. As a result, an incorrect market 

signal could be sending to participants because the airline distance cannot truly 

reflect the transacted distance. The second method is widely implemented in practice 

for the reason that the distance only counts the line length of the path used by the 

wheeling transaction. The superior part of the MW-mile method, when comparing to 

Postage Stamp and Contract Path, is that this method takes into account the changes 

in MW flows. [16] 

 

The MW-mile method is currently divided into three classes: net, absolute and 

positive-only approaches. Usually transmission owners regard the positive-only 

approach as the best opinion because it provides them sufficient revenues. The 

algorithm of MW-mile method is presented in equation (3.3):  

        

         

       

                                                             

where the    is the wheeling fees for transaction t, the Ai is the annual fixed 

charging rate in per-unit or percent on transmission line i, Ci is the annual embedded 

cost of transmission line i, l is the length of transmission lines,       is the power 

flow change in MW on line i due to the transaction t,   is capacity of the 

transmission line i in MW. 
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Note that the    could be either positive or negative. According to the three 

approaches listed above, different    has been added into calculation 

 Net approach: the negative    is deducted from positive    

  
 

                                                                         

 Absolute approach: the absolute value of    is added 

       
 

                                                                   

 Only positive approach: only positive    is added 

     
 

                                                                      

 

3.2.4 Disadvantages of various traditional mechanisms 

The traditional wheeling charge methods are widely used in electrical systems, 

however, each of them suffers the different drawbacks. This section mainly discusses 

the drawbacks when those methods are implemented in practice. 

 

For the Postage Stamp method, the simplicity is the best selling point meanwhile the 

most argued disadvantage is still its simplicity algorithm. As Postage Stamp ignores 

the actual system operation, the market participants are unlikely to receive the correct 

market signals of the transactions. In addition, it is not a true fair method for every 

participant in the market. For instance, a short distance transport with high trading 

amounts could be charged more than the actual usage because the Postage Stamp 

only takes into account the total trading amount to charge the usage and ignoring the 

fact of short distance. 
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The disagreement with Contract Path is always on the loop flow problem. Because of 

the Kirchoff‟s laws the electricity energy always flows over the path of the least 

resistance. [5] As a result, the power flow sometimes moves across unexpected lines 

or areas. In addition, as described in article [6] the predefined path on the contract is 

determined by the shortest electrical paths between sellers and buyers so that the 

paths could not be technically related to the actual transacted flows. As a result, the 

actual transacted energy could flow over other utilities lines which are not paid by 

this transaction. This situation is drawn in Figure 3.1. 

 

 

 

 

 

Figure 3.1: Loop flow problem in Contract Path 

 

Compared with the first two methods, the MW-mile method holds the advantage of 

considering both MW and the distance when charging transmission services. 

However this method has different variations and each one has its own advantages 

and disadvantages. The net and absolute approaches are not popular with 

transmission owners because those approaches cannot recover sufficient revenues if 

the counter-flows are significantly large. The third approach, the positive-only, is 

welcomed by transmission owners as they can collect appropriate revenue from it. 

Seller  Buyer 
Contract Path 

Loop Flow 
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But this approach ignores the contribution of counter-flows from market participants 

which should received for relieving congestion in the system.  

 

In addition, the MW-mile uses    to calculate the wheeling changes but it does not 

consider the interaction of multi-transactions on a single line. If a single line 

transports different transactions at the same time, we can only know the total flow 

change instead of indicating the impacts of each transaction. [6]  

 

3.3 Challenges of traditional mechanisms in 

cross-border trading  

The traditional methodologies of charging wheeling services have been introduced in 

Section 3.2. Although they are undergoing drawbacks pointed out at the end of 

Section 3.2, the simplicity of implementation makes them widely implemented at the 

moment. However, this situation changes when the transactions are involved in 

cross-border trading. The reason can be pointed as the traditional methods are not 

able to allocate the wheeling charges in cross-border trading. In other words, there is 

not an algorithm for transmission owners to determine the share of the collected 

wheeling charges. The details will be presented in the following part. 

 

For the convenience of explanations, the implementation of traditional wheeling 

charging methods is illustrated in Figure 3.2. There is a transaction between 

generator (G) and load (L) and the amount of this transaction is P. In the Figure 3.3, 

the G, L and P keep the same status and values except the network split into two 

operation areas, which are owned by different transmission companies. The dash 

lines in the Figures refer to transaction path.  
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Figure 3.2: Trading in the local network 

 

 

 

 

 

 

Figure 3.3: Cross-border trading 

Although the Postage Stamp and Contract Path methods have drawbacks, they still 

work efficiently in a single area in Figure 3.2 because the wheeling tariff treats every 

participant the same. However, if those methods were used in Figure 3.3, the 

drawbacks of ignoring actual transaction path appear to be of significant problems in 

cross-border trading. Since the total transmission charge plays a significant role in 

monetary settlement of wheeling charges, the total transmission charges in both areas 

should be added into calculations. In this case, from the equation (3.1), the charges 

for this transaction by Postage Stamp is 

Network 

Area A Area B 

G 

P 
L 

G L 
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Where the    and     are the transmission charges for Area A and B from the 

transaction respectively, TTC is Total Transmission Charge and the subtitle refers 

area names. 

 

At this stage, there is one issue to prevent the Postage Stamp from resolving this 

cross-border transaction. Assuming that    keeps unchanged becasue the G, L and P 

remain unchanged so that the Area A and B can share the   by the ratio of 

    
    

 . As the result, the transmission owner with higher TTC (total 

transmission charges) could gain more payments from this transaction. However, as 

stated in section 3.2.4, Postage Stamp likely gives incorrect market signals to the 

market so the disagreements between the two owners are likely to appear when 

collecting their shares of wheeling charges. For instance, the transmission owner 

which carries most of transaction energy could be paid less due to lower TTC. This 

problem also happens when Contract Path is used to settle cross-border trading. In 

conclusion, the methods which ignore transaction distance may work smoothly 

within a single area; however, they face serious problems because of the issue 

mentioned above. 

 

As mentioned in section 3.2.4, the MW-mile has the drawback of mixing 

multi-transactions.  In the vertically integrated market all wheeling charges will be 
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finally paid to the only transmission owner so that no one would argue with the 

transmission owner about sharing the wheeling charges. However the drawback of 

mixing multi-transactions becomes a fatal problem in cross-border trading. That is 

because    in equation (3.3) contains local impacts and cross-border impacts. The 

cross-border impacts are caused by cross-border trading and it should be paid to all 

the transmission owners involved into the trade. The local impact refers to the flow 

changes caused by local transactions and it is supposed to be only charged to the 

local transmission owner rather than others. However, because of mixing local and 

cross-border impacts, the transmission owners cannot allocate wheeling charges of a 

specific cross-border transaction with MW-mile. In conclusion, the MW-mile is not 

an appropriate method for settling cross-bordering trading either. 

 

 

 

 

 

 

Figure 3.4: Issues of MW-mile in cross-border trading 

 

To sum up, the allocation of wheeling charges becomes a major problem of 

preventing cross-border trading from implementation as none of those traditional 

methods are able to address this monetary issue. But the trend of cross-border trading 

is unstoppable with the development of deregulated markets. The EU has been 

Area A 
Area B 

Including unidentified 

local impacts 

Including unidentified 

local impacts 
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researching on this area for years and has achieved considerable results. The next 

section is used to discuss the experience from EU. 

 

3.4 New Methods concerning to cross-border 

trading in EU 

Although various deregulated electricity markets are existing in different countries, 

they all tend to establish the local competitive markets which rarely interact with 

other networks.  At the moment, the deregulation process in EU is the only practical 

experience on cross-border trading because the EU commission has decided to break 

the boundaries of each country to form an united electricity market in the European 

continent. The EU experience on cross-border trading has been briefly introduced in 

the previous sections. In this section, the details of EU research will be presented. 

 

The need for establishing an united European electricity market was proposed at the 

Florence Forum in 1999. In July 2003 the European Commission enacted the 

Regulation 1229/2003 to set up regulations for cross-border trading amongst 

different networks. [14] The ETSO 2005 model [15] was proposed to perform the 

role of addressing challenges in cross-border trading in 2005. However this 

mechanism was shortly proved to suffer drawbacks in 2006. [7] In January 2007 the 

European Commission agreed to lead the research on developing new proposals for 

electricity trades across countries.  Therefore the European Commission began to 

collect public opinions and it has been struggling to build a mechanism to meet the 

need for cross-border trading in the Europe. [8] However the researchers have 

created several new mechanisms for settling cross-border trading in the past years. 
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In article [9] six algorithms are introduced to deal with compensations and charges 

due to cross-border flows. They are Average participations (AP), Simplified average 

participations (SAP), Modified average participations (MAP), Marginal 

participations (MP), With and without transit (WWT) and Average participation 

applied to transits (APT). In addition the six algorithms are classified into two 

classes. Class One includes the AP, SAP and MAP as which are using complete 

actual power flows to calculate the Inter-TSO payment meanwhile the last two 

methods, which are classified as Class Two, use the concept of transit flows, which 

will be particularly discussed in section 3.4.5, to decide the Inter-TSO payment. For 

all methods, the Inter-TSO payment for a particular area can be defined as  

Inter-TSO payment=Compensation - Charges        (3.9) 

where “Compensation” is the payment paid from external areas, “Charges” is 

payment paid to external areas. In the following subsections all of the six algorithms 

will be discussed respectively.  

 

3.4.1 Average Participation (AP) 

The basic idea of Average Participation is to settle wheeling charges of a specific 

transaction by calculating the usage rate on each line it occupies. The transaction 

path is determined by a power tracing algorithm, which assumes that electricity is 

transported like water flows in the pipes. This algorithm can provide the power flow 

tracing by upstream or downstream and can decide the usage rate of individual agent 

on each transmission line. The mathematic theory details can be found on [10].  
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Because it provides clear results of operation conditions, this algorithm seems to be 

superior to the rest of algorithms by referring to the conclusion of [9]. In additional it 

does not take into account political borders during the calculation so any changes of 

network have fewer inflections in comparison to other algorithms.  

 

However despite of the remarkable advantages mentioned in [9] some disadvantages 

have been listed by another report [11]. The main disadvantage is the water flow 

assumption. In article [11] it mentions AP cannot reflect the real network operation 

condition because of the water flow assumption. In addition, AP is not able to offer 

participants congestion signals. 

 

3.4.2 Simplified Average Participation (SAP) 

Generally this method assumes that the electricity network of a specific area is 

equalised into a single node, which connects to equalised generation and load. 

Afterwards this equalisation, the same AP procedure is applied into calculation. As a 

result, it is noticed that only interconnection lines are included in calculation under 

this assumption. As widely known, the simplification of electrical system is a 

significantly complex task to accomplish and likely leads to incorrect operation 

signals. Meanwhile this method ignores the behaviour of the network flows inside 

each area. As the result, this method only exists in theory and obviously does not 

match the needs of real transactions in practice.  

 



Chapter 3 Wheeling Charges in Electricity Market 

 

60 
 

3.4.3 Modified Average Participation (MAP) 

MAP is a method which is similar to SAP. MAP also assumes that all generators and 

demands in the specific area are collapsed into a single node. However, this node can 

only connect to a unit which presents the net MW balance in this area. In other words, 

this unit could be either a single load or a single generator. Consequently this area 

would be presented as a node with a single generator or a single load according 

whether this country exports or imports power flow. This method obviously bears the 

same disadvantages of SAP as using a single node to represent a country would 

result in inaccurate results. 

 

3.4.4 Marginal Participation (MP) 

This method is well described as “this procedure calculates how much would the 

flow in line j increases if the generation (or load) in node i is increased by 1MW”. 

For instance, the method obtains the per unit measure of marginal participation on 

line j for any participant located at node i. This calculation is performed for every 

participant in the market. Afterwards, the wheeling cost of each line is allocated to 

the different users according to their participations on this line. [9] Due to Kirchhoff‟ 

laws 1 MW change at any node must be compensated by the slack node. As a result 

the location of the slack node is playing a significant role in the MP method because 

a different choice of slack node leads to a different result. At the same time the 

participants far away from slack node have meaningless participations.  
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3.4.5 With and Without Transit (WWT) 

The WWT method was developed with the concept of transit power flow. This 

concept can be defined as the minimum value between total export and total import 

cross-border flows in the specific area 

                                                                            

where    is the transit flow in area n, the      is the total import power flows in 

area n and the     is the total export flows in area n. 

 

After the transit flow for area n is determined, the    is removed from the network 

and this area is disconnected from neighbour areas. As a consequence two networks 

are acquired at the moment: one is the original network of area n and the other one is 

the area n without the transit flow. The next step is to compare the wheeling charges 

in both networks and find the monetary difference before and after the isolation. This 

difference is used to determine wheeling charges from cross-border trading. The 

specific processing steps of WWT will be discussed in the 3.6.2.1. 

 

In the comparison with the AP, the advantage of this method is to display the 

participation of external area in the area n. In the „without transit‟ network it is easy 

to determine whether the cross-border flow benefits the area n network or not. [11] 

But the serious drawback of WWT is that this method has totally changed the 

operation condition of the system so its result is not reasonable in a sense. This 

drawback will be discussed in section 3.5.3.2. 
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3.4.6 Average Participation applied to Transits (APT) 

This method is the combination of AP and WWT. It uses WWT method to determine 

the transit flows and implement the tracing theory in AP to trace transit flows. This 

method sounds good but it has the same drawback as WWT. This drawback will be 

also discussed in section 3.6.3.2.  

 

3.4.7 Conclusion 

In conclusion the core methods of each class are AP and WWT respectively. In the 

class of charging actual power flow, SAP and MAP methods seem to have 

impractical assumption which is leading to incorrect results in comparison to AP. MP 

suffers from the problem of choosing the slack bus. In the other class, APT is similar 

with WWT in the determining the transit. Consequently the AP and WWT method 

will be simulated and compared with each other in the next section. In additional the 

details of comparison are listed in [11].  

 

 
Influenced by 

political border 

Change system 

status 

Easy to handle 

data 

Consider 

transaction path 

AP No No No Yes 

SAP No Yes Yes Yes 

MAP No Yes Yes Yes 

MP No No No No 

WWT Yes Yes Yes No 

APT Yes Yes No No 

Table 3.1: Summary of various methodologies for wheeling charges 
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3.5 Study of AP and WWT 

3.5.1 Study of Average Participation (AP) 

3.5.1.1 Mathematic theory of AP 

The Average Participation uses the assumption that electricity is transported like 

water flows in pipes. As the result of this assumption AP has included an algorithm 

that can trace power flows from upstream or downstream and decide the usage rate on 

each transmission line from specific participants. For instance, 

 

Figure 3.5: Proportional sharing principle 

 

60 MW on line (i,m) consists of 18 MW from line (j,i) and 42MW from line (k,i), and 

the contributions from other lines are calculated as 

          Contribution from Line (j,i):     
  

     
                (3.11) 

          Contribution from Line (k,i):     
  

     
                (3.12) 

In other words AP obeys proportional sharing principle when tracing power flow. 

 

The mathematic theory is shown in the following section. According to article [10], 

assume the total flow    at node i in a lossless system when looking from the inflow, 

j  

30MW 

k  

70MW 

l  

40MW 

m  60MW i 

Pi 
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where the        is  the power flow from node j to node i,     is the generation at 

node i. 

 

Let     
        

  
 , the equation (3.13) can be written into 

                                                                         

Or written into 

                                                                            

where 

        
                                                                           
                                               

                                                                          

  

Consequently the power flow at node i can be calculated by  

       
     

 

   

                                                               

The equation (3.16) refers that contribution of kth generator to node i is   
         in 

a system which contains the amount of n generators,     is the power output from 

the kth generator. 

 

Consequently, the outflow in line (i,l) from node i can be calculated by 
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where the        means the active power on line (i,l), Pi is the outflow from node i. 

 

With respect to the proportional theory, the generation contribution to the load at 

node i is 

    
   

  
   

   

  
    

     

 

   

                                               

where     is the load at node i.  

 

This equation (3.18) is helpful when determining the contributions of different 

generator for a specific load. Finally according to calculation from above equations, 

the wheeling charge from generator k for line (i,l) equals to 

       
      

       
                                                                

where the        is the wheeling charge,         is the total capacity of line (i,l) and 

       is the short-term operation cost on line (i,l). 

 

To sum up, the AP method calculates the wheeling charges on each transmission line 

and can allocate those charges to particular generators. In consequence of 

acknowledging the locational information of each participant, the system operators 

are able to achieve allocation of wheeling charges for cross-border trading. 
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3.5.1.2 Case study 

For explanations of the way AP works, a 6 bus system, which is split into four areas, 

is used to demonstrate the process of calculation of AP. This system is shown in 

Figure 3.6. In this case the main task is to find the wheeling charges due to 

cross-border trading. To simplify the explanation, the losses are ignored in this 

system. In addition, all capacity constraints are also neglected and all the voltages are 

set at the same level. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: 6 bus system 
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The area information is shown in Table 3.1. 

Area Bus Generator Load Line 

1 1,2,3 G2 L1, L3 1-2, 1-3, 2-3 

2 4 G4 - 4-1 

3 5 - L5 3-5 

4 6 - L6 2-6 

Table 3.2: Area information 

The information of bus, generation and load are presented in Table 3.3.  

Bus Area Pgen (MW) Pload (MW) 

1 1 0 150 

2 1 250 0 

3 1 0 300 

4 2 500 0 

5 3 0 200 

6 4 0 100 

Table 3.3: Bus, generation and load data 

 

Run Newton-Raphson power flow solution for this system and Table 3.4 lists the 

power flow on each transmission line. 

From bus To bus 
Power flow 

(MW) 

1 2 200 

1 3 150 

2 3 350 

2 6 100 

3 5 200 

4 1 500 

Table 3.4: Power flows on each line 
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For the purpose of finding the wheeling charges due to cross-border trading, the first 

step is to calculate the power flow contribution from generators by applying the 

power flow tracing algorithm, which includes equation (3.13) to (3.18). Because the 

power tracing method does not consider counter-flow in the calculation, 

contributions of generators are all positive. The results are shown below in the Table 

3.5. 

From 

bus 
To bus 

Contributing 

Generator 

Contribution 

(MW) 

1 2 G4 200 

1 3 G4 150 

2 3 G2 194.44 

2 3 G4 155.56 

2 6 G2 55.56 

2 6 G4 44.44 

3 5 G2 77.776 

3 5 G4 122.224 

4 1 G4 500 

Table 3.5: Generation contribution to each line 

The first two columns of Table 3.3 present the start node and end node of each 

transmission line respectively. The third column shows which generator contributes 

power flow on this line and the MW of contribution is listed in the last column.  

 

The second step is to calculate the wheeling charges from different participants. In 

this case assume that generators are in charge of paying all the wheeling charges and 

the wheeling rate is set to £1.5/MWh. According to equation (3.19), the payment the 

Line (2,3) receives from G4 is, 
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Consequently the payments from all generators for wheeling charges are presented in 

Table 3.6. 

From bus To bus 
Generator 

Number 

Wheeling charges 

(£/h) 

1 2 4 300 

1 3 4 225 

2 3 2 291.66 

2 3 4 233.34 

2 6 2 83.34 

2 6 4 66.66 

3 5 2 116.664 

3 5 4 183.336 

4 1 4 750 

Table 3.6: Wheeling charges from each generator 

After determining the wheeling charges on each transmission line from different 

generators, the cross-border monetary settlement is able to be processed by 

acknowledging the locations of lines and generators. For instance, G4 are paying 

wheeling charges for occupying capacities on Line (1,2), Line (1,3) and Line (2,3). 

This can be defined as the wheeling charge from Area 2 to Area 1.  

                     

                                                    

                                         

             

Meanwhile the £291.66/h on Line (2,3) from G2 is considered as the local payment. 

 

Consequently sum up all wheeling charges in particular area from specific generators. 

Table 3.7 shows the results. 
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G locates in Area Lines in Area Wheeling charges (£/h) 

1 1 291.66 

1 2 0 

1 3 116.664 

1 4 83.34 

2 1 758.34 

2 2 750 

2 3 183.336 

2 4 66.66 

Table 3.7: Monetary settlement for cross-border trading 

Alternatively, 

 

Payment to Area 1 

transmission owner 

Payment to Area 2 

transmission owner 

Payment to Area 3 

transmission owner 

Payment to Area 4 

transmission owner 

Payment from 

G in Area 1 
£291.66/h 0 £116.664/h £83.34/h 

Payment from 

G in Area 2 
£758.34/h £750/h £183.336/h £66.66/h 

Payment from 

G in Area 3 
0 0 0 0 

Payment from 

G in Area 4 
0 0 0 0 

Table 3.8: Final wheeling results for cross-border trading 

 

Table 3.8 indicates payments between any two areas. Take Area 1 as an example, 

£116.664/h and £83.34/h are paid to Area 3 and Area 4 respectively for wheeling 

charges from Area 1. In addition, there is £291.66/h for local usage. 

 If the loads share the wheeling charges by 30%. 

Notice that the results in Table 3.5 and Table 3.6 are obtained under the assumption 

that generators pay all the charges. In practice, the load is supposed to share the 

wheeling charges with relevant generators. For particular lines L, the wheeling 

charge    from load i can be calculated by 
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where      is the contribution on load i from generator k,     is the total output of 

generator k,     refers to wheeling charges in Table 3.4 and R is the load sharing 

rate. The R could be 50% or 30% depending on the decision of system operator. 

 

According to the power flow tracing algorithm, the contributions of individual 

generators to different loads are completely accessible. In this case those results are 

shown in Table 3.9. 

Load 
Contributing 

Generator 

Generator Contribution 

(MW) 

L1 G4 150 

L3 G2 116.664 

L3 G4 183.336 

L5 G2 77.776 

L5 G4 122.224 

L6 G2 55.56 

L6 G4 44.44 

Table 3.9: Contributions of individual generators to different loads 

 

Assume the load sharing rate is 30% by loads in this case. For the explanation of 

calculating load sharing, take L1 sharing regarding to G1 on Line (4,1) as an example, 

by using equation (3.20), 
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From Table 3.9, there are three more loads using the energy from G1. According to 

above example, all the load sharing charges due to G4 on Line (4,1) are shown in 

Table 3.10. 

Load 

Number 

From 

Bus 

To 

Bus 

Contributing 

Generator 

Wheeling 

charges 

(£/h) 

Shared 

charges 

(£/h) 

1 4 1 G4 750 67.5 

3 4 1 G4 750 70.002 

5 4 1 G4 750 55.0008 

6 4 1 G4 750 19.998 

Table 3.10: Shared charges by loads on Line (4,1) 

This calculation procedure will be repeated on all transmission lines afterwards. 

Table 3.11 indicates all the shared wheeling charges from loads on each line. 

Load 

Number 

From 

Bus 

To 

Bus 

Contributing 

Generator 

Shared 

charges 

(£/h) 

3 1 2 G4 42.0012 

5 1 2 G4 28.0008 

6 1 2 G4 19.998 

3 1 3 G4 40.5 

5 1 3 G4 27 

3 2 3 G2 52.4988 

5 2 3 G2 34.9992 

3 2 3 G4 42.0012 

5 2 3 G4 28.0008 

6 2 6 G2 25.002 

6 2 6 G4 19.998 

5 3 5 G2 34.9992 

5 3 5 G4 55.0008 

1 4 1 G4 67.5 

3 4 1 G4 70.002 

5 4 1 G4 55.0008 

6 4 1 G4 19.998 

Table 3.11: All shared wheeling charges from loads on each line 

 



Chapter 3 Wheeling Charges in Electricity Market 

 

73 
 

After accomplishing this step, the cross-border monetary settlement is able to be 

achieved by considering the ownerships of G and L. This calculation step is similar 

to the process in Table 3.7 and 3.8. 

G locates in Area Lines in Area Wheeling charges (£/h) 

1 1 204.162 

1 2 0 

1 3 81.6648 

1 4 58.338 

2 1 530.838 

2 2 525 

2 3 128.3352 

2 4 46.662 

Table 3.12: Cross-border wheeling charges when G pays 70% 

 

L locates in Area Lines in Area Wheeling charges (£/h) 

1 1 177.0012 

1 2 137.502 

1 3 0 

1 4 0 

2 1 0 

2 2 0 

2 3 0 

2 4 0 

3 1 118.0008 

3 2 55.0008 

3 3 90 

3 4 0 

4 1 19.998 

4 2 19.998 

4 3 0 

4 4 45 

Table 3.13: Cross-border wheeling charges when L pays 30% 
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Finally the results of cross-border wheeling charges shared by 30% from loads are 

shown in Table 3.14. 

 

 

Payment to Area 1 

transmission 

owner 

Payment to Area 2 

transmission 

owner 

Payment to Area 3 

transmission 

owner 

Payment to Area 4 

transmission 

owner 

Payment from 

G and L in Area 1 
£381.1632/h £137.502/h £81.6648/h £58.338/h 

Payment from 

G and L in Area 2 
£530.838/h £525/h £128.3352/h £46.662/h 

Payment from 

G and L in Area 3 
£118.0008/h £55.0008/h £90/h 0 

Payment from 

G and L in Area 4 
£19.998 £19.998/h 0 £45/h 

Table 3.14: Results when L shares 30% wheeling charges 

 

In comparison to Table 3.8 the noticeable difference in Table 3.14 is that Area 3 and 

Area 4 are paying charges to other areas. This is the result of taking account into load 

shares on wheeling charges. It must be aware that the total wheeling charges in this 6 

bus system keeps the same whatever the rate of load sharing is.  

 

3.5.2 Study of With and Without Transit (WWT) 

3.5.2.1 Fundamental of WWT 

In the WWT method, the calculation is mainly based on the simple concept of transit 

flow, which has been defined by equation (3.10). Obviously only      and      

are needed to consider about. As the required data for calculation are less than AP 

method, this method involves less calculation when compared to AP. As a result 
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WWT method is a more convenient way to resolve cross-border trading. Figure 3.7 is 

used to give the explanation of WWT.  

 

 

 

 

 

 

Figure 3.7: Transit flow in Area n 

 

There are three main steps to process in this method. [12] 

 The first step of WWT is to determine the amount of transit flow. In this case, 

the import flow of Area n is 200MW whilst the export flow is 700MW 

(600MW+100MW). According to equation (3.10), the transit flow is 

                                  

 

 Secondly the transit flow needs to be eliminated. In particular, all the lines 

connected to the external areas are modified for future calculations. Those tie 

lines which carry the same direction as the transit flow are shut down and 

other tie lines are replaced by generators or loads due to the direction of 

transit flow. Consequently this system is isolated from external areas. In this 

case the transit flow is 200MW of the import flow so that only one tie line 

which carries the import flow is shut down and the other two tie lines with 

900MW 

400MW 

600MW 

200MW 
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export flows are replaced by loads. This modified network is shown in Figure 

3.8. 

 

 The third step is to calculate the wheeling fees for cross-border trading. The 

equation (3.21) is applied to resolve this issue. 

     

    

 
                                                                

where the    is the wheeling charges for Area n,    is the total operation 

cost of Area N, the  and    are the usage in the original system and the 

isolated system respectively. The   and    can be determined by  

                                                                           

        
                                                                  

where the   is the length of transmission line,   and    are the active 

power flow before and after isolation. 

 

 The final step is to determine the payment contributions from external areas 

to Area n. The proportional net transit flow (import/export or Net(I/E)) from 

each network can be implemented. For instance, the payment    from 

external Area a is 
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Figure 3.8: Eliminate transit flow in area n 

 

3.5.2.2 Case study 

The network in Figure 3.6 is used for the demonstration of calculating wheeling 

charges in Area 1 with WWT in this section. For simplicity, the losses are ignored in 

this system, all capacity constraints are also neglected and all the voltages are at the 

same level. In addition, assume all the transmission lines have the same length. As a 

result, the equation (3.21) can be written as  

     

    

 
   

           
 

     
   

       
 

   
                             

 

According to WWT algorithm, the transit flow needs to be firstly determined by 

equation (3.10), 
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After knowing the 300MW export transit flow in Area 1, the network can be 

modified by eliminating the outflow from Area 1 and import flow is reduced from 

500MW to 200MW. The modified network is displayed in the Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: The modified network without 300MW transit flow 

The data in modified network are in the following Tables. 

 

Bus Area Pgen (MW) Pload (MW) 

1 1 0 150 

2 1 250 0 

3 1 0 300 

4 2 200 0 

Table 3.15: Generation and load data in modified network 

 

L 1 

Bus 1 

Bus 2 Bus 3 

G2 L 3 

Area 1 
Area 2 

Area 4 

Area 3 

Bus 4 

G4 

Shut down Shut down 
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From bus To bus 
Power flow 

(MW) 

1 2 50 

1 3 100 

2 3 200 

4 1 200 

Table 3.16: Power flow in modified network 

 

Assume the wheeling charge rate is £1.5/MWh in Area 1, the local operation cost in 

original network is  

              

                      

                                                   

                          

                                      

Consequently the wheeling charge is able to be calculated by equation (3.25) with 

the data in Table 3.4 and Table 3.16. 

                                 

               

 
                                                                           

                                    

         
           

     
        

 

However, this is the total wheeling charges from all areas, and this result is not good 

enough to provide cross-border trading signals because the participants need to know 
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the payment ratio from each area for cross-border trading. As a result, a procedure of 

allocating payments of each area is essential to carry out. According to equation 

(3.24), the payment from Area 1 for local usages would be  

                                           

 
                        

                           

        
     

                   
        

Repeat this calculation for payments from other areas to Area 1, 

                                           

 
                        

                           

        
     

                   
          

                                           

 
                        

                           

        
     

                   
         

                                           

 
                        

                           

        
     

                   
        

Consequently the wheeling charges for Area 1 due to cross-border trading are 

£262.5/h from Area 2, £52.5/h from Area 3 and £105/h from Area 4 respectively. 
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3.5.3 Comparison between Average Participation and WWT 

3.5.3.1 Issues on Average Participation 

The core of AP is the power flow tracing algorithm which utilises real operation data 

and does not depend on the political border. As the result of this the AP is able to be 

implemented in any system environment and it ignores the system changes to address 

cross-border trading. In addition it is a fair method to all participants because of the 

proportional sharing on capacity of transmission lines. 

 

However despite of the significant advantage, the main disadvantage is the 

assumption of water flow theory. This is the assumption that cannot be proved right or 

wrong at the moment because no one is able to predict how the energy would flow in 

an electrical network. Additionally AP is not able to provide enough market 

information to all participants, for instance the congestion information. The situation 

is like participants in the pool market. They only know the prices but those prices are 

not transparent to participants. Consequently AP could be considered to lead to a 

non-transparent market environment. This is the biggest defect in the theory and 

would limits adoption of AP in deregulated market.  

 

3.5.3.2 Issues on WWT 

The first issue discussed about WWT is the „without transit‟ assumption. In practice 

the power system is significantly complicated as even a small change at any nodes or 

on any transmission line could totally change the whole system operation. As the 

result of this fact the assumption that isolates each country from each other seems to 

lead to a significant operation change in the network. This isolated network is unable 
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to compare to the original network from the electrical engineering view as all 

connection lines between two countries are disconnected. 

 

Another issue is about the transit flow. The concept of transit flow in WWT sounds 

good but two Figures can prove this concept is not perfect from both engineering and 

economical views. 

 

 

 

 

 

Figure 3.10: Area A 

From the Figure 3.10 we can easily point out the transit flow is 3000MW of export 

by using the equation (3.10).  

 

 

 

 

 

 

Figure 3.11: Area B 
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In Figure 3.10 there is no doubt that the Area A is supposed to charge wheeling fees 

to external areas as they are using the network of Area A for their cross-border 

trading. On the other hand, from the Figure 3.11 it is apparent that the Area B does 

not carry any transit flow because the import 4000MW is consumed by the internal 

load and the export 3000MW is from its own generator. In other words the Area B is 

not supposed to receive revenues for providing transport service as a third party 

because there is no transit flows in it at all. But according to WWT theory Area B 

bear the same transit flow as Area A so it will receive wheeling charges from 

external areas by being identified to provide transport service for external areas. This 

is obviously unfair to the external areas. This situation is especially serious in APT 

(Average participation applied to transit) method. If the situation in Figure 3.11 

exists in a particular area, the APT cannot satisfy the need of calculating wheeling 

charges from cross-border trading as the so-called “transit flow” does not really cross 

the country. [13] 

 

The final issue is about disconnected lines. When the selected area is isolated, the tie 

lines must be disconnected, which are supposed to be parts of the payments for 

wheeling. But they are not involved in the calculation in „without transit‟ network 

after they are disconnected because the disconnected lines are replaced by generators 

or loads. Obviously this situation leads to incorrect payment results and the wheeling 

area will lose benefits on those disconnected lines. 

 

3.5.3.3 Comparisons between Average Participation and WWT 

Both Average Participation and With and Without Transit are sound algorithms to 

deal with cross-border trading from different views at present. The AP method is 
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able to provide accurate operation details on each transmission line with the 

proportional assumption. Meanwhile the WWT has the ability of describing whether 

the transit flow benefits the hosting network or not. However, there could be still a 

clear conclusion that AP method performs significantly better than WWT. The first 

reason is that AP does not use modified operation data for calculating wheeling 

charges of cross-border transactions. Because it is known that the electrical system is 

complicated and small changes on an element could result in significant system 

deviations. As a result, isolating the target system in WWT seems not to agree to 

technical expectations. Consequently this is an important advantage for AP to 

maintain the system unchanged in the duration of calculations. 

 

Secondly AP is a more transparent method to provide detailed sufficient operation 

information to market participants. All operation data along the transaction path are 

accessible to participants. Therefore they have great incentives to invest in the 

system with detailed wheeling signals. On the other side WWT only provides total 

payment signals of transit flows and participants cannot acknowledge any locational 

signals under WWT. The participants may hesitate before the investment because of 

the high risk of insufficient market signals. 

 

Thirdly AP applies real data from power flow solutions to calculate wheeling charges. 

If the data were incorrect, AP would return an error feedback. As a consequence, 

results from AP are reliable. WWT calculates wheeling charges with the concept of 

the transit flow, which has a critical drawback shown in section 3.5.3.2. The process 

of determining the transit flow does not take into account the real operation 

information so a fake transit flow, which does not exist, would be return to 
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participants. This situation results that WWT could provide distorted wheeling 

information to the market, which put WWT in an unreliable position.  

 

In conclusion, AP is better than WWT from either technical or economic concerns. 

Although WWT create a sound concept of the transit flow, the disadvantage limits its 

performance in practice. 

 

3.6 Summary 

This chapter presents the traditional mechanisms for wheeling charges in the section 

3.2, which are Postage Stamp, Contract Path and MW-mile method. In this part the 

philosophies and mathematic concerns of three methodologies are explained 

respectively. The section 3.2 also provides the discussion on advantages and 

disadvantages of each mechanism. However, those factors are discussed under the 

environment of the vertically integrated system. As a result the section 3.3 list the 

challenges of traditional mechanisms when they are involved in cross-border trading. 

The result is frustrated to show that all the mechanisms fail to address the problems 

of charging cross-border trading. 

 

Because cross-border trading has been researched in last few years in Europe, their 

experience is introduced in the section 3.4. This part does not only include a brief 

history of encouraging cross-border trading in Europe but also presents achievements 

so far. Six new mechanisms for charging cross-border trading are introduced: 

Average participations (AP), Simplified average participations (SAP), Modified 

average participations (MAP), Marginal participations (MP), With and without 

transit (WWT) and Average participation applied to transits (APT). After 
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comparisons, AP and WWT are considered to be suitable mechanisms from 

theoretical views at the moment. So they are tested in the section 3.5. Their 

performances on cross-border trading are successful from different views. But WWT 

is believed that it may provide inaccurate information about wheeling charges, which 

causes an unfair monetary settlement in the competitive market. Consequently AP is 

the best choice for cross-border trading according to the experience in the Europe. 
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Chapter 4 A Proposed Method for 

Allocating Wheeling Charges 

4.1 Introduction 

As mentioned in chapter 2, the deregulated electricity market has been accepted in 

many parts of the world. However, no matter what the market structure is, the 

transmission network is always maintained natural monopoly in a particular area. In 

other words, unlike other parts of the electrical system, a transmission company faces 

little competitions in its operation area. As a result, the wheeling tariff in this area 

mostly takes into account the local usage. For instance, there are postage stamp, 

contract path and MW-mile method which are introduced in chapter 3 to charge local 

wheeling usages. On the other side, a free market on the generation level encourages 

demands purchase cheap electricity across different areas. Those transactions can be 

defined as cross-border trading. This situation leads the transmission owners to be 

hard to charge those cross-border wheeling usages because other transmission 

owners are also involved in those transactions. Although they are not competing with 

each other, they still have to allocate the payments which they should receive for 

providing transmission services. However, the three methods mentioned above in 

Chapter 3 are not able to resolve this issue. Consequently new methodologies are 

needed to help transmission owners allocate cross-border wheeling charges. 

 

In chapter 3, the EU history and experiences on cross-border trading is also 

introduced.  All charging mechanisms in EU are applicable from different views but 

none of them is free from drawbacks. As a consequence, a new charging mechanism 

is proposed in this chapter. This mechanism is a combination of power flow tracing 

and nodal pricing, which take account into both the transaction path information and 
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congestion information. So that both technical and economic information provided 

by the proposed method could give participants a fair market environment and 

encourage their investment incentives. In section 4.2, the mathematic theory of the 

proposed method is presented. Furthermore this method is tested in a 7 bus system 

and IEEE 118 system in section 4.3.  

 

4.2 The proposed allocation method 

As discussed in chapter 3, although there are methodologies to address the problem 

of allocating revenues in cross-border trading, none of them has the ability to satisfy 

the needs from both technical and economic expectations. On the other side, nodal 

pricing is introduced that price differences between generation and demand reflect 

the transmission cost. As a result nodal pricing could be theoretically used to collect 

wheeling charges.  However, as shown in the section 2.2.2.3, this charging method 

ignores the transmission path, which has the same drawback as postage stamp, so 

that nodal pricing cannot allocate cross-border wheeling charges. Furthermore, nodal 

pricing is always criticised for insufficient transmission cost recovery. In article [1] 

and [2], authors list various evidences to prove why nodal pricing is not able to fully 

recover the transmission cost. Consequently Nodal pricing above is not a 

considerable method to collect wheeling charges but, in the meantime, it offers 

excellent congestion information which has been mentioned in the section 2.2.2.3. 

 

The AP method in chapter 3 has been proved as the most acceptable method for 

cross-border trading at the moment. However it cannot provide congestion signals to 

market participants, which frustrates investment incentives due to information 

shortages. For the purpose of building up a fair and transparent market environment, 

the wheeling method is required to have both technical and economic concerns. 
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Basing on discussions in the previous chapter, we have understood that the power 

flow tracing methodology is considerable from technical concerns whilst nodal 

pricing delivers adequate economic signals.  

 

As a result, this section introduces a proposed method which is used to allocate 

wheeling charges due to cross-border trading in a deregulated market environment. 

This proposed method is a combination of both power flow tracing and nodal pricing. 

It calculates the wheeling charge on every line which is based on two kinds of 

charges: long-term charges and short-term charges. The long-term charges reflect the 

fixed cost which is related to administrative expenses and maintaining expenses 

whilst the short-term charges refer to congestion costs and loss costs during 

transmission. [3] The long-term charge is also considered as the charges collected by 

transmission owners for future investment. As the power flow tracing takes part in 

allocating wheeling charges, the proposed method can provide transparent 

information to market participants. On the other side the nodal pricing helps 

participants access to congestion and loss signals. At last the proposed method is able 

to satisfy both technical and economic concerns when allocating wheeling charges 

due to cross-border trading. 

 

4.2.1 Methodology and Mathematic Model 

In a deregulated electrical system, a simple idea of allocating wheeling charges of 

cross-border trading is to find the transaction path and impacts along this path. The 

wheeling charges could be allocated among areas by knowing the locations of 

transmission lines afterwards.  In addition, the wheeling charges are required to 

reflect long-term charges and short-term charges for the purpose of building up a 
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transparent and competitive market. To illustrate this problem, consider the case 

below: 

 

 

 

 

 

Figure 4.1: Transaction between two nodes  

In Figure 4.1, there are two nodes: node A and node B. The nodal prices on both 

nodes are αA and αB respectively. The amount of transported energy is P. According 

to nodal pricing, the wheeling charges can be calculated as: 

                                                                            

where   is the wheeling charges paid to transmission network owners. 

 

However, as what has been discussed above,   could not guarantee to fully recover 

the costs spent on maintaining operation and future investment. On the other hand,   

in the equation (4.1) only stands for short-term charges from economic views. As a 

result, a term of long-term charges can be introduced into this equation.   can be 

written as: 

                                                                       

where   is the total transmission charge and F is the long-term charge. As discussed 

above, the term          is the short-term element reflecting the loss and 

congestion signals.  

αA αB 

P 

A B 
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Equation (4.2) is an improvement of nodal pricing to help transmission owners fully 

recover wheeling costs. However this equation is still not sufficient to allocate 

cross-border trading. The first component can be calculated by nodal pricing theory. 

However it is not able to allocate cross-border trading by ignoring the path 

information in the duration of calculation. The second component refers to the 

long-term wheeling charge. The long-term charge could be set to a fixed annual 

amount of fees for each participant, which is called the connection fee in some 

markets. The annual connection fees are charged by regarding to locations of 

participants, which is similar with postage stamp. [4] [5] As a result the same 

drawback of ignoring transaction paths in postage stamp prevents it from allocating 

cross-border wheeling charges. In the proposed method the long-term charge is 

charged by counting on the real traded energy and its distance during transport.  

 

So far the transaction path plays a key part in allocating wheeling charges for 

cross-border trading. If the path information is known by ISO, the allocation would 

be easier for calculation. But it is widely argued that power flow is too complicated 

to locate precisely. At this step, for a simple explanation of the propose method, 

assume the ISO had allocated n lines used between the source node and the end node, 

 

 

 

  

 

Figure 4.2: n transmission lines between the source and the end 

…

… 
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P 

A B 1 2 n-2 n-1 

α1 α2 αn-1 αn-2 



Chapter 4 A Proposed Method for Allocating Wheeling Charges 

 

94 
 

 

As there are n lines in Figure 4.2, (n-1) nodal prices are added into calculation so that 

there are (n+1) nodal prices in total between source node A and end node B. Modify 

the equation (4.2) to meet the need of the new system, 

                                                               

From the equation (4.3), the first component of the equation (4.2) has been 

decomposed for expressing short-term charges on each line. However the long-term 

charge component is still unknown to participants. Because the proposed method 

allocates long-term wheeling charges by real-time power flow. Here we can set an 

coefficient  , which stands for the long-term charge rate. As a result, the long-term 

wheeling charge on a particular line is    . Additionally   could be different 

from each other on different lines due to various factors, such as length of lines and 

voltage levels. Therefore the equation (4.3) can be written in the form of the 

following: 

                                                         

                                                                                                             

or 

                                                         

                                                                                                                  

The first two components of equation (4.5), the result can be seen: 

                                                                           

This is the wheeling charge for line (n-1,B). In other words, equation (4.5) expresses 

that the whole wheeling charges between two nodes can be written into the sum of 
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long-term charges and short-term charges on each line which is used by this 

transaction. Figure 4.3 those charges intuitively.  

 

 

 

 

 

 

 

 

 

Figure 4.3: Decomposed wheeling charges 

 

For the purpose of allocating cross-border wheeling charges, the next step is simple 

to achieve as the path information is known. Assume this transaction is across two 

areas like what are shown in Figure 4.4. The Area 1 includes from node B to node l 

and the rest of nodes belong to Area 2, which are from node m to node A.  
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Figure 4.4: Transaction across two areas 

 

For this new situation, the equation (4.5) can be decomposed into: 

                                                              

                                                            

where 

                                                                           

The equation (4.7) and (4.8) can be used to allocate the wheeling charges for Area 1 

and Area 2 respectively.  

 

However, the above calculation assumes that P is the only power flow impact 

between A and B. In practice there are likely to have impacts from other transactions 

along transmission lines if A and B are located in different areas. Furthermore the 

only power flow information gained from traditional power flow solutions is the total 

amount of power flow on transmission lines. Because of both factors, P in equation 

(4.7) and (4.8) cannot be calculated directly from the power flow solution. For this 

P 
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reason, there is a need to introduce another coefficient to address this problem: , 

which stands for the capacity usage in percent of P on transmission lines. 

                                                                             

where the    is the total amount of active power flow on transmission lines from 

power flow solution and it could be different on each line. 

 

Consequently the equation (4.7) and (4.8) can be written in the following form: 

                                                                               

                                                 

                          

                                                                                                    

                                                                         

                            

                                                                                                

To sum up, 
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The equation (4.13) and equation (4.14) can efficiently address the problems of 

allocating cross-border wheeling charges between two areas as long as the 

coefficients, which are m and   , are known to participants and the ISO. The other 

coefficient    mostly depends on operation experience and is determined by the ISO. 

 

Although the above discussion has already demonstrated that wheeling charges of 

cross-border trading can be allocated if the total wheeling charge is decomposed into 

long-term charges and short-term charges along the transaction path. But finding the 

flow path is still a challenge for traditional wheeling methods as the same as   on 

those lines. Fortunately the power flow tracing mechanism introduced in Chapter 3 

can fulfil the need of receiving  , m and n in above equations. Even though this 

mechanism is argued for some assumptions, it is able to provide market participants 

a fair trading environment. In other words, this mechanism meets the principle of 

discrimination of the deregulated electricity market. 

 

From equation (3.16) in Chapter 3, the contribution to a particular node from 

generators can be calculated by this equation: 

      
    

 

   

     

In this case, the contribution to node i from generator A is calculated as the following 

equation. 

       
          

where     is the contribution to node i from generator A and     is the output of 

generator A.  
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If node i is the injection node of line (i, i+1),   can be determined by dividing     

with     which is the total injection amount of energy at node i.  

         
   

        

   
                                                         

As a result,          , which is the contribution to line (i, i+1) from generator A, is 

calculated with Equation (4.10) and Equation (4.15). Equation (4.16) presents the 

result. 

          
         

   

   
                                                                   

where the     is the total power flow on line i which can be calculation in the 

duration of operation by the ISO.  

 

Replace   in equation (4.11) and (4.12), the allocation for Figure 4.3 is 

             
         

       

   
                      

       

   

   
        

         

         

       

   
              

       

       

   

   
                    

and 
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It is noticed that the above two equations only involve one particular transaction 

from A to B for generator A. If the calculation is required to process for all 

transaction between two areas, which is used to find the total inter-payment between 

A and B, the equation can be written into: 

        

     

 

   

         
         

   
    

     

 

   

   

         

         

   
    

     

 

   

                                                 

     

   

   

         
         

   
    

     

 

   

   

         

         

   
    

     

 

   

                                                

 

The allocation of wheeling charges in cross-border trading has been allocated as 

above. The problem of   has been resolved by equation (4.16). On the other hand, 

the exact value of m can be found automatically in the duration of applying the 

power flow tracing mechanism as this mechanism is able to provide the amounts of 
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power flow contribution from a specific generator on transmission lines. As a 

consequence, those lines can be determined if their capacities are occupied by a 

specific generator who is involved into cross-border trading. To sum up, those above 

equations present a process of allocating wheeling charges in cross-border trading 

and they can address the allocation problem which other methods cannot achieve. 

 

4.2.2 Summary 

The mathematic theory of the proposed method has been introduced in this section. 

The method can be considered as a combination of nodal pricing and power flow 

tracing. Consequently it satisfies both economic expectations and technical 

expectations for the deregulated market. In addition, this method collects wheeling 

charges based on two kinds of fees: short-term charges and long-term charges. The 

first one is the charge related to congestion and losses during transmission. The latter 

one is paid for connection and investment. As a result, this method is able to provide 

sufficient economic signals to market participants for future investments. This 

method will be tested in the following sections. 

 

4.3 Illustration of the proposed method 

4.3.1 Case study of 7 bus system 

For explanations of the way the proposed method works, a 7 bus system is used to 

illustrate the calculation process of the proposed method. This two area system is 

shown in Figure 4.5. Because this chapter is mainly to explain the fundamental 

theory and calculation process of the proposed method and test the ability of 
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allocation. As a result no trades have been set up for simplicity of the calculation. 

The impacts of cross-border trading will be discussed in the next chapter. In addition, 

there are several assumptions in this case: 

 The losses are ignored in this system.  

 All the voltages are at the same level.  

 The ownerships are split into 5:5 if transmission lines are crossing borders  

 The long-term charging rate is set to £1/MWh 

 Generators pay 100% of wheeling charges 

 

The information of bus, generation and load are presented in Table 4.1. Further 

information can be found in Appendix A. From this Table, Bus 1 to Bus 5 are located 

in Area 1 while Bus 6 and 7 belong to Area 2.  

Bus No Area 
Voltage 

(pu) 

Pgen 

(MW) 

Pload 

(MW) 

Qload 

(MVar) 

1 1 1.05 150 0 0 

2 1 1.04 150 40 20 

3 1 0.99 0 150 40 

4 1 1 50 80 30 

5 1 1.017 0 130 40 

6 2 1.017 250 200 0 

7 2 1.04 200 200 0 

Table 4.1: Initial bus, generation and load data of 7 bus system 

According to the proposed method, nodal prices in the system are required before 

allocation. In the case of finding nodal prices, apply the Optimal Power Flow (OPF) 

to achieve the lowest operation cost in the above system. The mathematic theory of 

OPF has been introduced in chapter two. The results of power flow and nodal prices 

are listed in Table 4.2, Table 4.3 and Table 4.4 respectively. 
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Figure 4.5: The 7 bus system 

 

From 

Number 

To 

Number 

From 

MW 

From 

Mvar 

From 

MVA 

MVA 

limit 

% of 

MVA 

Limit 

MW 

Loss 

Mvar 

Loss 

1 2 86.4 -4.9 86.6 120 81.7 0 -50.98 

1 3 55.1 22.3 59.4 120 49.5 0 2.71 

2 3 50 22.8 54.9 100 54.9 0 1.02 

2 4 42.2 22.5 47.8 100 47.9 0 -0.19 

2 5 117.7 23.6 120 120 100 0 12.88 

2 6 -13.3 -2.7 13.6 200 6.8 0 -5.31 

3 4 -45 1.4 45 222 20.3 0 -1.39 

4 5 25.7 -10.1 27.6 60 46 0 -3.38 

7 5 -13.3 32.5 35.2 200 19.2 0 -3.48 

6 7 66.7 2.3 66.7 200 33.3 0 4.51 

Table 4.2: Power flow on transmission lines 

Area A 

Area B 

1 3 

2 

6 

7 

5 

4 

G1 

G6 G7 

L3 L4 

L5 

L2 

L7 
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Bus 

Numbe

r 

Area 

Name 

Marg. Cost 

(£/MWh) 

Energy 

(£/MWh) 

Congestion 

(£/MWh) 

Losses 

(£/MWh) 

1 A 13 16.77 -3.77 0 

2 A 12.85 16.77 -3.92 0 

3 A 13.75 16.77 -3.02 0 

4 A 14 16.77 -2.77 0 

5 A 17.56 16.77 0.79 0 

6 B 17.71 20.85 -3.14 0 

7 B 20.85 20.85 0 0 

Table 4.3: Nodal prices at buses 

 

Generator 
Output from OPF 

(MW) 

1 141.51 

2 150 

4 108.49 

6 280 

7 120 

Table 4.4: Outputs of generators from OPF 

 

The Table 4.2 indicates the power flow results from LP OPF (Linear Programming 

Optimal Power Flow), which is a function provided by Powerworld® Simulator to 

use Lagrange multipliers to decide nodal prices. One of those results should be 

noticed that the capacity of the Line 2-5, which locates in the six row, has been fully 

occupied so that congestion appears in this system. This is the reason that the fifth 

column of the Table 4.3, which is the congestion component introduced in section 

2.2.2.3, is non-zero.  In addition, because this system is designed to be a lossless 

network, the sixth column is zero for all nodes. 
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The next step is to apply the power flow tracing mechanism to find contributions of 

generators to different transmission lines 

From 

bus 
To bus Cross-border 

Contributing 

Generator 

Generator 

Contribution 

(MW) 

Active 

Flow 

On line 

(MW) 

1 2 No 1 86.4 86.4 

1 3 No 1 55.1 55.1 

2 3 No 1 17.302 50 

2 3 No 2 30.035 50 

2 3 No 6 2.6631 50 

2 4 No 1 14.603 42.2 

2 4 No 2 25.35 42.2 

2 4 No 6 2.2477 42.2 

2 5 No 1 40.728 117.7 

2 5 No 2 70.703 117.7 

2 5 No 6 6.269 117.7 

4 3 No 1 4.3583 45 

4 3 No 2 7.5659 45 

4 3 No 4 32.405 45 

4 3 No 6 0.67084 45 

4 5 No 1 2.4891 25.7 

4 5 No 2 4.321 25.7 

4 5 No 4 18.507 25.7 

4 5 No 6 0.38313 25.7 

5 7 Yes 1 4.008 13.3 

5 7 Yes 2 6.9579 13.3 

5 7 Yes 4 1.7172 13.3 

5 7 Yes 6 0.61693 13.3 

6 2 Yes 6 13.3 13.3 

6 7 No 6 66.7 66.7 

Table 4.5: Generator contribution to each line 

 

The first two columns refer to the start node and the end node of each line 

respectively. The third column shows whether the related line is across borders or not. 

The fourth column displays the number of the generator whose outputs contribute to 
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the line in the same row. Furthermore the power flow contributions in MW from 

those generators are listed in the next column. The last column shows the value of 

active flow on the related line. 

 

For the purpose of demonstrating how to calculate the wheeling charges on each line, 

Line (1, 3) is taken for the calculation example. From Table 4.3, it is known that the 

nodal price at Bus 1, which is a generation node, is £13/MWh and Bus 3, which is a 

load node, has the price of £13.75/MWh. On the other hand, Table 4.4 shows only G1 

contributes power flow on Line 1-3. According to the equation (4.6), the wheeling 

charge for Line (1, 3) is 

                               

                                                     

                                                

                                          

           

The first component of this equation is the short-term wheeling charge while the 

long-term charge is calculated in the second component. 

 

The above calculation is repeated for all other lines, and results are listed in Table 

4.6. 
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G From To 
Contribution 

(MW) 
Actual flow 

(MW) 
From price 

(£/h) 
To price 

(£/h) 
short-term charges 

(£/h) 
long-term charges 

(£/h) 
Total charges 

(£/h) 

1 1 2 86.4 86.4 13 12.85 -12.96 86.4 73.44 

1 1 3 55.1 55.1 13 13.75 41.325 55.1 96.425 

1 2 3 17.302 50 12.85 13.75 15.5718 17.302 32.8738 

2 2 3 30.035 50 12.85 13.75 27.0315 30.035 57.0665 

6 2 3 2.6631 50 12.85 13.75 2.39679 2.6631 5.05989 

1 2 4 14.603 42.2 12.85 14 16.79345 14.603 31.3965 

2 2 4 25.35 42.2 12.85 14 29.1525 25.35 54.5025 

6 2 4 2.2477 42.2 12.85 14 2.584855 2.2477 4.83256 

1 2 5 40.728 117.7 12.85 17.56 191.82888 40.728 232.557 

2 2 5 70.703 117.7 12.85 17.56 333.01113 70.703 403.714 

6 2 5 6.269 117.7 12.85 17.56 29.52699 6.269 35.796 

1 4 3 4.3583 45 14 13.75 -1.089575 4.3583 3.26873 

2 4 3 7.5659 45 14 13.75 -1.891475 7.5659 5.67443 

4 4 3 32.405 45 14 13.75 -8.10125 32.405 24.3038 

6 4 3 0.67084 45 14 13.75 -0.16771 0.67084 0.50313 

1 4 5 2.4891 25.7 14 17.56 8.861196 2.4891 11.3503 

2 4 5 4.321 25.7 14 17.56 15.38276 4.321 19.7038 

4 4 5 18.507 25.7 14 17.56 65.88492 18.507 84.3919 

6 4 5 0.38313 25.7 14 17.56 1.3639428 0.38313 1.74707 

1 5 7 4.008 13.3 17.56 20.85 13.18632 4.008 17.1943 

2 5 7 6.9579 13.3 17.56 20.85 22.891491 6.9579 29.8494 

4 5 7 1.7172 13.3 17.56 20.85 5.649588 1.7172 7.36679 

6 5 7 0.61693 13.3 17.56 20.85 2.0296997 0.61693 2.64663 

6 6 2 13.3 13.3 17.71 12.85 -64.638 13.3 -51.338 

6 6 7 66.7 66.7 17.71 20.85 209.438 66.7 276.138 

Table 4.6: Wheeling charges on each line 
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The formats of the first fifth columns are similar with the Table 4.5. The data of 

“From price” column refer to the nodal prices at the start bus of this transmission line. 

Similarly the prices at “End bus” are in the “To price” column. The next columns are 

presenting short-term charges and long-term charges on those lines respectively. The 

last column includes the total wheeling charge on each line, which is the sum of the 

previous two columns. It should be noticed that the wheeling charge on line (6, 2) is 

negative. This is because the short-term charges, which is known congestion cost in 

this case, is negative and its absolute value is greater than the absolute value of 

long-term charge. From the expectation of calculation, the transmission owner is 

supposed to pay G6 instead of charging wheeling fess from G6. 

 

After determining wheeling charges on each transmission line from different 

generators, the cross-border monetary settlement is able to be processed by 

acknowledging the locations of lines and generators. As mentioned in the beginning, 

generators pay 100% of wheeling charges. For instance, the Line 2-3 has £5.05989/h 

payment from G6 in the fifth row of Table 4.6. As Bus 6 and Line 2-3 locate in 

different networks, this payment can be defined as the cross-border wheeling charge 

from Area B to Area A. Furthermore, for tie lines between two areas, the payment is 

equally shared by contribution. For example, the total wheeling charge on Line 5-7 is 

£57.057/h with contribution from G1, G2, G4 and G6 respectively. As mentioned 

above the Line 5-7 is split equally between two areas, as a consequence half of the 

payment on Line 5-7 belongs to Area A while the rest is paid to Area B. Half of the 

payment on Line 5-7 is calculated by following this equation: 
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Consequently transmission owners of Area A and Area B receive £28.5285/h for 

their wheeling services respectively. In addition, the result of allocation is that G1, G2 

and G4 in Area A are paying £8.59715/h (
          

 
), £14.9247/h (

          

 
) and 

£3.683395/h (
          

 
) to Area A as local wheeling charges and the same amount to 

Area B as cross-border wheeling charges. Similarly G6 pays £1.323315/h (
          

 
) 

to each transmission owner. 

 

According to the above discussion to allocate wheeling charges, repeat the allocation 

on each line and sum up with respect to the same kind. The result is presented in 

Table 4.7. 

 

G locate in Area Lines start in Area Lines end in Area Wheeling charges (£/h) 

A A A 1130.6681 

A A B 54.4105 

A B A 0 

A B B 0 

B A A 47.9386 

B A B 2.6466 

B B A -51.338 

B B B 276.138 

 Table 4.7: Local and cross-border monetary settlement between two areas 

 

From Table 4.7, the payment from participants in Area A paid to the transmission 

owner of Area A is 
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The payment from Area A to Area B is 

                                                                     

                              

                                     

    
          

 
                

 

Similarly payments from generators in Area B are calculated as 

                                                                     

                       

                                     

             
          

 
 

         

 
              

                                                                     

                              

                                     

             
          

 
 

         

 
             

 

Finally, the allocation of payment for wheeling charges between two areas is 

summarised in Table 4.8. 

 

Payment to Area A 

transmission owner 

Payment to Area B 

transmission owner 

Payment from G in Area A £1157.87335/h £27.20525/h 

Payment From G in Area B £23.5929/h £251.7923/h 

Table 4.8: Final allocation between Area A and Area B 

 

Table 4.8 presents the final allocation for cross-border wheeling charges. According 

to the result, Area A needs to pay £27.205/h to Area B for cross-border wheeling 
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charges whilst Area B pays £23.592/h to Area A for this service. To sum up, the 

proposed method has efficiently addressed the problem of allocating cross-border 

wheeling charges. 

 

4.3.2 Impacts of loads in allocation  

The previous section has demonstrated the calculation process of the proposed 

method. In that section, generators are asked to pay all the wheeling charges in the 

system. However, in practice, loads are supposed to share parts of the wheeling 

charges because they participate in energy transactions. The rate of how much loads 

need to pay depends on the ISO decisions. Generally this rate is set to 50% or 30% 

depending on the market model. This section discusses the impacts when wheeling 

charges from loads are taken into calculation. The analysis is based on the case in the 

previous section and the sharing rate of loads is set to 30%. In other words, 

generators are supposed to pay 70% of total charges in the last column in Table 4.6. 

As a result, wheeling charges for generators in this case are calculated in the fifth 

column in Table 4.9.  
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G From To 
Total charge 

(£/h) 

Charge for G 

(£/h) 

1 1 2 73.44 51.408 

1 1 3 96.425 67.4975 

1 2 3 32.8738 23.01166 

1 2 4 31.39645 21.977515 

1 2 5 232.55688 162.78982 

1 4 3 3.268725 2.2881075 

1 4 5 11.350296 7.9452072 

1 5 7 17.19432 12.036024 

2 2 3 57.0665 39.94655 

2 2 4 54.5025 38.15175 

2 2 5 403.71413 282.59989 

2 4 3 5.674425 3.9720975 

2 4 5 19.70376 13.792632 

2 5 7 29.849391 20.894574 

4 4 3 24.30375 17.012625 

4 4 5 84.39192 59.074344 

4 5 7 7.366788 5.1567516 

6 2 3 5.05989 3.541923 

6 2 4 4.832555 3.3827885 

6 2 5 35.79599 25.057193 

6 4 3 0.50313 0.352191 

6 4 5 1.7470728 1.222951 

6 5 7 2.6466297 1.8526408 

6 6 2 -51.338 -35.9366 

6 6 7 276.138 193.2966 

Table 4.9: wheeling charges for generators when they are paying 70% of total 

charges 

 

To determine payments from loads, contributions of generators to each load need to 

be determined at first.  The information of contributions can be delivered during the 

tracing power flow method according to Equation (3.18): 

    
   

  
   

   

  
    

     

 

   

    

where     is the load at node i,     is the power output from the generator k, Pi is 

the power flow at node i. 
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With respect to this equation, contributions of generators to each load are obtained 

during the power flow tracing mechanism. Those results are shown in Table 4.10. 

 

Load 
Load 

Area 
Generator 

Generator 

Area 

Contribution 

(MW) 

2 A 1 A 13.841 

2 A 2 A 24.028 

2 A 6 B 2.1305 

3 A 1 A 76.722 

3 A 2 A 37.563 

3 A 4 A 32.385 

3 A 6 B 3.3306 

4 A 1 A 7.748 

4 A 2 A 13.45 

4 A 4 A 57.609 

4 A 6 B 1.1926 

5 A 1 A 39.176 

5 A 2 A 68.009 

5 A 4 A 16.784 

5 A 6 B 6.0302 

6 B 6 B 200 

7 B 1 A 4.0081 

7 B 2 A 6.9579 

7 B 4 A 1.7172 

7 B 6 B 67.317 

7 B 7 B 120 

Table 4.10: Contributions of generators to each load 

 

The first two columns indicate the load number and its location. The third column is 

used for presenting the generator which is supplying the load in the first column. The 

fourth column refers to the location of generator in the previous column. The final 

column is the energy contribution from the related generator.  
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To calculate wheeling charges from a particular load, it is a considerable idea to also 

calculate load payment based by the proportional sharing. For this purpose, the 

following equation is applied: 

    
     

     
                                                          

where    is the wheeling charge of the load,       is the contribution in MW of 

related generators and        is the outputs of related generators,    is total 

wheeling charges caused by related generators, and 30% refers to the sharing rate set 

above. Additionally, the value of 
     

     
 is the proportional sharing rate for loads and 

   for a specific generator can be calculated by summarising the charges on 

transmission lines which are used by this generator and shown in the fourth column 

of Table 4.9. Those results are in Table 4.11. 

 

G 
Charges caused by 

G (£/h) 

1 498.505 

2 570.51 

4 116.062 

6 275.385 

7 0 

Table 4.11: Wheeling charges caused by each generator 

 

It is noticed that the wheeling charge for G7 is zero but this does not mean G7 

produces 0MW. In fact all output of G7 is consumed by L7, which is at the same 

busbar. Therefore G7 injects 0MW to the system and no wheeling charges are caused 

by G7. Other generators also supply loads at the same bus. For instance, G4 provides 

57.609MW to L4. Obviously this part of outputs of G4 is immediately consumed by 

L4 instead of transporting along transmission lines to serve other demands. As a 

result those local usages are excluded in outputs of generators during calculation. For 

instance, G2 are injecting 150MW into system and L2 consumes 24.028MW from G2 
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according to results in Table 4.10. Consequently the output of G2 is 125.975MW 

when it is looked from the system. Other outputs are shown in Table 4.12. 

 

By using equation (4.21) to calculate the wheeling charge of L2 due to G1, it is 

                            
      

      
         

 
        

        
                               

This calculation process is repeated for every load and those results are presented in 

Table 4.12. 

 

Table 4.12: Wheeling charges for loads 

Load L Area Generator G Area 
Contribution 

(MW) 

G output 

(MW) 

Proportion of 

Contribution 

Load 

payment 

(£/h) 

2 A 1 A 13.841 141.51 0.097809 14.62753382 

2 A 6 B 2.1305 80 0.026631 2.200154034 

3 A 1 A 76.722 141.51 0.542167 81.08183297 

3 A 2 A 37.563 125.975 0.298178 51.03409517 

3 A 4 A 32.385 50.881 0.636485 22.16152122 

3 A 6 B 3.3306 80 0.041633 3.439489804 

4 A 1 A 7.748 141.51 0.054752 8.188290736 

4 A 2 A 13.45 125.975 0.106767 18.27352927 

4 A 6 B 1.1926 80 0.014908 1.231590566 

5 A 1 A 39.176 141.51 0.276843 41.40222998 

5 A 2 A 68.009 125.975 0.539861 92.39884403 

5 A 4 A 16.784 50.881 0.329868 11.48553256 

5 A 6 B 6.0302 80 0.075378 6.227349851 

7 B 1 A 4.0081 141.51 0.028324 4.235865784 

7 B 2 A 6.9579 125.975 0.055232 9.453188797 

7 B 4 A 1.7172 50.881 0.033749 1.175104654 

7 B 6 B 67.317 80 0.841463 69.51784517 
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Table 4.12 indicates payments for wheeling services for each load. However, the 

final goal in this study is to find out the allocation information of cross-border 

wheeling charges. The next step of work is to allocate the charges for each area. 

According to the allocation process for generators in the last section, this monetary 

issue can be allocated by knowing the wheeling charge in each transmission line with 

the help of the proposed method. In the previous section, this allocation was 

completed under the assumption of generators paying all wheeling charges. In this 

section, loads are supposed to pay part of the wheeling charges, which is 30%. And 

the allocation for loads also depends on transaction paths which are traced for 

outputs of generators in the previous section.  

 

Additionally, the amount of a specific load paying to a transmission line is based on 

the proportion of the related generator paying to this line by comparing to the total 

payment of this generator. For instance, L2 is supplied by G1 and G6 according to 

Table 4.6. For the aim of finding out wheeling charges for L2 on related lines, 

charges for generators need to be acknowledged first. According to 30% wheeling 

charge sharing of loads, total wheeling charges for each generator are 70% as shown 

in Table 4.13. The last column shows the actual charges for generators using 

transmission services.  

 

G 
Wheeling charge 

caused by G (£/h) 

Wheeling charge 

paid 70% by G 

(£/h) 

1 498.505 348.9535 

2 570.51 399.357 

4 116.062 81.2434 

6 275.385 192.7695 

7 0 0 

Table 4.13: Wheeling charges for each generator 
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Furthermore, pick up wheeling charges which are from G1 and G6 in Table 4.9. They 

are shown in Table 4.14: 

 

G 
From 

Bus 

To 

Bus 

Charge for G 

(£/h) 

Total wheeling 

charge of G 

(£/h) 

Proportion 

1 1 2 51.408 348.9535 0.14732 

1 1 3 67.4975 348.9535 0.193428 

1 2 3 23.01166 348.9535 0.065945 

1 2 4 21.97752 348.9535 0.062981 

1 2 5 162.7898 348.9535 0.466509 

1 4 3 2.288108 348.9535 0.006557 

1 4 5 7.945207 348.9535 0.022769 

1 5 7 12.03602 348.9535 0.034492 

6 2 3 3.541923 192.7695 0.018374 

6 2 4 3.382789 192.7695 0.017548 

6 2 5 25.05719 192.7695 0.129985 

6 4 3 0.352191 192.7695 0.001827 

6 4 5 1.222951 192.7695 0.006344 

6 5 7 1.852641 192.7695 0.009611 

6 6 2 -35.9366 192.7695 -0.18642 

6 6 7 193.2966 192.7695 1.002734 

Table 4.14: Proportions for L2 on related lines 

 

It should be noticed that the last column refers to the proportion of the total wheeling 

charge paid from a generator on a transmission line, which is 
            

                  
. 

Consequently, the wheeling charges for a load using this related line is 

                         
            

                  
                       

 

In this case, wheeling charges for L2 are explained. The wheeling charges for L2 on 

related lines are 
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L 

Contributi

ng 

Generator 

From 

Bus 

To 

Bus 

Wheeling charge for 

load participants 

(£/h) 

Proportion for 

L 

Wheeling charge 

for L 

(£/h) 

2 1 1 2 14.6275338 0.14732 2.154935 

2 1 1 3 14.6275338 0.193428 2.82938 

2 1 2 3 14.6275338 0.065945 0.964609 

2 1 2 4 14.6275338 0.062981 0.92126 

2 1 2 5 14.6275338 0.466509 6.823871 

2 1 4 3 14.6275338 0.006557 0.095914 

2 1 4 5 14.6275338 0.022769 0.333049 

2 1 5 7 14.6275338 0.034492 0.50453 

2 6 2 3 2.20015403 0.018374 0.040425 

2 6 2 4 2.20015403 0.017548 0.038609 

2 6 2 5 2.20015403 0.129985 0.285988 

2 6 4 3 2.20015403 0.001827 0.00402 

2 6 4 5 2.20015403 0.006344 0.013958 

2 6 5 7 2.20015403 0.009611 0.021145 

2 6 6 2 2.20015403 -0.18642 -0.41016 

2 6 6 7 2.20015403 1.002734 2.20617 

Table 4.15: Allocation of wheeling charges for L2 

 

The fifth column is the wheeling charge for L2 with respect to G1 and G6, which has 

been shown in Table 4.12. The sixth column is the proportion listed in Table 4.14. 

The final column is the wheeling charge on each transmission line. 

 

The above process shows how to allocate wheeling charges for a specific load on 

transmission lines. To complete the monetary allocation for cross-border wheeling 

service, this calculation process could be repeated for all loads by following the steps 

of the example of L2. Consequently the allocation can be achieved by replicating 

actions on Table 4.7 after all wheeling charges for loads are calculated. Those results 

are presented in the following Tables: 
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G locate in Area Lines start in Area Lines end in Area 
Wheeling charges for G 

(£/h) 

A A A 791.4676 

A A B 38.087 

A B A 0 

A B B 0 

B A A 33.5566 

B A B 1.8522 

B B A -35.9366 

B B B 193.2966 

Table 4.16: Wheeling charges for generators 

 

L locate in Area Lines start in Area Lines end in Area 
Wheeling charges for L 

(£/h) 

A A A 327.3261 

A A B 15.7337 

A B A -2.4418 

A B B 13.1344 

B A A 26.2504 

B A B 1.3833 

B B A -12.9597 

B B B 69.7079 

Table 4.17: Wheeling charges for loads 

 

Table 4.16 and Table 4.17 indicate the wheeling charges for generators and loads 

respectively. Consequently, by summarising data in Table 4.16 and Table 4.17, the 

final allocation between Area A and Area B is 

 

 

Payment to Area A 

transmission owner 

Payment to Area B 

transmission owner 

Payment from G and L 

in Area A 
£1144.483395/h £38.824025/h 

Payment from G and L 

in Area B 
£36.97723/h £240.17431/h 

Table 4.18: Allocation for two areas 
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Figure 4.6 and 4.7 compare the allocation between different sharing rates of loads. 

From Figure 4.6, the transmission owner of Area A receives less wheeling charges 

from generators and loads in Area A when loads also pay wheeling charges at the 

sharing of 30%. Meanwhile the transmission owner of Area B gain more benefits 

from those generators and loads by comparing to the case where generators pay 100% 

wheeling charges. Because the total wheeling charge for all areas keeps unchanged, 

the wheeling payment for the transmission owner of Area A from generators and 

loads in Area B is increased and it is reduced for the transmission owner of Area B 

simultaneously. This is shown in Figure 4.7. 

 

 

Figure 4.6: Total wheeling charges from G and L in Area A 
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Figure 4.7: Total wheeling charges from G and L in Area B 

 

In summary, collecting part of wheeling charges from loads reduces in burdens on 

generators. This change does not affect the total payments collected by transmission 

owners but the influence of this method is the allocation of wheeling charges among 

areas. Additionally what reflects by wheeling contributions from loads could be 

considered as a market signal for future investments. 

 

4.3.3 Case study of IEEE 118 bus system 

The electrical network contains hundreds of nodes in practice so that it is valuable to 

simulate the propose method in a bigger network. For this purpose, the IEEE 118 bus 

system has been chosen to fulfil this goal. The data of the IEEE 118 bus can be found 

in [6]. This network is split into two areas. Area 1 consists of 40 buses, which 

includes bus 1 to Bus 36 and Bus 113, Bus 114, Bus 115 and Bus 117, and the 

remaining buses belong to Area 2. Assumptions used for the analysis in this network 

are similar to those used for the 7 bus system which are described in Section 4.3.1. 
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Figure 4.8: IEEE 118 system split into two areas 

 

 

G locate in Area Lines start in Area Lines end in Area 
Wheeling charges for G 

(£/h) 

1 1 1 3829.251 

1 1 2 -0.122 

1 2 1 0.464 

1 2 2 0 

2 1 1 279.487 

2 1 2 0.469 

2 2 1 417.731 

2 2 2 3188.537 

Table 4.19: Charge allocation for G 
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Generator Area 
Short-term charges 

(£/h) 

Long-term charges 

(£/h) 

Total transmission charges 

(£/h) 

1 2 0.070126 3.5063 3.576426 

6 2 1.16291792 44.741973 45.90489092 

10 2 277.7717425 2830.543507 3108.315249 

12 2 1.181328 24.2684 25.449728 

15 2 7.728252 9.2003 16.928552 

18 2 2.995265537 17.76421708 20.75948262 

19 2 3.989326194 31.2706472 35.25997339 

25 2 8.5618452 109.95828 118.5201252 

26 2 21.81809162 178.0712155 199.8893071 

31 2 0.28157627 29.559843 29.84141927 

32 2 -0.3878204 38.10364 37.7158196 

34 2 1.9439589 113.709545 115.6535039 

36 2 0.91340696 127.496198 128.409605 

46 1 0.66914582 106.438289 107.1074348 

49 1 2.140893 85.28787 87.428763 

54 1 0.07723484 47.594819 47.67205384 

55 1 0.080172103 51.43821735 51.51838945 

56 1 0.0710485 49.09345 49.1644985 

61 1 -0.001735608 242.646732 242.6449964 

62 1 -0.01577787 37.185823 37.17004513 

65 1 -5.0695495 260.743951 255.6744015 

66 1 0.5526736 113.64901 114.2016836 

69 1 9.96769858 215.424977 225.3926756 

70 1 -10.18317312 56.1458653 45.96269218 

74 1 1.325202531 35.49795439 36.82315692 

76 1 -0.466616587 35.1822641 34.71564751 

77 1 -0.274281 69.1804 68.906119 

80 1 1.41843073 96.688751 98.10718173 

85 1 -0.540461934 178.4357852 177.8953233 

87 1 -0.42696125 319.9630859 319.5361247 

89 1 0.00116188 149.0029883 149.0041502 

92 1 0.015144625 99.0827132 99.09785783 

100 1 0.28104066 191.101056 191.3820967 

103 1 0.351556669 364.1443073 364.495864 

104 1 0.168779947 184.1431069 184.3118868 

105 1 0.057540044 148.1134907 148.1710307 

110 1 0.081423411 236.0245727 236.1059961 

111 1 0.11073949 456.992987 457.1037265 

Table 4.20: Transmission charges in IEEE 118 system 
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Payment to Area 1 

transmission owner 

Payment to Area 2 

transmission owner 

Payment from G in Area 

1 
£3829.423/h £0.232/h 

Payment from G in Area 

2 
£488.758/h £318.537/h 

Table 4.21: Final allocation 

 

This study of the 118 bus system follows a similar path to the 7 bus system. The 

results here are those that generators pay 100% of wheeling charges. As shown in 

Section 4.3.2, the allocation procedure that takes account into both generators and 

loads is similar to the procedure that only charges generators except little additional 

calculation so that load impacts are not considered in this case. Table 4.20 gives a 

survey of short-term transmission charges, long-term transmission charges and total 

transmission charges. The allocations of charges to generators are listed in Table 

4.19. Table 4.21 gives the total payments to transmission owners in individual areas. 

 

4.4 Summary 

This chapter has introduced a proposed method to resolve the allocation problem of 

wheeling charges in cross-border trading. This proposed method is a combination 

mechanism of nodal pricing and power flow tracing, which can meet the need to 

economic and technical expectations. In particular, this method addresses the 

cross-border problem by calculation long-term and short-term wheeling charges on 

each line and allocates them by referring to locations of transmission lines. 

 

The effectivities of the proposed method are illustrated by using two systems: 7 bus 

system and the IEEE 118 bus system. In the former system calculations of allocating 

transmission charges are illustrated in two case studies. The first one is a 100% 

charge to generators with no contributions on loads. In the second case 70% of 
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charges is allocated to generators and 30% is allocated to loads respectively. The 118 

bus system illustrates that the proposed method can be used for a large system. 
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Chapter 5 Allocation of Wheeling 

Charges for Cross-Border Trading 

5.1 Introduction 

A proposed method, which is designed to resolve the allocation problem in 

cross-border trading, has been introduced in Chapter 4. It is a method that combines 

both nodal pricing and power flow tracing and charges short-term charges and 

long-term charges from participants. It is believed that both economic and technical 

views are satisfied simultaneously by implementing this method. Additionally the 

ability of allocation is tested in the last chapter and results turn out that the proposed 

method can be fully functional. The next work is to analyse performances of the 

proposed method within cross-border trading. 

 

In this chapter, the IEEE 118 bus system is still used as the illustration network and 

there are three different scenarios to test. Firstly this network is split into two areas to 

simulate bilateral contract which is traded across different areas. Its purpose is to 

reveal impacts of cross-border trading under the proposed method. In addition, 

within three areas in the IEEE 118 bus system, a cross-border trade between two 

areas could require the third area to transport those traded energy thought its 

transmission network. The analysis of impacts in the third area is also discussed in 

this chapter.  

 

The arrangement of this chapter is following this order: a two-area network is 

presented in Section 5.2.  To clearly test impacts of cross-border trading, two areas 

are isolated to obtain initial operation data respectively. After this step, a transaction 

between two areas is added into the network to test their impacts on wheeling 
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services. In Section 5.3 the IEEE 118 bus system is split into three areas to test 

impacts to an area which carries energy of cross-border trading for other areas.   

 

5.2 Allocation of wheeling charges between two 

areas 

5.2.1 Network description 

Because a large system would show clearer impacts of cross-border trading, the 

IEEE 118 system is chosen to be the testing network and the default data are used in 

testing. The default data of IEEE 118 system can be found in Appendix B. In this 

case, this network is implemented to simulate cross-border trading between two areas. 

The status of both areas is as the same as the study in Section 4.3.3. Additionally, for 

a clear observation of impacts of cross-border trading, two areas are isolated from 

each other for gain independent operation data, which is shown in Figure 5.1. 
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Figure 5.1: Two isolated areas in the IEEE 118 bus system 

 

To focus cross-border issues, there are also assumptions for simplifying simulation 

process:  

 Transmission capacity constraints are neglected except the tie lines. 

 The losses are ignored in this system. 

 All the voltages are at the same level.  

 The ownerships are split into 5:5 if transmission lines are crossing borders.  

 Negative outputs of generators in default database are considered as loads. 

 If there are more than one line between two nodes, they will be replaced by 

equivalent single circuit to simplify the calculation. 

 The long-term charging rate is set to £2/MWh in Area 1 and £1/MWh in Area 

2. This can be considered as Area 1 is a richer region than Area 2. 

 Generators pay 100% of wheeling charges. 
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Because values of loads are kept constant after splitting, it is not necessary to list 

them. However, splitting system changes outputs of generators. Therefore outputs of 

generators in this system are shown in the figure below. 

 

 

Figure 5.2: Generation outputs in two-isolated-area system 

 

The main aim in this research is to allocate wheeling charges on transmission lines 

and it is valuable to analyse power flow changes which are brought by cross-border 

trading.  According to this consideration, initial power flows in this system are 

presented in Table 5.1. The first two columns are nodes where a transmission line 

starts and ends. The last three columns are MW, Mvar and MVA on this line 

respectively. 

 

From Bus To Bus MW on line Mvar on line MVA on line 

1 2 -9.7 -10.1 14 

1 3 -41.3 -16.9 44.6 

2 12 -29.7 -16.9 34.2 

3 5 -73.8 -17.3 75.8 
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3 12 -6.4 -9.4 11.4 

4 5 -72.7 -7.9 73.2 

4 11 79.7 16.3 81.4 

5 6 96.6 17.8 98.2 

8 5 332 137.1 359.2 

5 11 88.9 17.9 90.7 

6 7 44.6 1 44.6 

7 12 25.6 -0.9 25.6 

8 9 -450 -122.6 466.4 

8 30 90 26.8 93.9 

9 10 -450 -60.7 454.1 

11 12 47.7 -11.7 49.2 

11 13 50.9 16.1 53.4 

12 14 36.6 6.1 37.1 

12 16 18.5 4 18.9 

12 117 20 4.6 20.5 

13 15 16.9 -0.3 16.9 

14 15 22.6 5.9 23.4 

15 17 -151.2 -40.4 156.5 

15 19 77.8 20.5 80.4 

15 33 23 6.8 24 

16 17 -6.5 -4.3 7.8 

17 18 126.8 36.1 131.8 

30 17 304.4 127 329.8 

17 31 5.7 12.4 13.7 

17 113 3.1 -11.5 11.9 

18 19 66.8 22.3 70.4 

19 20 -23.5 -0.3 23.5 

19 34 123 30.2 126.6 

20 21 -41.5 -1.2 41.5 

21 22 -55.5 -8.8 56.1 

22 23 -65.5 -14.8 67.1 

23 24 13 10.2 16.5 

23 25 -176.7 -56.9 185.6 

23 32 91.2 25.3 94.6 

26 25 99.6 21.9 102 

25 27 142.9 59.7 154.9 

26 30 214.4 3.1 214.4 

27 28 33.4 3.7 33.6 

27 32 16.1 -0.8 16.1 

27 115 22.5 3.2 22.7 

28 29 16.4 -2.3 16.5 

29 31 -7.6 -4.4 8.8 

31 32 -29.9 -1.7 29.9 

113 31 8 25.9 27.1 

32 113 10.9 -14.2 17.9 

32 114 7.5 3.6 8.3 

34 36 64 2.7 64.1 

35 36 -33 -9 34.2 
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38 37 106.5 80 133.2 

37 39 58.4 26.7 64.2 

37 40 48.1 21.7 52.8 

38 65 -106.5 -80 133.2 

39 40 31.4 14 34.3 

40 41 20.3 -2.4 20.4 

40 42 -6.8 -10.1 12.2 

41 42 -16.7 -11.5 20.3 

42 49 -39.8 -13.8 42.2 

42 49 -39.8 -13.8 42.2 

42 49 -39.8 -13.8 42.2 

43 44 -18 -7 19.3 

44 45 -34 0.4 34 

45 46 -34.8 -0.2 34.8 

45 49 -52.2 -10.1 53.1 

46 47 -27.5 -14.5 31.1 

46 48 -16.3 -12 20.3 

47 49 -22.7 -5.8 23.4 

47 69 -38.8 -6.6 39.4 

48 49 -36.3 -3.1 36.5 

49 50 48.7 24.9 54.7 

49 51 60.2 34.9 69.5 

49 54 32.4 22.5 39.5 

49 54 32.2 22.4 39.2 

49 54 32.4 22.5 39.5 

49 66 -96.9 -25.2 100.1 

49 66 -96.9 -25.2 100.1 

49 66 -96.9 -25.2 100.1 

49 69 -29 -6.2 29.7 

50 57 31.7 20.7 37.8 

51 52 27 11.6 29.3 

51 58 16.2 12.3 20.3 

52 53 9 7.4 11.6 

53 54 -14 -0.1 14 

54 55 9.9 -1.7 10 

54 56 28.4 -30.2 41.5 

54 59 -20.3 -14.7 25 

55 56 -28.3 -15.1 32.1 

55 59 -24.9 -14.9 29 

56 57 -19.7 -20.5 28.4 

56 58 -4.2 -12.7 13.4 

56 59 -19.7 -12.4 23.3 

56 59 -20.7 -12.7 24.3 

56 59 -19.7 -12.4 23.3 

59 60 -39.8 -7.3 40.5 

59 61 -48.5 -6.6 48.9 

63 59 138.8 74.6 157.6 

60 61 -111.9 -1.9 111.9 

60 62 -5.9 -7 9.2 
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61 62 31.4 -9 32.7 

64 61 31.8 19.6 37.4 

62 66 -32.2 -25.5 41 

62 67 -19.4 -22.6 29.7 

63 64 -138.8 -74.6 157.6 

64 65 -170.6 -78.5 187.8 

65 66 17.1 72.3 74.3 

65 68 96.8 -18.4 98.6 

66 67 47.4 27.3 54.7 

68 69 -47 109.5 119.1 

68 81 -40.2 -6.8 40.8 

68 116 184 -58.4 193 

69 70 94.7 34.3 100.8 

69 75 95.1 35.9 101.7 

69 77 30.4 10.3 32.1 

70 71 18 2.2 18.1 

70 74 13.6 3.5 14.1 

70 75 -2.9 -1.4 3.2 

71 72 12 3.9 12.6 

71 73 6 -1 6.1 

74 75 -54.4 -14.9 56.4 

75 77 -42.6 -14.9 45.1 

75 118 33.4 27 43 

76 77 -67.6 -30.5 74.1 

76 118 -0.4 -13.5 13.5 

77 78 53.7 9.9 54.6 

77 80 -76.5 -43.3 87.8 

77 80 -35.3 -20 40.6 

77 80 -76.5 -43.3 87.8 

77 82 -6.2 19.6 20.6 

78 79 -17.3 -15.2 23 

79 80 -56.3 -25.7 61.9 

81 80 -40.2 73.4 83.7 

80 96 12 17.9 21.6 

80 97 19.4 22.6 29.8 

80 98 20.1 9.7 22.3 

80 99 10.8 12.3 16.4 

82 83 -43.5 7 44 

82 96 -16.8 -10.4 19.8 

83 84 -25.2 5.2 25.7 

83 85 -38.3 4.8 38.6 

84 85 -36.2 -0.1 36.2 

85 86 17 -4.9 17.7 

85 88 -47.8 -4.4 48 

85 89 -67.7 -7.5 68.1 

86 87 -4 -12.5 13.2 

88 89 -95.8 -14.1 96.8 

89 90 41.4 9.7 42.5 

89 90 78.1 17.9 80.1 
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89 90 41.4 9.7 42.5 

89 92 121.8 11.8 122.4 

89 92 38.9 2.6 39 

89 92 121.8 11.8 122.4 

91 90 2.1 -6.9 7.2 

91 92 -12.1 -16.5 20.5 

92 93 65.5 3.7 65.6 

92 94 60.1 0.1 60.1 

92 100 33.4 -8.2 34.3 

92 102 46.5 1.5 46.6 

93 94 53.5 -4.8 53.8 

94 95 50.1 13.4 51.8 

94 96 30.3 -4.8 30.7 

94 100 3.2 -31.2 31.4 

95 96 8.1 -17.6 19.4 

96 97 -4.4 -17.7 18.2 

98 100 -13.9 4.3 14.5 

99 100 -31.2 -9.4 32.6 

100 101 -19.5 12.6 23.3 

100 103 114.3 14.2 115.2 

100 104 54.1 9.8 55 

100 106 57.6 15.9 59.8 

101 102 -41.5 0.3 41.5 

103 104 32.1 6.5 32.8 

103 105 42.5 10.8 43.8 

103 110 56.7 19.6 60 

104 105 48.2 16.1 50.8 

105 106 9 15.6 18 

105 107 26.4 19.8 33 

105 108 24.3 9.1 25.9 

106 107 23.6 14.7 27.8 

108 109 22.3 9.4 24.2 

109 110 14.3 6.9 15.9 

110 111 -36 -5.9 36.5 

110 112 68 -0.2 68 

114 115 -0.5 2.1 2.2 

Table 5.1: Power flows in two-isolated-area system 

 

In addition, total amount of generation and load of each area is shown in Table 5.2. 

Area 
Total Generation 

(MW) 

Total Load 

(MW) 

1 2611 2611 

2 1057 1057 

Table 5.2: Generation and demand in both areas 
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Because of the first two assumptions for simplifying simulation process, no 

congestion and losses exist in both isolated areas. As a result, the energy price across 

an individual area is the same and they are shown in Table 5.3 which are obtained by 

implementing the OPF solution. At this stage, all data that are required for allocation 

are prepared. Because the allocation is similar to the case in Section 4.3.3, the 

calculation process is not repeated here. By applying the proposed method, wheeling 

charges in each area are calculated and presented in Table 5.4.  

 

 

 

Table 5.3: Energy prices in both areas 

 

 
Payment to transmission 

owner in Area 1 

Payment to transmission 

owner in Area 2 

Payment from generators in 

Area 1 
£8680.8/h 0 

Payment from generators in 

Area 2 
0 £3327.5/h 

Table 5.4: Wheeling charges for two-isolated-area system 

` 

5.2.2 400MW trade between two areas 

As shown in Table.5.3, Area 1 has the higher price, which is £12.95/h, for local 

electricity consumption. On the contrary, local electricity price in Area 2 is only 

£11/h. As a result, it is sensible that loads in Area 1 want to trade electrical energy 

from Area 2 so do generators in Area 2. Because loads in Area 1 can benefit from 

cheaper energy and generators in Area 2 can earn profits from trading. More 

importantly, trading between them can lead to optimal social welfares. In practice 

ISOs are most likely to pursue lowest generation operation costs because lower 

generation costs mean lower energy selling prices. According to this aim, the 

purpose of cross-border trading in this case is to achieve lowest generation operation 

costs. Two areas are connected for transporting energy and the network structure is 

Area Energy Price 

1 £12.95/h 

2 £11/h 
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presented in Figure 5.4. Additionally, tie lines are the places where congestion is 

most likely to happen so that those tie lines are set up capacity constraints according 

to real situations. By applying OPF solution in the Powerworld simulator, the amount 

of cross-border trading in this network is increased at the step of 100MW from 

100MW and the amount of 400MW is found to mostly satisfy the goal of the lowest 

operation cost after several simulations. Exceeding 400MW will lead to a rising 

operation cost. Impacts on operation costs of different trade amounts can be found in 

Figure 5.3. 

 

Figure 5.3: Trend of operation costs of different trades 

 

 

43000 

43500 

44000 

44500 

45000 

45500 

100 200 300 400 500 

MW 

£/h 

G Operation cost 



Chapter 5 Allocation of Wheeling Charges for Cross-Border Trading 

 

136 
 

 

Figure 5.4: 400MW trading between two areas 

 

Consequently, 400MW trading is set between two areas and operation costs of both 

area are £25492/h in Area 1 and £18405/h in Area 2 respectively after trading. Nodal 

prices after cross-border trading are shown in the table below by applying first steps 

of the proposed method. The loss component is ignored in this table because this 

network is a lossless system. 

 

Bus Area 
Nodal price 

(£/MWh) 

Energy cost 

component 

(£/MWh) 

Congestion cost 

component 

(£/MWh) 

1 2 11.47 11.78 -0.31 

2 2 11.47 11.78 -0.31 

3 2 11.47 11.78 -0.31 

4 2 11.46 11.78 -0.32 

5 2 11.46 11.78 -0.32 

6 2 11.47 11.78 -0.31 

7 2 11.47 11.78 -0.31 

8 2 11.45 11.78 -0.33 

9 2 11.45 11.78 -0.33 
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10 2 11.45 11.78 -0.33 

11 2 11.47 11.78 -0.31 

12 2 11.47 11.78 -0.31 

13 2 11.49 11.78 -0.3 

14 2 11.49 11.78 -0.29 

15 2 11.53 11.78 -0.25 

16 2 11.48 11.78 -0.3 

17 2 11.49 11.78 -0.3 

18 2 11.52 11.78 -0.27 

19 2 11.55 11.78 -0.24 

20 2 11.55 11.78 -0.24 

21 2 11.54 11.78 -0.24 

22 2 11.54 11.78 -0.24 

23 2 11.54 11.78 -0.25 

24 2 11.57 11.78 -0.21 

25 2 11.5 11.78 -0.29 

26 2 11.48 11.78 -0.31 

27 2 11.5 11.78 -0.28 

28 2 11.5 11.78 -0.28 

29 2 11.5 11.78 -0.28 

30 2 11.43 11.78 -0.36 

31 2 11.5 11.78 -0.29 

32 2 11.51 11.78 -0.28 

33 2 11.66 11.78 -0.12 

34 2 11.8 11.78 0.02 

35 2 11.8 11.78 0.02 

36 2 11.8 11.78 0.02 

37 1 12.08 12.05 0.02 

38 1 12.15 12.05 0.1 

39 1 12.08 12.05 0.03 

40 1 12.08 12.05 0.02 

41 1 12.07 12.05 0.02 

42 1 12.07 12.05 0.02 

43 1 12.07 12.05 0.02 

44 1 12.07 12.05 0.02 

45 1 12.07 12.05 0.02 

46 1 12.07 12.05 0.02 

47 1 12.07 12.05 0.02 

48 1 12.07 12.05 0.02 

49 1 12.07 12.05 0.02 

50 1 12.07 12.05 0.02 

51 1 12.07 12.05 0.02 

52 1 12.07 12.05 0.02 

53 1 12.07 12.05 0.02 

54 1 12.07 12.05 0.02 

55 1 12.07 12.05 0.02 

56 1 12.07 12.05 0.02 

57 1 12.07 12.05 0.02 

58 1 12.07 12.05 0.02 
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59 1 12.07 12.05 0.02 

60 1 12.07 12.05 0.02 

61 1 12.07 12.05 0.02 

62 1 12.07 12.05 0.02 

63 1 12.07 12.05 0.02 

64 1 12.07 12.05 0.02 

65 1 12.08 12.05 0.02 

66 1 12.07 12.05 0.02 

67 1 12.07 12.05 0.02 

68 1 12.07 12.05 0.01 

69 1 12.05 12.05 0 

70 1 12 12.05 -0.05 

71 1 11.99 12.05 -0.06 

72 1 11.92 12.05 -0.13 

73 1 11.99 12.05 -0.06 

74 1 12.02 12.05 -0.03 

75 1 12.03 12.05 -0.02 

76 1 12.04 12.05 -0.01 

77 1 12.05 12.05 0 

78 1 12.05 12.05 0 

79 1 12.05 12.05 0 

80 1 12.05 12.05 0 

81 1 12.06 12.05 0.01 

82 1 12.05 12.05 0 

83 1 12.05 12.05 0 

84 1 12.05 12.05 0 

85 1 12.05 12.05 0 

86 1 12.05 12.05 0 

87 1 12.05 12.05 0 

88 1 12.05 12.05 0 

89 1 12.05 12.05 0 

90 1 12.05 12.05 0 

91 1 12.05 12.05 0 

92 1 12.05 12.05 0 

93 1 12.05 12.05 0 

94 1 12.05 12.05 0 

95 1 12.05 12.05 0 

96 1 12.05 12.05 0 

97 1 12.05 12.05 0 

98 1 12.05 12.05 0 

99 1 12.05 12.05 0 

100 1 12.05 12.05 0 

101 1 12.05 12.05 0 

102 1 12.05 12.05 0 

103 1 12.05 12.05 0 

104 1 12.05 12.05 0 

105 1 12.05 12.05 0 

106 1 12.05 12.05 0 

107 1 12.05 12.05 0 
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108 1 12.05 12.05 0 

109 1 12.05 12.05 0 

110 1 12.05 12.05 0 

111 1 12.05 12.05 0 

112 1 12.05 12.05 0 

113 2 11.49 11.78 -0.29 

114 2 11.51 11.78 -0.28 

115 2 11.51 11.78 -0.28 

116 1 12.07 12.05 0.01 

117 2 11.47 11.78 -0.31 

118 1 12.03 12.05 -0.02 

Table 5.5: Nodal prices after 400MW trading 

 

 Area 1 Area 2 

Average Price £12.06/MWh £11.52/MWh 

Table 5.6: Averages nodal prices after 400MW trading 

 

By comparing Table 5.3 with Table 5.6, nodal prices in Area 1 generally decrease 

from £12.95/h to £12.06/h and nodal prices are raised by £0.52/h from £11/h in Area 

2.  

 

Calculate wheeling charges by following the calculation steps in the last chapter. 

Inter-payments between two areas are presented in Table 5.7. 

 

 

Payment to transmission 

owner in Area 1 

Payment to transmission 

owner in Area 2 

Payment from generators in Area 

1 
£6594.476/h 0 

Payment form generators in Area 

2 
£2341.299/h £3633.525/h 

Table 5.7: Wheeling charges after 400MW trading 
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Consequently, by comparing Table 5.7 with Table 5.4, changes of wheeling charges 

for both areas owing to 400MW trading are shown in Table 5.8. 

 

 

Difference of payment to 

transmission owner 

in Area 1 

Difference of payment to 

transmission owner 

in Area 2 

Payment from generators 

in Area 1 
-£2086.324/h 0 

 Payment from generators  

in Area 2 
£2341.299/h £306.025/h 

Table 5.8: Differences of wheeling charges after 400MW trading 

 

From Table 5.8, generators in Area 2 are paying £2341.299/h to the transmission 

owner of Area 1. On the other side, the transmission owner of Area 1 loses 

£2086.324/h profit from local generators and the transmission owner of Area 2 gains 

additional £306.025/h profit after 400MW trading. Those changes are due to Area 2 

exporting energy to Area 1. As generators are supposed to pay all wheeling charges 

during trading, those generators in Area 2 which export additional energy to Area 1 

are required to pay their usage in both areas. This is the reason why generators of 

Area 2 are paying more wheeling charges after trading. On the contrary, generators 

in Area 1 decrease their outputs due to imported 400MW so that their payments for 

wheeling services are reduced. Although generators of Area 2 pay more wheeling 

charges than what they used to pay, they still gain benefits from higher nodal prices. 

 

Additionally, payments of loads for energy supplies are also changed after 400MW 

trading. This is also a consequence of 400MW trading which is worth analysing. 

Table 5.9(a) shows changes of load payments in Area 1 meanwhile similar changes 

in Area 2 are presented in Table 5.9(b).  
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Trading amount Demand Price 
Load payment for 

energy 

0MW 2611MW £12.95/h £33812.45/h 

400MW 2611MW £12.06/h £31488.66/h 

Load payment changes £-2323.79/h 

Table 5. 9(a): Comparison of load payment in Area 1 

 

Trading 

amount 
Demand Price Load payment 

0MW 1057MW £11/h £11627/h 

400MW 1057MW £11.52/h £12176.64/h 

Load payment changes £549.64/h 

Table.5.9(b). Comparison of load payment in Area 2 

 

Obviously loads in Area 1 save £2323.79/h from trading and loads in Area 2 pay 

£549.64/h more after trading. For the purpose of discovering how this 400MW 

trading influences each area, both changes on wheeling charges and load payments 

are supposed to be taken into account.  

                                                             

To sum up,  

                         

                                  

                               

                                       

In the meantime, 
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Two equations above indicate that participants in Area 1 pay £4410.114/h less after 

trading. In other words, they save £4410.114/h in total due to import 400MW from 

Area 2. At the same time, payments from participants in Area 2 increase £3176.964/h 

after trading. 

 

Obviously, if participants in Area 2 lose benefits from 400MW trading, they could 

not have incentives to complete this transaction. Furthermore, this is a general issue 

when trading electricity energy from a low price area to a high price area. To solve 

this issue, in this case, participants in Area 1 could use its monetary saving to 

compensate losses of participants in Area 2 and remaining savings could be 

considered as social benefits of Area 1 from 400MW trading. In this case, 

participants in Area 1 need to compensate £3176.946/h to Area 2, which includes 

£2647.324/h for compensating wheeling losses and £549.64/h for compensating load 

payment losses respectively. As a result, load consumers in Area 2 still pay for 

electricity supply at £11/MWh after compensation from participants in Area 1 but 

generators in Area 2 sell their product at £11.52/MWh when wheeling charges they 

need to pay keep the same as what they used to pay. The difference between savings 

of Area 1 and its compensation, which is £1233.15/h, is the social benefits in Area 1. 

This process could be called the compensation stage after allocation of wheeling 

charges and could be operated by the ISO in Area 1.  

 

In conclusion, trading 400MW from Area 2 to Area 1 can offer optimal social 

welfares. It provides monetary savings on wheeling charges and load payments in 

Area 1. However, it also leads to negative issues in Area 2. Generators in Area 2 pay 
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more wheeling charges as they inject more energy into the system. At the same time 

nodal prices become higher with respect to more electricity production in this area, 

which causes loads pay more for their ordinary demands. Those issues can be 

resolved by using the saving of Area 1 to compensate losses in Area 2. At the end, 

Area 1 earns £1233.15/h social benefits, loads in Area 2 are not affected and 

generators in Area 2 gain more profits for selling energy to Area 1.  

 

5.2.3 Impact of bilateral contract 

The above case has indicated allocation of cross-border trading between two areas 

besides arising issues due to this trading and proper solutions have been given after 

analysing those issues. However this case mainly discusses cross-border trading on 

the ISO level, which seeks optimal social benefits. It is allowed to perform bilateral 

contracts in deregulated electricity markets. As a result this type of trading will be 

discussed in this section. The analysis includes impacts of bilateral contracts and 

issues introduced by them.  

 

In this case, a bilateral contract across two areas will be added onto cross-border 

trading based on the 400MW trading in the last section. Consider that L73 in Area 1 

needs an additional 20MW after 400MW trading between two areas and it wishes to 

choose a supplier from Area 1 because of the lower price. Finally G25 is chosen as the 

supplier due to the shortest distance from the load. Consequently the generation 

operation cost in Area 1 is unchanged and generation cost in Area 2 increases to 

£18635/h from £18405/h which is presented in last section. According to the last 

case, nodal prices are calculated first.  

 

Bus Area 
Nodal prices 

(£/MWh) 

Energy cost 

component 

(£/MWh) 

Congestion cost 

component 

(£/MWh) 

1 2 11.47 11.78 -0.31 
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2 2 11.47 11.78 -0.31 

3 2 11.47 11.78 -0.31 

4 2 11.46 11.78 -0.32 

5 2 11.46 11.78 -0.32 

6 2 11.47 11.78 -0.31 

7 2 11.47 11.78 -0.31 

8 2 11.45 11.78 -0.33 

9 2 11.45 11.78 -0.33 

10 2 11.45 11.78 -0.33 

11 2 11.47 11.78 -0.31 

12 2 11.47 11.78 -0.31 

13 2 11.49 11.78 -0.3 

14 2 11.49 11.78 -0.29 

15 2 11.53 11.78 -0.25 

16 2 11.48 11.78 -0.3 

17 2 11.49 11.78 -0.3 

18 2 11.52 11.78 -0.27 

19 2 11.55 11.78 -0.24 

20 2 11.55 11.78 -0.24 

21 2 11.54 11.78 -0.24 

22 2 11.54 11.78 -0.24 

23 2 11.54 11.78 -0.25 

24 2 11.57 11.78 -0.21 

25 2 11.5 11.78 -0.29 

26 2 11.48 11.78 -0.31 

27 2 11.5 11.78 -0.28 

28 2 11.5 11.78 -0.28 

29 2 11.5 11.78 -0.28 

30 2 11.43 11.78 -0.36 

31 2 11.5 11.78 -0.29 

32 2 11.51 11.78 -0.28 

33 2 11.66 11.78 -0.12 

34 2 11.8 11.78 0.02 

35 2 11.8 11.78 0.02 

36 2 11.8 11.78 0.02 

37 1 12.08 12.05 0.02 

38 1 12.15 12.05 0.1 

39 1 12.08 12.05 0.03 

40 1 12.08 12.05 0.02 

41 1 12.07 12.05 0.02 

42 1 12.07 12.05 0.02 

43 1 12.07 12.05 0.02 

44 1 12.07 12.05 0.02 

45 1 12.07 12.05 0.02 

46 1 12.07 12.05 0.02 

47 1 12.07 12.05 0.02 

48 1 12.07 12.05 0.02 

49 1 12.07 12.05 0.02 

50 1 12.07 12.05 0.02 
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51 1 12.07 12.05 0.02 

52 1 12.07 12.05 0.02 

53 1 12.07 12.05 0.02 

54 1 12.07 12.05 0.02 

55 1 12.07 12.05 0.02 

56 1 12.07 12.05 0.02 

57 1 12.07 12.05 0.02 

58 1 12.07 12.05 0.02 

59 1 12.07 12.05 0.02 

60 1 12.07 12.05 0.02 

61 1 12.07 12.05 0.02 

62 1 12.07 12.05 0.02 

63 1 12.07 12.05 0.02 

64 1 12.07 12.05 0.02 

65 1 12.08 12.05 0.02 

66 1 12.07 12.05 0.02 

67 1 12.07 12.05 0.02 

68 1 12.07 12.05 0.01 

69 1 12.05 12.05 0 

70 1 12 12.05 -0.05 

71 1 11.99 12.05 -0.06 

72 1 11.92 12.05 -0.13 

73 1 11.99 12.05 -0.06 

74 1 12.02 12.05 -0.03 

75 1 12.03 12.05 -0.02 

76 1 12.04 12.05 -0.01 

77 1 12.05 12.05 0 

78 1 12.05 12.05 0 

79 1 12.05 12.05 0 

80 1 12.05 12.05 0 

81 1 12.06 12.05 0.01 

82 1 12.05 12.05 0 

83 1 12.05 12.05 0 

84 1 12.05 12.05 0 

85 1 12.05 12.05 0 

86 1 12.05 12.05 0 

87 1 12.05 12.05 0 

88 1 12.05 12.05 0 

89 1 12.05 12.05 0 

90 1 12.05 12.05 0 

91 1 12.05 12.05 0 

92 1 12.05 12.05 0 

93 1 12.05 12.05 0 

94 1 12.05 12.05 0 

95 1 12.05 12.05 0 

96 1 12.05 12.05 0 

97 1 12.05 12.05 0 

98 1 12.05 12.05 0 

99 1 12.05 12.05 0 
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100 1 12.05 12.05 0 

101 1 12.05 12.05 0 

102 1 12.05 12.05 0 

103 1 12.05 12.05 0 

104 1 12.05 12.05 0 

105 1 12.05 12.05 0 

106 1 12.05 12.05 0 

107 1 12.05 12.05 0 

108 1 12.05 12.05 0 

109 1 12.05 12.05 0 

110 1 12.05 12.05 0 

111 1 12.05 12.05 0 

112 1 12.05 12.05 0 

113 2 11.49 11.78 -0.29 

114 2 11.51 11.78 -0.28 

115 2 11.51 11.78 -0.28 

116 1 12.07 12.05 0.01 

117 2 11.47 11.78 -0.31 

118 1 12.03 12.05 -0.02 

Table 5.10: Nodal prices after adding a 20MW bilateral contract 

 

 Area 1 Area 2 

Average Price £11.65/h £11.52/h 

Table 5.11: Average nodal prices after adding a 20MW bilateral contract 

 

By applying the proposed method, inter-payments between two areas are known by 

participants and ISOs. The compensation stage can be repeated by following the 

instructions in section 5.2.2. As a result, those results will be not presented here 

owing to similar calculation processes. In this section, the main aim is to discuss 

impacts of the bilateral contract. Because the bilateral contract is injected into the 

system from G25 and generators are supposed to pay for transmission services, total 

wheeling charges related to G25 are shown in the table below.  
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G 
From 

bus 
From Area 

To 

bus 
To Area 

Power flow on line 

(MW) 

Wheeling charge 

(£/h) 

25 22 2 21 2 1.5449 1.5449 

25 23 2 22 2 7.2667 7.2667 

25 23 2 24 2 41.998 43.25794 

25 24 2 70 1 14.934 29.71866 

25 24 2 72 1 19.626 39.05574 

25 25 2 23 2 53.27 55.4008 

25 25 2 27 2 30.73 30.73 

25 27 2 115 2 1.3649 1.378549 

25 47 1 49 1 0.059799 0.119598 

25 49 1 42 1 0.088361 0.176722 

25 49 1 45 1 0.014094 0.028188 

25 49 1 48 1 0.006867 0.013733 

25 49 1 50 1 0.045897 0.091794 

25 49 1 51 1 0.058727 0.117454 

25 49 1 54 1 0.04915 0.0983 

25 50 1 57 1 0.015179 0.030358 

25 51 1 52 1 0.030683 0.061366 

25 52 1 53 1 0.00099 0.00198 

25 54 1 53 1 0.007825 0.01565 

25 54 1 59 1 0.001851 0.003703 

25 68 1 116 1 1.6074 3.2148 

25 69 1 47 1 0.3931 0.7862 

25 69 1 49 1 0.3605 0.721 

25 69 1 68 1 1.6069 3.2138 

25 69 1 75 1 0.051774 0.103548 

25 69 1 77 1 0.34708 0.69416 

25 70 1 69 1 2.7594 5.5188 

25 70 1 71 1 0.43819 0.87638 

25 70 1 74 1 1.2672 2.5344 

25 70 1 75 1 2.6528 5.3056 

25 71 1 73 1 13.198 26.396 

25 72 1 71 1 12.76 25.52 

25 74 1 75 1 0.48879 0.97758 

25 75 1 77 1 0.33962 0.67924 

25 75 1 118 1 0.63679 1.27358 

25 77 1 78 1 0.40343 0.80686 

25 77 1 80 1 0.004569 0.009138 

25 78 1 79 1 0.079041 0.158082 

25 80 1 79 1 0.000577 0.001154 

25 80 1 81 1 0.000518 0.001037 

25 80 1 97 1 1.86E-05 3.72E-05 

25 81 1 68 1 0.000518 0.001037 

Table 5.12: Power flow and wheeling charges related to G25 
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An issue has been found that not all of additional 20MW from G25 flows to L73 

because of loop flow. This conclusion can be also proved by results of tracing power 

flows from loads to generation. Figure 5.5 indicates differences of MW contributions 

of G25 on different loads before and after adding 20MW bilateral contract. It is 

clearly observed that parts of additional 20MW of G25 flows to other loads rather 

than L73. This phenomenon of loop flow has been discussed in the duration of 

introducing Contract Path method in Chapter 3 and the solution is to set up 

predefined paths to charge wheeling services. In this case, predefined paths 

obviously violate proportional theory of the tracing method. As a consequence, a 

new approach has to be implemented to address the loop flow problem with respect 

to bilateral contracts in the proposed method.  

 

 

Figure 5.5: Differences of MW contributions from G25 before and after adding 

20MW bilateral contract 

 

Because of loop flow theory, a bilateral contract in a complicated system is most 

unlikely to fulfil its duty completely. For this reason, contractual electrical energy is 
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always assumed to be 100% transported between sources and sinks in practice. In 

this case this assumption continues to be used and all additional wheeling charges 

due to G25 on any lines are counted for wheeling charges paid for the bilateral 

contract between G25 and L73. Table 5.14 presents results of differences of wheeling 

charges due to G25 on transmission lines before and after 20MW bilateral trading. 

 

From 

Bus 

From 

Area 

To 

Bus 
To Area 

Charges before 

20MW trading 

(£/h) 

Charges after 

20MW trading 

(£/h) 

Difference 

(£/h) 

22 2 21 2 1.1074 1.5449 0.4375 

23 2 22 2 5.9222 7.2667 1.3445 

23 2 24 2 31.49122 43.25794 11.76672 

24 2 70 1 20.44449 29.71866 9.27417 

24 2 72 1 25.3857 39.05574 13.67004 

25 2 23 2 41.46064 55.4008 13.94016 

25 2 27 2 24.134 30.73 6.596 

27 2 115 2 0.829079 1.378549 0.54947 

47 1 49 1 0.16375 0.119598 -0.04415 

49 1 42 1 0.23108 0.176722 -0.05436 

49 1 45 1 0.03806 0.028188 -0.00987 

49 1 48 1 0.01767 0.013733 -0.00394 

49 1 50 1 0.11463 0.091794 -0.02284 

49 1 51 1 0.1468 0.117454 -0.02935 

49 1 54 1 0.122334 0.0983 -0.02403 

50 1 57 1 0.037606 0.030358 -0.00725 

51 1 52 1 0.076698 0.061366 -0.01533 

52 1 53 1 0.002474 0.00198 -0.00049 

54 1 53 1 0.01949 0.01565 -0.00384 

54 1 59 1 -0.2932 0.003703 0.296898 

68 1 116 1 4.0336 3.2148 -0.8188 

69 1 47 1 0.991256 0.7862 -0.20506 

69 1 49 1 0.901 0.721 -0.18 

69 1 68 1 4.0296 3.2138 -0.8158 

69 1 75 1 0.018111 0.103548 0.085437 

69 1 77 1 0.82404 0.69416 -0.12988 

70 1 69 1 6.7552 5.5188 -1.2364 

70 1 71 1 3.0234 0.87638 -2.14702 

70 1 74 1 5.92883 2.5344 -3.39443 

70 1 75 1 10.12379 5.3056 -4.81819 

71 1 73 1 5.7778 26.396 20.6182 

72 1 71 1 15.8888 25.52 9.6312 

74 1 75 1 1.20076 0.97758 -0.22318 

75 1 77 1 0.8756 0.67924 -0.19636 

75 1 118 1 1.4865 1.27358 -0.21292 
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77 1 78 1 0.98792 0.80686 -0.18106 

77 1 80 1 0.0323 0.009138 -0.02316 

78 1 79 1 0.19714 0.158082 -0.03906 

80 1 79 1 0.003956 0.001154 -0.0028 

80 1 81 1 0.004086 0.001037 -0.00305 

80 1 97 1 0.000111 3.72E-05 -7.4E-05 

81 1 68 1 0.004086 0.001037 -0.00305 

Table 5.13: Differences of wheeling charges of G25 before and after bilateral 

trading 

 

According to the assumption in last paragraph, the total wheeling charge for 20MW 

bilateral trading is the algebraic sum of values in the last column of Table 5.13, 

which is £73.364/h. Furthermore, the allocation of wheeling charges for two areas 

can follow processes of allocation which creates Table 4.7 in Section 4.3.1. 

Consequently, wheeling charges of the 20MW bilateral contract for each 

transmission owner, which is paid by G25, can be allocated and shown in Table 5.14. 

 

Payment from G 
Payment to transmission owner  

in Area 1 

Payment to transmission owner  

in Area 2 

25 £27.258/h £46.106/h 

Table 5.14: Wheeling charges for each area from 20MW bilateral contract 

 

To sum up, the proposed method cannot avoid effects of loop flows when allocating 

wheeling charges of bilateral contracts. However, unlike Contract Path method to set 

up a predefined path (usually the shortest path between seller and buyer), the 

proposed method uses the real impacts of traded energy to charge wheeling services. 

In other words, it is considered as a more transparent and more precise method for 

allocating wheeling charges for bilateral contracts.   
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5.3 Cross-border trading among three areas 

The last section discussed issues of cross-border trading between two areas. In 

practice, there likely would be another type of cross-border trading which an area 

carries external cross-border trading for others. In other words, energy traded 

between two sides is across the transmission network of a third-area to fulfil the 

contract. This section will discuss cross-border trading among multi-areas. The IEEE 

118 system is used to illustrate this issue and is split into three areas. There are also 

assumptions for the three area system. 

 Transmission capacity constraints are also neglected. 

 The losses are ignored in this system. 

 All the voltages are at the same level.  

 The ownerships are split into 5:5 if transmission lines are crossing borders.  

 Negative outputs of generators in default database are considered as loads. 

 If there are more than one line between two nodes, they will be replaced by 

one line which carries all flows between two nodes. 

 The long-term charging rate is set to £1/MWh for all areas. 

 Generators pay 100% of wheeling charges. 

By comparing to assumptions made in Section 5.2, transmission capacity limits are 

ignored in this case and the fixed transmission rate is set to £1/MWh for all 

transmission lines for simplifying analysis steps. The Figure 5.3 presents the 

modified IEEE 118 bus system. 



Chapter 5 Allocation of Wheeling Charges for Cross-Border Trading 

 

152 
 

 

Figure 5.6: IEEE 118 system split into three areas 

 

Buses included by each area are shown in the following: 

 Area 1: Bus 52 to Bus 64, Bus 67 

 Area 2: Bus 40 to Bus 51, Bus 65, Bus 66 

 Area 3: Bus 1 to Bus 39, Bus 68 to Bus118 

Furthermore, because of ignoring transmission capacity limits, all nodal prices in an 

area are the same. Other data in this system are presented in the following.  

 

 Area 1 Area 2 Area 3 

Nodal price £13.57/MWh £12.95/MWh £11.8/MWh 

Table 5.15: Nodal prices in three-area system 
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 Total Generation Total Load 

Area 1 785MW 785MW 

Area 2 423MW 423MW 

Aera 3 2460MW 2460MW 

Table 5.16: Total generation and total load in three-area system respectively 

 

 

Payment to 

transmission owner in 

Area 1 

Payment to 

transmission owner 

in Area 2 

Payment to 

transmission owner 

in Area 3 

Payment from 

generators in Area 1 
£612.5/h 0 0 

Payment from 

generators in Area 2 
0 £796.5/h 0 

Payment from 

generators in Area 3 
0 0 £7971.7/h 

Table 5.17: Wheeling charges in three-area system before trading 

 

It is clearly observed that Area 3 has the lowest price for energy consuming and 

loads in Area 1 are paying the highest price to use electricity. For the aim of testing 

impacts of cross-border trading across an neighbouring transmission network, it is 

considerable to establish a cross-border trading from Area 3 to Area 1 for the optimal 

operation like the last case. A 200MW trading is considered as the optimal option to 

trade after studying the changing trend of generation operation costs in all three areas. 

Figure 5.7 shows the power flow after trading. 

 

Connect three areas and trade 200MW like the last section. Once this trading is 

completed, results of nodal prices and wheeling charges can be calculated by the 

proposed method. Prices after trading are shown in Table 5.18. Furthermore, 

according to the proposed method and the calculation process in Chapter 4, 

inter-payments for wheeling charges among three areas are shown in Table 5.19. 

Because the compensation stage for participants in Area 3 can be repeated by 

following the same calculation steps in Section 5.2.2, benefits of each area after 

compensation will not be presented here. 
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 Area 1 Area 2 Area 3 

Nodal prices £11.8/MWh £12.95/MWh £11.8/MWh 

Table 5.18: Nodal prices after 200MW trading 

 

 

Payment to 

transmission owner 

in Area 1 

Payment to 

transmission owner 

in Area 2 

Payment to 

transmission owner 

in Area 3 

Payment from 

generators in Area 

1 

£246.411/h £1.656/h 0 

Payment from 

generators in Area 

2 

£118.762/h £280.727/h £122.196/h 

Payment from 

generators in Area 

3 

£90.159/h £598.42/h £6285.619/h 

Table 5.19: Wheeling charges after 200MW trading 
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Figure 5. 7: Cross-border trading from Area 3 to Area 1 

 

It is noticed that generators in Area 2 pay wheeling charges to Area 1 and Area 3 

respectively. However, there is supposed to be no energy exports from Area 2 

because cross-border trading only exists between Area 1 and Area 3. The reason for 

this phenomenon is due to the loop flow generated during the transaction which 

causes inter-change flows between two areas. Table 5.20 indicates the loop flow 

between Area 2 and other areas. 

 

 

To Area 1 To Area 2 To Area 3 

From Area 1 0 1.6MW 0 

From Area 2 201.6MW 0 173.203MW 

From Area 3 0 373.203MW 0 

Table 5.20: Inter-changes between Area 2 and other areas 
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It can be seen from Table 5.20 that the inter-change flow between any two areas is 

not 200MW due to loop flow. For instance, Table 5.21 and Table 5.22 point out all 

results of traced power flows which are across between Area 2 and Area 1. 

201.6MW flows from Area 2 to Area 1 whilst Area 1 exports 1.6MW to Area 2. 

However, the net inter-change of them is 200MW, which is the traded amount. From 

the similar calculation, the inter-change between Area 3 and Area 2 is also 200MW. 

As a result, loop flow causes that the inter-change between Area 2 and other areas is 

not exactly 200MW but it does not influence the traded amount of energy between 

Area 1 and Area 3. Consequently, by looking at total inter-changes among three 

areas, 200MW has been transported from Area 3 to Area 1 and this is the exact 

traded amount. This does not correspond to the proposed trading between Area 1 and 

Area 3, but the aim of cross-border trading is fulfilled. 

 

G G Area 
From 

Bus 
From Area To Bus To Area 

Power Flow 

on line 

(MW) 

1 3 49 2 54 1 4.01E-06 

6 3 49 2 54 1 7.14E-05 

10 3 49 2 54 1 1.8156 

12 3 49 2 54 1 0.0001652 

25 3 49 2 54 1 0.064389 

26 3 49 2 54 1 0.17553 

31 3 49 2 54 1 0.0020682 

32 3 49 2 54 1 0.015782 

46 2 49 2 54 1 1.4814 

49 2 49 2 54 1 17.735 

65 2 49 2 54 1 2.4873 

66 2 49 2 54 1 7.6942 

69 3 49 2 54 1 1.728 

70 3 49 2 54 1 0.30029 

1 3 50 2 57 1 1.23E-06 

6 3 50 2 57 1 2.20E-05 

10 3 50 2 57 1 0.55822 

12 3 50 2 57 1 5.08E-05 

25 3 50 2 57 1 0.019797 

26 3 50 2 57 1 0.053968 

31 3 50 2 57 1 0.0006359 

32 3 50 2 57 1 0.0048525 
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46 2 50 2 57 1 0.45549 

49 2 50 2 57 1 5.4529 

65 2 50 2 57 1 0.76477 

66 2 50 2 57 1 2.3657 

69 3 50 2 57 1 0.53129 

70 3 50 2 57 1 0.092329 

1 3 51 2 52 1 2.22E-06 

6 3 51 2 52 1 3.95E-05 

10 3 51 2 52 1 1.0052 

12 3 51 2 52 1 9.15E-05 

25 3 51 2 52 1 0.035649 

26 3 51 2 52 1 0.097179 

31 3 51 2 52 1 0.0011451 

32 3 51 2 52 1 0.0087378 

46 2 51 2 52 1 0.8202 

49 2 51 2 52 1 9.819 

55 1 51 2 52 1 0.16283 

56 1 51 2 52 1 0.68995 

65 2 51 2 52 1 1.38E+00 

66 2 51 2 52 1 4.2599 

69 3 51 2 52 1 0.9567 

70 3 51 2 52 1 0.16626 

10 3 65 2 64 1 43.43 

26 3 65 2 64 1 2.6105 

65 2 65 2 64 1 59.56 

10 3 66 2 62 1 1.3186 

26 3 66 2 62 1 0.079258 

65 2 66 2 62 1 1.81E+00 

66 2 66 2 62 1 5.5938 

10 3 66 2 67 1 3.6112 

26 3 66 2 67 1 0.21706 

65 2 66 2 67 1 4.9524 

66 2 66 2 67 1 15.319 

Inter-change flow 201.6 

Table 5. 21: Power flow results from Area 2 to Area 1 

 

G G Area 
From 

Bus 

From 

Area 
To Bus To Area 

Power 

Flow on 

line (MW) 

55 1 58 1 51 2 0.3055 

56 1 58 1 51 2 1.2945 

Inter-change flow 1.6 

Table 5.22: Power flow from Area 1 to Area 2 
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Although loop flows do not affect the aim of cross-border trading, it causes 

participants in Area 2, who are irrelevant to cross-border trading between Area 1 and 

Area 3, to change the way they use wheeling services. Most particularly, they have to 

pay charges to external transmission owners for wheeling services. Table 5.23 shows 

generators in Area 2 which use external transmission paths. In addition, by 

calculating from Table 5.19, generators in Table 5.23 pay £118.762/h to Area 1 and 

£122.196/h to Area 3 respectively. 

 

G G Area From From Area To To Area 
Flow 

(MW) 

46 2 49 2 54 1 1.4814 

49 2 49 2 54 1 17.735 

65 2 49 2 54 1 2.4873 

66 2 49 2 54 1 7.6942 

46 2 50 2 57 1 0.45549 

49 2 50 2 57 1 5.4529 

65 2 50 2 57 1 0.76477 

66 2 50 2 57 1 2.3657 

46 2 51 2 52 1 0.8202 

49 2 51 2 52 1 9.819 

65 2 51 2 52 1 1.38E+00 

66 2 51 2 52 1 4.2599 

46 2 52 1 53 1 0.05919 

49 2 52 1 53 1 0.70859 

65 2 52 1 53 1 0.099379 

66 2 52 1 53 1 0.30742 

46 2 54 1 53 1 0.2302 

49 2 54 1 53 1 2.7559 

65 2 54 1 53 1 3.87E-01 

66 2 54 1 53 1 1.20E+00 

46 2 54 1 59 1 4.80E-02 

49 2 54 1 59 1 5.74E-01 

65 2 54 1 59 1 0.080523 

66 2 54 1 59 1 0.24909 

65 2 60 1 59 1 1.5833 

66 2 60 1 59 1 0.27186 

65 2 61 1 59 1 2.2976 

65 2 61 1 60 1 5.94E+00 

65 2 61 1 62 1 0.09837 

65 2 62 1 60 1 0.36993 

66 2 62 1 60 1 1.0852 

65 2 62 1 67 1 7.40E-02 
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66 2 62 1 67 1 0.21703 

65 2 63 1 59 1 51.212 

65 2 64 1 61 1 8.3474 

65 2 64 1 63 1 51.212 

65 2 65 2 64 1 59.56 

65 2 65 2 68 3 9.76E+01 

65 2 66 2 62 1 1.81E+00 

66 2 66 2 62 1 5.5938 

65 2 66 2 67 1 4.9524 

66 2 66 2 67 1 15.319 

65 2 68 3 81 3 2.33E+01 

65 2 68 3 116 3 74.356 

65 2 80 3 79 3 2.1379 

65 2 80 3 96 3 1.4571 

65 2 80 3 97 3 2.3409 

65 2 80 3 98 3 1.4571 

65 2 80 3 99 3 0.3583 

65 2 81 3 80 3 23.277 

65 2 96 3 95 3 0.30764 

65 2 97 3 96 3 0.5494 

Table 5.23: Generators in Area 2 using other networks 

 

On the contrary, the transmission owner of Area 2 receives payments from 

generators located in Area 1 and Area 3 due to cross-border trading. Those payments, 

which are shown in Table 5.19, are £1.656/h from Area 1 and £598.42/h from Area 3 

respectively. In addition, the last component of payment received by transmission 

owner of Area 2 is £280.727/h from local usages. By comparing to £796.5/h of 

wheeling charges before cross-border trading, all of which are charged for local 

usage, the transmission owner of Area 2 receives £600.076/h from transporting 

cross-border trading and £280.727/h from local usage. The total benefit is increased 

by £84.303/h after carrying power flows from cross-border trading. 
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In conclusion, the transmission owner of Area 2 can earn profits for transporting 

cross-border trading between Area 1 and Area 3. Although loop flows cause 

inter-changes between two areas are different from supposed amount, the final result 

meets interests of each area.  

 

5.4 Summary 

This chapter has discussed three scenarios of cross-border trading. The first scenario 

is to set up cross-border trading between two areas to test the ability of resolving 

allocation problems in cross-border trading by the proposed method. In addition a 

compensation stage is introduced in this section to create a fairer trading mechanism. 

The second scenario is based on the first scenario by adding a bilateral contract 

across two areas. Although the allocating process suffers effects of loop flows as the 

same as Contract Path method, real impacts of bilateral contracts can be detected by 

the proposed method. As a result, wheeling charges for bilateral contracts are 

calculated by their impacts on transmission lines. The last scenario is to examine 

cross-border trading among multi-areas. Especially an irrelevant area carries 

cross-border trading for other areas.  Finally, after the simulation, the transmission 

owner in the carrier-area can earn profits from providing transporting services for 

cross-border trading while the contract is completely fulfilled. 
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Chapter 6 Congestion Management in 

Cross-Border Trading 

6.1 Introduction 

Chapter two has introduced the general structure of the current deregulated markets. 

This modern electrical structure could be usually split into generation, transmission, 

distribution and supply during deregulation. Then ISOs dispatch generation under 

market rules. However, no matter what the market structure is, one ISO is always in 

charge of managing the transmission network in a certain area. In this way, a natural 

monopolised transmission network supervised by one independent organisation can 

maximise social benefits. On the other hands, congestion is an unavoidable problem 

in transmission networks. As a result, ISOs have to manage congestion which is 

considered a significantly important issue in deregulated markets.  

 

The issue of congestion can be found back in Section 2.2.2 where pricing 

mechanisms are introduced. In Section 2.2.2, congestion has been proved as a 

significant factor to raise energy prices regardless of pricing mechanisms. In other 

words, if congestion does not exist in an electrical system, energy prices could be 

lower than what they are. Obviously optimal prices in an electricity market can be 

achieved by eliminating congestion. But this objective is most unlikely to be fulfilled 

in practice because congestion is usually caused by insufficient capacity on some 

transmission lines. If the ISO determines to address the issue on insufficient capacity, 

the transmission owner has to invest significant capitals into this reinforcement. 

When transmission owners do not have initiatives to reinforce their networks then 

congestion becomes a common and trouble issue for all market participants. Several 

solutions for congestion management have been studied. [1] [2] [3] This chapter will 

provide brief descriptions of the current measures of congestion managements and 
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propose a congestion solution in the environment of cross-border trading which 

encourages transmission owners to reinforce networks. 

 

In this chapter Section 6.2 presents the cause of congestion and illustrates how it 

affects energy prices. Section 6.3 explains current major measures of congestion 

management in the deregulated electricity market. A proposed congestion 

management is described in Section 6.4. Finally the conclusion is included in Section 

6.5. 

 

6.2 Fundamental of congestion 

6.2.1 Introduction of congestion 

The beginning of this chapter has discussed the importance of congestion in 

deregulated electricity markets. In this section, congestion will be explained in a 

diagram accompanied by the calculation process. Figure 6.1 shows a lossless four 

bus system with two generators and one load. Additionally all lines have equal 

impedance. The load at Bus 4 demands 100MW. If capacity constraints of 

transmission lines are ignored in this system, load L4 will be supplied by generator G1 

with the price of £30/MWh. The allocation of power flows is illustrated in Figure 

6.2. 
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Figure 6.1: Four bus system 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Four bus system without congestion 
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This case is primarily supposed to illustrate congestion management so the concern 

of (n-1) security is not considered here. Due to this assumption, when capacity 

constraints are set to 75.2MW on all transmission lines, congestion will appear if L4 

requires additional 1MW of demand. When 1MW is increased on L4, G1 cannot 

provide this additional demand through Line (1,4) due to the capacity constraint. At 

this stage, G1 and G2 must be re-dispatched for security reason. The result is G1 

decreases its output by 0.1MW whilst G2 is selected to generate 1.1MW to balance 

the system. Consequently the new operation situation is illustrated in Figure 6.3. 

 

 

 

 

 

 

 

 

 

Figure 6.3: Four bus system when load requires additional 1MW 

 

The following discussions indicate how congestion influences energy prices under 

different pricing mechanisms: 

 Congestion in Uniform pricing 

Uniform pricing uses system marginal price (SMP) to charge energy 

consumes. In Section 2.2.2.1, SMP is defined as the highest bid from the 

generator serving the last MW without constraint limits. In this case G1 is the 

marginal generator and its bid price is £30/MWh. However the ISO has to 
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buy 1.1MW from G3 by £35/MWh due to the capacity limit on line 1-4 whilst 

reduces output of G1 by 0.1MW. As a consequence, the final payment which 

ISO buys 101MW from generators is higher than the payment with no 

constraint existing in the system. The calculation will be presented in the 

following section. 

 

 Congestion in Nodal pricing 

In the theory of Nodal pricing, the price at a node is determined by the cost of 

supplying the next MW at this node. When no congestion exists in this 

system, all demands at node 4 are supplied by G1. According to Nodal pricing, 

the price for L4 equals to the bid of G1 which is £30/MWh. If L4 needs 

additional 1MW from 101MW, G3 needs to produce 1.5MW whilst G1 

reduces its production by 0.5MW due to the line constraint. Consequently the 

nodal price of L4 after congestion is calculated by the following equation. 

                  

                                    

                                    

                            

           

As a result, £37.5/MWh is the nodal price for L4 when it consumes 101MW. 

 

It is observed from above example that congestion raises the cost of consuming 

electricity no matter what pricing mechanisms are implemented in the system. 

Therefore preventing congestion is a considerable approach to bring more benefits to 

participants. However, as mentioned above, congestion cannot be easily resolved by 

enhancing capacity limits so that efficient measures of congestion management are 

solutions to address congestion issues.  
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6.2.2 Current congestion management 

For relieving congestion in practice, ISOs have introduced different approaches to 

resolve congestion problems. This section discusses practical measures of congestion 

management by non cross-border trading and cross-border trading. 

 

6.2.2.1 Redispatch first, compensate later 

This method is usually used in pool market like old the England & Wales pool 

system. In this method, two stages are introduced into the operation. The first stage is 

to carry out an unconstraint dispatch to discover operation costs without the 

consideration of capacity limits of transmission lines. In this stage, generators are 

dispatched to inject energy into system by an ascending order from the lowest bid. 

The price of the last dispatched generator that meets the marginal MW is set to be the 

system marginal price (SMP). The second stage completes the constraint dispatch 

which means all generators are dispatched by considering capacity limits. If no 

constraint violation exists at this stage, the dispatch order would be the same as the 

first stage. If constraint violation appears in the system, ISOs have to reduce some 

output from lower bid generators and dispatch higher bid generators to ensure system 

safety. Obviously ISOs most likely buy the same amount of energy with higher price 

and additional costs are added into pool selling price (PSP). Without considering 

other issues like losses and loss of load probability, the PSP is calculated as 

               

In this case the component of uplift refers to additional costs due to congestion. 

 

For instance, the SMP in the system of Figure 6.1 is £30/MWh. If the generators are 

dispatched without constraint limits, the price for energy consume is 
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When considering constraints of transmission lines, the payment will be charged as 

                        

                                                    

                                        

The difference of payment between unconstraint and constraint is the uplift cost due 

to congestion. Because ISOs buy electricity from generators by SMP, G3 needs to be 

compensated for the difference between its bid price and SMP. [4] Consequently, the 

compensation is calculated as the following 

                                                             

                                

This method of relieving congestion problem is supposed to be an efficient solution 

because generators are centrally dispatched by ISOs. However, in practice, this 

proposed advantage turns out to be a disadvantage because it does not follow the 

principle of competitive markets to provide clear market information. [5] 

 

6.2.2.2 Congestion management of Nodal Pricing 

With the spread of Nodal Pricing in deregulated electricity markets, it is claimed that 

this method can be also implemented as an efficient approach of congestion 

management. [6] As introduced in Section 2.2.2.3, there are three components in a 

nodal price: energy cost, congestion cost and loss cost. In a lossless system, if 

constraint limits are not considered, all the prices through over the system are the 

same. When congestion is included in calculation, nodal prices are likely to be 

different at different locations. Additionally, ISOs pay generators for their output and 

charge loads for their usages by locational nodal prices respectively. For example, 
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the system in Figure 6.3 indicates that the nodal price for L4 is £37.5/MWh under 

congestion. As a consequence, L4 pays 

                                                  

                           

In the mean time, generators receive 

                        

                                      

                  

                                        

As a result, the total congestion cost for 101MW usage is calculated as the following: 

                                                             

                            

This result is called as the merchandising surplus.  In different market environments, 

this surplus is used in different ways. Generally there are two kinds of solutions. The 

first solution is considered that the merchandising surplus can be kept by 

transmission owners as parts of wheeling charges and is used for future network 

reinforcement. On the contrary ISOs can return the merchandising surplus to 

participants in the market. 

 

Some people argue that the first solution could give transmission owners incentives 

to remain line constraints for gaining more profits from congestion. For the purpose 

of avoiding this situation, some markets accept the second option and introduce 

financial solutions to address this issue. Financial Transmission Right (FTR) is the 

most discussed solution in deregulated electricity markets. [7] [8] FTR ensures that 

differences in congestion charges are received by transmission right holders between 

two locations defined by the transmission right. For the three bus system under 

constraints, L4 pays additional £752/h after congestion. If L4 holds 99.9MW 

transmission right with node 1 and another 1.1MW with node 3, it will receive  
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According to previous calculation, L4 spends £3787.5/h to purchase electricity supply. 

As a consequence, the net payment of L4 is £3035.5/h.  It is concluded from above 

calculations that loads pay additional charges under capacity constraint conditions 

but they are compensated with the amount of what they have paid by FTR.  

 

6.2.3 Congestion management between areas 

The previous section discusses measures of congestion management inside an area. 

As mentioned before, cross-border trading is carried out frequently between two 

areas in deregulated markets. In additional tie lines between areas are most likely to 

be weak because they are not designed to transport large amount of energy. In other 

words, tie lines are the places where congestion most likely to appear. Consequently 

it is also important to review intra-area congestion management. [9] [10] indicate 

several solutions for relieving intra-area congestion which are presented in the 

following: 

 

Explicit auctioning 

In this management method, ISOs between two areas where the congestion 

exists sell the interconnector capacity to the highest bidder. This method 

considers the transmission capacity as a product that can be traded in the 

market. This is the advantage in the deregulated environment. On the other 

hand, bidding available capacity makes the cross-border trading more 

complicated than usual. 
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Implicit auctioning 

In contrast with explicit auctioning, the implicit auctioning adds a surcharge to 

every bid which uses the interconnector to get into a power pool market. This 

method does not trade interconnector separately so it is simpler to calculate. 

But the disadvantage is that a power pool market is required in the 

downstream side where the ISO can choose best offers for market participants.  

 

Market splitting 

At first all areas in the system must be cleared as pool market respectively. 

Afterward ISOs need to buy cheap electricity from the pool with lower price 

and sell it to the local area with higher price. This method has the ability of 

increasing the price in the lower–priced area whilst decreasing the price in the 

higher-priced area at the same time. This method is widely known to 

implement in Nordic market. [11] 

 

Redispatching 

This method allows the participants to trade freely and do not consider the 

transmission capacity. When congestion happens the ISO is responsible to 

re-dispatch generation to avoid safety limit violation. This method needs a 

strong cooperation between ISOs and generators. However the participants 

can receive market signals from this method. 

 

Counter trading 

The basic idea of counter trading is as the same as re-dispatching. The 

difference is that ISOs have to enter the market and trade generation to create 

counter-flow to relieve congestion. The benefit of this method is to free 
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participant transactions from the technical issues so that the market could 

become more competitive.  

 

6.3 Congestion management for the proposed 

method 

It is indicated from above discussion that congestion may benefit transmission in 

particular solutions. This situation obviously does not give transmission owners 

incentives to upgrade their networks to eliminate congestion. In other words, system 

participants are likely to lose profits due to congestion. However, an ideal electricity 

market is supposed to offer the maximum possible protection to participants of 

generators and loads. On the other hand, it is believed electrical systems would offer 

better performance without congestion so that an efficient congestion management 

ends the incentive of transmission owners to retain congestion in the system. In this 

section, an approach of intra-area congestion management, which is suitable for the 

proposed method, is presented and proved with a case study. 

 

In this study, intra-area congestion will be dealt with and this type of congestion is 

different from internal congestion that is introduced in Section 6.2.2. Internal 

congestion is described to uplift energy costs for loads in a particular area. But 

intra-area congestion causes different consequences. In the proposed method, by 

considering loads form previous simulation, loads in the import area have price drops 

because low-price energy is sold from external area. As a result loads always gain 

benefits from cross-border trading so that they do not need to be compensated. On 

the other side, although loads in the export area have to pay higher prices to buy 

electricity, but their benefit losses are made up by a compensation stage in the 

proposed method. As a result, loads in both areas do not need to be compensated 

either. Consequently all of loads are not obliged to be parts of congestion 

management in the proposed method because none of them are losing benefits.  
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In the proposed method generators receive revenues for their production and pay all 

of wheeling charges for transport. The next two tables are taken from the case in 

Section 5.2.2 and present generation incoming revenue from selling energy and their 

wheeling payments.  

 

Table 6.1 and 6.2 indicate that G31 and G34 have output changes after security 

re-dispatch with respect to congestion. In addition, nodal prices are slightly changed 

at every node. Therefore incoming revenues of generators are affected after 

re-dispatch and some generators are likely to lose revenues. Without doubt they are 

not willing to lose profits because of congestion. Furthermore, wheeling charges paid 

by each generator differs from payments without capacity constraints. Consequently 

there are two parts needed to be compensated: generation output revenues and 

wheeling charges. The following sections are assigned to solve this congestion 

problem with same background data which is introduced in the case in Section 5.2.2  
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G number 
G output 

(MW) 

Price 

(£/MWh) 

energy revenue 

(£/h) 

Wheeling charge 

(£/h) 

1 80 11.75 940 33.22929 

6 80 11.75 940 119.9188 

10 550 11.75 6462.5 4037.522 

12 74 11.75 869.5 98.55588 

15 80 11.75 940 126.077 

18 80 11.75 940 66.59418 

19 80 11.75 940 134.0341 

25 64 11.75 752 214.5864 

26 82.8 11.75 972.9 420.578 

31 85.6 11.75 1005.8 67.53062 

32 80 11.75 940 60.10951 

34 85.6 11.75 1005.8 275.6666 

36 100 11.75 1175 203.7977 

46 95.2 12.05 1147.16 145.6999 

49 121.6 12.05 1465.28 185.4759 

54 102.4 12.05 1233.92 40.3162 

55 100 12.05 1205 93.80107 

56 100 12.05 1205 73.91379 

59 102 12.05 1229.1 0 

61 104 12.05 1253.2 245.43 

62 100 12.05 1205 69.6381 

65 98.2 12.05 1183.31 488.8806 

66 98.4 12.05 1185.72 234.7943 

69 120.6 12.05 1453.23 441.9984 

70 100 12.05 1205 209.3642 

74 100 12.05 1205 113.9417 

76 100 12.05 1205 84.07912 

77 100 12.05 1205 145.5015 

80 115.4 12.05 1390.57 117.9845 

85 100 12.05 1205 329.417 

87 100 12.05 1205 618.234 

89 141.4 12.05 1703.87 306.1023 

92 100 12.05 1205 182.668 

100 100 12.05 1205 317.6416 

103 112 12.05 1349.6 504.251 

104 100 12.05 1205 327.2445 

105 100 12.05 1205 263.2928 

110 100 12.05 1205 404.6484 

111 108.8 12.05 1311.04 657.801 

Table 6.1: Revenues and charges of generators under unconstraints 
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G number 
G output 

(MW) 

Price 

(£/h) 

energy revenue 

(£/h) 

Wheeling charges 

(£/h) 

1 80 11.47 917.6 33.28234 

6 80 11.47 917.6 121.6712 

10 550 11.45 6297.5 4117.369 

12 74 11.47 848.78 102.2733 

15 80 11.53 922.4 124.5846 

18 80 11.52 921.6 66.58826 

19 80 11.55 924 140.8647 

25 64 11.5 736 214.54 

26 82.8 11.48 950.544 419.6287 

31 72 11.5 828 64.2672 

32 80 11.51 920.8 67.44716 

34 99.2 11.8 1170.678 292.0165 

36 100 11.8 1180 210.2911 

46 95.2 12.07 1149.064 145.6769 

49 121.6 12.07 1467.712 185.3217 

54 102.4 12.07 1235.8473 40.1976 

55 100 12.07 1207 93.80073 

56 100 12.07 1207 73.90892 

59 102 12.07 1231.14 0 

61 104 12.07 1255.28 245.4181 

62 100 12.07 1207 69.51619 

65 98.2 12.08 1186.256 488.4739 

66 98.4 12.07 1187.688 234.2868 

69 120.6 12.05 1453.23 441.5224 

70 100 12 1200 206.1894 

74 100 12.02 1202 112.7477 

76 100 12.04 1204 83.74348 

77 100 12.05 1205 145.7281 

80 115.4 12.05 1390.57 117.2495 

85 100 12.05 1205 329.3962 

87 100 12.05 1205 618.2231 

89 141.4 12.05 1703.87 306.1012 

92 100 12.05 1205 182.6588 

100 100 12.05 1205 317.4443 

103 112 12.05 1349.6 504.0587 

104 100 12.05 1205 327.1442 

105 100 12.05 1205 263.2663 

110 100 12.05 1205 404.6005 

111 108.8 12.05 1311.04 657.8532 

Table 6.2: Revenues and charges of generators with constraints 
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6.3.1 Generation revenue 

From Table 5.5, it is noticed that the congestion cost component could be negative 

for some nodes. As the result of this situation, nodal prices could be decreased if 

congestion exists in the network. For the expectation of generation participants, they 

have the possibility to lose their revenues due to congestion. In addition, it is 

believed that an absence of compensation mechanism would result in fewer 

incentives for generators to maintain adequate energy. By comparing Table 6.1 to 

Table 6.2, it is found that some generators lose incoming revenues due to congestion 

whilst other gain more benefits from it. Figure 6.1 shows differences of incoming 

revenues of generators when congestion exists.  

 

 

Figure 6.4: Differences of generation incoming revenues due to congestion 

 

It is noticed that congestion greatly reduces generation revenues in Area 2 where 

most of generators lose benefits owing to congestion. For instance, G10 receives 

£6462.5/h (                 ) without constraints. However, it only 

receives £6297.5/h (                ) under constraint operation. As a 
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result G10 loses £165/h due to congestion. As discussed above the transmission owner 

is responsible of compensating this loss, which is £165/h. In addition allocation of 

this compensation needs to be resolved by implementing proportional impacts of 

transmission networks. In this case only Line (30,38) is congested and both 

transmission owners have half possession of it. Consequently the compensation is 

split into two parts for transmission owners and each of them pays £82.5/h to G10.     

 

On the other hand, some generators are likely to earn more benefits under constraints. 

For example, G34 is supposed to provide 85.6MW for energy consuming with 

unconstraint operation. When the system is operated under constraints, G34 is 

dispatched to output 99.2MW instead. Consequently the incoming revenue of G34 

rises from £1005.8/h (               ) to £1170.678/h (              ). 

In this study, this additional revenue is suggested to be kept by generators for 

relieving congestion. This solution can be considered as an approach to prevent 

transmission owners from earning benefits from congestion. 

 

To sum up, allocations of compensation from each area are presented in Table 6.3. 

Values in the second and third columns indicate compensations for related generators 

from transmission owners in Area 1 and Area 2 respectively. 
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G number 

Compensation from 

transmission owner in 

Area 1 (£/h) 

Compensation from 

transmission owner in 

Area 2 (£/h) 

1 11.2 11.2 

6 11.2 11.2 

10 82.5 82.5 

12 10.36 10.36 

15 8.8 8.8 

18 9.2 9.2 

19 8 8 

25 8 8 

26 11.178 11.178 

31 88.9 88.9 

32 9.6 9.6 

34 0 0 

36 0 0 

46 0 0 

49 0 0 

54 0 0 

55 0 0 

56 0 0 

59 0 0 

61 0 0 

62 0 0 

65 0 0 

66 0 0 

69 0 0 

70 2.5 2.5 

74 1.5 1.5 

76 0.5 0.5 

77 0 0 

80 0 0 

85 0 0 

87 0 0 

89 0 0 

92 0 0 

100 0 0 

103 0 0 

104 0 0 

105 0 0 

110 0 0 

111 0 0 

Table 6.3: Compensations for generators from both transmission owners 
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6.3.2 Wheeling charges 

It is introduced that transmission owners would receive extra wheeling charges due 

to congestion. This additional earning of wheeling charges is called as the congestion 

charges and one way is to return it to system participants for a fairer consideration. In 

Section 6.2.2.2, FTR is introduced to eliminate the congestion charges but it needs to 

pre-define the transport energy amount between two nodes. If the actual transport 

energy is varied from the expected energy, FTR owners are possible to lose benefits 

according to their FTR contracts. In addition, FTR is based on traditional Nodal 

pricing which means it suffers the disadvantage of solving cross-border trading of 

Nodal pricing. Consequently, FTR is not a considerable solution for intra-area 

congestion. 

 

In the proposed method, congestion costs are allocated to their payers in order that 

ISOs are able to return the merchandising surplus by real-time power flow instead of 

pre-defining transported energy. In Chapter 5, Table 5.14 presents that contributions 

of G25 on transmission lines are received in the calculation. Similarly, such 

information can be calculated for all generators in the system. Then, according to 

ownerships of transmission lines, payments for wheeling services to each 

transmission owners from particular generators is able to be calculated. As the result 

data are too massive to present here, only calculation of final results are shown in 

this section. For instance, in this case, G1 payments to each transmission owner in the 

unconstraint condition are calculated by the following equations. 
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where the payment to tie lines are divided by 2 because of the assumption in Section 

5.2.1 that the ownerships are split into 5:5 if transmission lines are crossing borders. 

 

Consequently this calculation is repeated for all generators and wheeling payments to 

each transmission owner without constraints can be presented in Table 6.4. The 

second and third columns are indicating wheeling charges paid to each transmission 

owner from particular generators respectively. 

 

Similarly, payments for wheeling services from generators with constraints are 

presented in Table 6.5. Additionally differences of wheeling charges between 

unconstraints and constraints are calculated by the calculation below which takes G1 

as an example and results are presented in Table 6.6.  
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G Number 
Payment to transmission owner 

in Area 1 (£/h) 

Payment to transmission 

owner in Area 2(£/h) 

1 0.32745 32.90175 

6 5.80545 114.1136 

10 1563.3 2474.223 

12 13.3627 85.1928 

15 77.09545 48.98265 

18 19.4435 48.98265 

19 62.4918 71.5423 

25 89.1464 125.4401 

26 185.2516 235.3264 

31 0.72595 66.80475 

32 4.5662 55.5434 

34 221.6153 54.0513 

36 110.9222 92.87555 

46 145.7 0 

49 185.476 0 

54 40.3162 0 

55 93.80107 0 

56 73.91379 0 

59 0 0 

61 245.43 0 

62 69.6381 0 

65 488.8806 0 

66 234.7943 0 

69 441.9984 0 

70 209.3642 0 

74 113.9417 0 

76 84.07912 0 

77 145.5015 0 

80 117.9845 0 

85 329.417 0 

87 618.234 0 

89 306.1023 0 

92 182.668 0 

100 317.6416 0 

103 504.251 0 

104 327.2445 0 

105 263.2928 0 

110 404.6484 0 

111 657.801 0 

Table 6.4: Wheeling charges paid to different transmission owners from each 

generator without constraints 
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G Number 
Payment to transmission owner in 

Area 1(£/h) 

Payment to transmission owner 

in Area 2(£/h) 

1 0.29985 32.98245 

6 5.36065 116.3106 

10 1551.758 2565.611 

12 12.2956 89.9776 

15 70.13135 48.45315 

18 18.8799 47.7083 

19 63.30305 77.56165 

25 86.6804 127.8596 

26 175.3575 244.2712 

31 -0.14475 64.41195 

32 0.9428 66.5044 

34 236.5682 55.44845 

36 116.8663 93.4248 

46 145.6769 0 

49 185.3217 0 

54 40.1976 0 

55 93.80073 0 

56 73.90892 0 

59 0 0 

61 245.4181 0 

62 69.51619 0 

65 488.4739 0 

66 234.2868 0 

69 441.5224 0 

70 206.1894 0 

74 112.7477 0 

76 83.74348 0 

77 145.7281 0 

80 117.2495 0 

85 329.3962 0 

87 618.2231 0 

89 306.1012 0 

92 182.6588 0 

100 317.4443 0 

103 504.0587 0 

104 327.1442 0 

105 263.2663 0 

110 404.6005 0 

111 657.8532 0 

Table 6.5: Wheeling charges paid to different transmissions from each 

generator with constraints 
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G Number 
Difference of payment to 

transmission owner in Area 1(£/h) 

Difference of payment to 

transmission owner in Area 2 (£/h) 

1 -0.0276 0.0807 

6 -0.4448 2.197 

10 -11.5415 91.38815 

12 -1.0672 4.7848 

15 -6.9641 -0.5295 

18 -0.5636 0.5576 

19 0.81125 6.01935 

25 -2.466 2.4195 

26 -9.8941 8.9448 

31 -0.8707 -2.3928 

32 -3.6234 10.961 

34 14.95285 1.39715 

36 5.94415 0.54925 

46 -0.02309 0 

49 -0.15426 0 

54 -0.1186 0 

55 -0.00034 0 

56 -0.00487 0 

59 0 0 

61 -0.01192 0 

62 -0.12191 0 

65 -0.4067 0 

66 -0.50749 0 

69 -0.47597 0 

70 -3.17479 0 

74 -1.19396 0 

76 -0.33564 0 

77 0.226593 0 

80 -0.73499 0 

85 -0.02079 0 

87 -0.01088 0 

89 -0.00116 0 

92 -0.00917 0 

100 -0.19725 0 

103 -0.19227 0 

104 -0.10032 0 

105 -0.02652 0 

110 -0.04796 0 

111 0.052138 0 

Table 6.6: Differences of wheeling charges between unconstraints and 

constraints 

 

As discussed above, the compensation to system participants is determined by 

differences of payments between unconstraints and constraint. As found in Table 6.6 
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differences could be positive or negative. The positive value means that generators 

pay more wheeling charges under constraint operation. This is a disadvantage for 

generators paying more charges due to congestion, so transmission owners are 

obliged to compensate those generators with exact values in Table 6.6. For instance, 

G34 receives £14.95289/h from Area 1 and £1.39715/h from Area 2 respectively. On 

the contrary negative values refer to less wheeling charges for a particular generator 

under constraint operation. There are two options for negative values: firstly, 

generators return their saving to transmission owners; secondly, generators keep their 

saving as they are considered as contributing to relieve congestion. Participant and 

transmission owners could discuss to choose an optimum solution to implement into 

operation. 

 

6.4 Summary 

This chapter has discussed the congestion issue in deregulated electricity markets and 

a measure of congestion management for the proposed method is introduced in this 

chapter. Firstly, the characteristic of congestion is presented in the beginning of this 

chapter and this section explains why congestion is supposed to be eliminated 

efficiently. Additionally, Section 6.2 presents current solutions for both 

inter-congestion and intra-congestion respectively. In Section 6.3, the congestion 

issue brought by the proposed method is analysed and a measure of congestion 

management is proposed to compensate benefit losses of energy revenues and 

additional wheeling charges for generators due to congestion. For compensating 

energy revenues of generators, transmission owners need to pay benefit losses but 

those generators that earn more benefits can keep their revenues as they are 

considered to relief congestion. Similarly, generators could pay extra wheeling 

charges under constraint operation, which is considered as benefits losses due to 

congestion. Those losses of generators also needs to be compensated by transmission 

owners. Consequently, this measure is believed to be able to give transmission 

owners incentives to reinforce networks to eliminate congestion. 
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Chapter 7 Conclusions and Future 

Work 

7.1 Conclusions 

This thesis introduces an allocation method of charging transmission fees for 

cross-border trading in deregulated electricity markets. This method is proposed 

based on the need of technical and economic expectations in competitive markets. In 

particular, both long-term wheeling charges and short-term wheeling charges are 

considered in the calculation and are allocated according to locations of transmission 

lines. 

 

An overview of the regulated electricity market is presented in the first two chapters 

of the thesis. Firstly, changes of the industry structure are discussed. The most 

obvious change of deregulation is that the traditional vertical integrated structure is 

re-organised into four parts: generation, transmission, distribution and supply. An 

Independent System Operator (ISO) is supposed to operate the system for ensuring a 

fair and transparent market. Secondly, new pricing mechanisms are adapted to charge 

energy consumption after deregulation, which are Uniform Pricing, Zonal Pricing 

and Nodal Pricing. They are illustrated and compared in Chapter 2. Finally, 

experience of different deregulated markets is introduced to explain the current status 

of ISO responsibilities, energy trading methods and transmission tariffs.  

 

Traditional methodologies for wheeling charges are also reviewed in conjoined with 

the philosophies and mathematics. A conclusion is proposed after discussion and 

illustrations that none of them is able to address the allocation problem of wheeling 

charges in cross-border trading because they cannot provide solutions for 

transmission owners to determine the share of the collected wheeling charges. A 
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review of the EU experience in cross-border trading is also presented. Several 

mechanisms for charging transmission fees in cross-border trading are discussed and 

illustrated. After comparisons, Average participations (AP) and With and without 

transit (WWT) are considered as suitable charging mechanisms from a theoretical 

point of view. But they suffer different disadvantages as AP is not able to offer 

sufficient congestion information to market participants for future investments whilst 

WWT sometimes leads to fictive cross-border flows to charge irrational wheeling 

fees from market participants.   

 

A proposed method is introduced to resolve the allocation problem described above 

after the discussion of current challenges. This method is a combination of both 

power flow tracing and nodal pricing to calculate the wheeling charge on every line 

which is divided into the long-term charge and the short-term charge. The long-term 

charges reflect the fixed costs which are used for maintaining expenses and future 

investment whilst the short-term charges refer to congestion costs and loss costs 

during transmission. The allocation of wheeling charges for cross-border trading can 

be achieved by referring to locations of transmission lines after those charges are 

completely calculated.  

 

The proposed method is simulated in the IEEE 118 bus system. Three scenarios are 

used to test the function of the proposed method. The first scenario is to split the 

IEEE 118 bus system into two areas and two areas trade electrical energy for optimal 

social benefits. This simulation indicates generators and loads in the export area 

could be generally at a disadvantage so that a compensation stage is implemented 

after allocation of transmission charges. This solution asks the import area to use its 

monetary saving to compensate losses of participants in the export area during 

cross-border trading. The result shows this compensation process can benefit 

generators involved in cross-border trading and loads in the import area whilst loads 

in the export area are not influenced by cross-border trading. The second scenario is 

simulated based on the first case with an additional bilateral transaction across the 
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border. The effect of loop flow affects the performance of the proposed method. As 

effects of loop flow cannot be avoided when allocating wheeling charges of bilateral 

contracts, all power flow impacts from bilateral contracts are used to charge 

wheeling services. The last scenario is to examine cross-border trading among 

multi-areas. In this case study, the IEEE 118 bus system is split into three areas 

instead of two areas and a transaction is carried between two non-adjacent areas. 

Then the third area provides transmission service for this transaction. Finally, after 

the simulation, the transmission owner in the carrier-area can earn more benefits for 

providing transporting services for cross-border trading. 

 

In the thesis impacts of congestion in cross-border trading is discussed and current 

measures of congestion management are explained in Chapter 6. A modified 

congestion solution is suggested to resolve congestion problem in the proposed 

wheeling charging method. In the proposed congestion solution, the transmission 

owner has to compensate generators and loads which lose benefits due to congestion. 

This solution is tested in the first scenario system and believed to be able to give 

transmission owners incentives to reinforce networks to eliminate congestion. 

 

7.2 Future Work 

According to the time constraint, some issues in allocating wheeling charges for 

cross-border trading are not yet investigated in the thesis. In the following section, 

several suggestions and improvements are listed for future research: 

 

 The proposed method is introduced to resolve the allocation problem of 

active power wheeling charges in this thesis. In practice, reactive power is 

also charged and allocated for transport. However, charging reactive power 

is different from charging active power so that the proposed method can be 

used for charging reactive power. Nevertheless a method for reactive power 
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can be proposed based on the experience in this thesis. 

 

 In the simulation, transmission losses are not included in the calculation due 

to assumption. Following works should include transmission losses in the 

calculation. 

 

 In the three testing scenarios, all wheeling charges are assumed to be paid 

by generators for simplifying the discussion. As a result, the compensation 

stage in the proposed method only takes into account benefits losses of 

generators. In practice, wheeling charges are paid by both generators and 

loads with an agreed ratio. Usefully information for the compensation stage 

could be received if wheeling charges of loads were included in the future 

simulation. 

 

 The proposed congestion management is simulated in the first scenario 

where cross-border trading happens across two areas. More valuable results 

could be obtained if this congestion management is tested in multi-area 

cross-border trading.  

 

 The proposed congestion management in the thesis indicates that 

compensating market participant benefits losses due to congestion gives 

transmission owners incentives to invest more transmission capacity. The 

investment return period could be included in future work. 
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Appendix A: the 7 bus system 

Bus No Area Voltage (pu) Pgen MW (pu) Pload MW (pu) Qload MWvar (pu) 

1 1 1.05 153.08 0 0 

2 1 1.04 150 40 20 

3 1 0.99 0 150 40 

4 1 1 50 80 30 

5 1 1.017 0 130 40 

6 2 1.017 250 200 0 

7 3 1.04 200.27 200 0 

Table A.1: Line data of the 7 bus system 

 

G No 

Fixed 

cost 

(MBtu/h) 

Generator cost 

co-efficient b 

(MBtu/MWh) 

Generator cost 

co-efficient c 

(MBtu/(MWh)
2
) 

Fuel Cost 

(£/MBtu) 

Pmin 

(MW) 

Pmax 

(MW) 

1 373.5 8 0 1 0 400 

2 403.6 0 0.025 1 150 500 

4 253.2 7.84 0.0013 2.09 50 300 

6 388.9 7.57 0.0013 2.14 150 500 

7 194.28 7.771 0.0019 2.574 0 600 

Table A.2: Generation and load data of the 7 bus system 

 

Branch From bus To bus R (pu) X (pu) B (pu) 
Limit 

(MVA) 

1 1 3 0.02 0.24 0.05 120 

2 1 2 0.05 0.05 0.5 120 

3 2 6 0.005 0.06 0.05 200 

4 2 4 0.015 0.18 0.04 100 

5 2 5 0.01 0.12 0.03 120 

6 2 3 0.015 0.18 0.04 100 

7 3 4 0.0025 0.03 0.02 222 

8 4 5 0.02 0.24 0.05 60 

9 6 7 0.02 0.24 0.05 200 

10 6 7 0.02 0.24 0.05 200 

11 7 5 0.005 0.06 0.04 200 

Table A.3: Cost models of generators in the 7 bus system 
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Figure A.1: The 7 bus system 
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Appendix B: the IEEE 118 bus system 

From bus To bus R (pu) X (pu) B (pu) 

1 2 0.0303 0.0999 0.025 

1 3 0.0129 0.0424 0.0108 

2 12 0.0187 0.0616 0.0158 

3 5 0.0241 0.108 0.0284 

3 12 0.0484 0.16 0.0406 

4 5 0.0018 0.008 0.0021 

4 11 0.0209 0.0688 0.0174 

5 6 0.0119 0.054 0.0142 

8 5 0 0.0267 0 

5 11 0.0203 0.0682 0.0174 

6 7 0.0046 0.0208 0.0054 

7 12 0.0086 0.034 0.0088 

8 9 0.0024 0.0305 1.162 

8 30 0.0043 0.0504 0.514 

9 10 0.0026 0.0322 1.23 

11 12 0.0059 0.0196 0.005 

11 13 0.0225 0.0731 0.0188 

12 14 0.0215 0.0707 0.0182 

12 16 0.0212 0.0834 0.0214 

12 117 0.0329 0.014 0.0358 

13 15 0.0744 0.2444 0.0626 

14 15 0.0595 0.195 0.0502 

15 17 0.0132 0.0437 0.0444 

15 19 0.012 0.0394 0.01 

15 33 0.038 0.1244 0.032 

16 17 0.0454 0.1801 0.0466 

17 18 0.0123 0.0505 0.013 

30 17 0 0.0388 0 

17 31 0.0474 0.1563 0.0398 

17 113 0.0091 0.0301 0.0077 

18 19 0.0112 0.0493 0.0114 

19 20 0.0252 0.117 0.0298 

19 34 0.0752 0.247 0.0632 

20 21 0.0183 0.0849 0.0216 

21 22 0.0209 0.097 0.0246 

22 23 0.0342 0.159 0.0404 

23 24 0.0135 0.0492 0.0498 

23 25 0.0156 0.08 0.0864 

23 32 0.0317 0.1153 0.1174 

24 70 0.1022 0.4115 0.102 

24 72 0.0488 0.196 0.0488 

26 25 0 0.0382 0 

25 27 0.0318 0.163 0.1764 

26 30 0.008 0.086 0.908 

27 28 0.0191 0.0855 0.0216 

27 32 0.0229 0.0755 0.0192 

27 115 0.0164 0.0741 0.0197 

28 29 0.0237 0.0943 0.0238 

29 31 0.0108 0.0331 0.0084 

30 38 0.0046 0.054 0.422 

31 32 0.0298 0.0985 0.0252 
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113 31 0 0.1 0 

32 113 0.0615 0.203 0.0518 

32 114 0.0135 0.0612 0.0163 

33 37 0.0415 0.142 0.0366 

34 36 0.0087 0.0268 0.0056 

34 37 0.0026 0.0094 0.0098 

34 43 0.0413 0.1681 0.0422 

35 36 0.0022 0.0102 0.0026 

35 37 0.011 0.0497 0.0132 

38 37 0 0.0375 0 

37 39 0.0321 0.106 0.027 

37 40 0.0593 0.168 0.042 

38 65 0.009 0.0986 1.046 

39 40 0.0184 0.0605 0.0156 

40 41 0.0145 0.0487 0.0122 

40 42 0.0555 0.183 0.0466 

41 42 0.041 0.135 0.0342 

42 49 0.0715 0.323 0.086 

42 49 0.0715 0.323 0.086 

42 49 0.0715 0.323 0.086 

43 44 0.0608 0.2454 0.0606 

44 45 0.0224 0.0901 0.0224 

45 46 0.04 0.1356 0.0332 

45 49 0.0684 0.186 0.0444 

46 47 0.038 0.127 0.0316 

46 48 0.0601 0.189 0.0472 

47 49 0.0191 0.0625 0.016 

47 69 0.0844 0.2778 0.071 

48 49 0.0179 0.0505 0.0126 

49 50 0.0267 0.0752 0.0188 

49 51 0.0486 0.137 0.0342 

49 54 0.0869 0.291 0.073 

49 54 0.073 0.289 0.0738 

49 54 0.073 0.289 0.0738 

49 66 0.018 0.0919 0.0248 

49 66 0.018 0.0919 0.0248 

49 66 0.018 0.0919 0.0248 

49 69 0.0985 0.324 0.0828 

50 57 0.0474 0.134 0.0332 

51 52 0.0203 0.0588 0.014 

51 58 0.0255 0.0719 0.0178 

52 53 0.0405 0.1635 0.0406 

53 54 0.0263 0.122 0.031 

54 55 0.0169 0.0707 0.0202 

54 56 0.0027 0.0096 0.0074 

54 59 0.0503 0.2293 0.0598 

55 56 0.0049 0.0151 0.0038 

55 59 0.0474 0.2158 0.0564 

56 57 0.0343 0.0966 0.0242 

56 58 0.0343 0.0966 0.0242 

56 59 0.0803 0.239 0.0536 

56 59 0.0825 0.251 0.0568 

56 59 0.0825 0.251 0.0568 

59 60 0.0317 0.145 0.0376 

59 61 0.0328 0.15 0.0388 

63 59 0 0.0386 0 

60 61 0.0026 0.0135 0.0146 

60 62 0.0123 0.0561 0.0146 

61 62 0.0082 0.0376 0.0098 
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64 61 0 0.0268 0 

62 66 0.0482 0.218 0.0578 

62 67 0.0258 0.117 0.031 

63 64 0.0017 0.02 0.216 

64 65 0.0027 0.0302 0.38 

65 66 0 0.037 0 

65 68 0.0014 0.016 0.638 

66 67 0.0224 0.1015 0.0268 

68 69 0 0.037 0 

68 81 0.0018 0.0202 0.808 

68 116 0.0003 0.0041 0.164 

69 70 0.03 0.127 0.122 

69 75 0.0405 0.122 0.124 

69 77 0.0309 0.101 0.1038 

70 71 0.0088 0.0355 0.0088 

70 74 0.0401 0.1323 0.0337 

70 75 0.0428 0.141 0.036 

71 72 0.0446 0.18 0.0444 

71 73 0.0087 0.0454 0.0118 

74 75 0.0123 0.0406 0.0103 

75 77 0.0601 0.1999 0.0498 

75 118 0.0145 0.0481 0.012 

76 77 0.0444 0.148 0.0368 

76 118 0.0164 0.0544 0.0136 

77 78 0.0038 0.0124 0.0126 

77 80 0.0294 0.105 0.0228 

77 80 0.017 0.0485 0.0472 

77 80 0.017 0.0485 0.0472 

77 82 0.0298 0.0853 0.0817 

78 79 0.0055 0.0244 0.0065 

79 80 0.0156 0.0704 0.0187 

81 80 0 0.037 0 

80 96 0.0356 0.182 0.0494 

80 97 0.0183 0.0934 0.0254 

80 98 0.0238 0.108 0.0286 

80 99 0.0454 0.206 0.0546 

82 83 0.0112 0.0366 0.038 

82 96 0.0162 0.053 0.0544 

83 84 0.0625 0.132 0.0258 

83 85 0.043 0.148 0.0348 

84 85 0.0302 0.0641 0.0123 

85 86 0.035 0.123 0.0276 

85 88 0.02 0.102 0.0276 

85 89 0.0239 0.173 0.047 

86 87 0.02828 0.2074 0.045 

88 89 0.0139 0.0712 0.0193 

89 90 0.0238 0.0997 0.106 

89 90 0.0518 0.188 0.0528 

89 90 0.0518 0.188 0.0528 

89 92 0.0393 0.1581 0.0414 

89 92 0.0099 0.0505 0.0548 

89 92 0.0099 0.0505 0.0548 

91 90 0.0254 0.0836 0.0214 

91 92 0.0387 0.1272 0.0327 

92 93 0.0258 0.0848 0.0218 

92 94 0.0481 0.158 0.0406 

92 100 0.0648 0.295 0.0772 

92 102 0.0123 0.0559 0.0146 

93 94 0.0223 0.0732 0.0188 
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94 95 0.0132 0.0434 0.0111 

94 96 0.0269 0.0869 0.023 

94 100 0.0178 0.058 0.0604 

95 96 0.0171 0.0547 0.0147 

96 97 0.0173 0.0885 0.024 

98 100 0.0397 0.179 0.0476 

99 100 0.018 0.0813 0.0216 

100 101 0.0277 0.1262 0.0328 

100 103 0.016 0.0525 0.0536 

100 104 0.0451 0.204 0.0541 

100 106 0.0605 0.229 0.062 

101 102 0.0246 0.112 0.0294 

103 104 0.0466 0.1584 0.0407 

103 105 0.0535 0.1625 0.0408 

103 110 0.0391 0.1813 0.0461 

104 105 0.0099 0.0378 0.0099 

105 106 0.014 0.0547 0.0143 

105 107 0.053 0.183 0.0472 

105 108 0.0261 0.0703 0.0184 

106 107 0.053 0.183 0.0472 

108 109 0.0105 0.0288 0.0076 

109 110 0.0278 0.0762 0.0202 

110 111 0.022 0.0755 0.02 

110 112 0.0247 0.064 0.062 

114 115 0.0023 0.0104 0.0028 

Table B.1: Line data of the IEEE 118 bus system 

 

Bus number Voltage (pu) Pgen (MW) PLoad (MW) QLoad (Mvar) 

1 0.95717 0 51 27 

2 0.97222 0 20 9 

3 0.96902 0 39 10 

4 0.998 -9 30 12 

5 1.00207 0 0 0 

6 0.99 0 52 22 

7 0.98932 0 19 2 

8 1.015 -28 0 0 

9 1.04278 0 0 0 

10 1.05 450 0 0 

11 0.9851 0 70 23 

12 0.99 85 47 10 

13 0.96824 0 34 16 

14 0.98359 0 14 1 

15 0.97 0 90 30 

16 0.98395 0 25 10 

17 0.99524 0 11 3 

18 0.973 0 60 34 

19 0.96332 0 45 25 

20 0.9575 0 18 3 

21 0.95772 0 14 8 

22 0.96833 0 10 5 

23 0.99761 0 7 3 

24 0.992 -13 0 0 

25 1.05 220 0 0 

26 1.015 314 0 0 
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27 0.968 -9 62 13 

28 0.96158 0 17 7 

29 0.9632 0 24 4 

30 0.98585 0 0 0 

31 0.967 7 43 27 

32 0.96324 0 59 23 

33 0.97162 0 23 9 

34 0.98592 0 59 26 

35 0.9807 0 33 9 

36 0.98 0 31 17 

37 0.9921 0 0 0 

38 0.96328 0 0 0 

39 0.97082 0 27 11 

40 0.97 -46 20 23 

41 0.96667 0 37 10 

42 0.985 -59 37 23 

43 0.97868 0 18 7 

44 0.98529 0 16 8 

45 0.98688 0 53 22 

46 1.005 19 28 10 

47 1.01729 0 34 0 

48 1.02063 0 20 11 

49 1.025 204 87 30 

50 1.00148 0 17 4 

51 0.96759 0 17 8 

52 0.95755 0 18 5 

53 0.94634 0 23 11 

54 0.955 48 113 32 

55 0.952 0 63 22 

56 0.95459 0 84 18 

57 0.97124 0 12 3 

58 0.95973 0 12 3 

59 0.985 155 277 113 

60 0.99322 0 78 3 

61 0.995 160 0 0 

62 0.998 0 77 14 

63 0.96905 0 0 0 

64 0.98389 0 0 0 

65 1.005 391 0 0 

66 1.05 392 39 18 

67 1.01985 0 28 7 

68 1.00319 0 0 0 

69 1.035 503.33 0 0 

70 0.984 0 66 20 

71 0.98686 0 0 0 

72 0.98 -12 0 0 

73 0.991 -6 0 0 

74 0.95858 0 68 27 

75 0.96823 0 47 11 

76 0.943 0 68 36 

77 1.01173 0 61 28 

78 1.00844 0 71 26 

79 1.01307 0 39 32 

80 1.04 477 130 26 

81 0.99674 0 0 0 
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82 1 0 54 27 

83 0.9939 0 20 10 

84 0.98522 0 11 7 

85 0.98832 0 24 15 

86 0.98883 0 21 10 

87 1.015 4 0 0 

88 0.98914 0 48 10 

89 1.005 607 0 0 

90 0.985 -85 78 42 

91 0.98 -10 0 0 

92 0.99781 0 65 10 

93 0.99121 0 12 7 

94 0.99408 0 30 16 

95 0.98534 0 42 31 

96 0.99816 0 38 15 

97 1.01423 0 15 9 

98 1.02353 0 34 8 

99 1.01 -42 0 0 

100 1.017 252 37 18 

101 0.99468 0 22 15 

102 0.99538 0 5 3 

103 1.00632 40 23 16 

104 0.9882 0 38 25 

105 0.98238 0 31 26 

106 0.97259 0 43 16 

107 0.952 -22 28 12 

108 0.97665 0 2 1 

109 0.97459 0 8 3 

110 0.97285 0 39 30 

111 0.98 36 0 0 

112 0.975 -43 25 13 

113 0.993 -6 0 0 

114 0.96024 0 8 3 

115 0.96015 0 22 7 

116 1.005 -184 0 0 

117 0.98241 0 20 8 

118 0.94992 0 33 15 

Table B.2: Generation and load data of the IEEE 118 bus system 

 

G No 
Fixed Cost  
(MBtu/h) 

Generator costco-efficient b 
(MBtu/MWh) 

Generator cost co-efficient c 
(MBtu/(MWh)

2
) 

Fuel Cost 
(£/MBtu) 

4 0 10 0.01 1 

6 0 10 0.01 1 

8 0 10 0.01 1 

10 0 10 0.01 1 

12 0 10 0.01 1 

15 0 10 0.01 1 

18 0 10 0.01 1 

19 0 10 0.01 1 

24 0 10 0.01 1 

25 0 10 0.01 1 

26 0 10 0.01 1 

27 0 10 0.01 1 
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31 0 10 0.01 1 

32 0 10 0.01 1 

34 0 10 0.01 1 

36 0 10 0.01 1 

40 0 10 0.01 1 

42 0 10 0.01 1 

46 0 10 0.01 1 

49 0 10 0.01 1 

54 0 10 0.01 1 

55 0 10 0.01 1 

56 0 10 0.01 1 

59 0 10 0.01 1 

61 0 10 0.01 1 

62 0 10 0.01 1 

65 0 10 0.01 1 

66 0 10 0.01 1 

69 0 10 0.01 1 

70 0 10 0.01 1 

72 0 10 0.01 1 

73 0 10 0.01 1 

74 0 10 0.01 1 

76 0 10 0.01 1 

77 0 10 0.01 1 

80 0 10 0.01 1 

82 100 10 0.01 1 

85 0 10 0.01 1 

87 0 10 0.01 1 

89 0 10 0.01 1 

90 0 10 0.01 1 

91 0 10 0.01 1 

92 0 10 0.01 1 

99 0 10 0.01 1 

100 0 10 0.01 1 

103 0 10 0.01 1 

104 0 10 0.01 1 

105 0 10 0.01 1 

107 0 10 0.01 1 

110 0 10 0.01 1 

111 0 10 0.01 1 

112 0 10 0.01 1 

113 0 10 0.01 1 

116 0 10 0.01 1 

Table B.3: Cost models of generators in the IEEE 118 bus system 
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Figure B.1: The IEEE 118 bus system 


