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Abstract 

 
 

Electricity network pricing approaches play a fundamental role in establishing whether 

providing the network service function is economically beneficial to both the network 

operators and other stakeholders, namely, network users. Many pricing methodologies 

have been developed since the late 80‟s. The earlier approaches were not based on 

economic principle while the latest are directed to being more based on economic principle 

as the shift is towards deregulated and privatized electric power industry as opposed to the 

earlier vertically regulated regime. As a result, many such methodologies based on 

economic principle have emerged and these reflect the investment cost incurred in circuits 

and transformers to support real and reactive power flow. However, to reflect investment 

cost incurred for maintaining network voltages in network charges has received very little 

attention in network charges. Therefore, this research work is aimed to create a charging 

approach to recover investment cost, by the network operator, for maintaining the network 

voltages. 

 

This thesis presents a new long-run incremental cost (LRIC) pricing approach for 

distribution networks and demonstrates the course of action of evaluating and allocating 

the network asset cost in the context of maintaining network voltages. Also, it should be 

noted that this approach can be used for transmission networks. Firstly, the LRIC-voltage 

network pricing approach for reflecting the future network VAr compensation assets is 

proposed. Then, this approach is extended to consider n-1 contingency situation as per 

statutory requirement that the network should be able to withstand such contingencies in 

order to enhance reasonable security and reliability in its network. Lastly, this LRIC-

voltage network charging methodology is again extended to reflect the charges for existing 

network VAr compensation assets. In addition, this LRIC-voltage network pricing 

approach is improved to reflect better the nodal charges as the respective nodal voltage 

degradation rates, given corresponding load growth rate, are determined based on the P-V 

curve concept. The advantages of all these incorporate the ability to reflect correct 

forward-looking charges, to recognize both real and reactive powers, to provide locational 

charges and to provide charges for both generation and demand customers. 

 

In addition, two fundamental studies were conducted to demonstrate the trend in which the 

LRIC-voltage network charges would follow given different networks and different load 

growth rates. What set apart the LRIC-voltage network charges are those two parameters. 

Moreover, with regard to different networks, this was a defining moment as to how the 

aforementioned charges should be sought given transmission and distribution networks.  

 

A pricing software package utilizing load-flow has been developed implementing the 

proposed LRIC-voltage network pricing methodology and, its extensions. This software 

can well be utilized by transmission and distribution companies for analyzing their cost.  

 

The LRIC-voltage network pricing methodology and its extensions, are all demonstrated 

on the IEEE 14-bus test system and a practical distribution test network in the South Wales 

area of England, UK.                   
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Chapter 1 

Introduction 

 
 

In this chapter, the background information about the electricity network pricing, power 

system reactive power (VAr) and reactive power planning (RPP) and pricing are 

introduced. Next, the motivation of this research, which is focussed on Long-Run 

Incremental Cost (LRIC) pricing for improving the voltage profile of distribution network, 

is outlined. Thereafter, the main contributions of this study are also summarized. Finally, 

this thesis layout is presented. 
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1.1 Background 
 

 

1.1.1 Deregulation and Restructuring of the Electricity 

Power Industry 
 

 

Many developing and industrialized countries have been undergoing liberalization as a 

major trend in the reform of their respective electricity power industries, since the late 20
th

 

century. The idea was to introduce competition – where competition was deemed possible, 

and to regulate – where competition was not considered practicable [2]. Consequent to this 

power industry restructuring and decentralization, electricity is a commodity to be traded 

by generators, suppliers and other traders. 

 

Compared to telecommunication and transportation sectors, the electricity power industry 

is transforming from being state-owned monopolies to competitive entities. In accordance 

to this electricity market‟s hierarchy and architecture, these companies were disaggregated 

into a number of individual business functions carrying out one or more of the newly 

defined industry functions, namely, 

 

 generation (transmission connected) 

 

 transmission 

 

 distribution 

 

 supply (energy retail) 

 

Generating companies (GENCOs) are responsible for the generation function while the 

transmission companies (TRANSCOs) and distribution companies (DISCOs) are 

responsible for transmission and distribution functions, respectively.  

 

In the above mentioned structure, generation and supply then became the pivot having 

potential to develop into competitive business functions, whereas ownership and operation 

of the transmission and distribution networks were viewed as natural monopolies and, as 

such, their actions and business revenue inevitably required independent centrally 

administered regulation. Also, for the latter business functions, with regulation, open, non-

discriminatory access to the grid for all market participants was to be ensured. Moreover, 

these latter functions are charged with the responsibility to develop and maintain an 

efficient, co-ordinated and economical system of electricity transport. In addition, to 

facilitate competition in generation and supply of electricity, and facilitate a mechanism to 

charge for the use of and connection to their systems employing rational methodologies 

which reflect, as far as reasonably practicable, the costs incurred [3, 4, 5]. Suppliers 

(RETAILCOs) are organisations who buy electricity and other related services, and sell 

them to customers. Even though these companies are separate legal entities, they are 

interconnected into an electrical system as shown below in figure 1.1. 

 



Chapter 1                                              Introduction 3 

 

 
        Figure 1.1: An integrated electricity system [6] 

           

The deregulation and restructuring took effect for the first time in Chile in the late 1970‟s. 

This model was regarded as successful in the context of being rational and transparent to 

power pricing. Though this model was highly regarded, it had some large incumbents 

holding market power and suffered from the attendant structural problems. Argentina was 

next and they adopted the Chilian model which they improved by enhancing reliability. 

This was achieved by imposing stringent limits on the concentration of the market by 

improving the structure of payments to units held in reserve. This propagation of 

deregulation into Argentina improved the reliability of their system since under the 

government monopoly, it suffered a number of disruptions due to the bad condition of the 

generating units [7]. Thereafter, many countries followed by introducing deregulation and 

restructuring. 

 

In 1990 privatisation was introduced in the United Kingdom (England and Wales) in a bid 

to increase efficiency and reduce costs in the electric power industry. The UK model 

propagated into other countries such as Australia, New Zealand, e.t.c. This deregulation 

process took different shapes and forms as it propagated but the underlying principles and 

concepts remain the same. Specifically, for the UK, this operated as electricity pool for the 

production and trading of the wholesale electricity arrangements. Later, the electricity pool 

setup was reformed to become New Electricity Trading Arrangements (NETA) in which 

energy could be traded bilaterally among generators and supplies. Moreover, capacity 

could be traded in daily, weekly, monthly and even annually, in advance. This arrangement 

was competitive and for the interest of customer, as it was recorded [8] for the period April 

2001 to February 2002, peak prices fell by 27% and base load prices fell by 20%. In April 

2005, NETA became the British Electricity Trading Transmission Arrangements 

(BETTA), thus expanding to being the single Great Britain electricity market of England, 

Wales and Scotland.  
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 1.1.2 Reactive Power 
 

Overhead lines, underground lines, transformers and shunt devices (reactors and 

capacitors) are components of an AC electrical distribution system. These components 

display the following characteristics: 

 

 capacitance -which provides a good measure of how a plant item can store 

electrical charge. 

 

 resistance -which provides a good measure of how a plant item can absorb a 

electrical power and convert it to heat. 

 

 inductance -which provides a good measure of how a plant item can create a 

magnetic field due to electrical current passing through it.  

 

The capacitive and inductive instances of the power system produce the charging and 

magnetising currents, respectively, which result in reactive power. The current waveform 

is 90˚ out of phase with the voltage across its terminals when pure reactive loads are 

connected.  The current can be resolved into two parts in complex loads, one in phase with 

the voltage and the other 90˚ out of phase with the voltage [9, 10]. 

 

Real power can be converted into mechanical and other forms (useful work) and reactive 

power can not. In essence real power is the transfer of physical energy across an electrical 

power system and its unit of measurement is megawatts (MW) and reactive power is 

measured in megavars (MVAr). In contrast, reactive power bounces back and forth across 

the system (every half cycle) propagating between the magnetic field of inductors and the 

electric fields of capacitors. 

 

The equation below shows the relation between the scalar voltage difference between two 

nodes in a network and, the flow of reactive power and real power [10]. 

 

 

                                   

A
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                          (1.1)                                                                                    

 

                            

The transmission angle is defined by this relation: 

 

                                         
V

RQXP 
                                                               (1.2)                                                    

 

Since for the distribution systems, the ratio of X  to R  is approximately small, therefore 

from eqn. 1.1, it can clearly be seen that the voltage difference can be varied by controlling 

the flow of both reactive and real powers [9].  

 

The above relation depicted by eqn. 1.1 has a significant influencing on the power system 

operation. In order to guarantee the quality and reliability of a power system, the load bus 

voltages should be maintained within their acceptable limits. This latter factor is ensured 
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by having a sufficient supply of reactive power readily available to the system operator [9]. 

This is due to the fact that, if there is a deficiency or surplus of reactive power at a node the 

voltage at that node will fall or rise, respectively. This instance of installing plant item on a 

power system for providing or drawing reactive power is termed as reactive power 

compensation. The next section will outline why reactive power compensation is 

important. 

 

1.1.3 Why reactive power compensation 
 

The profile of power generation and reactive power support are changing continuously, 

therefore, there is always a need for reactive power compensation since the instantaneous 

reactive power of a system is continuously changing due to number of challenges, as listed 

below. 

 

 Temporal cycles 

 

Changing VAr needs are due to the daily and seasonal changes in the system 

loading and load type. Usually during daytime, the power systems are heavily 

loaded, therefore, the voltage decreases. This is as a consequent of overhead 

lines which generate reactive power when lightly loaded or otherwise absorb 

reactive power when fully loaded. Given this scenario inevitably this is one of 

the operational instances and, therefore, has attracted the attention of reactive 

power dispatch and optimization communities employing techniques described 

by [11]. 

 

 Topographic/profile changes 

 

Considering the distribution system over a horizon of a number of years, there 

are two fundamental considerations that must take effect. Firstly, the physical 

structure of the system is continuously changing. For instance, major demand 

centres change as industrial or domestic areas expand or contract and 

generation sets may be commissioned or decommissioned. Secondly, with the 

processes of privatisation getting more and more refined, and movement 

towards free markets for real and reactive power supply, market forces affect 

the choice of generators (in essence shifting the power flow pattern across the 

system). This calls for stringent planning considerations and, therefore, the 

system operator requires to be constantly evaluating and predicting the shape 

of the future needs for reactive power and ensuring those needs are met when 

the time is right. 

 

 

 Contingencies 

 

Contingency is failure of plant item. This refers to loss of a generator, loss of a 

line, e.t.c. With or without credible contingencies, the power system has to be 

secure and stable, as a statutory requirement. During a contingent action, 

busbar voltages and line power flows can instantly and significantly change as 
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the loading of the lines change to cover demand. This results with different 

reactive power needs to support the voltage. 

 

In essence, there must be enough reactive power capability (from generators and 

compensation devices) on the system to ensure that an acceptable voltage profile can be 

maintained for normal and contingent conditions of operation.  

 

1.1.4 Network Voltage Control and Pricing 
 

Although the process of worldwide structuring of the electricity power industry has many 

substantial benefits (as outlined above), however, it introduced some inherent few 

problems and, one such, has been the network voltage instability which at times led to 

several major voltage collapse incidents in the world. Owing to this restructuring, voltage 

instability is due to power systems being operated closer to their transmission capability 

limits due to economic and environmental concerns. The problem is often compounded by 

delays in developing transmission lines resulting from lengthy and complex approval 

process, particularly to interconnect independent power systems. These aforementioned 

effects, makes it difficult to control the reactive power demand and, hence difficult to 

retain network nodal voltages within prescribed limits. 

 

Given the above voltage problem, it is imperative to formulate some stringent measures to 

ensure that the network nodal voltages are kept within required limits. The natural way of 

dealing with the problem is to have distributed VAr resources through out the network, 

with static (reactors and capacitor banks) and dynamic (generators, synchronous 

condensors, SVCs, STATCOM e.t.c) sources balanced through out the entire network 

resulting from the reactive power planning process. In addition, the network voltage 

control could be enhanced by developing an economic charging paradigm to price for the 

improvement of the network voltage profile.           

    

The network (transmission and distribution systems) is expected to operate securely and 

efficiently as this is the key to the electricity market efficiency. Specifically, distribution 

network owners (DNOs) are charged with the responsibility for developing, operating and 

maintaining their electrical systems, to maintain a certain acceptable degree of reliability 

and availability. Also, distribution companies are required to deal with distribution 

network power quality and outage issues. In turn, the transmission and distribution systems 

charge users for the use of their electricity networks. In this regard, the pricing 

methodologies play a pivotal role in establishing whether or not providing “wires” is 

economically viable and sustainable to both the utilities and other market players. The 

current trends are such that, the power sector is based upon economic efficiency which 

would inherently lead to technical efficiency as its basis for decision-making. To that end, 

the network prices should be able to facilitate fair and equitable competition in the trading 

of energy and services. Also, these prices should be a reasonable economic indicator 

utilized by the market to make informed decisions on resource allocation, system 

expansion and reinforcement. In addition to this economic consideration, market and 

political concerns also plays a major part in the overall process of network asset prices [6, 

12]. As a measure of checks and balances, the activities of the network companies have to 

be independently regulated since transmission and distribution systems are natural 
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monopolies. Such regulatory body in the UK, is the Office of Gas and Electricity Markets 

(OFGEM).  

 

Based upon the above, therefore, the dominant intention in the deregulated and privatized 

electric power industry has been to generate new efforts to create appropriate frameworks 

to encourage efficient utilization of network assets. Maintaining the security and quality of 

supply is one of the key issues required for the network operators. Specifically, this 

requires the network operators (NOs) to ensure that their network nodal voltages are within 

specified lower and upper limits. This can be achieved by the use of the reactive power 

compensation devices in supporting the nodal voltages whilst transporting real power thus 

improving the efficiency of the network. 

 

On the other hand, reactive power support can be categorized as a component that supports 

real power shipment, supplies reactive loads and provides reserve for maintaining voltage 

profiles under steady state and following credible contingencies. To this effect, network 

operators are required to secure adequate balanced reactive power support through-out 

their networks to assist real power shipment coupled with improving network security. The 

process of ensuring adequate VAr support on the network is referred to as reactive power 

planning (RPP). The reactive power support in a network comes from three sources: 

 

- generators that can  generate reactive power 

 

- networks for carrying and producing reactive power for maintaining the security 

and quality of supply 

 

- suppliers who affect consumers‟ reactive power consumption expressed by [13] 

      in terms of lines and transformers 

 

The fundamental requirement for any efficient charging methodology from the view point 

of regulatory authorities, is to develop a scheme which will ensure that the concerned 

network asset investment is cost effective and, also, it is best utilized. To this effect, 

significant amount of research into methodologies to establish the resulting charges has 

been carried-out, however, these reflect the investment cost incurred in circuits and 

transformers to support real and reactive power flow, as would be reflected in chapters 3 

and 4. These methodologies are based on the “extent of use” of a network by the network 

users in which as a result the cost of the network is assigned. Unfortunately, to reflect 

investment cost incurred for maintaining network voltages in network charges has received 

very little attention in network charges. In addition, power factor (pf) penalty approach, 

which is currently used to recover charges for generator operating costs, has been seen as 

inconsistent (no basis for the choice of pf penalty threshold as a number of network 

companies have different pf thresholds) and inadequate by many researchers [14, 15, 16, 

17, 18] and it is also not based on economic principle. Moreover, pf penalty approach only 

penalise network users operating at power factor below the preset threshold and fails to 

incentive those users who otherwise operating above the required pf threshold.  

Furthermore, every network user impacts on the network during either nodal withdrawal or 

injection and, therefore, that impact should be evaluated and, finally, be allocated to 

network users in an equitable manner. 
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Therefore, it is against the aforementioned background that this particular research is 

directed at formulating a scheme for charging to price the network cost for improving the 

overall network voltage profile. Given the prevailing current renewed sense of purpose in 

tackling environmental issues entailed in many government policies, which were motivated 

by the Kyoto protocol as mentioned by [19-21], renewable energy generation sources, e.g. 

wind power generators in the UK, are sought to provide the solution for the most part. In 

turn, SVCs are sought to be the network VAr compensation assets to be mostly used since 

they are able to effectively regulate the fast voltage changes due to uncertain wind power 

outputs [6, 22, 23, 24]. To this end, UK has pledged to increase the renewable power 

energy sources by 10% in 2010, 20% by 2020 and, finally, by 60% by 2050 [23].      

 

 

1.2 Motivation  
 

Most research in reactive power pricing [14, 25-35] reflects the benefits from generation, 

reflecting the operational cost due to new customers, i.e. how they might change network 

losses. This research work is concerned with the support from the network, particularly, the 

pricing of reactive power devices in the network in maintaining the network voltage 

profiles within acceptable limits as per statutory requirement. 

    

The investment costs of maintaining network voltages within acceptable limits should be 

recovered from generators, large industrial customers and suppliers. A scheme for network 

charging to reflect the potential impact on network voltages needs to satisfy two 

fundamental purposes:  

 

1. to recover capital, operation and maintenance costs of the network VAr 

compensation assets thus enabling the concerned network establishments to gain a 

reasonable rate of return on the capital invested 

 

2. to provide forward-looking, economically efficient signals that reflect both the 

extent of the network VAr compensation assets required to service withdrawal 

and/or injection and at the degree of network VAr compensation asset use. This 

aims to influence the future use of the system by the network users to better the 

system voltage profiles. 

 

Most of the network pricing approaches satisfy the first purpose while ignoring the latter as 

the resulting charges are not forward-looking and do not influence the future use of the 

system to benefit the network.   

 

Research work objectives: 

 

 To Formulate the LRIC-voltage network charging approach to price for the future 

network SVCs. 

 

 To extend the LRIC-voltage network approach to support the network given n-1 

circuit contingency situation. 
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 To conduct studies to establish the trends assumed by LRIC-voltage network 

charges given different networks and different demand growth rates. 

 

 To extend the LRIC-voltage network charging approach to price for the existing 

network SVCs. 

 

 To formulate the improved version of the LRIC-voltage network charges.  

 

 To undertake a comprehensive literature review of transmission and distribution 

network pricing methodologies concerning circuits and transformers. This is to be 

executed in view of setting the scene for the new proposed LRIC-voltage network 

approach to be undertaken. 

 

 

1.3 Contribution 
 

The main thrust of this research was to establish a novel long-run incremental cost (LRIC) 

pricing methodology for charging for the future and existing network reactive power (VAr) 

compensation assets. Even though this LRIC pricing methodology was meant to be utilized 

for the distribution networks, it may, however be utilized for the transmission networks, as 

well. Consequently, this aforementioned pricing paradigm was demonstrated in evaluating 

network asset costs in improving the overall network voltage profile and, subsequently, 

apportioning these costs equitably among the network users. 

 

The major contributions in this research work are as follows:  

 

 LRIC-voltage network charging pricing for future network SVCs 
 

The LRIC-voltage network charging pricing for future network SVCs is the proposed 

long-run incremental cost pricing principle based on nodal voltage to reflect the 

additional investment cost in network reactive power (VAr) compensation assets when 

accommodating new generation/demand, reflecting the cost to the network in ensuring 

that nodal voltages are within statutory limits. This proposed approach makes use of 

spare capacity or headroom of nodal voltage of an existing network (distribution and 

transmission systems) to provide the time to invest in reactive power compensation 

devices.  A nodal power withdrawal or injection will impact on system voltages, which 

as a result will defer or advance the future investment costs of VAr compensation 

devices. The LRIC-voltage network charge aims to reflect the impact on network 

voltage profiles consequent upon nodal power perturbation. This approach provides 

forward-looking signals that reflect both the voltage profiles of an existing network and 

the associated indicative future network cost of VAr compensation assets. The forward-

looking LRIC-voltage charges can be used to influence the location of future 

generation/demand for bettering network security. Comparing this proposed approach 

with the currently used power factor (pf) penalty, it is found that it outweighs the 

currently used approach. The proposed charging approach is able to penalise the users 
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who advance closer the network investment horizons and reward those that defer the 

network investment horizons in the context of the network nodal future VAr 

compensation assets. The currently used power factor penalty approach can only 

penalise the defaulters who operate below the set power factor threshold but fails to 

reward those users who otherwise operate above this set pf. Practically, every network 

users has an impact on the network whether positive or negative as depicted by the 

proposed novel approach. This aforementioned impact by the user should be evaluated 

and, therefore, be accounted for in any associated charging approach.   

 

  

 LRIC-voltage network charging pricing principle to support a 

network given n-1 circuit contingencies 
 

The LRIC-voltage network charging pricing for future network SVCs was extended to 

withstand n-1 contingency situation, as per statutory requirement. Therefore, to ensure 

system security and reliability practically, the resulting network nodal voltage limits have 

to be determined given n-1 contingencies. It should be noted that, during these n-1 

contingencies, the nodal bus margins are reduced and if these are allowed to be operated at 

full capacity, the system security and reliability would be compromised if one of these 

contingencies occurred. The results showed that the respective charges follow the same 

pattern as the LRIC-voltage network charges without considering n-1 contingencies but are 

increased since the nodal busbar voltage margins are reduced to these specific types of 

contingencies.   

 

It should be noted that, for electrical corridors having single circuits, their contingency 

factors would be unity for the sake of not compromising the integrity of the concerned 

network in terms of causing any network constraint violations (nodal voltages, line 

currents, line power flows, e.t.c.). This means that, the n-1 contingencies would not be 

carried out for such circuits. This refers mostly to radial networks. It should also be noted 

that, even for densely meshed networks, where a concerned n-1 contingency compromises 

the integrity of the network, such a contingency should be guarded against.     

 

 

 LRIC-voltage network charging pricing principle for charging for 

existing network SVCs 
 

The LRIC-v network charging pricing for future network SVCs was further extended to 

cater for pricing existing network SVCs. It should be noted that when an SVC is sited 

at a node, provided the SVC is operated within its VAr capability range, the voltage at 

that particular node remains constant at a preset value. Since the strength of the LRIC-v 

network charging principle for future network SVCs is based on changing voltage at a 

particular node, this charging approach could not work for pricing the existing network 

SVCs. It should be also noted that, at an SVC connected node, only the SVC VAr 

loading varies while this device is performing its voltage controlling task. Ultimately, 

at the SVC installed node, the SVC VAr lower limit was mapped to the nodal voltage 

lower limit while the SVC VAr upper limit was mapped to the nodal voltage upper 

limit. Consequently, the impact induced on the particular SVCs given nodal 

perturbation could then be successfully measured and, therefore, priced as well.       
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 LRIC-voltages network charges on the system with different R/X 

ratios 

 
Studies were conducted on different networks to establish the trends assumed by LRIC-v 

network charges given these kinds of networks. Specifically, different networks 

represented a practical reality ranging from transmission to distribution systems, in that 

these networks have different circuit R/X ratios. The advantages of this comprehensive 

charging principle include the ability to reflect forward-looking costs, to recognize both 

real and reactive power perturbations, to distinguish network nodal costs and to reflect the 

costs/credits incurred by generation/demand. This proposed LRIC-v network charging 

principle better reflects the impact caused by users as compared to the currently used 

approach based on power factor penalty [6, 15, 25, 26, 27]. The power factor penalty 

approach is inadequate and not cost reflective as after charging the remaining costs are 

recovered by harmonising them among all network users, which may result in cross-

subsidization among the users. The results show that when the network circuit Xs are 

atleast ten times more than their R counterparts, only MVAr nodal perturbations should be 

considered. When the network circuit Rs, on the other hand, are atleast ten folds more than 

their Xs counterparts, then, only MW nodal perturbations should be considered. Finally, 

when the network circuit Xs and their corresponding Rs are comparable, both MVAr and 

MW nodal perturbations should be considered. 

 

 

 LRIC-voltage network charges with different demand load growth 

rates 

 
Also, studies were conducted on different load growths to establish the trends assumed by 

LRIC-v network charges given different load growths of 1%, 1.6% and 2%. Specifically, 

there are different LRIC-v charges for different load growths. The results show that the 

LRIC-v network charges given different load growth rates are a function of the system 

nodal voltage loading levels.  

 

 

 Improved implementation for LRIC- voltage network charges 

 
This improvement emanates from the premise that the voltage change at a node and its 

corresponding power (MVA) change are related to each other by the P-V curve. As such, 

the best approximation of this relationship was used to execute the nodal voltage 

degradation rates resulting from the load growth rate and, finally, the improved LRIC-v 

network charges were sought. The results show that improved LRIC-v network charges are 

less than the LRIC-v network charges since the nodal voltage degradation rates for the 

latter are less than those of the former.    

 

 

 Rigorous literature review 

 
Moreover, in this thesis, a comprehensive literature review of transmission and distribution 

network pricing methodologies concerning circuits and transformers is undertaken. Most 
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of those pricing approaches are explained. Most emphasis was on the pricing approaches 

for UK transmission and distribution network companies. In addition, rigorous reviews of 

VAr compensation assets and optimisation techniques for these assets are undertaken.    

 

The proposed comprehensive LRIC-voltage network charging principle is demonstrated on 

the IEEE-14 bus test system and, finally, a practical distribution test network in the South 

Wales area of England. 

 

 

1.4 Thesis Layout 
 

This thesis is organized as follows:  

 

Chapter 2 discusses the various methods of pricing the network use of the system.  

 

Chapter 3 discusses the network pricing in the UK and other countries, currently in use. 

Lastly, the concept of LRIC in pricing of reactive power compensation devices is briefly 

introduced.  

 

Chapter 4 deals, in more pronounced details, with the formulation and explanation of the 

novel approach of long-run incremental cost (LRIC)-voltage network pricing methodology, 

which forms the core of this research work.  

 

In chapter 5, the proposed LRIC-voltage network pricing methodology formulated and 

explained in the chapter 5 is extended to reflect the true burden on a power system to 

support network voltages under n-1 contingencies, as per statutory requirement.  

 

In chapter 6, studies were performed to analyse the trend of LRIC-voltage network 

charges on different types of networks and different demand load growths. These 

undertakings provide insights into how charges would change with different network 

circuit resistance/reactance (R/X) ratios and different demand load growths, respectively.  

 

In chapter 7, the LRIC-voltage network charging principle for pricing the use of future 

SVCs which was discussed in chapter 5, is extended to price, also, for the use of existing 

network SVCs.  

 

In chapter 8, an improved version of the LRIC-v network charges is formulated and 

explained.  

 

Finally, chapter 9, is composed of the final conclusions and future work.  
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Chapter 2  

 

Network Pricing Theory 

 
 

    

This chapter starts by introducing the network pricing methodology objectives. Next, 

the existing network pricing methodologies are reviewed. These methodologies are 

segregated into three distinctive main categories of embedded, incremental and 

composite embedded/incremental paradigms. Also, the pros and cons of each of the 

methodologies are outlined. Finally, the long-run incremental pricing methodologies 

under the incremental paradigm are further discussed, since they are advanced 

methodologies in use, in the UK.    
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2.1 Network Pricing Methodology Objectives 
 

The most fundamental principle of any network pricing methodology is to apportion all or 

part of the existing and new cost of a network system to the network users. Since the basis 

of the operation of the electricity market is the result of the policies and directives set by 

respective government in each respective country, the network pricing methodologies 

should adopt similar objectives, those include cost reflectivity, encourage efficient use of 

existing network, simplicity, transparency, predictability and minimizing investment in 

serving increasing load [6]. These objectives are outlined below. 

 

Cost reflectivity: Any network pricing paradigm used should reflect the costs incurred by 

network operators (TRANSCOs or DISCOs) in their transmission or distribution business 

functions [36]. This factor is stipulated as one of the conditions of the transmission or 

distribution license and advocates that the pricing approaches should be driven by the 

network asset costs. In addition, the revenue recovered from the tariffs charged for the 

usage of network services should be adequate to recover all the expense incurred in the 

investment, operation and maintenance, and also a regulated level of profit. This cost 

recovery exercise is usually termed as “revenue reconciliation”. 

 

Encouraging efficient network use: The price should provide incentives to encourage 

efficient use of the electricity network.  This network efficient usage can be attributed to 

technical efficiency which minimizes network losses and minimize future network 

investment. Also, efficient use means the price should provide locational signals to 

customers to make an economic choice whether to buy or not. 

 

Simplicity: The pricing approach should be as simple as possible to be easily 

understandable. Even though the implementation of the respective pricing methodologies 

may not be so easy but the pricing scheme should be easily understandable. 

 

Transparency: This means everybody has access to information that helps them to 

understand the process. The pricing approaches should be to discharge the correct 

economic signals to all network participants. It should be fair and justifiable. 

 

Predictability: The concerned pricing scheme should produce a tariff following a correct 

economic prediction as this is important for all network participants to forecast the possible 

future cost. 

 

Minimize investment: The prices and the dividends paid to various network owners 

should provide an incentive for the investment in new infrastructure as and when 

necessary. 

 

It should be noted that cost reflectivity remains an essential driver for pricing schemes. 

Other factors like encouraging efficient use, simplicity, transparency and predictability are 

expected to benefit GENCOs and RETAILCOs. TRANSCOs and DISCOs will benefit 

from incentives for improved efficiency and reduced cost. In addition to all above, there 

are more potential benefit functions, such as independence, competition facilitation, e.t.c. 
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2.2 Network Pricing Paradigms 
 

Most existing and proposed network models are cost based. The intention of these pricing 

schemes is to allocate and/or assign all or part of the existing and the new cost of the 

network system to network users for the use of the network. The pricing models are 

employed to facilitate the process of translating network costs into overall network charges 

[37]. The main distinct paradigms are: 

 

(i) rolled-in paradigm 

 

(ii) incremental paradigm 

 

(iii) composite embedded / incremental paradigm 

 

2.2.1 Rolled-in Paradigm 
 

In rolled-in paradigm, the new operating and investment costs and all existing costs are 

summed-up (rolled-in) into a single value. This cost is divided among different users of the 

network in accordance to the extent of use of the system. There are different network 

pricing methodologies under this paradigm, each outlining and evaluating this extent of 

use. These are outlined below. 

 

2.2.1.1 Postage stamp methodology 
 

Given this methodology, network charges are allocated (existing or rolled-in) based in the 

transacted power. The magnitude of the transacted power for a particular network 

transaction is measured at the time of system peak load condition and the equation below 

relates all the parameters involved. 

 

    

                                            

peak

t
t

P

P
TCR *                                                           (2.1) 

 

This methodology is best applicable for a system operated centrally in an integrated setup. 

The strong hold of this approach is that, it is very simple to implement. Owing to the fact 

that this approach oversees the actual system operation, it is most probably likely to send 

incorrect economic signal to customers. 
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2.2.1.2 Contract path methodology 
 

In contract path methodology, a selected path between delivery and receipt points is 

established for a transaction by the utility and the wheeling customer, without any use of 

the power flow study to establish the impact on the facilities involved. Part or all charges 

associated with the transaction in the contract path are allocated to the wheeling customer. 

 

This approach also ignores the actual system operation, therefore, also incorrect economic 

signals will be sent to wheeling customers and uneconomic transactions may effect. 

 

2.2.1.3 Distance based MW-mile methodology 
 

In distance based MW-mile methodology, existing or rolled-in network charges are 

allocated to wheeling customers based on the magnitude of the transacted power using the 

measure of distance between the point of delivery and that of receipt. In fact, this is a 

product of power magnitude (MW) and the distance (mile) as shown, below, by the 

relation: 

 

 

                                                   




t
t

t
t

PX

PX
TCR *

                                                  (2.2) 

                          

This methodology, also, disregard actual system operation, therefore, incorrect economic 

signals are likely to dominate. 

 

2.2.1.4 Power Flow based MW-mile (facility-by-facility) 

methodology 
 

This methodology allocates the charges for each network facility to transactions based on 

the extent of use of that facility. All the allocated charges are added all over the concerned 

network assets to constitute the total price for the use of the network system. The flow is 

computed based on simulating the operation of the system employing the use of the power 

flow model and the transaction‟s forecasted loads and generation configuration. The 

network system capacity use for the transaction t  is, therefore, calculated as the weighted 

sum of the capacity use of individual assets, as shown below 

 

                                                     
j

tjjt FWTU ,*                                              (2.3) 

 

                  

Then, the transmission price for the network for transaction t  is 
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t
t

t
t
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TU
TCR *

                                                (2.4) 

 

 

Since this approach allocates charges facility by facility based on the maximum use of each 

facility, it constitutes the actual planning process for system reinforcements as opposed to 

peak conditions for the entire system. 

 

This model is most popular owing to its simplicity to implement. Figure 2.1 shows the 

basic outline of the rolled-in paradigm. This model is regarded as economically inefficient 

as it ignores network scarcity. 

 

 
     Figure 2.1: Rolled-in pricing paradigm [37] 

         
 

2.2.2 Incremental Pricing Paradigm 
 

For this paradigm, only new network costs due to new customers are considered for 

effecting network charges for these particular customers. The existing system costs are 

allocated to utilities‟ present customers. The methodologies involved are: 

 

2.2.2.1 Short-Run Incremental Cost (SRIC) Pricing Methodology  
The operating costs involved with a new network transaction are evaluated and assigned to 

that particular transaction. The network transaction operating costs can be assumed by 

Incremental system cost 

for transaction t 

                   Rolled-In Paradigm 

Existing (embedded) system 

cost 

1 2 … t …… N t  

Price for transaction t based on allocation 

of the total system cost 
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employing the use of an optimal power flow model that entails all the operating 

constraints, namely, network system (static or dynamic) constraints and generating 

scheduling constraints [37, 38]. 

 

There are a number of issues regarding the SRIC pricing methodology. Firstly, being to 

provide timely economic signals to network customers, there should be some forecasted 

operating costs. This involves forecasting future operating conditions resulting in less and 

less accuracy as the forecast time horizon extends further into the future. Secondly, it is 

related to the SRIC allocation among several transactions that collectively influence for 

changes in operating costs. Lastly, issues involved with instability of network prices which 

could be resolved by the use of long-term transactions. All these concerns would make it 

difficult to make efficient economic decision for long-term network transaction employing 

this methodology. In a nutshell, this methodology caters for the system operating costs and 

this would discourage host utilities from expanding their network. 

 

2.2.2.2 Long-Run Incremental Cost (LRIC) Pricing  
This methodology caters for the evaluation of all long-run costs (operating and 

reinforcement costs) required to accommodate a network transaction and assigning such 

costs to that transaction. The operating costs component maybe evaluated by the method 

entailed in SRIC [37-40]. 

 

The reinforcement cost component of a network transaction can be established employing 

changes caused in long-term network plans due to the transaction. Similar to SRIC, 

reinforcement costs could be negative indicating that the transaction has resulted in the 

deferral of planned network reinforcements.  

 

Even though the issue of reinforcement costs is straight forward to evaluate, it is involving 

as it requires computing the least cost expansion problem. As reflected for SRIC case, the 

issue concerned with the allocation of the costs among multiple transactions that 

collectively cause such costs surfaces. 

 

2.2.2.3 Short-Run Marginal Cost (SRMC) Pricing Methodology 
The marginal operating cost of the system resulting from transaction is computed. This 

cost is the cost of accommodating a marginal increase in the transacted power. The 

marginal operating cost per MW of transacted power is constituted by the difference in the 

optimal cost of power at all points of delivery and receipt of the transaction [37, 38, 39, 41, 

42, 43, 44, 45]. This cost is then multiplied by the value of the transacted power to give the 

SRMC for the network as shown, below 

 

                                       
tBi

tiif PBMCSRMC


,*                                                 (2.5) 

                     

SRMC shares the same concerns as SRIC pricing approach as the issue of reinforcement 

costs are ignored. 
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2.2.2.4 Long-Run Marginal Cost (LRMC) Pricing Methodology 

[37, 38, 40] 
 

The marginal operating and reinforcement costs of the power system are used to establish 

the prices for a network transaction. Marginal operating costs are evaluated as in SRMC. 

 

Following a long time horizon of a number of years, all the network expansion projects are 

identified and costed. This cost is then divided over the total power magnitude of all new 

planned transactions to evaluate the marginal reinforcement cost. The issues highlighted in 

the LRIC pricing approach, also, apply in this approach. Figure 2.2 illustrates the basic 

outline of this paradigm. 

 

 
     Figure 2.2: Incremental pricing paradigm [37] 

      

This paradigm is believed to promote economic efficiency, however, it is hard to 

implement. Also, many methodologies of this paradigm consider an approximation of 

actual cost resulting in an inaccurate cost evaluation. 

 

2.2.3 Composite embedded / Incremental Paradigm 
 

This paradigm considers both the existing system and the incremental costs of transactions 

in the construction of the overall network charges. The composite embedded / incremental 

paradigm is meant to address the discrepancies visible in the rolled-in and incremental 

paradigms. Figure 2.3, below, shows an outline of this paradigm. 

Incremental system cost 

for transaction t 

                   Incremental Paradigm 

Existing (embedded) system 

cost 

Price for transaction t based on its 

incremental cost 
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     Figure 2.3: Composite embedded / incremental pricing paradigm [37] 

This pricing paradigm can address many of the shortfalls associated with either the rolled-

in or the incremental pricing paradigm. The main disadvantage is that it is a bit complex.      

             

2.3 Long-Run Cost Pricing Methodologies 
 

This research work involves evaluating network VAr compensation assets costs over a 

long term planning period, which is a function of any of the long-run cost pricing 

methodologies, these aforementioned pricing methodologies involved would be reviewed, 

in this section.        

 

In these particular approaches, as earlier explained, the customer accounts for the full cost 

for any new facilities that the transaction need while the existing ones are still the 

responsibility of the old customer. The incremental pricing approach is considered to 

promote economic efficiency, but, is a very complex undertaking. In determining the 

incremental prices, on a long term basis, there are two distinct methods which can be 

employed, namely, 

 

 Long-run incremental cost pricing (LRIC) 

 

 Long-run marginal cost pricing (LRMC) 

 

 

As opposed to long-run approach, short-run approach assumes a fixed network capacity, 

whereas long-run assumes that new facilities can be build. This means that the long-run 

marginal or incremental costs are composed of operating, reinforcement and expansion 

Incremental system cost 

for transaction t 

                   Composite Paradigm 

Existing (embedded) system 

cost 

1 2 … t …… N t  

Part of price for transaction t 

based on allocation of the 

existing system cost system 

cost 

Part of price for 

transaction t based on 

its incremental cost 
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costs. The marginal costs are a product of the unit cost of the additional transaction 

(obtained using a power system linearized model) and the size of the transaction. On the 

other hand, incremental cost is evaluated by looking at system costs before and after a 

transaction.  All these are expressed in the equations, below: 

 

                                   )()( PCPPCIC ii                                                      (2.6) 
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MC                                                                  (2.7) 

                   

As it can be observed from the above equations, incremental cost accounts for the 

additional cost of the transaction while marginal cost account for the change of the total 

cost )(PC  for a given change in the output. These approaches are discussed in the next 

chapter.   

 

2.3.1 Long-Run Incremental Cost (LRIC) Pricing 

Methodology 
 

The incremental methodology differs from the marginal methodology as regard to cost 

evaluation. LRIC is employed to calculate and assign all long-run costs (operating and 

reinforcement) due to new network transaction [37]. In that regard, this approach can be 

described as evaluating revenue required to account for any new facilities that are 

attributed to the service customer [40]. LRIC also, just like LRMC, accounts for the 

change in total costs, which are investment costs for reinforcements and the change in 

operating costs. 

 

The reinforcement cost component is usually evaluated based on changes resulting in long-

term plans caused by a transaction. While, on the other hand, the operating cost can be 

estimated by employing the use of an optimal power flow model operating within system 

(dynamic or static security) constraints and generation scheduling constraints. 

 

There are two distinct LRIC approaches which will be discussed and these are, standard 

long-run incremental cost (standard LRIC) pricing and the long-run fully incremental cost 

pricing [46]. 

 

2.3.1.1 Standard Long-Run Incremental Cost Pricing 
 

This approach employs the use of traditional system planning approach to establish the 

reinforcement needed for both before and after the increment and the difference between 

the costs constitutes the cost due to the increment. Each increment is allocated its own 

costs in accordance [46-48]. This approach has four distinct cost allocation methods, which 

are 

 



Chapter 2                                    Network Pricing Theory 22 

(i) £ per MW allocation 

 

(ii) £ per MW.km allocation 

 

(iii) Interface Flow allocation by region 

 

(iv) One-by-one allocation 

 

The exact representation of the future costs of investment are accounted for by the  stream 

of annual revenue requirements (ARR) for each reinforcement project and their present 

worth revenue requirement (PWRR) but before everything else, reinforcement projects in a 

given time horizon have to be identified together with the corresponding capital costs 

involved. The flow chart below shows how these relate: 

 

                  
 

                     Figure 2.4: Standard LRIC pricing methodology 

                      

This whole process is demonstrated in the equations below: 
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Lastly, 

 

                                          
NNN OCICLRIC                                                (2.10) 

               
                   

Establish the corresponding capital investment 

Select study 

year 

Evaluate the change in present worth 

revenue needed due to all reinforcements 

Evaluate the present worth revenue 

needed 

Evaluate the annual revenue required 

Establish the reinforcement 

projects within the time horizon 

£ per MW allocation 
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2.3.1.2 Long-Run Fully Incremental Cost Pricing Methodology 
 

In this approach when headroom or capacity of an asset is all used up by the increment, 

reinforcement is required. Given that each increment is studied individually, the 

reinforcement cost does not have to be allocated. This particular approach was used for this 

project work. 

 

2.3.2 Long-Run Marginal Cost (LRMC) Pricing 

Methodology 
 

LRMC comprises of reinforcements and operating costs to constitute a transaction tariff in 

a given power system. The marginal reinforcement cost is derived from all expansion 

projects in question and are costed over a defined time horizon of several years.  This cost 

is, thereafter, divided over the total power magnitude of all new planned transactions to 

evaluate the marginal reinforcement cost. Regarding marginal operating cost, this cost is 

evaluated as cost per MW of transacted power which is a cost for accommodating a 

marginal increase in the transacted power. This is estimated as the difference in the optimal 

cost of the power at all points of delivery and receipt of the concerned transaction [49]. 

Also, “Long-run marginal cost based pricing seeks to determine the present value of future 

investments required to support a marginal increase in demand at different locations in the 

system, based on peak scenarios of future demand and supply growth. The users pay a 

charge that is geographically differentiated to the provider of the service [50].” 

 

It is involving to accurately evaluate LRMC transaction as it is based on a number of 

assumptions about the future. An approximation of this is suitably executed in practice 

[51]. 

 

There are two distinct LRMC methods, namely, DC load flow (DCLF) ICRP pricing and 

Investment Cost-Related Pricing (ICRP) methodologies.  

 

2.3.2.1 DC load Flow investment Cost-Related Pricing 

Methodology 
 

This model is for long-run transmission capacity cost analysis having an additional feature 

of sensitivity analysis [50]. The main distinction between DCLF and ICRP is that the 

former satisfies Kirchhoff‟s laws.  

 

Therefore the equations are as follows: 
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Given that this model offers no generation re-dispatch, as such, the reference node 

generation has its voltage phase angle preset to zero. 

 

Equations (2.13) and (2.14) are reduced employing vector notation 
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This resulted [51] as 
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 Equation 2.17 gives nodal LRMC in £/MW/yr. 

 

2.3.2.2 Contract Path Investment Cost-Related Pricing Methodology 
 

[51, 52] Relate some of the fundamental assumptions for the evaluation of LRMC under an 

environment of minimum cost network (optimum network). The assumptions are as 

follows: 

 

 Peak conditions are assumed. The maximum system stress take place under 

peak demand conditions.  
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 The line capacity is taken to equal to the power transported from generators 

to loads at peak demand conditions. The needed network redundancy (N-1 or 

higher) is not observed and no discrete network expansion quantities. 

 

 Optimum network is constructed employing the use of only the existing 

routes of the exact network, in question. 

 

 All the lines are homogenous and of the same type. Their corresponding cost 

is proportional to their length. The length of the cable is scaled up to reflect 

their higher price relative to that of the overhead lines. 

 

 Electric power can be routed freely on the existing corridors. Power flow 

respects the real power balance equations. Kirchhoff‟s voltage law is not 

observed and shorter routes are being used.   

       

The optimum network is derived from evaluating the optimisation problem 

  

                                ijij ij flw min         MW.km]                                           (2.18) 

 

                                and    j iji fP              for bus i                                            (2.19)    

           

Multiplying the total MW-km with the network expansion constant c  [£/MW/km/yr] 

yields annualised network construction cost.  

 

The LRMC of transporting electric power to node i  is defined by the Lagrange multiplier 

i  related to equation (2.19). The resulting relation is the optimum network construction 

cost with respect to the power demand at node i  [48]. 
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Therefore, the LRMC is 

 

                             
ii cLRMC      [£/MW/yr]                                                         (2.21) 

 

A 1 MW increase in the demand of node i  is supplied by total MW.km of reinforcement of 

the optimum network expressed by
i . This means that an equal increase of the reference 

node generation will supply demand increase at node i . The addition of 1 MW of transport 

capacity from all branches from the reference node to i  mark the much needed 

reinforcement. Therefore, 
i  is the distance between the reference node and node i . 
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2.4 Chapter Conclusions 
All the approaches discussed (either in use or have been used) in this chapter, do not cater 

for the network VAr compensation asset pricing. The concept of the long-run fully 

incremental costs was employed for the network VAr compensation asset pricing for this 

project work, as it offers the features that are required. This LRIC methodology will be 

employed bearing in mind that the nodal voltage change is influenced by the real and 

reactive power flows (as explained in chapter 1). The methodology for this project would 

be introduced in the next chapter.    
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Chapter 3  
 

Network Pricing in the United Kingdom and 

other countries 
 

 

 

This chapter reviews the network pricing in use in the UK. The transmission and 

distribution network pricing methodologies are treated differently. Further, the network 

pricing approaches in Brazil, Norway, New Zealand and other countries are reviewed. 

Finally, the proposed LRIC-voltage network pricing methodology for pricing the use of 

network VAr compensation resources, is introduced. This latter pricing methodology is 

employed for this research work.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3                  Network Pricing in the United Kingdom and other countries 28 

3.1 Chapter Introduction 
 

Power industry deregulation and re-structuring process has set in motion the transmission 

and distribution pricing action in a number of countries. The electricity market has been 

established based on the instances of open access and non-discriminatory use of the 

network assets. In turn, network business remains as a natural monopoly hence economic 

regulation is inevitable. This change in the whole power market was destined to benefit 

network users. This chapter relates the network pricing in actual use in the UK, Brazil, 

California, Norway and other countries.   

 

3.2 Network Pricing in UK 
 

Since transmission and distribution systems are fully independent business functions in the 

UK, the charging for the use of their networks are also executed separately and 

independently. In this regard, they would be treated separately in the following sections.   

 

3.2.1 Transmission Network Pricing 
 

In April 2004 National Grid commissioned the employment of DC Loadflow (DCLF) 

ICRP as the use of system charging methodology [3, 53]. This transport model caters for 

the differentiation of the basic nodal costs to be established and, also, provides for 

sensitivity analysis accounting for alternative developments of generation and demand to 

be executed. 

 

The basis for charging the use of the transmission network is the Investment Cost Related 

Pricing (ICRP) methodology which was introduced in 1993/1994 for England and Wales 

[3, 53]. This paradigm assumes that power flows along the shortest path, while with the 

DCLF ICRP, the power flow is established based on the DC power flow equations. In a 

nutshell, that means the circuit reactance is considered for the DCLF ICRP transport 

paradigm [54]. 
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              Figure 3.1: Flow chart showing how TNUoS charges are evaluated 

                                       

Fig. 3.1 shows the flow chart relating to the calculation of the transmission network use of 

system (TNUoS) charges for the UK‟s three transmission licenses. The nodal marginal km 

is compounded into zones by weighting them accordingly by generation and demand 

capacity. In the DCLF transport algorithm, it has been assumed that the value of circuit 

impedance equates to the value of circuit reactance.    

 

3.2.2 Distribution Network Pricing 
 

The Distribution Reinforcement Model (DRM) was introduced in the 1980‟s and, ever 

since, it has been used for the distribution tariffs for all Distribution Networks in England 

and Wales. The basic principle of the model is to apportion the asset costs of the 

representative incremental network between customers with reference to their contribution 

to the demand that necessitates the assets [4]. The model has gone through a series of 

changes over time to be current in terms of policy and to ascertain accuracy and relevance 

of its representation. 

 

For a change, Western Power Distribution (WPD) uses long-run incremental costs (LRIC), 

as of April 2007 [4], for their EHV networks and for LV networks they still employ the use 

of DRM. While this is the case with WPD, companies like CE Electric and EDF still 

employ the use of DRM throughout their networks [4]. Appendix B-1 and appendix B-2 

show examples of LRIC and yardstick methodologies, respectively, for WPD. 

 

The DRM denotes an independent network designed as an extension to the existing 

network. This model assumes that there is a need of supplying electricity to an additional 

500MW of demand at each voltage level represented in the model [2]. Due to the 500MW 

value this model is often called “500MW model”. 

 

Calculate nodal marginal cost  

Calculate zonal marginal cost 

Calculate initial transport tariff 

Calculate marginal price      Calculate residual tariff 

Calculate final tariff 
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3.2.2.1 Yardstick Tariff 
 

The main purpose of the DRM is to simulate a scaled down network as opposed to the real 

network. In a sense, the model evaluates the marginal costs, the 500MW figure become 

particularly insignificant. The significance of 500MW is that its value is large enough to 

have a noticeable impact on the voltage levels in the network, but none-the-less small 

enough to dilute the benefit of using a scaled model [2]. 

 

The DRM evaluates a full set of annuitized rates for user groups. The resulting outcomes 

are usually called „yardstick‟ tariff with yardsticks being products for different voltage 

level of demand connections. Summing all items of plant required, this constitutes costs for 

availing the network at each voltage level.  

 

The main setback with DRM is that, while it takes account for the cost of providing a 

distribution network, it is lacking in fully representing the physical electrical capability of 

performance of the network. Usually, the electrical capability is derived from using simple, 

static, load information and equipment ratings in this model. 

 

3.3 Network Pricing in Brazil 
 

The method in Brazil is the investment cost-related pricing (ICRP) approach for 

determining the marginal costs for the network users [55]. This approach has a similar 

economic pricing principles compared with the UK model, but look forward a number of 

years. 

 

Given the new environment, the above planning rationale remained uncertain. This was 

compounded specifically by new regulation orders and the quality criteria of electricity 

supply as defined by [56]. This led to marginal\incremental cost pricing being proposed for 

distribution networks [55]. This arrangement was substituted by average incremental cost 

(AIC). 
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For the tariff assessment, the incremental cost associated with each network user is  

                              

                                   
iijkkijik AICSMCTIC                                                  (3.2) 

 

                    

3.4 Network Pricing in California 
 

The approach in California puts main emphasis to losses and congestion to determine the 

price signals, with congestion given more attention [53, 57, 58]. This is in relation to the 
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fact that there is a growing concern that congestion could demarcate the proposed market 

into two portions, therefore, compromising the instance of competition. 

 

The losses are captured employing generation meter multipliers (GMM). Power to cover 

losses is the product of the location generation and the corresponding GMM. The 

interzonal congestion card employs a DC load flow paradigm for simplicity and for 

reliable, robust marginal cost calculation [59]. The summation of the flow the network 

users induce on each corridor multiplied by the marginal value of the capacity of the 

corridor constitutes the congestion charges.                       

 

This paradigm provides short-term signals, instances of time of use and location to load 

and generation, to network users. It is lacking in an instance of providing future investment 

signals.  

 

 

 

3.5 Network Pricing in Norway 
 

In the Norwegian structure, the central grid charges comprise of four components: two 

realised from short-run utilisation of the network and two which are fixed on an annual 

basis. The former are for compensation for losses and congestion fees [58, 60]. 

 

The congestion pricing of the system is evaluated at the base case (with no bottlenecks). 

Congestion charge is considered only when there is congestion between two zones. This 

charge is the difference between the system price and the regional price (evaluated for 

corresponding price in that particular region). 

 

On the other hand, pricing of losses reflect short-run marginal cost as a result of energy 

wheeling. The grid operator purchases power at the current spot prices to account for 

losses. In that regard, losses are a cost suffered by the grid. Network users have to account 

for charge equating approximately to the marginal cost they induce to the grid. A marginal 

load factor is derived by estimating the separated regions‟ marginal loss rates for three 

typical load functions, namely, winter day, winter/weekend and summer. The product of 

power consumed, the spot price of electricity at a specific hour and the marginal loss factor 

is the rate accounted for by the network users. 

 

The grid future investment is accounted for in two ways, through a construction 

contribution and tariff elements. Grid users pay the contribution charge to the concerned 

grid that they are connected to and it is a one-off payment [58]. 

 

Like the Californian tariff structure, the Norwegian central grid tariff structure lacks in 

promoting locational price signals for investment, however, it promotes the day-to-day 

utilisation of the grid [58, 60]. 
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3.6 Network Pricing in New Zealand, Japan, Spain 

and other countries 
 

For the case of New Zealand, generation and demand levy the same price at each node in a 

spot pricing theory implementation. These spot prices are equal nodal marginal costs and 

when the difference in prices with and without the scheme equals the cost of the scheme 

then system expansion is justified. In addition, investment can be effected only if a group 

of users are accepting to pay for it [60]. 

 

The Spanish network pricing involves charging for congestion and losses. The grid owner 

can be penalised if the corresponding owner avails the network less time frame than the 

prescribed time. This approach obviously does not provide enough signals for investments 

[58].    

  

For the Japanese situation, a charge of per kWh has to be levied by independent generators 

being a cost to cover for the use of the network and their corresponding losses.  

 

Summary of network pricing in other countries in South America are depicted in table 3.1 

below, showing their allocation approach, which time period the charging is calculated and 

the quantity that each network user is charged for.                       

 

 

                        Table 3.1: Schemes of allocation of payments [61] 

Country Argentina Bolivia Chile Colombia Peru 

Allocation 

of payments 

Based on use of 

network,  given 

incremental 

charges  

Based on use 

of network,  

given 

incremental 

charges 

Based on use 

of network,  

given 

incremental 

charges 

Based on use 

of network,  

given 

incremental 

charges 

Based on 

postage stamp  

Scheme 

Usage 

Measured 

At peak 

Conditions 

Different 

operating 

conditions 

At peak 

Conditions 

At conditions 

of maximum 

transmission 

charge 

 

Pro-rata of 

Payments 

based  on 

 

Maximum 

transmitted 

flow  

Generators‟ 

peaking 

capacity 

and 

consumers‟ 

peak 

demand  

Maximum 

transmitted 

Flow 

Transmitted 

flow with 

additional  

adjustment to 

allocate 50% 

to consumers 

Generators‟ 

Peak capacity 
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3.7 Recent developments in long-run network 

charging  
 

In this section, a new methodology for charging the use of network reactive power assets is 

going to be introduced. This method would be appropriate because the charging of these 

assets were accounted (UK) for in the calculation of residual tariff. This charging is 

lacking in that it does not fully represent the physical electrical capability of system 

performance induced by each individual users. Since nodal voltage is associated to reactive 

power flow in a system, that relationship is going to be the basis for charging for the use of 

network reactive power assets.   

 

In addition, some other issues relating to the problem scope as regard to network pricing 

will be outlined.  

 

 

3.7.1 Time of Use, Location Specific (TULS) Model 
 

This model added a dimension to the DRM as regard to adding distributed generation, 

which was previously not catered for. It analyses power flow during maximum load 

minimum generation at a secured amount as prescribed by P2/6 (security standard 

documentation), and during minimum load maximum rated generation. 

 

The critical loading of each asset and circuit is determined by employing the use of a DC 

load flow equivalent to that of the transmission DCLF ICRP transport model. When the 

loading is highest during maximum load condition, this scenario is referred to as demand 

dominated and load will be charged accordingly while generation will be rewarded. 

Otherwise, the scenario is termed as generation dominated in which generation will be 

charged and load rewarded. Thereafter, an annuitized forward looking investment costs 

(£/kW/yr) are, then, evaluated and allocated amongst the nodes. Consequently, this 

methodology provides demand and generation prices on a consistent basis and the prices 

reflect the location. In addition, the prices are derived from either crediting or debiting the 

cost of upstream assets as regard to whether they are generation or demand dominated. 

This latter point ensures significant gross payments are made from generators to load or 

vice versa. One setback is that this model does not account for system security. Also, DC 

load flow does not consider limitations resulting from voltage, fault levels and reactive 

power prices are not provided on a consistent basis. The model entails confidential data, 

therefore, not easier to place it in the public domain.           

   

 

3.7.2 Distribution ICRP 
 

This pricing approach was established by Bath University conducted for Ofgem to 

establish the benefits, thereafter, from charging models based on economic principles in 
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2005. This model has some added dimensions in relation to the transmission pricing 

paradigm to satisfy the distribution network properties. For this model, each grid supply 

point is effectively a slack node [62]. In that regard, any withdrawal or injection at this 

particular supply point will have a zero charge. 

 

This model is a derivative of injecting a 1 MW of load or generation at each node and the 

power flow at each circuit caused by that injection is compared to the original power flow 

before injection. The equations below hold 

 

 

                                      
LC

AssetCost
UnitCost                                                         (3.3) 

 

                              )**( ll
l

N LPUnitCostDICRP                                               (3.4) 

                

3.7.3 Original Long-run Incremental Cost (LRIC) for 

voltage pricing 
 

Since this is the model to be used in this work, it is worthwhile to introduce it so as an 

insight can be drawn from it. 

  

Furong Li et al [47] suggested that LRIC model reflects the asset costs of supporting an 

increment, in which lines and cables are a function of distance and, also, the horizon when 

the investment will be needed. Employing the concept in [44], the relationship below then 

holds: 

 

                                            

)1log(

loglog

v

VV
n Limit




                                                    (3.5) 

       

The above relation (eqn. (3.5)) states that, for a given voltage degradation rate, v, the time 

horizon, n, will be the time frame for the voltage to grow from current voltage loading 

level, V, to full loading level, VLimit.    

  

Calculating the time horizon for the case with and without the increment, n and 
1n  can be 

established where there are time horizons for with and without increment, respectively. 

This results into the relations below 
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Lastly, the long-run incremental cost (LRIC) is as follows:  
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The LRIC approach accounts for the VAr compensation assets and, also, recognises both 

the distance and the utilization of the asset. This approach is fully formulated and 

explained, in the next chapter. 

 

3.8 Chapter Conclusions 
 

In this chapter, network pricing in UK and other countries are outlined. Further, recent 

developments in long-run network charging in the UK were also outlined since the method 

employed in this research work involves this kind of charging principle. Furthermore, 

proposed LRIC methodology, which is employed for this research work, is introduced. 

Any of the pricing approaches (those in actual use) studied in this chapter do not cater for 

network VAr compensation assets they instead reflect the investment costs incurred in 

circuits and transformers to support real and reactive power flow. Even though these assets 

are catered for in the whole charging methodology but their charges do not necessarily 

represent the actions of each individual user. 

 

It should be noted that most research in reactive power pricing [25-35] reflects the benefits 

from generation, reflecting the operational cost due to new customers, that is, how they 

might change network losses, however, they fail to reflect the network VAr compensation 

asset investment costs to support real and reactive power flow.  

 

It is then against this background that the LRIC methodology is proposed and it is able to 

reflect both the existing and future network VAr compensation asset costs and it is based 

on the spare nodal voltage capacity of an existing network. This aforementioned proposed 

approach fully represents the action of each individual user on the network, therefore, it 

provides the correct economic signals for each respective user. This approach is also 

forward looking, locational and, integrating demand and generation.  
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Chapter 4 

 

LRIC-Voltage Network Pricing Reflecting 

Future VAr Compensation Assets 

   
 

 

The novel approach of long-run incremental cost (LRIC)-voltage network pricing 

methodology is formulated and explained in this chapter. This approach is based on the 

network nodal voltage calculations given the impact resulting from either 

withdrawal/injection of incremental real power/reactive power into or from the system. To 

demonstrate this formulation, IEEE 14 bus standard test system and the practical 

distribution test system are employed. The results show that the customers (generators and 

loads) are charged according to the impact they impose on the system voltage profiles. The 

charges reflect how the customer may either advance or defer the investment in future 

network reactive power (VAr) compensation asset investments, which are used to support 

the network nodal voltages.  
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4.1 Chapter Introduction 
 

Over the years, it has been shown from the review for both transmission and distribution 

pricing methodologies in chapters 2 and 3, that, these have evolved and progressed to 

become more cost reflective and complex. However, majority of these network charging 

methodologies reflect the investment costs incurred in circuits and transformers to support 

real and reactive power flow. To reflect the investment costs incurred for maintaining 

network voltages in network charges has received very little attention. Other approaches in 

reactive power pricing tend to reflect the operational cost from new customers, e.g. how 

they might change the network losses but they do not reflect the capital investment of the 

network VAr compensation devices as they are responsible for ensuring that network 

voltages are within statutory requirements. It is against this background that LRIC-voltage 

network charging approach was proposed in this research work. 

 

The LRIC-voltage network charging principle [63], is based on an economic principle, 

which is intended to reflect the charges in investment costs of the VAr compensation assets 

to maintain the network voltages within acceptable limits from nodal power perturbations. 

These costs are to be recovered from generators, large industrial customers and supplies. 

The most attraction with this approach is that, it provides forward-looking, economically 

efficient signals that reflect both the extent of the network VAr compensation assets 

required to service withdrawal and/or injection and do present voltage profiles. This, in 

turn, aims to influence the future use of the system to better the network voltage profiles. 

This pricing approach is tested on the IEEE 14 bus test system and on the distribution 

practical test system. Thereafter, the results are presented and analyzed. 

 

 

4.2 LRIC-voltage network pricing principle 

formulation 
 

The LRIC-v network charging principle is based upon the premise that for an assumed 

nodal generation/load growth rate there will be an associated rate of busbar voltage 

degradation. Given this assumption, the time horizon for a busbar to reach its upper/lower 

voltage limit can be evaluated. Once the limit has been reached, a pseudo compensation 

device will be placed at the node as the future network reinforcement to support the 

network voltage profiles. A nodal demand/generation increment would affect the future 

investment horizon. The nodal voltage charge would then be the difference in the present 

value of the future reinforcement consequent to voltage with and without the nodal 

perturbation. 

 

The following steps outlined below can be utilized to implement this charging model:  

 

1) Evaluating the future investment cost of network VAr compensation assets to support 

existing customers  
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If a  network node b ,  has lower voltage limit, 
LV and upper voltage limit 

HV , and holds a 

voltage level of 
bV , then the number of years for the voltage to grow from 

bV  to 
LV /

HV  

for a given voltage degradation rate v can be evaluated from (4.1a) or (4.1b). 

If 
LV  is critical, that is, bus voltage is closer to 

LV than 
HV  and less than target voltage, 1 

pu :   

                                          bLn
bL vVV )1(*                                                           (4.1a) 

 

 On the other hand if 
HV  is critical, that is, bus voltage is closer to 

HV  than 
LV and more 

than target voltage, 1 pu :  

           

                                           bHn
bH vVV )1(*                                                          (4.1b) 

 

where:  
bLn and 

bHn  are the respective numbers of years that takes 
bV to reach 

LV /
HV . 

    Reconfiguring equations (4.1a) and (4.1b) constitute: 
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  Taking the logarithm of equations (4.2a) and (4.2b) on both sides gives  

 

                                    
bLbL VVvn loglog)1log(*                   (4.3a) 

 

                                                     or 

             

                                   
bHbH VVvn loglog)1log(*                                           (4.3b) 

 

then the values of 
bLn  / bHn  are 
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                                or 
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                                                              (4.4b) 

 

The assumption is that when the node reaches its limit the reinforcement will take effect. 

This means that investment will be effected in 
bLn /

bHn  years when the node utilization 
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reaches 
LV /

HV  , respectively. At this point an installation of a VAr compensation asset is 

regarded as the future investment that will be needed at the node to support the voltage. 

 

2) Determining the present value of future investment cost 

  

  For a given discount rate of d , the present value of the future investment in 
bLn /

bHn    

years will be: 
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                                                           or 
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where: 
CbLCostAsset  and 

CbHCostAsset   are the modern equivalent asset cost  to cater 

for supporting voltage due to lower voltage limit and upper voltage limit violations. 

 

3). Deriving the incremental cost as a result of an additional power injection or 

withdrawal at node N 

 

 If the nodal voltage change is 
bLV /

bHV  consequent upon an additional 
bInP /

bInQ  

withdrawal/injection at node N , this will bring forward/delay the future investment from 

year 
bLn /

bHn  to 
bLnewn /

bHnewn  and when 
LV  is critical  

 

 for withdrawal     

                                bLnewn
bLbL vVVV )1(*)(                                                  (4.6a) 

 

                                                        or 

 

 for injection                  

                                bLnewn
bHbL vVVV )1(*)(                                                 (4.6b) 

 

and when VH  is critical 

 

 for withdrawal     

                                    bHnewn
bLbH vVVV )1(*)(                               (4.6c) 

 

                                                       or 

 

 for injection        

                                     bHnewn
bHbH vVVV )1(*)(                                       (4.6d) 

 

 

Equations (4.7a), (4.7b), (4.7c) and (4.7d) give the new investment horizons as  
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then the new present values of the future investments are 
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The changes in the present values as consequent of the nodal withdrawal/injection 

bInP /
bInQ  are given by (4.9a) and (4.9b) 
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                        (4.9b) 

 

The annualized incremental cost of the network items associated with component b  is the 

difference in the present values of the future investments due to the reactive power 

magnitude change 
bInP /

bInQ  at node N  multiplied by an annuity factor 

  

                                   factorannuityPVIV bLbL *                                                 (4.10a) 
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                                                           or 

 

                             factorannuityPVIV bHbH *                                                     (4.10b) 

 

4) Evaluating the long-run incremental cost 

 

 If there are a total of bL  busbars‟ lower limits and bH  busbars‟ upper limits that are 

affected by a nodal increment from N , then the LRIC-V network charges at node N will be 

the aggregation of the changes in present value of future incremental costs over all affected 

nodes:  
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It should be noted that, in order to understand the above outlined methodology fully, 

reference [63] uses the same methodology for a simple 4-bus system in establishing LRIC-

voltage network charges. 

 

 

 

4.3 Results and Analysis 
 

The results are presented and analysed below, consequent to the LRIC-voltage network 

pricing approach being tested on the IEEE-14 bus test system and a distribution test system 

chosen from the South Wales distribution network, in the UK. 

 

 

4.3.1 IEEE-14 Bus Test System 
 

As it can be observed, below on figure 4.1, this particular test system comprises of fourteen 

buses, fifteen lines, three transformers, two generators and three synchronous condensers. 

The buses and circuits drawn in red are at 132kV voltage level while those in blue are at 

33kV voltage level. The other generation is accounted for by the slack bus which is at bus 

1. The network data can be found from reference [64]. 
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Figure 4.1: IEEE 14-bus test system 

The compensation assets (SVCs) have the investment costs of £1, 452,000 and £696, 960 

at the 275-kV and 132-kV voltage levels, respectively. Bus 1 is the slack bus. The voltage 

limits are assumed to be1  6% pu. The use of power flow was employed to capture the 

nodal voltages while performing nodal withdrawals/injections on the system. The annual 

load growth for this test network is assumed to be 1.6% while the discount rate is assumed 

to be 6.9%. The assumed annual growth rate and discount rate are the figures used in the 

UK [65]. 
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Figure 4.2: LRIC-voltage network charges per 1 MVAr nodal               

withdrawal on the IEEE 14 bus test system 

                               
                        

G GENERATORS 

C SYNCHRONOUS 
COMPENSATOR
S 

G 

C 

G 

C 

C 

1 

2 

3 

4 

5 

6 

11 
10 

9 

14 12 

13 

7 

8 



Chapter 4        LRIC-Voltage Network Pricing Reflecting Future VAr Compensation Assets 43 

    Table 4.1: LRIC-voltage network charges due to                              

MVAr nodal withdrawals on the IEEE 14 bus test system.  

Bus 

Voltage Voltage LRIC-V Distancce 

Before 
MVAr Difference Charges 

from slack 
bus 

Withdrawal (pu) (£/MVAr/yr) (km) 

1 1.030 0.000E+00 0 0 

2 1.020 -5.000E-04 1397.86 38 

3 0.996 -1.526E-03 3154.75 108 

4 0.988 -1.018E-03 3577.28 95 

5 0.995 -9.290E-04 3422.21 82 

6 0.982 -2.647E-03 7410.18 82 

7 1.008 -2.337E-03 4588.71 95 

8 1.048 -3.709E-03 3311.04 95 

9 0.981 -2.604E-03 6370.51 95 

10 0.974 -3.100E-03 7127.37 97 

11 0.974 -3.399E-03 7758.26 88 

12 0.967 -4.096E-03 8597.2 93 

13 0.963 -3.431E-03 8374.03 87 

14 0.954 -4.112E-03 8237.87 101 

 

 

Figure 4.2 and table 4.1 show Base LRIC-voltage charges for each node of the system. 

Further, Table 4.1 gives additional information to explain the variations in charges, they 

include the distances of each bus from the slack bus, the voltage levels before each MVAr 

withdrawal and voltage differences (voltages after nodal perturbations – voltages before 

nodal perturbations). 

 

It can be observed from the results that buses 2, 7 and 8 have their initial voltages greater 

than the target voltage of 1 pu while the rest of buses excluding the slack bus have their 

initial voltages below 1 pu. Withdrawing reactive power would help buses 2, 7, and 8 to be 

closer to the target voltage, thus should be rewarded for increasing the margins of the 

already critical busbar upper voltage limits. Customers at these buses are incentivized to 

take reactive power from the network as the investment horizons of the VAr compensation 

assets at the respective bus are deferred. While the rest of the buses excluding the slack bus 

are penalized for reactive power withdrawal as it decrease the margins to the lower voltage 

limits since this action advance the investment horizons of the VAr compensation assets at 

the study bus. Although individual busbars may have charges or credits against the same 

nodal withdrawal, the nodal LRIC-voltage price in this system is a charge against each 

node, since the price accounts for the system wide effects from a nodal withdrawal,  the 

credits from buses 2, 7 and 8 are far less that the accumulated charges from the rest of the 

busbars. 

   

It can also be observed that the LRIC-voltage charges generally increase with increasing 

distance reflecting the worsening voltage profile over long distance. Bus 3 has the largest 

distance but the charge is comparably small, this is because the bus is connected with a 

synchronous condenser which boosts the voltage at that bus. The same occurs at bus 6 and 

8. The charge at bus 8 is smaller that at bus 7 since bus 8 has its voltage boosted. Even 

though Bus 14 has a larger distance than buses 12 and 13, as withdrawing from this node 

has a larger impact to buses 7 and 8 which earn larger credit contributing to reduced 

overall charge. The same applies to bus 13 since it is closer to buses 7 and 8 than bus 12. 
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Bus 12 under the aforementioned circumstances attracts the most charge since it is further 

from buses 7 and 8 than buses 13 and 14 resulting in less credit at buses 7 and 8 in 

contribution to the overall higher charge at this bus. Bus 2 has the least charge since it is 

closer to the slack bus.  
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                   Figure 4.3: LRIC-voltage network charges per 1 MW nodal withdrawals                                                                                                                                                          

                   on the IEEE 14 bus test system 

                   
                          

   Table 4.2: LRIC-voltage network charges due to                                   

1 MW nodal withdrawals on the IEEE 14 bus test system.   

Bus 

Voltage Voltage LRIC-V Distancce 

Before 
MW Difference Charges 

from slack 
bus 

Withdrawal (pu) (£/MW/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.02 -2.880E-04 584.14 38 

3 0.996 -1.254E-03 1882.62 108 

4 0.988 -1.220E-04 1775.89 95 

5 0.995 -3.940E-04 1521.07 82 

6 0.982 -3.920E-04 2762.76 82 

7 1.008 -7.240E-04 2279.48 95 

8 1.048 -3.750E-04 2286.02 95 

9 0.981 -5.870E-04 2643.38 95 

10 0.974 -1.600E-03 2977.46 97 

11 0.974 -1.014E-03 3138.4 88 

12 0.967 -1.653E-03 3708.92 93 

13 0.963 -1.293E-03 3590.62 87 

14 0.954 -2.027E-03 3900.97 101 

 

 

Figure 4.3 and table 4.2 show the costs given 1 MW nodal withdrawals. As it can be 
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observed from this figure and table, the LRIC-v charges follow the same pattern as those of 

MVAr nodal withdrawals in figure 4.2 and table 4.1. Since the network is the same with 

respect to nodal distances from the slack bus. However, during the MW withdrawals, the 

nodal voltages are degraded less than in the case with MVAr withdrawals and, hence, 

lowering LRIC-v costs. This owes to the fact that the test network has the circuit 

reactances (Xs) are more the corresponding network circuit resistances (Rs).     
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Figure 4.4: LRIC-voltage network charges per 1 MVAr nodal injections                                                                                                                                                                                                                                                  

on the IEEE 14 bus test system 

                                  

    Table 4.3: LRIC-voltage network charges due to                                        

1 MVAr nodal injections on the IEEE 14 bus test system.   

Bus 

Voltage Voltage LRIC-V Distancce 

Before 
MVAr Difference Charges 

from slack 
bus 

Withdrawal (pu) (£/MVAr/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.020 4.990E-04 -1370.13 38 

3 0.996 1.521E-03 -3068.19 108 

4 0.988 1.016E-03 -3478.5 95 

5 0.995 9.260E-04 -3336.72 82 

6 0.982 2.633E-03 -7066.96 82 

7 1.008 2.326E-03 -4342.58 95 

8 1.048 3.685E-03 -3026.64 95 

9 0.981 2.589E-03 -6044.51 95 

10 0.974 3.078E-03 -6748.56 97 

11 0.974 3.373E-03 -7351.67 88 

12 0.967 4.058E-03 -8113.58 93 

13 0.963 3.403E-03 -7929.68 87 

14 0.954 4.073E-03 -7763.94 101 
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Figure 4.4 and table 4.3 show benefits against buses given 1 MVAr nodal injections. In 

addition, table 4.3 shows the shortest distances of buses from the slack bus, the voltage 

levels before each MVAr injection and voltage differences (voltages after nodal 

perturbations – voltages before nodal perturbations). 
 

During nodal injections, the buses (2, 7 & 8) having their initial voltages above 1 pu are 

penalized for degrading the already critical busbar upper voltage limits while the rest 

except the slack bus are credited for relieving the already critical busbar lower voltage 

limits. The same reasons as for nodal MVAr withdrawals hold as the overall result is that 

all buses earn credits. Also, observed, is that the credits increase as distances increase. The 

conditions in this case are the same as for the previous case of figure 4.1, therefore, the 

same pattern is observed, in that, Bus 12 attracts the most credit while Bus 2 attracts the 

least. 
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Figure 4.5: LRIC-voltage network charges due to 1 MW nodal injections                                                                              

on the IEEE 14 bus test system 
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   Table 4.4: LRIC-voltage network charges due to                                                       

1 MW injection at each node.   

Bus 

Voltage Voltage LRIC-V Distancce 

Before MW Difference Charges 
from slack 

bus 

Withdrawal (pu) (£/MW/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.02 1.170E-04 -578.48 38 

3 0.996 3.420E-04 -1842.03 108 

4 0.988 8.790E-04 -1745.09 95 

5 0.995 4.300E-04 -1499.18 82 

6 0.982 1.369E-03 -2684.34 82 

7 1.008 7.130E-04 -2217.2 95 

8 1.048 1.009E-03 -2211.01 95 

9 0.981 1.263E-03 -2561.02 95 

10 0.974 7.500E-04 -2877.01 97 

11 0.974 1.652E-03 -3030.38 88 

12 0.967 2.245E-03 -3561.5 93 

13 0.963 1.619E-03 -3464.96 87 

14 0.954 1.770E-03 -3741.85 101 

 

It can also be observed from figure 4.5 and table 4.4, that the LRIC-v charges follow the 

same pattern as those of MVAr nodal injections, but with less LRIC-v credits for the same 

reasons relating to the differences depicted above for the MVAr and MW withdrawals. 

 

 

4.4.2 Distribution Test System 
 

To demonstrate the practicability of this LRIC-voltage network charging principle, a 

practical network is opted as the test network. The reason for this choice being that this 

particular network should in absolute terms reflect the configuration of a practical 

distribute network. In this regard, the practical system to be employed shall be the 

Pembroke network in Wales under the ownership of Western Power Distribution (WPD). 

The geographic map of this system is shown below in figure 4.6. 
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Figure 4.6: Pembroke network (Wales) [66] 

 

This network is apportioned into two zones: zone 1 and zone 2. Zone 1 is a rural area 

comprising of 23 lines and 29 transformers. On the other hand, zone 2 is a central area 

comprising of 33 lines, 25 transformers. 

 

The SVCs have the investment costs of £696,960.00, £174,240.00, £116,100.00, 

£58,058.00 and £696.00 at the 132-kV, 33-kV, 22-kV, 11-kV and 0.415-kV voltage levels, 

respectively. Bus 5140 is the slack bus. The voltage limits are assumed to be 1 6% pu on 

the 11-kV, 22-kV and 33-kV levels. While the voltage limits are (1-6% & 1+10%) pu on 

the 0.415-kV level and 1 10% pu on the 132-kV level as detailed by [122]. The use of 

power flow was employed to capture the nodal voltage charges while performing nodal 

withdrawals/injections on the system. Also, the annual load growth for this test network is 

assumed to be 1.6% while the discount rate is assumed to be 6.9%.  
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Table 4.5: LRIC-voltage network charges due to 1 MVAr withdrawal at each node on the Pembroke practical test system.   

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges from slack Bus Voltage Difference Charges from slack Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 -1.774E-03 2843.64 7.2 ** 3084 0.958 -9.855E-03 8011.74 50.3 2041 1.025 -6.160E-04 1270.02 12.4 

2015 1.000 -1.188E-03 2795.95 21.7 3087 0.998 -8.856E-03 3939.08 24.3 2045 0.991 -3.379E-03 1320.08 10.8 

3003 1.002 -1.072E-02 6566.01 37.8 3090 0.976 -3.122E-03 3762.26 24.3 2046 0.991 -3.380E-03 1320.09 10.8 

3006 0.964 -5.151E-03 6394.27 37.8 3093 0.999 -1.647E-02 6763.53 20.9 2047 0.992 -3.393E-03 1333.73 12.4 

3009 0.992 -1.037E-02 6008.73 42.8 3096 0.954 -5.812E-03 6367.47 20.9 2048 0.992 -3.394E-03 1333.74 12.4 

3012 0.958 -4.325E-03 5745.4 42.8 3099 0.995 -1.823E-03 2880.05 23.8 2620 1.025 -5.210E-04 1269.96 12.4 

3015 1.009 -1.091E-02 5898.11 42 3102 0.965 -5.133E-03 6388.06 37.9 2621 1.025 -5.220E-04 1270.95 12.4 

3018 0.962 -5.491E-03 5860.04 42 3105 0.960 -4.243E-03 5809.63 20.9 2630 1.025 -5.580E-04 1270.58 12.4 

3021 0.990 -6.674E-03 3029.79 7.2 20051 0.997 -1.266E-02 2877.57 7.2 2631 1.026 -5.160E-04 1227.89 10.8 

3024 1.005 -6.827E-03 2868.71 24.7 20052 0.997 -2.603E-02 2922.22 7.2 2640 1.023 -6.710E-04 1271.62 12.4 

3027 0.997 -1.895E-03 2812.24 24.7 20151 1.000 -1.904E-02 2854.32 21.9 2641 1.022 -6.620E-04 1268.4 12.4 

3030 0.993 -2.020E-03 2885.6 25.1 20152 1.000 -2.475E-02 2874.29 21.9 2650 1.023 -7.170E-04 1271.68 12.4 

3033 0.999 -7.118E-03 3027.7 26 2000 1.026 -5.780E-04 1226.68 12.6 2651 1.022 -7.070E-04 1267.56 12.4 

3036 0.996 -2.469E-03 2849.49 26 2001 1.029 -4.600E-04 1116.22 7.2 *** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 -2.368E-03 2903.78 23.8 2010 1.021 -7.240E-04 1495.86 21.9 5148 1.030 -4.250E-04 1069.03 0 

3042 0.990 -1.455E-02 4495.97 24.3 2011 1.021 -7.250E-04 1488.68 22 5149 1.030 -4.240E-04 1069.23 0 

3045 0.969 -4.631E-03 4088.92 24.3 2020 1.022 -6.940E-04 1271.88 12.4 5150 1.030 -4.240E-04 1068.33 0 

* 3048 1.030 -3.047E-02 6275.63 55.9 2021 1.021 -6.850E-04 1269.07 12.4 *** 5151 0.990 -3.210E-08 0 0 

* 3051 0.965 -1.034E-02 6660.56 55.9 2025 1.000 -3.425E-03 1379.12 12.4 *** 5152 0.990 -3.220E-08 0 0 

3054 0.991 -2.247E-02 4486.25 19.7 2026 0.996 -3.541E-03 1425.73 12.4 5153 1.030 -3.020E-04 516.98 0 

3057 0.981 -3.066E-03 3584.32 19.7 2027 0.996 -3.542E-03 1425.76 12.4 5154 1.030 -3.100E-04 517.06 0 

3060 0.992 -1.393E-02 4538.01 27.1 2030 1.030 -5.040E-04 1063.56 0 20251 1.000 -4.220E-02 1450.9 12.4 

3063 0.964 -6.568E-03 4208.93 27.1 2031 1.030 -4.470E-04 1066.67 0 20262 0.996 -4.271E-02 1506.14 12.4 

3066 0.987 -2.977E-02 6633.58 16.6 2032 1.030 -5.130E-04 1063.25 0 20351 1.012 -1.835E-01 1346.27 0 

3069 0.969 -3.777E-03 5053.04 16.6 2033 1.030 -4.580E-04 1066.34 0 20352 1.012 -1.835E-01 1346.27 0 

3072 0.992 -1.335E-02 3100.48 15.6 2035 1.012 -3.179E-03 1050.86 0 20373 1.011 -1.698E-01 1345.58 0 

3075 0.996 -4.181E-03 2919.98 15.6 2036 1.012 -3.180E-03 1050.85 0 20374 1.011 -1.694E-01 1344.86 0 

3078 0.994 -4.517E-03 2935.46 15.6 2037 1.011 -2.914E-03 1070.05 0 20451 0.991 -4.134E-02 1398.7 10.8 

** 3081 1.000 -3.335E-02 9209.59 50.3 2040 1.026 -5.730E-04 1227.53 10.8 20472 0.992 -4.135E-02 1412.5 12.4 
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Figure 4.7: Circuit diagram of the Pembroke network 

    

Table 4.5 shows the LRIC-v network charges owing to 1 MVAr nodal withdrawals. 

Specifically, columns 1-5, show bus name, voltage before withdrawal, voltage difference 

(voltage after nodal perturbation – voltage before nodal perturbation), LRIC-v charges and 

bus distance from the slack bus, respectively. While figure 4.7 shows the circuit diagram of 

the Pembroke network. All the red circled busbars have their voltages before withdrawals 

above 1 pu (that is, upper bus voltage limits critical) and while the rest have their voltages 

below 1 pu (that is, lower bus voltage limits critical). 

 

For the buses with critical upper voltage limits, during MVAr withdrawals, their voltage 

upper margins would be increased as the voltage would be reduced on these particular buses. 

As a result, these buses would earn credits while on the other hand, the buses with critical 

lower voltage limits would be penalised as these would earn a costs for degrading their 

already critical bus lower margins. Since there are 42 critical upper bus limits, therefore, the 
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critical lower bus limits dominate hence during withdrawals the results are nodal costs as can 

be seen in table 4.5. 

 

Generally, the costs increase as bus distance increases from the slack bus. However, bus 

3081 attracts the most cost even though bus 3048 is the furthest from the slack bus. This is 

due to the fact that, bus 3048 has its upper voltage limit critical and as such during 

withdrawal at this bus, it attracts credit since this upper limit margin would be increased, 

therefore, delaying VAr device investment at this bus. This, in turn, result in the overall 

LRIC-voltage cost reduced due to this perturbation, at this bus. Since bus 3051 is the same 

distance from the slack bus as bus 3048, its overall costs are reduced, as well, since even 

though it itself attracts a cost but since it is closest to bus 3048 which attracts a significant 

credit during withdrawal at bus 3048. It should be noted, as well, that bus 3051 attracts more 

cost than bus 3048, consequent to the latter reason.  Buses 3081 and 3084 attract the largest 

costs, respectively. The cost for bus 3081 is more than that of bus 3084 as the latter supplies 

the former, through a transformer, with power requirement and as a result there is a voltage 

drop across the transformer. It should be noted that voltage is 1 pu at bus 3081, before 

withdrawal, such that, during withdrawal it attracts a cost since this action would degrade its 

lower voltage limit margin, therefore, advancing the VAr asset investment horizon at this 

bus to a closer date. It should be noted that the resulting distances for these respective buses 

from the slack bus are quoted to be the same but their costs are different. The earlier stated 

reasoning applies to other buses with the same distances from the slack bus but with 

different costs. The slack bus, buses 5151 and 5152 attract no costs as their respective 

voltages for the slack bus did not change while those for buses 5151 and 5152 slightly 

change since they are close to the slack bus.  
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   Table 4.6:  LRIC-voltage network charges due to 1 MW withdrawal at each node on the Pembroke practical test system.  

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges 
from slack 

Bus 

(pu) (pu) (£/MW/yr) (km) (pu) (pu) (£/MW/yr) (km) (pu) (pu) (£/MW/yr) (km) 

2005 0.997 -3.580E-04 507.81 7.2 ** 3084 0.958 -7.082E-03 4756.23 50.3 2041 1.025 -1.230E-04 179.65 12.4 

2015 1.000 -2.370E-04 453.33 21.7 3087 0.998 -2.855E-03 1712.88 24.3 2045 0.991 -2.540E-04 180.66 10.8 

3003 1.002 -4.854E-03 3961.97 37.8 3090 0.976 -1.678E-03 1293.92 24.3 2046 0.991 -2.540E-04 180.67 10.8 

3006 0.964 -3.526E-03 3489.16 37.8 3093 0.999 -6.307E-03 4327.63 20.9 2047 0.992 -2.510E-04 183.81 12.4 

3009 0.992 -4.469E-03 3835.05 42.8 3096 0.954 -3.957E-03 3544.78 20.9 2048 0.992 -2.510E-04 183.81 12.4 

3012 0.958 -2.845E-03 3030.16 42.8 3099 0.995 -6.880E-04 548.85 23.8 2620 1.025 -8.200E-05 180.03 12.4 

3015 1.009 -5.278E-03 3672.85 42 3102 0.965 -3.508E-03 3479.42 37.9 2621 1.025 -8.300E-05 180.1 12.4 

3018 0.962 -3.881E-03 3145.47 42 3105 0.960 -2.728E-03 3038.47 20.9 2630 1.025 -9.800E-05 179.93 12.4 

3021 0.990 -1.292E-03 926.77 7.2 20051 0.997 -4.350E-04 537.54 7.2 2631 1.026 -7.700E-05 157.02 10.8 

3024 1.005 -1.466E-03 801.02 24.7 20052 0.997 -6.790E-04 573.19 7.2 2640 1.023 -1.470E-04 186.54 12.4 

3027 0.997 -9.470E-04 491.56 24.7 20151 1.000 -4.110E-04 499.75 21.9 2641 1.022 -1.440E-04 186.21 12.4 

3030 0.993 -1.115E-03 564.13 25.1 20152 1.000 -5.280E-04 514.3 21.9 2650 1.023 -1.680E-04 186.6 12.4 

3033 0.999 -1.704E-03 941.52 26 2000 1.026 -1.080E-04 163.82 12.6 2651 1.022 -1.640E-04 185.86 12.4 

3036 0.996 -8.800E-04 528.08 26 2001 1.029 -5.200E-05 109.34 7.2 *** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 -9.770E-04 581.38 23.8 2010 1.021 -1.720E-04 288.2 21.9 5148 1.030 -3.600E-05 85.38 0 

3042 0.990 -5.192E-03 2114.41 24.3 2011 1.021 -1.720E-04 280.91 22 5149 1.030 -3.600E-05 85.41 0 

3045 0.969 -3.401E-03 1701.16 24.3 2020 1.022 -1.580E-04 187.54 12.4 5150 1.030 -3.500E-05 85.3 0 

* 3048 1.030 -1.359E-02 4488.24 55.9 2021 1.021 -1.550E-04 187.64 12.4 *** 5151 0.990 -1.503E-09 0 0 

* 3051 0.965 -7.506E-03 3631.54 55.9 2025 1.000 -4.810E-04 375.74 12.4 *** 5152 0.990 -1.340E-09 0 0 

3054 0.991 -6.562E-03 1922.21 19.7 2026 0.996 -6.260E-04 445.2 12.4 5153 1.030 -1.200E-05 26 0 

3057 0.981 -1.417E-03 1109.92 19.7 2027 0.996 -6.260E-04 445.25 12.4 5154 1.030 -1.300E-05 26.03 0 

3060 0.992 -7.043E-03 2429.75 27.1 2030 1.030 -6.600E-05 84.56 0 20251 1.000 -1.295E-03 425.64 12.4 

3063 0.964 -4.635E-03 1806.69 27.1 2031 1.030 -5.000E-05 84.61 0 20262 0.996 -1.462E-03 497.53 12.4 

3066 0.987 -7.994E-03 3471.09 16.6 2032 1.030 -6.600E-05 84.58 0 20351 1.012 -1.177E-02 324.76 0 

3069 0.969 -2.163E-03 2314.88 16.6 2033 1.030 -5.100E-05 84.63 0 20352 1.012 -1.177E-02 324.76 0 

3072 0.992 -3.219E-03 758.86 15.6 2035 1.012 -2.920E-04 172.78 0 20373 1.011 -1.027E-02 239.33 0 

3075 0.996 -1.524E-03 566.54 15.6 2036 1.012 -2.920E-04 172.78 0 20374 1.011 -1.023E-02 239 0 

3078 0.994 -3.086E-03 613.19 15.6 2037 1.011 -1.450E-04 93.28 0 20451 0.991 -1.042E-03 227.45 10.8 

** 3081 1.000 -1.288E-02 5881.11 50.3 2040 1.026 -1.020E-04 157.06 10.8 20472 0.992 -1.039E-03 231.03 12.4 
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Table 4.6 shows the LRIC-v charges given 1 MW nodal withdrawals. The columns 1-5 show 

the same parameters as in the previous table 4.5. It can be observed that the charges takes the 

same pattern as 1 MVAr nodal withdrawals but are reduced since the resulting network 

circuit X is more than the corresponding R. In that regard, bus 3081 attracts most cost. The 

same issue holds, since, during MW withdrawals the critical upper bus voltage margins are 

increased while the lower bus voltage margins are reduced, thereby, these earning credits 

and costs, respectively. The increase and degradation of the respective margins occur in a 

small way as reflected by the bus voltage changes in tables 4.6 as compared to table 4.5.       
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Table 4.7: LRIC-voltage network charges due to 1 MVAr injection at each node on the Pembroke practical test system   

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges 
from slack 

Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 1.767E-03 -2602.09 7.2 ** 3084 0.958 9.610E-03 -5616.43 50.3 2041 1.025 6.140E-04 -1178.33 12.4 

2015 1.000 1.184E-03 -2479.5 21.7 3087 0.998 8.695E-03 -3184.02 24.3 2045 0.991 3.356E-03 -1209 10.8 

3003 1.002 1.048E-02 -4801.13 37.8 3090 0.976 3.099E-03 -3311.93 24.3 2046 0.991 3.357E-03 -1209 10.8 

3006 0.964 5.084E-03 -4961.93 37.8 3093 0.999 1.592E-02 -4889.21 20.9 2047 0.992 3.370E-03 -1220.82 12.4 

3009 0.992 1.015E-02 -4867.17 42.8 3096 0.954 5.728E-03 -5191.26 20.9 2048 0.992 3.371E-03 -1220.83 12.4 

3012 0.958 4.279E-03 -4844.7 42.8 3099 0.995 1.816E-03 -2534.73 23.8 2620 1.025 5.200E-04 -1178.89 12.4 

3015 1.009 1.066E-02 -4467.4 42 3102 0.965 5.068E-03 -4958.26 37.9 2621 1.025 5.210E-04 -1179.75 12.4 

3018 0.962 5.414E-03 -4660.03 42 3105 0.960 4.199E-03 -4885.2 20.9 2630 1.025 5.580E-04 -1179.19 12.4 

3021 0.990 6.583E-03 -2717.94 7.2 20051 0.997 1.235E-02 -2575.96 7.2 2631 1.026 5.140E-04 -1142.06 10.8 

3024 1.005 6.734E-03 -2461.32 24.7 20052 0.997 2.473E-02 -2545.87 7.2 2640 1.023 6.700E-04 -1178.27 12.4 

3027 0.997 1.886E-03 -2487.66 24.7 20151 1.000 1.834E-02 -2437.77 21.9 2641 1.022 6.600E-04 -1175.08 12.4 

3030 0.993 2.010E-03 -2537.33 25.1 20152 1.000 2.358E-02 -2425.06 21.9 2650 1.023 7.150E-04 -1178.22 12.4 

3033 0.999 7.015E-03 -2407.29 26 2000 1.026 5.770E-04 -1144.41 12.6 2651 1.022 7.060E-04 -1174.03 12.4 

3036 0.996 2.457E-03 -2491.57 26 2001 1.029 4.600E-04 -1046.42 7.2 *** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 2.355E-03 -2539 23.8 2010 1.021 7.230E-04 -1377.13 21.9 5148 1.030 4.240E-04 -1003.88 0 

3042 0.990 1.411E-02 -3529.32 24.3 2011 1.021 7.230E-04 -1370.06 22 5149 1.030 4.240E-04 -1004.04 0 

3045 0.969 4.576E-03 -3545.23 24.3 2020 1.022 6.940E-04 -1178.17 12.4 5150 1.030 4.240E-04 -1003.24 0 

* 3048 1.030 2.864E-02 -3593.66 55.9 2021 1.021 6.840E-04 -1175.44 12.4 *** 5151 0.990 3.200E-08 0 0 

* 3051 0.965 1.006E-02 -4987.73 55.9 2025 1.000 3.401E-03 -1233.9 12.4 *** 5152 0.990 3.210E-08 0 0 

3054 0.991 2.146E-02 -3010.14 19.7 2026 0.996 3.515E-03 -1286.01 12.4 5153 1.030 3.030E-04 -499.05 0 

3057 0.981 3.045E-03 -3202 19.7 2027 0.996 3.516E-03 -1286.03 12.4 5154 1.030 3.100E-04 -499.09 0 

3060 0.992 1.352E-02 -3414.05 27.1 2030 1.030 5.030E-04 -997.77 0 20251 1.000 3.891E-02 -1191.59 12.4 

3063 0.964 6.461E-03 -3522.7 27.1 2031 1.030 4.480E-04 -1001.39 0 20262 0.996 3.932E-02 -1241.72 12.4 

3066 0.987 2.803E-02 -4072.92 16.6 2032 1.030 5.120E-04 -997.42 0 20351 1.012 1.328E-01 -801.37 0 

3069 0.969 3.743E-03 -4351.44 16.6 2033 1.030 4.570E-04 -1001.02 0 20352 1.012 1.328E-01 -801.37 0 

3072 0.992 1.299E-02 -2621.34 15.6 2035 1.012 3.157E-03 -959.12 0 20373 1.011 1.257E-01 -840.98 0 

3075 0.996 4.143E-03 -2641.74 15.6 2036 1.012 3.158E-03 -959.11 0 20374 1.011 1.255E-01 -841.17 0 

3078 0.994 4.467E-03 -2647.94 15.6 2037 1.011 2.897E-03 -999.08 0 20451 0.991 3.815E-02 -1168.81 10.8 

** 3081 1.000 3.115E-02 -4660.56 50.3 2040 1.026 5.710E-04 -1141.35 10.8 20472 0.992 3.816E-02 -1180.23 12.4 
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Table 4.7 shows LRIC-V charges consequent to 1 MVAr nodal injections. Columns 1-5 show 

all the parameters shown in the previous tables, 4.5 and 4.6.  

 

During nodal injections, the reverse is true, in the context of what transpires during nodal 

withdrawals. That is, the buses with critical lower limits attract credits during nodal injections 

since the respective margins of these buses are increased, therefore, users who cause this 

effect have to be incentivized since this benefit the network. On the other hand, the buses with 

critical upper limits attract costs during nodal injections since the respective margins of these 

buses are degraded further and in that regard the investment horizons of the VAr 

compensation assets are advanced forward, therefore, users who cause this effect have to be 

penalized.   

 

From table 4.7, it can be observed that the results follow a similar pattern to the ones for 

MVAr withdrawals but they are in a negative sense since the MVAr injections attract credits 

for a system with dominating critical lower bus limits. However, in this case, bus 3084 

attracts the most credit, because during injection at node 3081, this bus attracts cost as its 

upper limit margin is degraded resulting in overall reduced credit at bus 3081. On the other 

hand, an injection at bus 3084 attracts a credit at this bus with less significant perturbation 

propagated at bus 3081 thus less cost at this bus and finally contributing to more overall credit 

at bus 3084 to bus 3081. Slack bus, buses 5151 and 5152 attract no credits for the same 

aforementioned reasons.      
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Table 4.8: LRIC-Voltage Network Charges Due To 1 MW Injection At Each Node  

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges from slack Bus Voltage Difference Charges from slack Bus Voltage Difference Charges From slack Bus 

(pu) (pu) (£/MW/yr) (km) (pu) (pu) (£/MW/yr) (km) (pu) (pu) (£/MW/yr) (km) 

2005 0.997 3.540E-04 -492.36 7.2 
** 

3084 0.958 6.875E-03 -3440.04 50.3 2041 1.025 1.220E-04 -175.05 12.4 

2015 1.000 2.350E-04 -433.53 21.7 3087 0.998 2.757E-03 -1529.26 24.3 2045 0.991 2.420E-04 -169.36 10.8 

3003 1.002 4.687E-03 -3064.54 37.8 3090 0.976 1.662E-03 -1215.77 24.3 2046 0.991 2.420E-04 -169.36 10.8 

3006 0.964 3.470E-03 -2809.94 37.8 3093 0.999 5.948E-03 -3447.69 20.9 2047 0.992 2.400E-04 -172.25 12.4 

3009 0.992 4.311E-03 -3259.99 42.8 3096 0.954 3.887E-03 -3014.8 20.9 2048 0.992 2.400E-04 -172.25 12.4 

3012 0.958 2.807E-03 -2679.19 42.8 3099 0.995 6.830E-04 -520.85 23.8 2620 1.025 8.200E-05 -175.69 12.4 

3015 1.009 5.096E-03 -2935.18 42 3102 0.965 3.454E-03 -2803.2 37.9 2621 1.025 8.200E-05 -175.75 12.4 

3018 0.962 3.816E-03 -2604.98 42 3105 0.960 2.692E-03 -2681.66 20.9 2630 1.025 9.800E-05 -175.48 12.4 

3021 0.990 1.242E-03 -864.53 7.2 20051 0.997 2.770E-04 -463.7 7.2 2631 1.026 7.600E-05 -153.48 10.8 

3024 1.005 1.415E-03 -726.23 24.7 20052 0.997 3.400E-05 -429.32 7.2 2640 1.023 1.480E-04 -181.54 12.4 

3027 0.997 9.410E-04 -465.1 24.7 20151 1.000 6.200E-05 -389.24 21.9 2641 1.022 1.430E-04 -181.15 12.4 

3030 0.993 1.108E-03 -532.95 25.1 20152 1.000 -5.500E-05 -375.38 21.9 2650 1.023 1.670E-04 -181.48 12.4 

3033 0.999 1.645E-03 -823.97 26 2000 1.026 1.070E-04 -160.57 12.6 2651 1.022 1.640E-04 -180.67 12.4 

3036 0.996 8.740E-04 -497.41 26 2001 1.029 5.300E-05 -107.81 7.2 *** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 9.690E-04 -548.2 23.8 2010 1.021 1.710E-04 -279.14 21.9 5148 1.030 3.500E-05 -84.45 0 

3042 0.990 4.923E-03 -1824.85 24.3 2011 1.021 1.710E-04 -272.05 22 5149 1.030 3.500E-05 -84.48 0 

3045 0.969 3.354E-03 -1544.39 24.3 2020 1.022 1.580E-04 -182.43 12.4 5150 1.030 3.600E-05 -84.37 0 

* 3048 1.030 1.235E-02 -3087.78 55.9 2021 1.021 1.540E-04 -182.47 12.4 *** 5151 0.990 1.520E-09 0 0 

* 3051 0.965 7.284E-03 -2823.25 55.9 2025 1.000 4.690E-04 -354.45 12.4 *** 5152 0.990 1.523E-09 0 0 

3054 0.991 5.967E-03 -1625.49 19.7 2026 0.996 6.130E-04 -420.06 12.4 5153 1.030 1.300E-05 -25.79 0 

3057 0.981 1.404E-03 -1050.58 19.7 2027 0.996 6.130E-04 -420.1 12.4 5154 1.030 1.200E-05 -25.81 0 

3060 0.992 6.730E-03 -1988.32 27.1 2030 1.030 6.500E-05 -83.4 0 20251 1.000 -3.420E-04 -308.18 12.4 

3063 0.964 4.543E-03 -1554.26 27.1 2031 1.030 5.100E-05 -83.6 0 20262 0.996 -2.190E-04 -371.21 12.4 

3066 0.987 6.992E-03 -2789.93 16.6 2032 1.030 6.500E-05 -83.41 0 20351 1.012 -1.118E-02 -17.63 0 

3069 0.969 2.137E-03 -2105.67 16.6 2033 1.030 5.000E-05 -83.6 0 20352 1.012 -1.118E-02 -17.63 0 

3072 0.992 3.023E-03 -657.49 15.6 2035 1.012 2.810E-04 -163.57 0 20373 1.011 -9.980E-03 54.73 0 

3075 0.996 1.501E-03 -532.39 15.6 2036 1.012 2.810E-04 -163.57 0 20374 1.011 -9.936E-03 54.42 0 

3078 0.994 3.047E-03 -564.15 15.6 2037 1.011 1.360E-04 -87.08 0 20451 0.991 -5.450E-04 -124.16 10.8 

** 3081 1.000 1.149E-02 -3675.4 50.3 2040 1.026 1.010E-04 -153.36 10.8 20472 0.992 -5.470E-04 -126.63 12.4 
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Table 4.8 shows LRIC-V charges consequent to 1 MW nodal injections. Columns 1-5 

show all the parameters shown in the previous tables, 4.5, 4.6 and 4.7.  

 

The results are similar to the case involving MVAr nodal injections but they are smaller. 

This is consequent to the fact that the resulting network circuit X is more that the 

corresponding resulting network circuit R. Here, again, bus 3081 attracts most credit while 

the slack bus and buses 5151 and 5152 attract no credits.  

 

 

4.5 Chapter Conclusions 
 

In this chapter, the principle of LRIC-voltage network charges is presented and 

demonstrated on the IEEE 14 bus test system and the 87-bus practical distribution test 

system. The LRIC-voltage network charging principle is to reflect the additional 

investment cost in network reactive power (VAr) compensation assets when 

accommodating new generation/demand, reflecting the cost to the network in ensuring that 

nodal voltages are within statutory limits. This approach makes use of spare capacity or 

headroom of nodal voltage of an existing network (distribution and transmission systems) 

to provide the time to invest in reactive power compensation devices.  A nodal power 

withdrawal or injection will impact on system voltages, which as a result will defer or 

advance the future investment costs of VAr compensation devices. The LRIC-voltage 

network charge aims to reflect the impact on network voltage profiles consequent upon 

nodal power perturbation. This approach provides forward-looking economic signals that 

reflect both the voltage profiles of an existing network and the associated indicative future 

network cost of VAr compensation assets. The forward-looking LRIC-voltage network 

charges can be used to influence the location of future generation/demand for bettering 

network security and, consequently, minimize the cost of future investment in VAr 

compensation. Moreover, the real power and reactive power withdrawals/injections have 

being taken into account to derive the LRIC-V network charges in this study since both 

play a major role in impacting on the network nodal voltages. 

 

Given this novel charging approach, true burden on the system, in terms of future network 

VAr compensation asset costs and network nodal voltages can be known to both network 

operators and the users. Finally, the users can exercise some economic choices whether 

their reactive power is to be supplied by the network reactive power or to install VAr 

compensation devices. This, in turn, can benefit the network by working towards the 

improvement of the network voltage profile. This LRIC-v network charging approach 

provide correct price signals as opposed to the currently used power factor penalty 

approach which many researchers view as inconsistent and inadequate as it would be 

apparently outlined below.   

 

Comparing the proposed approach with the currently used power factor (pf) penalty, it is 

found that the proposed approach outweighs the currently used approach. The proposed 

charging approach is able to penalise the users who advance closer the network investment 

horizons and reward those that defer the network investment horizons in the context of the 

network nodal future VAr compensation assets. The currently used power factor penalty 

approach can only penalise the defaulters who operate below the set power factor threshold 

but fails to reward those users who otherwise operate above this set pf. Practically, every 
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network users has an impact on the network whether positive or negative as depicted by 

the proposed novel approach. This aforementioned impact by the user should be evaluated 

and, therefore, be accounted for in any associated charging approach. Further, it should be 

noted that WPD [68] has its power factor threshold set at 0.9. While Central Networks, the 

distribution company covering central England, has set a power factor threshold at 0.95 

[69] and Scottish Hydro Electric Power Distribution, the distribution company covering 

Northern Scotland, has a power factor threshold set at 0.8 [70].  Based on the above 

various preset pf penalty thresholds, it is evident that there is no solid basis as to why these 

are chosen and, therefore, it is not cost reflective but a compromise reflecting costs and 

material constraints, as outlined by [71]. In addition, the pf penalty approach was proposed 

several years ago and, therefore, it is outdated as described by [71]. For example, if we 

consider two loads 200 MW + j50.1 MVAr (pf  = 0.97) and 20 MW + j19 MVAr (pf  = 

0.72). If these two loads are connected to the above distribution networks, the larger load 

would not be penalised by any of the distribution networks since its pf is above the trigger 

pf threshold of all of them while the smaller load would be penalised since its pf is below 

the trigger pf threshold of all the distribution companies. This would be unfair as the larger 

load draws some considerable real and reactive powers from the network. Regarding the 

proposed novel LRIC-voltage network charging principle, both the loads would be charged 

in accordance to the exact proportion as the amounts of real and reactive powers consumed 

by each, which results in an equitable sharing of cost burden. Moreover, the proposed 

approach shows the nodal charges owing to the nodal perturbations as every network user 

impact on the network but not only the users having pf less than the chosen threshold as it 

is suggested by the currently used approach. The charges by this proposed novel approach 

obviously provide forward-looking cost-reflective correct price signals to both the loads 

and, moreover, this principle can easily be understood by the network users than the pf 

penalty approach. In this regard, the considered loads (network users) would exercise an 

economic choice whether to source network VAr or provide their own VAr. This, in turn, 

would benefit the network as the overall result being the improved network voltage profile. 

Furthermost, unlike the pf penalty approach, this approach directly utilizes the actual 

parameter (nodal voltage) which is being monitored to ensure that the network nodal 

voltages are within the lower and upper limits. Also, the pf penalty approach was designed 

specifically to recover charges for generator operating costs.                      
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Chapter 5 

 

LRIC-Voltage Network Pricing To Support 

Network Voltages Under N-1 Contingencies 
 

 

 

 

The proposed LRIC-voltage network pricing methodology formulated and explained in the 

previous chapter is extended to reflect the true burden on a system to support network 

voltages under n-1 contingencies. The need for considering n-1 contingencies being that, 

during these, the nodal voltage loadings would be reduced to accommodate them. Again, to 

demonstrate this extension, IEEE 14 bus standard test system and the practical distribution 

test system would be once again employed. The results show that the respective charges 

follow the same pattern but are increased since the nodal busbar voltage margins are 

reduced to accommodate n-1 contingencies.  
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5.1 Chapter Introduction 
 

The investment cost-related pricing (ICRP) charging model [72] used in the UK, for 

recovering investment costs of network circuits and transformers, does not consider the 

network security requirement, but, it relies on post-processing through a full-contingency 

analysis to give an average security factor of 1.86 for all concerned network assets. On 

other works related to investment costs of circuits and transformers, authors of [65] 

demonstrated a simplistic approach to network security based on the assumption that 

reinforcement is required when a branch reaches 50% utilization. Authors of [73]-[76] 

considered the n-1 contingency analysis into their charging principles and all of these were 

for pricing of network circuits and transformers. It is against this background that the n-1 

contingency conditions were factored into the previously mentioned charging principles 

coupled with the fact that in reality the network is required to be able to withstand these, 

that these contingencies must be factored into the LRIC-voltage network charging 

principle.   

        

 The LRIC-Voltage Network Charges, as explained earlier, do not reflect the practical 

reality of the network being subjected to n-1 contingency situation, as required, to ensure 

that the system is secured and reliable under these. To ensure system security and 

reliability practically, the resulting network nodal voltage limits have to be determined 

given n-1 contingencies. It should be noted that, during these n-1 contingencies, the nodal 

bus margins are reduced and if these are allowed to be operated at full capacity, the system 

security and reliability would be compromised. As a result, the actual network nodal 

voltage loadings should be determined considering n-1 contingencies and, consequently, 

the resulting charges due to this consideration should be determined. The charges 

considering n-1 contingencies are referred to as CF LRIC-voltage network charges.  

 

In this chapter, the nodal busbar contingency factors for both lower and upper bus limits 

are determined and, thereafter, the resulting new nodal busbar lower and upper limits are 

determined. Finally, the CF LRIC-Voltage Network Charges are evaluated to reflect the 

true burden on the system to support n-1 contingencies. 

 

This charging extension of the LRIC-Voltage Network Charging principle is, once again, 

finally tested on the IEEE 14 bus test system and lastly on the distribution test system. 

Thereafter, the results are presented and analyzed. 

 

 

5.2 Impact To Network Voltage When Considering N-

1 Contingencies 
 

If a network node b  supports voltage 
bV  under the normal state and has to carry an 

additional voltage of 
LV  due to the most severe n-1 contingency situation, then the 

contingency factor at that node can be determined by (5.1) 
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                                                         (5.1) 

 

Given the node has to withstand additional voltage disturbance, where the magnitude of the 

disturbance is indicated by contingency factor,
LCF , the system cannot be allowed to 

operate to its limits. Instead, the maximum allowed voltage level at each busbar has to be 

modified to cater for potential contingencies. This new nodal voltage limit for the lower 

bus voltage limit can be determined by (5.2) 
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On the other hand, if a network node b supports voltage 
bV  under normal state and has to 

carry an additional voltage of 
HV  due to the most severe n-1 contingency situation, then 

the contingency factor at that node can be determined by (5.3) 
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                                                  (5.3) 

 

Given the node has to withstand additional voltage disturbance, where the magnitude of the 

disturbance is indicated by contingency factor,
HCF , the system cannot be allowed to 

operate to its limits. Instead, the maximum allowed voltage level at each busbar has to be 

modified to cater for potential contingencies. This new nodal voltage limit for the higher 

bus voltage limit can be determined by (5.4) 
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5.3 Contingency Factor (CF) LRIC-Voltage Network 

Charges 
 

Given the newly determined effective network lower bus limit, 
LCFbV , and higher bus limit, 

CFHbV , to support n-1 contingencies, these can be utilized in the LRIC-v charging principle 

to formulate the CF LRIC-voltage network charges by  replacing 
LV  by the former new 

limit while replacing 
HV  by the latter new limit in the relevant equations ranging from 

(4.1a) to (4.11a) in the previous chapter. 
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5.4 Results and Analysis 
 

The results are presented and analysed below, they show the contingency factors for the 

nodal lower and upper voltage limits, the resulting nodal lower and upper voltage limits 

and finally, LRIC-voltage network charges considering n-1 contingencies or CF LRIC-

voltage network charges. Once again, the IEEE-14 bus test system and a distribution test 

system used, in the previous chapter, are utilised to demonstrate what pattern the charges 

followed. 

 

 

5.4.1 IEEE-14 Bus Test System 

 
This test system was introduced in chapter 4. All the data introduced earlier remains the 

same, namely, the nodal voltage limits, economic data and, loading and generation 

conditions of this test system.   

  

 

1. Contingency Factor Terms 
  

The nodal contingency factors reflect additional voltage change that would be incurred 

following the worst n-1 contingency. Since every network bus has both the lower and 

upper limits, the contingency factors to cater for both these limits on each bus were 

determined, subject to n-1 contingencies.  

 

Figure 5.1 and table 5.1 show lower voltage limit contingency factors against nodes. In 

addition, table 5.1 shows initial, and outage voltages and the resulting lower nodal voltage 

limits. 

  

On the other hand, Figure 5.2 and table 5.2 show higher voltage limit contingency factors 

against nodes. In addition, table 5.2 shows initial, and outage voltages and the resulting 

higher nodal voltage limits. 
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Figure 5.1: IEEE 14 bus system lower voltage limit contingency factors at              

each node 

 

          

                                       Table 5.1: Lower nodal voltage limit                           

contingency factors subject to n-1 contingencies on the IEEE 14 bus test system   

 

Bus 

Initial  Outage 

CFL 

Resulting 

Voltage Voltage VL 

(pu) (pu) (pu) 

1 1.03 1.03 1 0.94 

2 1.02 0.99 1.752 0.992 

3 0.996 0.954 1.646 0.987 

4 0.988 0.962 1.374 0.973 

5 0.995 0.941 1.83 0.994 

6 0.982 0.96 1.284 0.967 

7 1.008 0.955 2.015 1.000 

8 1.048 0.998 5.345 1.038 

9 0.981 0.947 1.442 0.977 

10 0.974 0.946 1.314 0.969 

11 0.974 0.95 1.281 0.966 

12 0.967 0.945 1.244 0.964 

13 0.963 0.94 1.239 0.963 

14 0.954 0.943 1.099 0.951 

 

 

Figure 5.1 shows a plot of CFL values against nodes given the most severe n-1 contingency 

condition impacting on each lower voltage bus limit on the IEEE-14 bus system. Table 5.1 

also shows the CFL values against nodes and in addition the initial voltages before the 

outages, the outage voltages and the resulting new lower voltage limits.  
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The largest CFL is recorded at bus 8.  The most severe outage on this bus was when the 

line between buses 2 and 3 is outaged. This particular line was critical in supplying the 

necessary apparent power to support the load at bus 3. During this outage, all the apparent 

power had to be re-routed along the line between buses 3 and 4. This caused the voltage at 

bus 8 to drop from 1.048 pu to 0.998 pu which corresponds to a bus loading of 9.73% to 

52% with respect to the lower voltage limit. The CFL value at bus 7 is the second largest 

since both aforementioned buses where severely affected by the same outage. The least 

CFL value is at the slack bus since the voltage at this bus remains the same across all the 

outages.  

 

The results generally show that the more the CFL values the more reduced the resulting 

nodal lower voltage limits.  
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Figure 5.2: IEEE 14 bus system higher voltage limit contingency factors at each    

node    
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                                        Table 5.2: Higher nodal voltage limit                        

contingency factors subject to n-1 contingencies on the IEEE 14 bus test system 

  

Bus 

Initial  Outage 

CFH 

Resulting 

Voltage Voltage VH 

(pu) (pu) (pu) 

1 1.03 1.03 1 1.06 

2 1.02 1.02 1.001 1.060 

3 0.996 1 1.081 1.051 

4 0.988 0.989 1.02 1.058 

5 0.995 0.999 1.07 1.052 

6 0.982 0.986 1.088 1.050 

7 1.008 1.052 1.644 1.013 

8 1.048 1.056 1.068 1.052 

9 0.981 0.992 1.268 1.035 

10 0.974 0.977 1.097 1.049 

11 0.974 0.975 1.029 1.057 

12 0.967 0.971 1.12 1.047 

13 0.963 0.968 1.222 1.038 

14 0.954 0.955 1.089 1.050 

 

 

Figure 5.2 shows a plot of CFH values against nodes given the most severe n-1 contingency 

condition impacting on each higher voltage bus on the ieee 14 bus system. Table 5.2 also 

shows the CFH values against nodes and in addition the initial voltages before the outages, 

the outage voltages and the resulting higher voltage limits. 

 

The largest CFH value is recorded at bus 7. The most severe outage on this bus is when the 

line between buses 7 and 9 was taken out. This outage resulted in a large voltage rise at 

this bus since this line was critical in linking the subtransmission and most of the 

distribution side of the network.  Due to this outage the power was re-routed from the line 

connecting the slack bus to bus 5 and eventually from bus 5 through to bus 6 through the 

transformer to other buses. The voltage rised from 1.008 pu to 1.052 pu which constituted 

bus loading of 56.67% to 93.17% with reference to the higher voltage limit. The least CFH 

value is also at the slack bus since the voltage at this bus remains the same across all the 

outages. 

 

The results generally show that the more the CFH values the more reduced are the resulting 

nodal higher voltage limits.  

 

 

 

 

2. CF LRIC-Voltage Network Charges   
 

After calculating the contingency factors for the corresponding lower and higher nodal 

voltage limits then the CF LRIC-voltage network charges were determined based on those 

new limits. 
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Figure 5.3 and table 5.3 show CF LRIC-voltage network charges due to 1 MVAr nodal 

withdrawals. Also, shown in table 5.3 are the shortest distances from the slack bus to the 

corresponding buses, nodal voltages before the withdrawals and voltage differences 

(voltages after nodal perturbations – voltages before nodal perturbations). 

.  

 

On the other hand, figure 5.4 and table 5.4 show CF LRIC-voltage network charges due to 

1 MW nodal withdrawals. Also, shown in table 5.4 are the shortest distances from the slack 

bus to the corresponding buses, nodal voltages before the withdrawals and voltage 

differences (voltages after nodal perturbations – voltages before nodal perturbations). 
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Figure 5.3: CF LRIC-voltage network charges per 1 MVAr withdrawal at  

each node on the IEEE 14 bus test system  
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Table 5.3: CF LRIC-Voltage Network Charges                                                  

due to 1 MVAr withdrawal at each node on the                               

IEEE 14 bus test system  

Bus 

Initial  Voltage LRIC- Distance 

Voltage Difference Charges from slack 

pu (pu) (£/MVAr/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.020 -5.000E-04 54532.3 38 

3 0.996 -1.526E-03 57853.13 108 

4 0.988 -1.018E-03 163911.38 95 

5 0.995 -9.290E-04 163413.62 82 

6 0.982 -2.647E-03 168008.73 82 

7 1.008 -2.337E-03 164956.64 95 

8 1.048 -3.709E-03 163499.45 95 

9 0.981 -2.604E-03 167205.32 95 

10 0.974 -3.100E-03 168168.26 97 

11 0.974 -3.399E-03 168787.28 88 

12 0.967 -4.096E-03 218164.86 93 

13 0.963 -3.431E-03 168671.87 87 

14 0.954 -4.112E-03 218300.42 101 

 

Since the lower nodal voltage limit margins have been reduced to support n-1 

contingencies, during nodal withdrawals, a number of lower voltage limits have been 

reached therefore reinforcements indications were as follows: 

 

1) During withdrawals at buses 2 and 3, the lower voltage limit at bus 13 was reached 

therefore a reinforcement cost was attracted at this bus. At other buses during these 

respective withdrawals, some attracted credits (buses 2, 7 and 8) while the rest 

excluding the slack bus attracted costs for degrading the respective lower voltage 

limit margins. Since bus 3 has more distance from the slack bus it attracted more cost 

than bus 2. 

 

2)  During withdrawals at buses 4, 5, 6, 7, 8, 9, 10, 11 & 13 there are lower voltage limit 

violations at buses 5, and 13 as such these attracted reinforcement costs. 

 

3) During withdrawal at bus 12, buses 5, 12 and 13 had their lower voltage limits 

reached and as such attracted reinforcement costs. 

 

4) Lastly, during withdrawal at bus 14, buses 5, 13 and 14 had their lower voltage limits 

reached therefore they attracted some reinforcement costs. 

 

Since buses 12 and 14 attracted three reinforcement costs, they have their costs around 

£218,000.00 while buses 2 and 3 have the least costs around £55,000.00 and £58,000.00 

respectively since they attracted only one reinforcement costs. 
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CF LRIC-Voltage Network Costs Vs Nodes 

Graph(1 MW Nodal Withdrawals)

0

50000

100000

150000

200000

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Node

C
o

s
ts

(£
/M

W
/y

r)

CF LRIC-V Costs

 
Figure 5.4: CF LRIC-voltage network charges per 1 MW withdrawal at each 

node on the IEEE 14 bus test system 

             

 

Table 5.4: CF LRIC-Voltage Network Charges                                

due to 1 MW withdrawal at each node on the                                    

IEEE 14 bus test system  

Bus 

Initial  Voltage LRIC- Distance 

Voltage Difference Charges from slack 

pu (pu) (£/MW/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.020 -2.030E-04 52865.48 38 

3 0.996 -8.000E-04 55371.38 108 

4 0.988 -5.010E-04 54971.01 95 

5 0.995 -4.130E-04 54521.16 82 

6 0.982 -8.850E-04 162645.22 82 

7 1.008 -7.220E-04 55870 95 

8 1.048 -7.000E-04 55881.35 95 

9 0.981 -9.300E-04 162679.22 95 

10 0.974 -1.182E-03 163107.77 97 

11 0.974 -1.341E-03 163252.04 88 

12 0.967 -1.962E-03 163762.18 93 

13 0.963 -1.465E-03 163350.55 87 

14 0.954 -1.911E-03 163955.94 101 

 

During 1 MW nodal withdrawals, the nodal voltage changes were relative smaller than in 

the MVAr nodal withdrawals‟ case and, as such, the number of nodal lower voltage limits 

reached was few, hence, less comparable nodal costs. The following number of nodal 

lower voltage limits has been reached, therefore, reinforcements indications were as 

follows: 

 

1) During MW withdrawals at buses 2, 3, 4, 5, 7 and 8, reinforcements were triggered 

at bus 13. 
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2) MW withdrawals at buses 6, 9, 10, 11, 12, 13 and 14 triggered reinforcements at 

buses 5 and 13.  

 

Given the above triggered reinforcements, buses 2, 3, 4, 5, 7 and 8 attract costs around the 

region of £52, 865.00 to £55, 881.00 since they all triggered one reinforcement investment. 

On the other hand, the rest of the buses, excluding the slack bus, triggered two 

reinforcement investments, therefore, comparatively more costs ranging from £162, 645.00 

to £163, 955.00. However, the costs are relatively more during the 1 MVAr withdrawals 

since up to three reinforcement investments were triggered.         
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Figure 5.5: CF LRIC-voltage network charges per 1 MVAr withdrawal            

at each node 
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       Table 5.5: CF LRIC-voltage network charges due                                   

to 1 MVAr injection at each node on the IEEE 14 bus test system  

Bus 

Initial  Voltage LRIC- Distancce 

Voltage Difference Charges from slack 

pu (pu) (£/MVAr/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.020 4.990E-04 -3105.31 38 

3 0.996 1.521E-03 -6483.26 108 

4 0.988 1.016E-03 -6984.61 95 

5 0.995 9.260E-04 -6814.79 82 

6 0.982 2.633E-03 -12145.65 82 

7 1.008 2.326E-03 -8279.41 95 

8 1.048 3.685E-03 -6564.85 95 

9 0.981 2.589E-03 -10793.53 95 

10 0.974 3.078E-03 -11822.65 97 

11 0.974 3.373E-03 -12631.67 88 

12 0.967 4.058E-03 -13602.91 93 

13 0.963 3.403E-03 -13346 87 

14 0.954 4.073E-03 -13007.91 101 

 

 

During nodal injections, there were not limits reached. It should be noted that the range of 

nodal voltage limits with contingency factors considered is less than that without 

contingency factors considered. This factor leads to more nodal credits for CF LRIC-

voltage network charges than LRIC-voltage network charges. It should also be noted that 

the nodal credits follow the same pattern as the case without considering the contingency 

factors (in the previous chapter)  but only increased credits, therefore bus 12 attracts the 

most credits while bus 2 the least.   
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Figure 5.6: CF LRIC-voltage network charges due to 1 MW withdrawal         

at each node 
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       Table 5.6: CF LRIC-voltage network charges due                               

to 1 MW injection at each node on the IEEE 14 bus test system  

Bus 

Initial  Voltage LRIC- Distancce 

Voltage Difference Charges from slack 

pu (pu) (£/MW/yr) (km) 

1 1.03 0.000E+00 0 0 

2 1.020 2.020E-04 -1303.95 38 

3 0.996 7.960E-04 -3928.85 108 

4 0.988 5.000E-04 -3569.05 95 

5 0.995 4.110E-04 -3096.70 82 

6 0.982 8.760E-04 -5219.80 82 

7 1.008 7.150E-04 -4500.96 95 

8 1.048 6.840E-04 -4488.53 95 

9 0.981 9.200E-04 -5137.50 95 

10 0.974 1.168E-03 -5622.18 97 

11 0.974 1.325E-03 -5799.86 88 

12 0.967 1.936E-03 -6542.55 93 

13 0.963 1.447E-03 -6419.17 87 

14 0.954 1.886E-03 -6841.21 101 

    

It can be seen from figure 5.6 and table 5.6 that the results follow the same pattern as those 

of figure 4.5 and table 4.5, but, the credits sought in the former case are small than in the 

latter one since the network resulting reactance (X) is more than the corresponding 

resulting resistance (R) and hence less network nodal voltage increments.   

 

 

5.4.2 Pembroke Practical Test System 

 
This practical test system was also introduced in chapter 4. All the data introduced earlier 

remains the same, namely, the nodal voltage limits, economic data and, loading and 

generation conditions of this test system.  

 

 

1. Contingency Factor Terms 
  

The nodal contingency factors reflect additional voltage change that would be incurred 

following the worst contingency. Since every network bus has both the lower and upper 

limits, the contingency factors to cater for both these limits on each bus were determined, 

subject to n-1 contingencies.  

 

Table 5.7 shows lower voltage limit contingency factors against nodes. Columns 1-5 show 

bus number, initial, and outage voltages and the resulting lower nodal voltage limits, 

respectively. 

  

On the other hand, table 5.8 shows higher voltage limit contingency factors against nodes. 

Also, columns 1-5 show bus number, initial, and outage voltages and the resulting higher 

nodal voltage limits, respectively.  
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Table 5.7: Lower nodal voltage limit contingency factors subject to n-1 contingencies on Pembroke practical test system.   

Bus 

Initial  Outage 

CFL 

Resulting 

Bus 

Initial  Outage 

CFL 

Resulting 

Bus 

Initial  Outage 

CFL 

Resulting 

Voltage Voltage VL Voltage Voltage VL Voltage Voltage VL 

(pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu) 

2005 0.997 0.969 1.445 0.977 3084 0.958 0.943 1.15 0.956 2041 1.025 1.01 1.196 0.933 

2015 1 0.986 1.242 0.963 3087 0.998 0.958 1.636 0.987 2045 0.991 0.976 1.223 0.962 

3003 1.002 0.96 1.726 0.990 3090 0.976 0.953 1.276 0.966 2046 0.991 0.976 1.223 0.962 

3006 0.964 0.949 1.159 0.956 3093 0.999 0.959 1.645 0.987 2047 0.992 0.977 1.216 0.961 

3009 0.992 0.949 1.632 0.986 3096 0.954 0.941 1.117 0.953 2048 0.992 0.977 1.216 0.961 

3012 0.958 0.942 1.157 0.956 3099 0.995 0.976 1.295 0.967 2620 1.025 1.01 1.195 0.933 

3015 1.009 0.943 2.273 1.007 3102 0.965 0.949 1.159 0.956 2621 1.025 1.01 1.195 0.933 

3018 0.962 0.947 1.155 0.956 3105 0.96 0.944 1.16 0.957 2630 1.025 1.01 1.195 0.933 

3021 0.99 0.962 1.406 0.975 20051 0.997 0.969 1.272 0.974 2631 1.026 1.01 1.22 0.936 

3024 1.005 0.99 1.268 0.965 20052 0.997 0.969 1.272 0.974 2640 1.023 1.008 2.159 1.007 

3027 0.997 0.977 1.316 0.969 20151 1 0.986 1.145 0.960 2641 1.022 1.007 1.188 0.932 

3030 0.993 0.977 1.249 0.964 20152 1 0.986 1.145 0.960 2650 1.023 1.008 2.159 1.007 

3033 0.999 0.979 1.327 0.970 2000 1.026 1.015 1.153 0.927 2651 1.022 1.007 1.188 0.932 

3036 0.996 0.967 1.439 0.977 2001 1.029 1.009 1.29 0.945 ** 5140 0.99 0.99 1 0.900 

3039 0.993 0.969 1.354 0.971 2010 1.021 1.005 1.208 0.934 5148 1.03 1.022 1.125 0.922 

3042 0.99 0.951 1.568 0.983 2011 1.021 1.006 1.188 0.932 5149 1.03 1.022 1.125 0.922 

3045 0.969 0.946 1.257 0.965 2020 1.022 1.008 2.173 1.008 5150 1.03 1.022 1.124 0.922 

* 3048 1.03 0.954 3.555 1.026 2021 1.021 1.006 1.187 0.932 ** 5151 0.99 0.99 1 0.940 

3051 0.965 0.949 1.159 0.957 2025 1 0.985 1.257 0.965 ** 5152 0.99 0.99 1 0.940 

3054 0.991 0.941 1.71 0.990 2026 0.996 0.952 1.688 0.989 5153 1.03 1.024 1.09 0.917 

3057 0.981 0.959 1.278 0.966 2027 0.996 0.952 1.688 0.989 5154 1.03 1.024 1.083 0.915 

3060 0.992 0.975 1.243 0.963 2030 1.03 1.009 1.292 0.945 20251 1 0.985 1.154 0.961 

3063 0.964 0.949 1.158 0.956 2031 1.03 1.006 1.346 0.951 20262 0.996 0.952 1.424 0.988 

3066 0.987 0.959 1.388 0.974 2032 1.03 1.009 1.292 0.945 20351 1.012 0.99 1.251 0.972 

3069 0.969 0.943 1.297 0.967 2033 1.03 1.006 1.345 0.951 20352 1.012 0.99 1.251 0.972 

3072 0.992 0.964 1.413 0.975 2035 1.012 0.99 1.459 0.978 20373 1.011 0.998 1.156 0.962 

3075 0.996 0.968 1.436 0.976 2036 1.012 0.99 1.459 0.978 20374 1.011 0.998 1.156 0.962 

3078 0.994 0.966 1.427 0.976 2037 1.011 0.998 1.285 0.967 20451 0.991 0.976 1.141 0.960 

3081 1 0.957 1.713 0.990 2040 1.026 1.01 1.22 0.936 20472 0.992 0.977 1.136 0.959 
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Table 5.7 shows the lower nodal voltage limit contingency factors subject to n-1 

contingencies. In addition, table 5.7 shows the bus numbers, initial voltage before n-1 

contingencies, voltage during n-1 contingencies and the resulting lower bus voltage limits. 

 

The results show that bus 3048 was most affected as the contingency factor for this bus, in 

relation to the lower bus voltage limit, is 3.555 and the resulting lower bus voltage limit 

being 1.026 pu from 0.94 pu. This was consequent to the outage of a line connecting buses 

2015 and 3018. This resulted in power being supplied to bus 3048 and others utilising only 

line connecting buses 2015 and 3006, therefore, there were a lot of losses experienced and 

hence lower voltage at bus 3048. Before this aforementioned contingency, the voltage was 

1.03 pu and after this contingency the voltage was 0.954 pu which constituted a bus 

voltage loading of 24.8% to 88.17%, respectively, with respect to the lower bus voltage 

limit.  

 

The lowest contingency factor was lowest at slack bus, buses 5151 and 5152 as the 

voltages of theses buses did not change across all contingencies.       
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Table 5.8: Upper nodal voltage limit contingency factors subject to n-1 contingencies on Pembroke practical test system  

Bus 

Initial  Outage 

CFL 

Resulting 

Bus 

Initial  Outage 

CFL 

Resulting 

Bus 

Initial  Outage 

CFL 

Resulting 

Voltage Voltage VL Voltage Voltage VL Voltage Voltage VL 

(pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu) (pu) 

2005 0.997 1.001 1.064 1.053 * 3084 0.958 0.985 2.483 0.988 2041 1.025 1.026 1.007 1.099 

2015 1 1.001 1.01 1.059 3087 0.998 0.998 1.008 1.059 2045 0.991 0.992 1.002 1.060 

3003 1.002 1.004 1.043 1.055 3090 0.976 0.977 1.013 1.059 2046 0.991 0.992 1.002 1.060 

3006 0.964 0.967 1.105 1.049 3093 0.999 1.014 1.255 1.036 2047 0.992 0.992 1.01 1.059 

3009 0.992 0.993 1.018 1.058 3096 0.954 0.968 2.017 0.999 2048 0.992 0.992 1.01 1.059 

3012 0.958 0.959 1.048 1.054 3099 0.995 0.997 1.033 1.056 2620 1.025 1.025 1 1.100 

3015 1.009 1.009 1.01 1.059 3102 0.965 0.991 2.082 0.998 2621 1.025 1.025 1 1.100 

3018 0.962 0.963 1.028 1.057 3105 0.96 0.974 1.718 1.010 2630 1.025 1.026 1.007 1.099 

3021 0.99 0.994 1.073 1.052 20051 0.997 1.001 1.064 1.090 2631 1.026 1.03 1.032 1.094 

3024 1.005 1.005 1.009 1.059 20052 0.997 1.001 1.064 1.090 2640 1.023 1.023 1.003 1.099 

3027 0.997 1 1.055 1.054 20151 1 1.001 1.01 1.098 2641 1.022 1.022 1 1.100 

3030 0.993 0.997 1.067 1.052 20152 1 1.001 1.01 1.098 2650 1.023 1.023 1.003 1.099 

3033 0.999 1 1.01 1.059 2000 1.026 1.027 1.008 1.098 2651 1.022 1.022 1 1.100 

3036 0.996 0.999 1.066 1.053 2001 1.029 1.03 1.008 1.098 5140 0.99 0.99 1 1.100 

3039 0.993 0.997 1.073 1.052 2010 1.021 1.022 1.004 1.099 5148 1.03 1.031 1.01 1.098 

3042 0.99 0.991 1.009 1.059 2011 1.021 1.022 1.004 1.099 5149 1.03 1.03 1 1.100 

3045 0.969 0.97 1.016 1.058 2020 1.022 1.023 1.003 1.099 5150 1.03 1.032 1.014 1.097 

3048 1.03 1.031 1.007 1.059 2021 1.021 1.021 1 1.100 5151 0.99 0.99 1 1.060 

3051 0.965 0.965 1.025 1.057 2025 1 1.006 1.103 1.049 5152 0.99 0.99 1 1.060 

3054 0.991 1.003 1.248 1.036 2026 0.996 0.996 1 1.060 5153 1.03 1.031 1.008 1.098 

3057 0.981 0.993 1.292 1.033 2027 0.996 0.996 1 1.060 5154 1.03 1.031 1.008 1.098 

3060 0.992 0.992 1.012 1.059 2030 1.03 1.031 1.009 1.098 20251 1 1.006 1.103 1.085 

3063 0.964 0.965 1.025 1.057 2031 1.03 1.032 1.013 1.097 20262 0.996 0.996 1 1.100 

3066 0.987 1.012 1.51 1.019 2032 1.03 1.031 1.009 1.098 20351 1.012 1.012 1 1.100 

3069 0.969 0.993 1.783 1.007 2033 1.03 1.032 1.013 1.097 20352 1.012 1.012 1 1.100 

3072 0.992 0.995 1.07 1.052 2035 1.012 1.012 1 1.060 20373 1.011 1.011 1 1.100 

3075 0.996 0.999 1.065 1.053 2036 1.012 1.012 1 1.060 20374 1.011 1.011 1 1.100 

3078 0.994 0.998 1.067 1.052 2037 1.011 1.011 1 1.060 20451 0.991 0.992 1.002 1.100 

3081 1 1.028 1.473 1.021 2040 1.026 1.03 1.032 1.094 20472 0.992 0.992 1.01 1.098 
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Table 5.8 shows the lower nodal voltage limit contingency factors subject to n-1 

contingencies. In addition, table 5.8 shows the bus numbers, initial voltage before n-1 

contingencies, voltage during n-1 contingencies and the resulting upper bus voltage limits. 

 

The results show that bus 3084 was most affected as the contingency factor for this bus, in 

relation to the upper bus voltage limit, is 2.483 and the resulting upper bus voltage limit 

being 0.988 pu from 1.06 pu. This was consequent to the outage of a line connecting buses 

3102 and 3006. This resulted in power being supplied to buses 3006, 3018 and 3051 via 

line connecting buses 2015 and 3018. This acted as a relief of loading constituted by the 

aforementioned buses at bus 3102 and hence less voltage drop and therefore voltage rise at 

this bus and subsequent ones including bus 3084. Before this aforementioned contingency, 

the voltage was 0.958 pu and after this contingency the voltage was 0.985 pu which 

constituted a bus voltage loading of 15.07% to 37.5%, respectively, with respect to the 

upper bus voltage limit.  

 

The lowest contingency factor was lowest at slack bus and other several buses as 

highlighted in bolded font. This is because the voltages of theses buses did not change 

across all contingencies. 

 

 

2. CF LRIC-Voltage Network Charges   
 

After calculating the contingency factors for the corresponding lower and higher nodal 

voltage limits then the CF LRIC-voltage network charges were determined based on those 

new limits. 

  

Tables 5.9 and 5.11 show CF LRIC-voltage network charges due to 1 MVAr and 1 MW 

nodal withdrawals, respectively. Also, shown in these aforementioned tables are the 

shortest distances from the slack bus to the corresponding buses, the voltage levels before 

each nodal perturbation and voltage differences (voltages after nodal perturbations – 

voltages before nodal perturbations). In addition, tables 5.10 and 5.12 show VAr 

investments which were triggered due to MVAr and MW nodal withdrawals, respectively.    

 

On the other hand, tables 5.13 and 5.14 show CF LRIC-voltage network charges due to 1 

MVAr and 1 MW nodal injections, respectively. Also, shown in these aforementioned 

tables are the shortest distances from the slack bus to the corresponding buses, the voltage 

levels before each nodal perturbation and voltage differences (voltages after nodal 

perturbations – voltages before nodal perturbations). 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5   LRIC-Voltage Network Pricing To Support Network Voltages Under N-1 Contingencies 76 

   

Table 5.9: CF LRIC-Voltage Network Charges due to 1 MVAr withdrawal at each node on Pembroke distribution.   

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges 
From slack 

Bus Voltage Difference Charges 
from slack 

Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 -1.774E-03 24670.23 7.2 3084 0.958 -9.855E-03 37297 50.3 2041 1.025 -6.160E-04 3746.28 12.4 

2015 1.000 -1.188E-03 11521.37 21.7 3087 0.998 -8.856E-03 15172.76 24.3 2045 0.991 -3.379E-03 4031.43 10.8 

3003 1.002 -1.072E-02 34141.93 37.8 3090 0.976 -3.122E-03 14367.66 24.3 2046 0.991 -3.380E-03 4031.48 10.8 

3006 0.964 -5.151E-03 33352.74 37.8 * 3093 0.999 -1.647E-02 66686.35 20.9 2047 0.992 -3.393E-03 4063.05 12.4 

* 3009 0.992 -1.037E-02 66543.22 22.7 3096 0.954 -5.812E-03 62949.27 20.9 2048 0.992 -3.394E-03 4063.1 12.4 

* 3012 0.958 -4.325E-03 62747.47 22.7 3099 0.995 -1.823E-03 11892.46 23.8 2620 1.025 -5.210E-04 3739.74 12.4 

3015 1.009 -1.091E-02 37727.13 42 3102 0.965 -5.133E-03 33331.52 37.9 2621 1.025 -5.220E-04 3742.16 12.4 

3018 0.962 -5.491E-03 37616.34 42 3105 0.960 -4.243E-03 62730.71 20.9 2630 1.025 -5.580E-04 3743.77 12.4 

3021 0.990 -6.674E-03 25267.03 7.2 20051 0.997 -1.266E-02 24769.3 7.2 2631 1.026 -5.160E-04 3625.77 10.8 

3024 1.005 -6.827E-03 11894.24 24.7 20052 0.997 -2.603E-02 24914.23 7.2 2640 1.023 -6.710E-04 3768.58 12.4 

3027 0.997 -1.895E-03 11635.85 24.7 20151 1.000 -1.904E-02 11668.49 21.9 2641 1.022 -6.620E-04 3786.67 12.4 

3030 0.993 -2.020E-03 11921.03 25.1 20152 1.000 -2.475E-02 11718.48 21.9 2650 1.023 -7.170E-04 3768.76 12.4 

3033 0.999 -7.118E-03 12420.08 26 2000 1.026 -5.780E-04 3629.09 12.6 2651 1.022 -7.070E-04 3785.95 12.4 

3036 0.996 -2.469E-03 11951.07 26 2001 1.029 -4.600E-04 3314.12 7.2 ** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 -2.368E-03 12050.35 23.8 2010 1.021 -7.240E-04 4275.54 21.9 5148 1.030 -4.250E-04 3181.66 0 

3042 0.990 -1.455E-02 19084.51 24.3 2011 1.021 -7.250E-04 4263.13 22 5149 1.030 -4.240E-04 3182.21 0 

3045 0.969 -4.631E-03 15235.71 24.3 2020 1.022 -6.940E-04 3773.06 12.4 5150 1.030 -4.240E-04 3179.69 0 

3048 1.030 -3.047E-02 49585.97 55.9 2021 1.021 -6.850E-04 3795.49 12.4 ** 5151 0.990 -3.210E-08 0 0 

3051 0.965 -1.034E-02 49273.35 55.9 2025 1.000 -3.425E-03 4584.77 12.4 ** 5152 0.990 -3.220E-08 0 0 

3054 0.991 -2.247E-02 14310.64 19.7 2026 0.996 -3.541E-03 5352.6 12.4 5153 1.030 -3.020E-04 1560.63 0 

3057 0.981 -3.066E-03 13955.91 19.7 2027 0.996 -3.542E-03 5352.91 12.4 5154 1.030 -3.100E-04 1561.31 0 

3060 0.992 -1.393E-02 14669.48 27.1 2030 1.030 -5.040E-04 3177.06 0 20251 1.000 -4.220E-02 4828.95 12.4 

3063 0.964 -6.568E-03 14059.88 27.1 2031 1.030 -4.470E-04 3178.19 0 20262 0.996 -4.271E-02 5629.42 12.4 

* 3066 0.987 -2.977E-02 66671.27 16.6 2032 1.030 -5.130E-04 3176.73 0 20351 1.012 -1.835E-01 4034.38 0 

3069 0.969 -3.777E-03 62489.02 16.6 2033 1.030 -4.580E-04 3177.84 0 20352 1.012 -1.835E-01 4034.38 0 

3072 0.992 -1.335E-02 27400.99 15.6 2035 1.012 -3.179E-03 3246.76 0 20373 1.011 -1.698E-01 3901.59 0 

3075 0.996 -4.181E-03 25564.57 15.6 2036 1.012 -3.180E-03 3246.76 0 20374 1.011 -1.694E-01 3899.48 0 

3078 0.994 -4.517E-03 25715.87 15.6 2037 1.011 -2.914E-03 3192.72 0 20451 0.991 -4.134E-02 4249.43 10.8 

3081 1.000 -3.335E-02 42162.53 50.3 2040 1.026 -5.730E-04 3628.53 10.8 20472 0.992 -4.135E-02 4282.31 12.4 
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Table 5.10: Reinforcements effected during MVAr nodal withdrawals                                             

at specific buses on Pembroke practical test system. 

MVAr  Reinforcent 

Withdrawal At 

At Bus Bus(es) 

2005, 3021, 3072, 3075, 3078 & 20051 3054 & 3096 

2015, 3024, 3027, 3030, 3033, 3036 & 3039 3054 

3003, 3006 & 3102 3015, 3054 & 3084 

3009 3009, 3012, 3054, 3069, 3096 & 3105 

3012, 3069, 3096 & 3105 3012, 3054, 3069, 3096 & 3105 

3015 & 3018 3015, 3048, 3054 & 3084 

3042 3042 & 3054 

3045, 3054, 3057, 3060, 3063 & 3087 3054 

3048 & 3051 3015, 3048, 3051, 3054 & 3084 

3066 3012, 3054, 3066,  3069, 3096 & 3105 

3081 3015, 3048, 3054, 3081 & 3084 

3084 3015, 3054, 3081 & 3084 

3090, 3099, 20151 & 20152 3054 

3093 3012, 3054, 3069,  3093, 3096 & 3105 

20052 3054, 3096 & 20052 

20251 20251 

20262 20262 

20351 20351 

20352 20352 

20373 20373 

20374 20374 

20451 20451 

20472 20472 

 

Since the lower nodal voltage limit margins have been reduced to support n-1 

contingencies, during the MVAr nodal withdrawals, a number of lower voltage limits have 

been reached as reflected in table 5.10. The most affected, being buses 3009, 3066 and 

3096 which each attracted six new VAr asset reinforcements. This resulted in these 

aforementioned buses attracting the most comparables costs (highlighted in bolded font 

and the corresponding bus number preceded by an asterisk). Slack bus, buses 5151 and 

5152 (highlighted in bolded font and the corresponding bus number preceded by double 

asterisk) attracted no costs as the voltage at the slack bus did not change, while for the 

other two, their respective voltages varied slightly amid their closeness to the slack bus.     
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Table 5.11: CF LRIC-voltage network charges due to 1 MW withdrawal at each node on Pembroke distribution system.  

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges from slack Bus Voltage Difference Charges 
from slack 

Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 -3.580E-04 1530.17 7.2 3084 0.958 -7.082E-03 23569.55 50.3 2041 1.025 -1.230E-04 528.59 12.4 

2015 1.000 -2.370E-04 1214.36 21.7 3087 0.998 -2.855E-03 8975.38 24.3 2045 0.991 -2.540E-04 541.37 10.8 

3003 1.002 -4.854E-03 23813.43 37.8 3090 0.976 -1.678E-03 7807.42 24.3 2046 0.991 -2.540E-04 541.37 10.8 

3006 0.964 -3.526E-03 22876.72 37.8 * 3093 0.999 -6.307E-03 55423.52 20.9 2047 0.992 -2.510E-04 549.31 12.4 

* 3009 0.992 -4.469E-03 55236.93 42.8 3096 0.954 -3.957E-03 42710.51 20.9 2048 0.992 -2.510E-04 549.32 12.4 

3012 0.958 -2.845E-03 30240.79 42.8 3099 0.995 -6.880E-04 1568.05 23.8 2620 1.025 -8.200E-05 526.69 12.4 

3015 1.009 -5.278E-03 28341.56 42 3102 0.965 -3.508E-03 22852.39 37.9 2621 1.025 -8.300E-05 526.86 12.4 

3018 0.962 -3.881E-03 15305.52 42 3105 0.960 -2.728E-03 30308.1 20.9 2630 1.025 -9.800E-05 527.56 12.4 

3021 0.990 -1.292E-03 2763.06 7.2 20051 0.997 -4.350E-04 1617.03 7.2 2631 1.026 -7.700E-05 462.46 10.8 

3024 1.005 -1.466E-03 2256.16 24.7 20052 0.997 -6.790E-04 1721.3 7.2 2640 1.023 -1.470E-04 556.65 12.4 

3027 0.997 -9.470E-04 1391.47 24.7 20151 1.000 -4.110E-04 1338.03 21.9 2641 1.022 -1.440E-04 565.91 12.4 

3030 0.993 -1.115E-03 1639.24 25.1 20152 1.000 -5.280E-04 1376.78 21.9 2650 1.023 -1.680E-04 556.83 12.4 

3033 0.999 -1.704E-03 2685.14 26 2000 1.026 -1.080E-04 485.72 12.6 2651 1.022 -1.640E-04 565.68 12.4 

3036 0.996 -8.800E-04 1551.83 26 2001 1.029 -5.200E-05 326.21 7.2 ** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 -9.770E-04 1705.34 23.8 2010 1.021 -1.720E-04 791.08 21.9 5148 1.030 -3.600E-05 256.98 0 

3042 0.990 -5.192E-03 10073.16 24.3 2011 1.021 -1.720E-04 775.42 22 5149 1.030 -3.600E-05 257.07 0 

3045 0.969 -3.401E-03 8892.21 24.3 2020 1.022 -1.580E-04 561.36 12.4 5150 1.030 -3.500E-05 256.74 0 

* 3048 1.030 -1.359E-02 40714.17 55.9 2021 1.021 -1.550E-04 573.02 12.4 ** 5151 0.990 -1.503E-09 0 0 

3051 0.965 -7.506E-03 16241.83 55.9 2025 1.000 -4.810E-04 1198.34 12.4 ** 5152 0.990 -1.340E-09 0 0 

3054 0.991 -6.562E-03 9152.02 19.7 2026 0.996 -6.260E-04 1469.17 12.4 5153 1.030 -1.200E-05 78.73 0 

3057 0.981 -1.417E-03 7304.45 19.7 2027 0.996 -6.260E-04 1469.35 12.4 5154 1.030 -1.300E-05 78.81 0 

3060 0.992 -7.043E-03 5303.03 27.1 2030 1.030 -6.600E-05 259.06 0 20251 1.000 -1.295E-03 1365.18 12.4 

3063 0.964 -4.635E-03 3883.75 27.1 2031 1.030 -5.000E-05 257.01 0 20262 0.996 -1.462E-03 1665.73 12.4 

3066 0.987 -7.994E-03 43751.77 16.6 2032 1.030 -6.600E-05 259.12 0 20351 1.012 -1.177E-02 1006.78 0 

3069 0.969 -2.163E-03 29493.42 16.6 2033 1.030 -5.100E-05 257.07 0 20352 1.012 -1.177E-02 1006.78 0 

3072 0.992 -3.219E-03 2934.91 15.6 2035 1.012 -2.920E-04 532.31 0 20373 1.011 -1.027E-02 722.44 0 

3075 0.996 -1.524E-03 2022.12 15.6 2036 1.012 -2.920E-04 532.31 0 20374 1.011 -1.023E-02 721.46 0 

3078 0.994 -3.086E-03 2566.98 15.6 2037 1.011 -1.450E-04 284.16 0 20451 0.991 -1.042E-03 685.06 10.8 

3081 1.000 -1.288E-02 28640.23 50.3 2040 1.026 -1.020E-04 464.27 10.8 20472 0.992 -1.039E-03 694.03 12.4 
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Table 5.12: Reinforcements effected during MW nodal            

withdrawals at specific buses on Pembroke practical                              

test system 

MVAr  Reinforcement 

Withdrawal At 

At Bus Bus(es) 

3003, 3006, 3084 & 3102 3015 & 3084 

3009 & 3093 3012, 3069, 3096 & 3105 

3012 3012 & 3096 

3015 3015, 3048 & 3084 

3018 & 3051 3015 & 3048 

3042, 3045, 3054, 3057, 3087 & 3090 3054 

3048 3015, 3048, 3051 & 3084 

3066 & 3096 3012, 3069 & 3096 

3069 3069 & 3096 

3081 3015, 3081 & 3084 

3105 3012 & 3096 

 

Given the new reduced lower nodal voltage limit margins to support n-1 contingencies, 

again during MW nodal withdrawals, a number of lower voltage limits have been reached 

as reflected in table 5.12. The most affected, being buses 3009, 3048 and 3093 which each 

attracted four new VAr asset reinforcements. This resulted in buses 3009 and 3093 

attracting the most comparables costs (highlighted in bolded font and the corresponding 

bus number preceded by double asterisk) since all occurred at 33-kv level and on the same 

buses. While, on the other hand, even though bus 3048 triggered reinforcements on four 

buses as the other two mentioned, it attracted less cost than them as the reinforcements in 

this case was due at two 11-kV and two 33-kV levels. It should be noted that the SVCs 

have the investment costs of £174, 240.00 and £58, 058.00 at 33-kV and 11-kV voltage 

levels, respectively. Slack bus, buses 5151 and 5152 (highlighted in bolded font and the 

corresponding bus number preceded by double asterisk) attracted no costs for the same 

reasons as stated above.     
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      Table 5.13: CF LRIC-Voltage Network Charges due to 1 MVAr injections at each node on Pembroke distribution system.   

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges from slack Bus Voltage Difference Charges from slack Bus Voltage Difference Charges from slack Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 1.767E-03 -7556.78 7.2 3084 0.958 9.610E-03 -12007.96 50.3 2041 1.025 6.140E-04 -3521.21 12.4 

2015 1.000 1.184E-03 -6627.69 21.7 3087 0.998 8.695E-03 -9117.42 24.3 2045 0.991 3.356E-03 -3717.78 10.8 

3003 1.002 1.048E-02 -10786.96 37.8 3090 0.976 3.099E-03 -9252.62 24.3 2046 0.991 3.357E-03 -3717.81 10.8 

3006 0.964 5.084E-03 -10993.28 37.8 3093 0.999 1.592E-02 -11474.79 20.9 2047 0.992 3.370E-03 -3746.87 12.4 

3009 0.992 1.015E-02 -11900.61 42.8 * 3096 0.954 5.728E-03 -12146.17 20.9 2048 0.992 3.371E-03 -3746.89 12.4 

3012 0.958 4.279E-03 -11610.01 42.8 3099 0.995 1.816E-03 -6906.23 23.8 2620 1.025 5.200E-04 -3516.27 12.4 

3015 1.009 1.066E-02 -10318.21 42 3102 0.965 5.068E-03 -10985.53 37.9 2621 1.025 5.210E-04 -3518.42 12.4 

3018 0.962 5.414E-03 -10525.77 42 3105 0.960 4.199E-03 -11699.72 20.9 2630 1.025 5.580E-04 -3519.52 12.4 

3021 0.990 6.583E-03 -7943.28 7.2 20051 0.997 1.235E-02 -7482.06 7.2 2631 1.026 5.140E-04 -3414.45 10.8 

3024 1.005 6.734E-03 -6763.43 24.7 20052 0.997 2.473E-02 -7395.53 7.2 2640 1.023 6.700E-04 -3537.08 12.4 

3027 0.997 1.886E-03 -6708.73 24.7 20151 1.000 1.834E-02 -6518.14 21.9 2641 1.022 6.600E-04 -3555.05 12.4 

3030 0.993 2.010E-03 -6924.12 25.1 20152 1.000 2.358E-02 -6485.12 21.9 2650 1.023 7.150E-04 -3536.92 12.4 

3033 0.999 7.015E-03 -6856.44 26 2000 1.026 5.770E-04 -3424.57 12.6 2651 1.022 7.060E-04 -3553.89 12.4 

3036 0.996 2.457E-03 -6903.46 26 2001 1.029 4.600E-04 -3139.36 7.2 ** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 2.355E-03 -6998.26 23.8 2010 1.021 7.230E-04 -3991.6 21.9 5148 1.030 4.240E-04 -3018.14 0 

3042 0.990 1.411E-02 -10173.06 24.3 2011 1.021 7.230E-04 -3979.78 22 5149 1.030 4.240E-04 -3018.62 0 

3045 0.969 4.576E-03 -9871.46 24.3 2020 1.022 6.940E-04 -3540.3 12.4 5150 1.030 4.240E-04 -3016.33 0 

3048 1.030 2.864E-02 -9631.73 55.9 2021 1.021 6.840E-04 -3562.52 12.4 ** 5151 0.990 3.200E-08 0 0 

3051 0.965 1.006E-02 -11119.51 55.9 2025 1.000 3.401E-03 -4107.25 12.4 ** 5152 0.990 3.210E-08 0 0 

3054 0.991 2.146E-02 -9106.06 19.7 2026 0.996 3.515E-03 -4700.21 12.4 5153 1.030 3.030E-04 -1512.72 0 

3057 0.981 3.045E-03 -9086.27 19.7 2027 0.996 3.516E-03 -4700.4 12.4 5154 1.030 3.100E-04 -1513.33 0 

3060 0.992 1.352E-02 -8397.77 27.1 2030 1.030 5.030E-04 -3012.41 0 20251 1.000 3.891E-02 -3967.65 12.4 

3063 0.964 6.461E-03 -8484.11 27.1 2031 1.030 4.480E-04 -3014.5 0 20262 0.996 3.932E-02 -4544.34 12.4 

3066 0.987 2.803E-02 -9834.89 16.6 2032 1.030 5.120E-04 -3012.01 0 20351 1.012 1.328E-01 -2647.33 0 

3069 0.969 3.743E-03 -10889.65 16.6 2033 1.030 4.570E-04 -3014.06 0 20352 1.012 1.328E-01 -2647.33 0 

3072 0.992 1.299E-02 -8386.57 15.6 2035 1.012 3.157E-03 -3038.15 0 20373 1.011 1.257E-01 -2639.22 0 

3075 0.996 4.143E-03 -8124.19 15.6 2036 1.012 3.158E-03 -3038.13 0 20374 1.011 1.255E-01 -2639.78 0 

3078 0.994 4.467E-03 -8201.04 15.6 2037 1.011 2.897E-03 -3012.61 0 20451 0.991 3.815E-02 -3595.6 10.8 

3081 1.000 3.115E-02 -8173.9 50.3 2040 1.026 5.710E-04 -3416.27 10.8 20472 0.992 3.816E-02 -3623.59 12.4 
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 During MVAr nodal injections, there were not limits reached. It should be noted that the 

range of nodal voltage limits with contingency factors considered is less than that without 

contingency factors considered. This factor leads to more nodal credits for CF LRIC-

voltage network charges than LRIC-voltage network charges. It should also be noted that 

the nodal credits follow the same pattern as the case without considering the contingency 

factors (in the previous chapter, table 4.7)  but only increased credits, therefore bus 3084 

attracts the most credit while the slack bus and buses 5151 and 5152 attract nothing. 
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Table 5.14: CF LRIC-Voltage Network Charges due to 1 MW injections at each node on Pembroke distribution test system.  

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Bus 

Initial Voltage LRIC-V Distance 

Voltage Difference Charges 
from slack 

Bus Voltage Difference Charges from slack Bus Voltage Difference Charges 
from slack 

Bus 

(pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) (pu) (pu) (£/MVAr/yr) (km) 

2005 0.997 3.540E-04 -1483.35 7.2 3084 0.958 6.875E-03 -6618.24 50.3 2041 1.025 1.220E-04 -515.92 12.4 

2015 1.000 2.350E-04 -1161.56 21.7 3087 0.998 2.757E-03 -4374.11 24.3 2045 0.991 2.420E-04 -508.07 10.8 

3003 1.002 4.687E-03 -6150.28 37.8 3090 0.976 1.662E-03 -3470.97 24.3 2046 0.991 2.420E-04 -508.06 10.8 

3006 0.964 3.470E-03 -5565.85 37.8 * 3093 0.999 5.948E-03 -7519.21 20.9 2047 0.992 2.400E-04 -515.32 12.4 

3009 0.992 4.311E-03 -7375.5 42.8 3096 0.954 3.887E-03 -6503.8 20.9 2048 0.992 2.400E-04 -515.32 12.4 

3012 0.958 2.807E-03 -5942.34 42.8 3099 0.995 6.830E-04 -1487.8 23.8 2620 1.025 8.200E-05 -514.78 12.4 

3015 1.009 5.096E-03 -6034.45 42 3102 0.965 3.454E-03 -5551.61 37.9 2621 1.025 8.200E-05 -514.94 12.4 

3018 0.962 3.816E-03 -5258.43 42 3105 0.960 2.692E-03 -5931.46 20.9 2630 1.025 9.800E-05 -515.34 12.4 

3021 0.990 1.242E-03 -2575.15 7.2 20051 0.997 2.770E-04 -1399.79 7.2 2631 1.026 7.600E-05 -452.73 10.8 

3024 1.005 1.415E-03 -2055.33 24.7 20052 0.997 3.400E-05 -1299.47 7.2 2640 1.023 1.480E-04 -542.78 12.4 

3027 0.997 9.410E-04 -1315.88 24.7 20151 1.000 6.200E-05 -1043.44 21.9 2641 1.022 1.430E-04 -551.83 12.4 

3030 0.993 1.108E-03 -1547.39 25.1 20152 1.000 -5.500E-05 -1006.46 21.9 2650 1.023 1.670E-04 -542.61 12.4 

3033 0.999 1.645E-03 -2387.4 26 2000 1.026 1.070E-04 -476.64 12.6 2651 1.022 1.640E-04 -551.24 12.4 

3036 0.996 8.740E-04 -1459.82 26 2001 1.029 5.300E-05 -321.91 7.2 ** 5140 0.990 0.000E+00 0 Slack bus 

3039 0.993 9.690E-04 -1605.86 23.8 2010 1.021 1.710E-04 -766.51 21.9 5148 1.030 3.500E-05 -254.34 0 

3042 0.990 4.923E-03 -5177.46 24.3 2011 1.021 1.710E-04 -751.42 22 5149 1.030 3.500E-05 -254.43 0 

3045 0.969 3.354E-03 -4351.75 24.3 2020 1.022 1.580E-04 -547.17 12.4 5150 1.030 3.600E-05 -254.11 0 

3048 1.030 1.235E-02 -6457.12 55.9 2021 1.021 1.540E-04 -558.56 12.4 ** 5151 0.990 1.520E-09 0 0 

3051 0.965 7.284E-03 -5608.24 55.9 2025 1.000 4.690E-04 -1131.48 12.4 ** 5152 0.990 1.523E-09 0 0 

3054 0.991 5.967E-03 -4930.58 19.7 2026 0.996 6.130E-04 -1385.97 12.4 5153 1.030 1.300E-05 -78.1 0 

3057 0.981 1.404E-03 -3046.33 19.7 2027 0.996 6.130E-04 -1386.12 12.4 5154 1.030 1.200E-05 -78.15 0 

3060 0.992 6.730E-03 -4402.79 27.1 2030 1.030 6.500E-05 -255.8 0 20251 1.000 -3.420E-04 -977.02 12.4 

3063 0.964 4.543E-03 -3375.52 27.1 2031 1.030 5.100E-05 -254.17 0 20262 0.996 -2.190E-04 -1203.42 12.4 

3066 0.987 6.992E-03 -6664.61 16.6 2032 1.030 6.500E-05 -255.81 0 20351 1.012 -1.118E-02 -46.77 0 

3069 0.969 2.137E-03 -4884.8 16.6 2033 1.030 5.000E-05 -254.18 0 20352 1.012 -1.118E-02 -46.77 0 

3072 0.992 3.023E-03 -2505.45 15.6 2035 1.012 2.810E-04 -505.55 0 20373 1.011 -9.980E-03 161.05 0 

3075 0.996 1.501E-03 -1883.15 15.6 2036 1.012 2.810E-04 -505.54 0 20374 1.011 -9.936E-03 160.1 0 

3078 0.994 3.047E-03 -2276.49 15.6 2037 1.011 1.360E-04 -265.76 0 20451 0.991 -5.450E-04 -368.86 10.8 

3081 1.000 1.149E-02 -7105.86 50.3 2040 1.026 1.010E-04 -454.07 10.8 20472 0.992 -5.470E-04 -375.12 12.4 
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During MW nodal injections, there were not limits reached. It should be noted that the 

range of nodal voltage limits with contingency factors considered is less than that without 

contingency factors considered. This factor leads to more nodal credits for CF LRIC-

voltage network charges than LRIC-voltage network charges. It should also be noted that 

the nodal credits follow the same pattern as the case without considering the contingency 

factors (in the previous chapter, table 4.8)  but only increased credits, therefore, bus 3081 

attracts the most credit while the slack bus and buses 5151 and 5152 attract nothing. 

 

 

   

5.5 Chapter Conclusions 

 
In this chapter, the CF LRIC-voltage network charges are presented and tested on the IEEE 

14 bus test system and the practical distribution test system. The CF LRIC-v network 

charges are an extension of the LRIC-v network charges, in which the physical reality of n-

1 contingency conditions is considered, as per the statutory requirement. When considering 

these aforementioned contingencies, the security and reliability of the network are 

enhanced and, as such, this has to be factored into the LRIC-v charging principle model 

since the respective nodal voltage limits would be reduced to accommodate the 

contingencies. 

 

The CF LRIC-voltage network charges follow the same pattern as the LRIC-v network 

charges but the difference is that the former charges are determined with reduced nodal 

voltage margins and, therefore, more than the latter. Consequently, the CF LRIC-voltage 

charges reflect correct price signals than LRIC-voltage charges as they consider n-1 

contingencies, therefore, they are better able to direct siting and sizing of future demand 

and generation for the efficient and effective utilization of the network VAr compensation 

assets. Also, the network users are able to exercise an economic choice, of whether to 

source VAr from the network or provide their own VAr. Finally, this in turn, would work 

towards bettering the overall network voltage profile.      

 

Compared with proposed LRIC-voltage network charges in chapter 4, the CF LRIC-

voltage network charges are more than the former. This is due to the fact that the resulting 

network nodal margins are reduced, that is, the network lower and upper nodal limits are 

tightened to accommodate the n-1 contingencies. It should be noted that, it is a statutory 

requirements for network operators to operate the network to be able to withstand n-1 

contingencies for the network to attain reasonable degree of security and reliability. The 

CF LRIC-voltage network charges have all the features that exist in the proposed LRIC-

voltage network charges but the former charges reflect the physical reality of the network 

to accommodate n-1 contingencies and, therefore, the resulting charges in this chapter are 

of an actual practical nature.       
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Chapter 6 

 

LRIC-Voltage Network Charges Considering 

Different Network Circuit R/X Ratios and 

Demand Growth Rates 
 

 
    

In this chapter, studies were performed to analyses the trend of LRIC-voltage network 

charges on different types of networks and different demand growth rates. This provided 

insights into how charges would change with different network circuit resistance/reactance 

(R/X) ratios and different demand load growth rates. For the former study, a 9-bus test 

network which is a subset of the practical Western Power Distribution (WPD) network was 

used, while for the latter study, IEEE-14 bus test system and the practical 87-bus 

distribution test system developed, operated and maintained by Western Power 

Distribution (WPD) network were used.  

 

For the former study, the results show that when the network circuit Xs are atleast ten 

times more than their R counterparts, only MVAr nodal perturbations should be 

considered. When the network circuit Rs, on the other hand, are atleast ten folds more than 

their Xs counterparts, then, only MW nodal perturbations should be considered. Finally, 

when the network circuit Xs and their corresponding Rs are comparable, both MVAr and 

MW nodal perturbations should be considered. On the other hand, for the latter study, the 

results show that the LRIC-v network charges given different load growth rates are a 

function of the system nodal voltage loading levels. 
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6.1 Introduction 
 

In this chapter, studies were performed to analyse the trend of LRIC-voltage network 

charges on different types of networks and different demand growth rates.  These provided 

insights into how charges would change with different network circuit resistance/reactance 

(R/X) ratios and different demand growth rates [77]. The LRIC-voltage network charges 

are different for different network types. On the different types of network front, what set 

networks apart is the nature of R/X ratios on network circuits. This, in turn, would guide 

into how the MVAr and MW nodal perturbations could be treated in the context of LRIC-

voltage network charges. In transmission networks, the circuit R/X ratio, is usually lower 

than 0.5 while on distribution networks, the ratio ranges from 0.5 to 7 [78]. On the other 

front, different demand load growth rates provide different LRIC-voltage network charges. 

As the demand load grows on the system, it is imperative to have insights into how it 

would impact the whole system, technically and economically. This, in turn, would enable 

the network planners to make appropriate investment decisions in the long-term network 

development. In this study, an economical analysis aspect was looked into, relating to how 

LRIC-voltage charges varied in comparison to demand load growth. 

 

On different types of networks, the 9-bus test network which is a subset of the practical 

Western Power Distribution (WPD) network was chosen for this study as a result of the 

ease at which, its circuit R/X ratios could be varied ranging from, when Rs was ten folds 

more than the corresponding Xs to when the Xs were 10 times more than the 

corresponding Rs. Varying this network‟s R/X ratios is a practical representation which 

ranges from transmission to distribution systems. Otherwise, if not varying this network‟s 

R/X ratios, then, it would mean performing separate runs on transmission and distribution 

networks, each in turn. On the other hand, for the different demand growth rates, the IEEE-

14 bus test system and the practical 87-bus distribution test system developed, operated 

and maintained by Western Power Distribution (WPD) network were used. It should be 

noted the different demand load growth rates considered for this study were 1%, 1.6% and 

2%. 

 

The results of these studies are presented and analysed in the next section. 

 

 

6.2 Results and Analysis 
 

The results are presented and analysed below, to demonstrate the trend the LRIC-voltage 

network charges followed given different circuit R/X ratios and different demand growth 

rates. 
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6.2.1 Different Types of Networks 
 

 

1. 9-Bus Test System 

 
As it can be observed, below on figure 6.1, the 9-Bus network is a subset of the practical 

Western Power Distribution (WPD) network with only demand connected at the 11-kV 

voltage level. The line distances between the buses are depicted in red. Where the line 

distances are not shown, then the line distance is zero. The VAr compensation assets 

(SVCs) have the investment costs of £58, 050.00 and £174, 240.00 at the 11-kV and 33-kV 

voltage levels, respectively. Bus 1 is the slack bus. The nodal voltage limits are assumed to 

be 1 6% pu. The use of power flow was employed to capture the nodal voltages while 

performing nodal withdrawals/injection on the system. 

 

 

 
                              Figure 6.1: 9-bus practical network 

                               

The annual load growth rate for this practical network is assumed to be 1.6% while the 

discount rate is assumed to be 6.9%. To demonstrate the value of the proposed LRIC-

voltage network charging methodology three cases have been used to show the cost/benefit 

to the network when the resistance/reactance (R/X) ratios of circuits are varied from when 

R and X are comparable, to where X dominates R and finally where R dominates X given 

the nodal withdrawal/injection. Case 1 involves nodal withdrawals of 1 MVAr and 1 MW, 

and nodal injections of 1 MVAr and 1 MW when the network circuit R/X ratios are 

slightly less than unity,  each of these perturbations are performed each in turn. Case 2 and 

case 3 follow with the same set of perturbations as those of case 1 but case 2 having 

network circuit R/X ratios being equal to 0.1 while finally case 3 having network circuit 

ratios being equal to 10.  

Bus 3 
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Case 1: This case involves a 1 MVAr nodal withdrawal and secondly a 1 MW nodal 

withdrawal when circuit reactances are slightly more than resistance counterparts.  Figure 

6.2, and tables 6.1 and 6.2 show the nodal LRIC-voltage network charges and the shortest 

distances for each node from the slack bus during 1 MVAr and 1 MW withdrawals, 

respectively. In addition, tables 6.1 and 6.2 show the voltages after each perturbation and 

voltage differences (voltages after nodal perturbations – voltages before nodal 

perturbations). On the other hand, figure 6.3, and tables 6.3 and 6.4 show the nodal LRIC-

voltage network charges and the shortest distances for each node from the slack bus during 

1 MVAr and 1 MW injections, respectively. In addition, tables 6.3 and 6.4 show the 

voltages after each perturbation and voltage differences (voltages after nodal perturbations 

– voltages before nodal perturbations). 

 

LRIC-V Costs With Network Circuit R/X Ratios 

Comparable Vs Nodes Graph(1MVAr/1 MW 
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Figure 6.2: LRIC-voltage network charges due to 1 MVAr and                  

1 MW withdrawals at each node on the 9-bus test system 

      

         Table 6.1: LRIC-voltage network charges due to                                   

1 MVAr withdrawal at each node  on the 9-bus test system. 

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MVAr/yr (km) 

1 1.03 0.000E+00 0 0 

2 0.992 -5.760E-03 152.11 2 

3 1.020 -5.460E-03 -95.06 1 

4 0.971 -8.650E-03 2651.19 34 

5 0.983 -3.800E-03 1634.77 20 

6 0.993 -3.390E-03 1139.25 16 

7 0.989 -9.486E-03 1323.58 16 

8 0.978 -9.425E-03 1897.64 20 

9 0.985 -2.966E-02 3853.97 34 
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       Table 6.2: LRIC-voltage network charges due to                                                              

1 MW withdrawal at each node  on the 9-bus test system.  

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.000E+00 0 0 

2 0.992 -5.760E-03 27.47 2 

3 1.020 -5.460E-03 -18.45 1 

4 0.971 -8.650E-03 2250.35 34 

5 0.983 -3.800E-03 1374.45 20 

6 0.993 -3.390E-03 925.21 16 

7 0.989 -9.486E-03 1033.56 16 

8 0.978 -9.425E-03 1570.06 20 

9 0.985 -2.966E-02 2899.9 34 

 

 

Since the circuit reactances are slightly more than the corresponding circuit resistances, it 

can be observed from figure 6.2, and tables 6.1 and 6.2 that the nodal costs due to 1 MVAr 

withdrawals are more than those due to 1 MW withdrawals. Generally for both tables 6.1 

and 6.2, it can also be observed that the costs increase as the nodal distance increase from 

the slack bus. For both 1 MVAr and 1 MW withdrawals, it can be seen that at bus 3 a 

credit is attracted since voltage is more than the target voltage of 1 pu and that means that 

the higher voltage limit is critical. When a withdrawal occurs at this node the higher 

voltage limit margin is increased, therefore, an overall credit has to be earned at this node 

since other nodes due to the disturbance at this node earn less costs as disturbance 

propagated become even less with distance from this disturbed bus.  

 

On the other hand, other buses except for the slack bus have initial voltages less than the 

target voltage of 1 pu and, therefore, for these it means that the lower voltage limit is 

critical. For these buses, during withdrawal these attract costs since the already critical 

lower voltage limit margin is degraded further and, therefore, the overall results are costs at 

these buses as their investment horizon on VAr compensation assets are brought forward. 

It should also be noted that at buses 6 and 7, their respective distances from the slack bus 

are the same but the costs for bus 7 are more than that of bus 6 since the former is 

connected to the latter through three parallel transformer set, therefore, there is a voltage 

drop across this set. The same applies to pairs of buses 5 and 8, and buses 4 and 9. It 

should be further noted that, for buses 5 and 8, two transformers are involved while one 

transformer is involved between buses 4 and 9. 
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LRIC-V Benefits With Network Circuit R/X 

Ratios Comparable Vs Nodes Graph(1 MVAr/1 

MW Nodal Injection)
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Figure 6.3: LRIC-voltage network charges due to 1 MVAr and                 

1 MW injection at each node on the 9-bus test system 

 

 

Table 6.3: LRIC-voltage network charges due to                                  

1 MVAr injection at each node on the 9-bus test system. 

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MVAr/yr (km) 

1 1.03 0.000E+00 0 0 

2 0.992 6.240E-03 -121.72 2 

3 1.020 5.540E-03 136.44 1 

4 0.971 8.350E-03 -2167.48 34 

5 0.983 4.200E-03 -1454.58 20 

6 0.993 3.610E-03 -1037.87 16 

7 0.989 8.514E-03 -1143.44 16 

8 0.978 9.575E-03 -1626.9 20 

9 0.985 2.734E-02 -1938.91 34 

  

 

Table 6.4: LRIC-voltage network charges due to                                  

1 MW injection at each node on the 9-bus test system.    

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.000E+00 0 0 

2 0.992 1.240E-03 -25.3 2 

3 1.020 5.400E-04 19.33 1 

4 0.971 7.350E-03 -1882.87 34 

5 0.983 3.200E-03 -1240.76 20 

6 0.993 2.610E-03 -854.69 16 

7 0.989 3.514E-03 -932.28 16 

8 0.978 4.575E-03 -1381.58 20 

9 0.985 1.234E-02 -2203.7 34 
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During nodal injections, it is also observed that the credits consequent to 1 MVAr 

injections are more than the credits for their 1 MW injection counterparts since the network 

circuit R/X ratios remain unchanged as the case resulting from withdrawals. It can further 

be observed that the credits increase as the nodal distances increase from the slack bus as 

can be observed from figure 6.3 and, tables 6.3 and 6.4. Bus 3 attracts an overall cost for 

both injections of real and reactive power since the initial voltage at this bus is more than 

the target voltage of 1 pu and, therefore, during injection the voltage increases as such 

degrading the already critical higher bus voltage limit margin further, thereby, advancing 

the investment horizon of VAr compensation asset investment at this bus. Even though 

other individual buses due to the disturbance at bus 3 attract credits but those are smaller in 

magnitudes resulting in overall costs at this bus.  

 

On the other hand, other buses have their respective voltages below the target voltage and, 

as such, their lower busbar voltage limits are the ones critical. When injections occur at 

these buses their respective lower busbar limit margins are increased, thereby, deferring the 

VAr compensation asset investments. The same situation holds for bus pairs, buses 6 and 

7, buses 5 and 8 and, buses 4 and 9 where buses 7, 8 and 9 attract more the credits than 

their counterparts, respectively, as is the case as the situation above.  

 

Case 2: This case involves a 1 MVAr nodal withdrawal and, secondly, a 1 MW nodal 

withdrawal when circuit reactances are 10 times more than resistance counterparts.  

Figure 6.4 and, tables 6.5 and 6.6 show the nodal LRIC-voltage network charges and 

the shortest distances for each node from the slack bus during 1 MVAr and 1 MW 

withdrawals, respectively. In addition, tables 6.5 and 6.6 show the voltages after each 

perturbation and voltage differences (voltages after nodal perturbations – voltages 

before nodal perturbations). On the other hand, figure 6.5, and tables 6.7 and 6.8 show 

the nodal LRIC-voltage network charges and the shortest distances for each node from 

the slack bus during 1 MVAr and 1 MW injections, respectively. In addition, tables 6.7 

and 6.8 show the voltages after each perturbation and voltage differences (voltages 

after nodal perturbations – voltages before nodal perturbations). 
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LRIC-V Costs With Network Circuit R/X Ratios 

Equivalent To 0.1 Vs Nodes Graph(1 MVAr/1 MW 

Nodal withdrawal) 

0 2 1 34 20 16 16 20 34

0

500

1000

1500

2000

2500

1 2 3 4 5 6 7 8 9

Nodes

L
R

IC
-V

 C
o

s
ts

(£
/M

V
A

r/
y

r 
&

 

£
/M

W
/y

r) 1 MW

1 MVar

Distance

 
Figure 6.4: LRIC-voltage network charges due to 1 MVAr and                  

1 MW withdrawal at each node on the 9-bus test system. 

 

Table 6.5: LRIC-voltage network charges due to                                        

1 MVAr withdrawal at each node on the 9-bus test system.   

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MVAr/yr (km) 

1 1 0.000E+00 0 0 

2 0.967 5.809E-03 392.2 2 

3 0.995 5.839E-03 52.53 1 

4 0.990 8.267E-03 1535.32 34 

5 0.992 4.184E-03 951.73 20 

6 0.994 3.950E-03 765.92 16 

7 0.990 9.048E-03 943.03 16 

8 0.988 8.867E-03 1154.5 20 

9 1.005 2.903E-02 2243.09 34 

 

 

Table 6.6: LRIC-voltage network charges due to                                  

1 MW withdrawal at each node on the 9-bus test system.    

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1 0.000E+00 0 0 

2 0.967 8.090E-04 58.1 2 

3 0.995 8.390E-04 6.2 1 

4 0.990 1.267E-03 180.83 34 

5 0.992 1.840E-04 122.08 20 

6 0.994 -5.000E-05 88.88 16 

7 0.990 1.048E-03 158.92 16 

8 0.988 1.867E-03 225.25 20 

9 1.005 6.032E-03 314.22 34 
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Since the circuit reactances dominate the corresponding circuit resistances, it can be 

observed from figure 6.4 and, tables 6.5 and 6.6 that the nodal costs due to 1 MVAr 

withdrawals are significantly more than those due to 1 MW withdrawals. Generally, for 

both tables 6.5 and 6.6, it can also be observed that the costs increase as the nodal distances 

increase from the slack bus. From bus 2 to bus 8, the initial bus voltages are all less than 

the target voltage of 1 pu, therefore, during the nodal withdrawals the already critical lower 

bus voltage limits are degraded further and, as such, those earn costs as the investment 

horizons for their respective VAr compensation assets are advanced. At bus 9, the initial 

voltage is more than 1 pu and after withdrawal the final voltage is less than 1 pu. This bus 

earns credit from 1.005 pu to 1 pu and earns a cost from 1 pu to 0.999 pu. This results in 

the overall cost at this node a bit reduced. 

 

 

LRIC-V Benefits With Network Circuit R/X Ratios 
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Figure 6.5: LRIC-voltage network charges due to 1 MVAr and 1 MW 

injections at each node on the 9-bus test system. 

 

 

Table 6.7: LRIC-voltage network charges due to                                  

1 MVAr  injection at each node on the 9-bus test system. 

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MVAr/yr (km) 

1 1 0.000E+00 0 0 

2 0.967 -6.191E-03 -312.32 2 

3 0.995 -5.161E-03 -34.29 1 

4 0.990 -8.733E-03 -1034.2 34 

5 0.992 -3.816E-03 -830.1 20 

6 0.994 -4.050E-03 -686 16 

7 0.990 -8.952E-03 -790.92 16 

8 0.988 -9.133E-03 -967.39 20 

9 1.005 -2.697E-02 -239.93 34 
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Table 6.8: LRIC-voltage network charges due to                                  

1 MW injection at each node on the 9-bus test system.    

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1 0.000E+00 0 0 

2 0.967 -1.191E-03 -53.84 2 

3 0.995 -1.161E-03 -5.68 1 

4 0.990 -7.330E-04 -161.84 34 

5 0.992 -8.160E-04 -115.95 20 

6 0.994 -5.000E-05 -84.48 16 

7 0.990 -9.520E-04 -142.71 16 

8 0.988 -1.133E-03 -203.7 20 

9 1.005 -4.968E-03 -163.79 34 

   

 

 Since the circuit R/X ratio remains the same as before, it can be observed from figure 6.5 

and, tables 6.7 and 6.8 that the nodal costs due to 1 MVAr withdrawals are significantly 

more than those due to 1 MW withdrawals. Generally for both tables 6.7 and 6.8, it can 

also be observed that the costs increase as the nodal distances increase from the slack bus. 

From bus 2 to bus 8, the initial bus voltages are all less than the target voltage of 1 pu, 

therefore, during the nodal injections the critical lower bus voltage limit margins are 

increased and, as such, those earn credits as the investment horizons for their respective 

VAr compensation assets are deferred. At bus 9, the initial voltage is more than 1 pu and 

after injection the final voltage is further increased, thereby, reducing the already critical 

higher bus voltage limit margin. This bus earns a cost as the investment horizon of the VAr 

compensation asset at this bus is advanced closer. The overall result for both 1 MVar and 1 

MW injections at bus 9 is the reduced overall credit as other buses earn credits due to 

perturbations on this bus. For both 1 MVar and 1 MW injections the credits earned at bus 9 

are less than those earned at bus 4. 

 

Case 3: This case involves a 1 MVAr nodal withdrawal and, secondly, a 1 MW nodal 

withdrawal when circuit resistances are 10 times more than reactance counterparts.  

Figure 6.6 and, tables 6.9 and 6.10 show the nodal LRIC-voltage network charges and 

the shortest distances for each node from the slack bus during 1 MVAr and 1 MW 

withdrawals, respectively. In addition, tables 6.9 and 6.10 show the voltages after each 

perturbation and voltage differences (voltages after nodal perturbations – voltages 

before nodal perturbations). On the other hand, figure 6.7 and, tables 6.11 and 6.12 

show the nodal LRIC-voltage network charges and the shortest distances for each node 

from the slack bus during 1 MVAr injection and, secondly, 1 MW injection, 

respectively. In addition, tables 6.11 and 6.12 show the voltages after each perturbation 

and voltage differences (voltages after nodal perturbations – voltages before nodal 

perturbations). 
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LRIC-V Costs With Network Circuit R/X Ratios 
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Figure 6.6: LRIC-voltage network charges due to 1 MVAr and    

1 MW withdrawals at each node on the 9-bus test system.  

      

          Table 6.9: LRIC-voltage network charges due                                                           

to 1 MVAr withdrawal at each  node on the 9-bus test system.    

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.00E+00 0 0 

2 0.992 5.11E-03 137.37 2 

3 1.021 5.58E-03 -94.26 1 

4 0.975 9.39E-04 224.78 34 

5 0.986 2.52E-04 141.04 20 

6 0.996 2.10E-05 99.44 16 

7 0.992 6.13E-03 241 16 

8 0.982 5.90E-03 348.2 20 

9 0.989 2.01E-02 1029.95 34 

 

 

Table 6.10: LRIC-voltage network charges due to                                   

1 MW withdrawal at each node on the 9-bus test system.    

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.00E+00 0 0 

2 0.992 1.11E-03 25.69 2 

3 1.021 5.84E-04 -18.39 1 

4 0.975 6.94E-03 1839.58 34 

5 0.986 3.25E-03 1136.16 20 

6 0.996 3.02E-03 774.75 16 

7 0.992 4.13E-03 808.91 16 

8 0.982 3.90E-03 1185.99 20 

9 0.989 1.11E-02 2072.22 34 
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Since the circuit resistances dominate the corresponding circuit reactances, it can be 

observed from figure 6.6 and, tables 6.9 and 6.10 that the nodal costs due to 1 MW 

withdrawals are significantly more than those due to 1 MVAr withdrawals. Generally, 

from both tables 6.9 and 6.10, it can also be observed that the costs increase as the nodal 

distances increase from the slack bus. For both 1 MVAr and 1 MW withdrawals, it can be 

seen that at bus 3 a credit is attracted since voltage there is more than the target voltage of 

1 pu and that means that the higher voltage limit is critical. Due to this latter fact, during 

withdrawal at this bus, the higher voltage limit margin is increased from 1.021 pu to 1.02 

pu, thereby, a credit has to be earned as a reward and, thereby, contributing to the overall 

credit at the bus.   
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Figure 6.7: LRIC-voltage network charges due to 1 MVAr and                      

1 MW injections at each node on the 9-bus test system.  

 

Table 6.11: LRIC-voltage network charges due to                                

1 MVAr injection at each node on the 9-bus test system. 

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.00E+00 0 0 

2 0.992 -4.89E-03 -112.8 2 

3 1.021 -5.42E-03 130.91 1 

4 0.975 -1.06E-03 -206.96 34 

5 0.986 -7.48E-04 -136 20 

6 0.996 2.10E-05 -96 16 

7 0.992 -5.87E-03 -207.58 16 

8 0.982 -5.10E-03 -311.43 20 

9 0.989 -1.99E-02 -224.27 34 
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Table 6.12: LRIC-voltage network charges due to                                               

1 MW injection at each node on the 9-bus test system. 

Bus 
Initial Voltage LRIC-V Distance 

Voltage(pu) Difference(pu) £/MW/yr (km) 

1 1.03 0.00E+00 0 0 

2 0.992 -8.86E-04 -23.81 2 

3 1.021 -1.42E-03 19.23 1 

4 0.975 -7.06E-03 -1579.55 34 

5 0.986 -2.75E-03 -1039.63 20 

6 0.996 -2.98E-03 -723.36 16 

7 0.992 -3.87E-03 -748.78 16 

8 0.982 -4.10E-03 -1077.78 20 

9 0.989 -1.09E-02 -1705.54 34 

     

 

During nodal injections, it is also observed that the credits consequent to 1 MW injections 

are more than the credits due to their 1 MVAr injection counterparts since the R/X ratio 

remain unchanged. It can further be observed that the credits increase as the nodal 

distances increase from the slack bus as can be observed from figure 6.7 and, tables 6.11 

and 6.12. Bus 3 attracts an overall cost for both injections of real and reactive power since 

the initial voltage at this bus is more than the target voltage of 1 pu and, therefore, during 

injection the voltage increases as such degrading the already critical higher bus voltage 

limit margin further, thereby, advancing the investment horizon of VAr compensation asset 

investment at this bus.  During 1 MVAr injection at bus 9, from voltage 0.989 pu to 1 pu, 

this bus earns a credit and from 1 pu to 1.009 pu this bus attracts a cost and, as such, the 

overall credit at this bus is reduce and it is consequently less than credit earned at bus 8. 

On the other hand, during 1 MW injection at bus 9, from 0.989 pu to 1 pu this bus earn a 

credit and this results in bus 9 earning the largest credit than any other bus.   

 

  

6.2.2 Different Demand Growth Rates 

 
1. IEEE-14 Bus Test System 

 
The IEEE-14 bus test system was introduced in chapter 4. All the data used here is the 

same as in the previous chapters, 4 and 5.  

 

Figure 6.8 shows the LRIC-voltage network costs owing to 1 MVAr nodal withdrawals 

considering 1%, 1.6% and 2% load growth rates while figure 6.9 shows these costs but 

given 1 MW nodal withdrawals considering the same respective load growth rates, as 

mentioned earlier.  

 

On the other hand, figure 6.10 shows the LRIC-voltage network credits at each node given 

1 MVAr injections considering 1%, 1.6% and 2% load growth rates while figure 6.11 

shows these credits given 1 MW nodal injections considering the same respective 

aforementioned load growth rates.  
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LRIC-Voltage Network Costs Given Different Load 
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Figure 6.8: LRIC-voltage network costs owing to 1 MVAr nodal    

withdrawals considering different load growth rates on IEEE 14 bus test 

system. 

              

As it can be observed, from figure 6.8, the results show that the more the load growth rate 

the less are the charges. For a higher load growth rate, the present values before and after 

MVAr withdrawals are more than the corresponding present values before and after MVAr 

withdrawals with a less load growth rate. The former present values are such that their 

differences are smaller than the corresponding differences in the latter present values 

(PVs), for buses with bus voltage loadings before withdrawals in excess of 66.5% with 

respect to the lower voltage limit. These buses are 6, 9, 10, 11, 12, 13 and 14 with bus 

voltage loadings of 66.6%, 67.8%, 74.8%, 73.6%, 79.5%, 83% and 90.9%, respectively, 

which also have very high charges. Elsewhere, the few buses with critical lower voltage 

limits (buses 3, 4 & 5) and having voltage loadings less than 66.5%, the reverse is true as 

their respective differences in (PVs) are more for the more load growth rate. Buses 2, 7 and 

8 have critical upper voltage limits and they attract credits during their respective nodal 

withdrawals, but since the lower bus voltage limits dominate and these tend to influence 

the results and hence resulting costs at nodes. The overall result is, the more the LRIC-

voltage network costs are the descending load growth rates.    
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LRIC-Voltage Network Costs Given Different Load 
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Figure 6.9: LRIC-voltage network costs owing to 1 MW nodal withdrawals   

considering different load growth rates on IEEE-14 bus test system. 

              

As it can be observed, from figure 6.9, the results show the same pattern as those shown 

above, in figure 6.8, and for the same reasons advanced in the aforementioned case, the 

less the load growth rate the more the LRIC-voltage network costs. The only differences 

are the reduced LRIC-voltage network costs, in this case, since this network‟s circuit Xs 

are more than the corresponding circuit Rs.   

    

LRIC-Voltage Network Credits Given Different Load 
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Figure 6.10: LRIC-voltage network costs owing to 1 MVAr nodal injections 

considering different load growth rates on IEEE-14 bus test system. 

          

It can be observed, from figure 6.10, that the credits follow the same pattern as the, above 

two cases, in that the less the load growth rate the more are the LRIC-voltage network 

credits, the same reasons as outlined in the above two cases hold.   
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Figure 6.11: LRIC-voltage network costs owing 1 MW nodal injections 

considering different load growth rates on IEEE-14 bus test system. 

          

The results show the same pattern as that in figure 6.10 but with reduced nodal credits as 

this network‟s circuit Xs are more than the corresponding circuit Rs.    

 

 

2. Distribution Test System 
 

The distribution practical test system, under the ownership of WPD, was introduced in 

chapter 4. All the data used here is the same as in the aforementioned chapter. The demand 

growth rates utilized for this study were also 1%, 1.6% and 2%.  

 

Table 6.13 shows the LRIC-voltage network costs due to 1 MVAr nodal withdrawals 

considering 1%, 1.6% and 2% load growth rates (LGRs) while table 6.14 shows these costs 

but given 1 MW nodal withdrawals considering the same respective load growth rates, as 

mentioned above.  

 

On the other hand, table 6.15 shows the LRIC-voltage network credits at each node given 1 

MVAr injections considering 1%, 1.6% and 2% load growth rates while table 6.16 shows 

these credits given 1 MW nodal injections considering the same respective aforementioned 

load growth rates. 
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Table 6.13: LRIC-voltage network costs given 1 MVAr nodal withdrawals considering different load growth rates on 87-bus Pembroke practical   

distribution test system test system.     

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 860.57 1018.78 1035.06 3066 2135.62 2342.21 2301.42 2021 426.67 501.55 493.23 2650 425.73 500.07 491.44 

2015 869.68 1015.9 1019.13 3069 1665.11 1798.59 1763.15 2025 458.95 553.98 554.28 2651 426.34 501.01 492.55 

3003 2198.46 2387.74 2327.25 3072 895.22 1117.35 1173.55 2026 475.49 580.36 583.67 5140 0 0 0 

3006 2163.34 2332.25 2264.58 3075 867.86 1046.5 1078.45 2027 475.5 580.38 583.68 5148 361.6 424.9 418.35 

3009 2034.58 2143.46 2081.91 3078 870 1053.22 1087.74 2030 361.83 424.92 417.97 5149 361.67 424.98 418.43 

3012 1964.77 2050.95 1985.14 3081 3195.99 3326.21 3199.95 2031 361.47 424.66 418 5150 361.4 424.66 418.11 

3015 2050.47 2223.72 2168.17 3084 2862.35 2917.79 2786.04 2032 361.83 424.91 417.95 5151 0 0 0 

3018 2026.16 2184.6 2118.57 3087 1069.84 1352.31 1402.41 2033 361.47 424.66 417.98 5152 0 0 0 

3021 881.52 1060.16 1087.14 3090 1043.78 1302.14 1342.08 2035 373.92 429.31 413.56 5153 179.62 211.35 208.29 

3024 882.21 1041.27 1055.65 3093 2340.83 2412.1 2328.71 2036 373.92 429.31 413.56 5154 179.72 211.47 208.41 

3027 871.57 1021.01 1027.04 3096 2237.62 2271.58 2180.13 2037 363.34 425.78 417.24 20251 488.7 594.72 597.41 

3030 875.83 1036.84 1051.13 3099 875.09 1034.81 1048.19 2040 411.56 483.54 476.13 20262 514.93 629.7 634.02 

3033 892.42 1069.05 1092.72 3102 2161.09 2329.7 2262.1 2041 424.52 498.71 491.06 20351 508.82 576.54 557.47 

3036 875.13 1031.67 1042.89 3105 1988.71 2072.49 2005.39 2045 418.41 498.07 499.52 20352 508.82 576.54 557.47 

3039 877.79 1042.65 1059.64 20051 870.76 1031.6 1048.78 2046 418.41 498.07 499.52 20373 488.44 563.22 552.95 

3042 1205.01 1538.74 1596.05 20052 884.46 1049.79 1068.46 2047 422.68 502.99 504.29 20374 488.2 562.95 552.68 

3045 1126.86 1411.18 1454.43 20151 886.49 1036.58 1040.97 2048 422.68 502.99 504.29 20451 445.37 536.93 542.39 

3048 2471.48 2541.62 2425.55 20152 892.25 1044.05 1049 2620 424.24 498.4 490.93 20472 449.41 541.57 546.89 

3051 2466.01 2583.68 2478.62 2000 409.87 481.84 475.31 2621 424.53 498.74 491.27         

3054 1190.46 1531.13 1594.28 2001 375.66 441.52 435.06 2630 424.52 498.71 491.1         

3057 996.97 1240.75 1280.4 2010 489.2 574.56 568.22 2631 411.47 483.41 476.03         

3060 1394.95 1613.6 1608.56 2011 488.18 573.36 567 2640 425.71 500.1 491.61         

3063 1320.73 1508.07 1496.5 2020 425.94 500.43 491.92 2641 426.32 501.05 492.72         
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During MW and MVAr nodal withdrawals, across all the load growth rates, the overall 

effect is that all the nodes attract costs since majority of lower bus voltage limits are 

critical (many bus voltages are below 1 pu). This signifies that the overall effect is that 

most lower nodal voltage margins are reduced thus advancing closer the investment 

horizons on these buses. It should be noted that for smaller load growth rate, the smaller 

the present values (PVs) before and after withdrawals. It should be further noted that the 

difference between the aforementioned PVs might be more or less for the smaller load 

growth rate as compared to the ones for the more load growth rates. This latter effect has a 

bearing in the overall charges as they can be either more or less for either of the load 

growth rates.  

 

Specifically, during MVAr nodal withdrawals (as it can be observed from table 6.13), 

generally, the costs increase as the load growth rates increases when considering load 

growth rates 1% and 1.6%. Considering growth rates 1.6% and 2%, it can be observed that 

there are some mixed messages since some buses have 1.6% load growth rate costs more 

than those of the 2% load growth rate and at other buses the reverse is true. Where the 

nodal costs for 1.6% load growth rate exceed the corresponding costs for 2% load growth 

rate, then the nodal perturbations occurred at or near buses which had their initial bus 

voltage loading levels were atleast 80% loaded with respect to their lower voltage limits. 

This resulted in their respective differences in their PVs being significantly large and 

resulting in, overall, more costs than the 2% load growth rate case.            
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Table 6.14: LRIC-voltage network costs given 1 MW nodal withdrawals considering different load growth rates on 87-bus Pembroke practical 

distribution test system test system. 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 154.36 186.68 190.77 3066 1154.03 1245.19 1218.34 2021 65.72 77.58 76.53 2650 64.61 76.11 74.94 

2015 151.72 178.48 178.06 3069 783.27 827.79 802.45 2025 130.03 155.68 154.74 2651 65.17 76.86 75.76 

3003 1367.47 1472.72 1424.51 3072 215.13 280.25 302.4 2026 154.2 185.47 184.81 5140 0 0 0 

3006 1207.1 1299.72 1255.64 3075 164.54 208.27 220.56 2027 154.22 185.49 184.83 5148 30.12 35.4 35.29 

3009 1349.77 1383.45 1327.65 3078 168.9 226.27 248.5 2030 30.65 35.93 35.66 5149 30.13 35.41 35.3 

3012 1068.2 1089.33 1042.08 3081 2107.17 2160.5 2062.38 2031 30.29 35.54 35.36 5150 30.1 35.37 35.26 

3015 1318.83 1411.1 1358.75 3084 1711.39 1755.05 1671.96 2032 30.66 35.94 35.67 5151 0 0 0 

3018 1126.82 1209.38 1164.7 3087 441.91 588.38 620.08 2033 30.3 35.55 35.36 5152 0 0 0 

3021 278.73 337.91 346.61 3090 326.07 439.63 464.76 2035 62.52 72.95 71.54 5153 9.27 10.86 10.85 

3024 251.8 303.87 310.23 3093 1560.28 1558.42 1483.92 2036 62.52 72.95 71.54 5154 9.28 10.87 10.86 

3027 160 191.64 194.5 3096 1279.02 1272.35 1208.04 2037 33.48 39.26 38.91 20251 146.91 176.18 175.29 

3030 171.44 212.42 220.86 3099 168.25 206.27 212.78 2040 54.38 64.06 63.5 20262 171.99 207.31 206.83 

3033 287.17 350.68 361.06 3102 1203.72 1295.97 1252 2041 61.8 72.81 72.1 20351 117.58 136.28 132.43 

3036 169.31 204.39 208.45 3105 1070.61 1090.59 1043.08 2045 60.9 72.15 72.03 20352 117.58 136.28 132.43 

3039 176.29 218.24 226.75 20051 163.4 197.48 201.78 2046 60.9 72.15 72.03 20373 83.6 98.22 96.64 

3042 539.23 721.28 758.68 20052 174.25 210.45 214.99 2047 61.92 73.33 73.15 20374 83.48 98.09 96.51 

3045 427 575.58 606.46 20151 166.53 196 195.68 2048 61.92 73.33 73.15 20451 76.01 90.21 90.13 

3048 1746.43 1808.76 1721.28 20152 171.17 201.49 201.21 2620 61.78 72.8 72.17 20472 77.18 91.56 91.42 

3051 1378.34 1449.03 1384.35 2000 55.25 65.34 65.25 2621 61.8 72.83 72.2         

3054 493.55 660.09 698.41 2001 37.57 44.3 44.24 2630 61.8 72.81 72.13         

3057 280.93 377.19 399.15 2010 95.33 112.4 112.18 2631 54.26 63.92 63.37         

3060 762.3 878.89 872.07 2011 93.56 110.29 110.01 2640 64.59 76.12 75.01         

3063 568.44 654.97 648.56 2020 65.03 76.66 75.54 2641 65.15 76.87 75.82         
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Specifically, during MW nodal withdrawals, it can be observed, from table 6.14, that the 

results follow the same pattern as in the MVAr perturbation case, the only difference is that 

the costs are smaller and this is due to the fact that the network circuit Xs are more than the 

corresponding network circuit Rs.    
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Table 6.15: LRIC-voltage network costs given 1 MVAr nodal injections considering different load growth rates on 87-bus Pembroke practical 

distribution test system test system. 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 -791.66 -953.41 -978.7 3066 -1333.28 -1529.97 -1544.83 2021 -410.05 -481.84 -477.55 2650 -409.08 -480.4 -475.8 

2015 -798.63 -943.89 -953.73 3069 -1379.97 -1585.88 -1595.22 2025 -432.19 -510.82 -509.92 2651 -409.74 -481.31 -476.88 

3003 -1564.39 -1798.74 -1785.2 3072 -786.91 -966.69 -1010.9 2026 -448.13 -542.52 -549.32 5140 0 0 0 

3006 -1590 -1844.04 -1836.77 3075 -792.44 -967.99 -1005.91 2027 -448.13 -542.53 -549.33 5148 -349.84 -410.34 -408.01 

3009 -1584.15 -1802.35 -1807.59 3078 -792.7 -971.1 -1011.03 2030 -349.99 -410.25 -407.5 5149 -349.91 -410.42 -408.08 

3012 -1571.4 -1767.7 -1761.59 3081 -1593.49 -1794.13 -1766.89 2031 -349.7 -410.08 -407.63 5150 -349.65 -410.11 -407.78 

3015 -1458.14 -1693.82 -1689.37 3084 -1813.41 -2082.31 -2062.85 2032 -349.99 -410.24 -407.47 5151 0 0 0 

3018 -1492.37 -1746.45 -1746.26 3087 -915.45 -1155.67 -1205.81 2033 -349.69 -410.08 -407.6 5152 0 0 0 

3021 -798.5 -972.99 -1006.91 3090 -926.91 -1181.56 -1234.23 2035 -358.11 -407.56 -394.81 5153 -176.67 -206.67 -205.87 

3024 -794.92 -932.89 -939.91 3093 -1641.36 -1793.55 -1768.2 2036 -358.11 -407.55 -394.81 5154 -176.77 -206.79 -205.99 

3027 -798.76 -946.23 -958.45 3096 -1702.05 -1887.32 -1869.98 2037 -349.71 -408.57 -403.76 20251 -417.36 -491.81 -489.95 

3030 -801.71 -958.84 -978.52 3099 -801.61 -957.85 -976.77 2040 -396.27 -465.2 -461.92 20262 -432.49 -522.15 -527.97 

3033 -799.76 -946.21 -960.92 3102 -1588.98 -1842.66 -1835.36 2041 -408.21 -479.32 -475.79 20351 -266.64 -310.52 -299.91 

3036 -800.52 -954.08 -970.95 3105 -1582.4 -1779.36 -1773.29 2045 -400.18 -474.45 -478.19 20352 -266.64 -310.52 -299.91 

3039 -802.51 -962.92 -984.99 20051 -783.68 -943.77 -968.8 2046 -400.18 -474.45 -478.19 20373 -260.92 -313.33 -309.63 

3042 -969.63 -1265.19 -1336.88 20052 -774.53 -932.49 -956.97 2047 -404.1 -479.02 -482.61 20374 -260.98 -313.4 -309.71 

3045 -971.07 -1253.27 -1313.45 20151 -785.8 -928.34 -937.97 2048 -404.1 -479.02 -482.61 20451 -386.91 -458.65 -462.45 

3048 -774.77 -1278.61 -1379.19 20152 -781.96 -923.65 -933.17 2620 -408.03 -479.16 -475.83 20472 -390.71 -463.08 -466.72 

3051 -1533.34 -1853.15 -1871.15 2000 -394.78 -463.88 -461.59 2621 -408.3 -479.48 -476.15         

3054 -872.83 -1103.01 -1157.53 2001 -362.98 -426.03 -423.8 2630 -408.27 -479.39 -475.91         

3057 -895.09 -1134.47 -1185.87 2010 -467.53 -549.48 -547.83 2631 -396.24 -465.14 -461.92         

3060 -1051.02 -1281.91 -1309.83 2011 -466.6 -548.38 -546.69 2640 -409.1 -480.5 -476.04         

3063 -1057.32 -1284.81 -1305.53 2020 -409.27 -480.77 -476.29 2641 -409.76 -481.4 -477.12         
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On the other hand, during MW and MVAr nodal injections, across all the load growth 

rates, the overall effect is opposite to that of nodal withdrawal perturbations as all the 

nodes attract credits since majority of lower bus voltage limits are critical (many lower bus 

voltage bounds are below 1 pu). This signifies that the overall effect is that most lower 

nodal voltage margins are increased thus deferring the investment horizons on these buses. 

 

Specifically, during MVAr nodal injections, it can be observed, from table 6.15, that the 

results follow the same pattern as in the MVAr withdrawal case (table 6.13), the main 

difference is that in this case we are dealing with credits at nodes as opposed to costs.  
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Table 6.16: LRIC-voltage network costs given 1 MW nodal injections considering different load growth rates on 87-bus Pembroke practical distribution 

test system test system.    

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

Bus 

1% LGR 1.6% LGR 2% LGR 

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 -149.8 -181.38 -186.31 3066 -899.03 -1014.45 -1011.24 2021 -64.96 -76.15 -75.77 2650 -63.84 -74.68 -74.16 

2015 -148.29 -172.85 -175.02 3069 -694.64 -761.54 -749.42 2025 -125.73 -149.43 -150.06 2651 -64.4 -75.42 -74.98 

3003 -1024.36 -1159.11 -1144.07 3072 -187.19 -243.66 -264.67 2026 -149.12 -178.09 -179.35 5140 0 0 0 

3006 -940.71 -1062.25 -1048.37 3075 -155.09 -196.21 -208.76 2027 -149.14 -178.11 -179.37 5148 -29.9 -35.08 -35.06 

3009 -1094.12 -1197.49 -1177.87 3078 -157.17 -208.72 -229.8 2030 -30.37 -35.54 -35.36 5149 -29.91 -35.1 -35.07 

3012 -909.14 -979.49 -955.94 3081 -1255.08 -1394.94 -1364.45 2031 -30.05 -35.21 -35.1 5150 -29.87 -35.05 -35.03 

3015 -981.74 -1125.51 -1116.96 3084 -1163.14 -1294.01 -1267.02 2032 -30.37 -35.54 -35.36 5151 0 0 0 

3018 -875.15 -999.47 -991.2 3087 -394.08 -531.77 -568.19 2033 -30.05 -35.21 -35.1 5152 0 0 0 

3021 -260.19 -316.28 -326.86 3090 -301.62 -411.21 -439.88 2035 -60.1 -69.7 -68.86 5153 -9.2 -10.78 -10.76 

3024 -234.36 -280.77 -291 3093 -1182.03 -1262.9 -1235.74 2036 -60.1 -69.7 -68.86 5154 -9.2 -10.78 -10.77 

3027 -154.83 -183.62 -189.01 3096 -1036.97 -1102.8 -1077.45 2037 -31.48 -36.83 -36.62 20251 -109.31 -129.61 -129.96 

3030 -165.42 -202.88 -213.82 3099 -162.94 -197.9 -207.03 2040 -53.85 -63.04 -62.98 20262 -131.95 -157.1 -157.95 

3033 -267.08 -324.23 -338.34 3102 -938.63 -1059.71 -1045.83 2041 -61.15 -71.55 -71.47 20351 -5.81 -7.94 -8.81 

3036 -162.91 -194.88 -201.63 3105 -909.61 -980.69 -956.94 2045 -57.98 -68.23 -68.67 20352 -5.81 -7.94 -8.81 

3039 -169.62 -208.02 -219.14 20051 -141.05 -170.91 -175.54 2046 -57.98 -68.23 -68.67 20373 18.3 21.13 20.81 

3042 -443.61 -614 -659.09 20052 -130.55 -158.34 -162.61 2047 -58.95 -69.33 -69.74 20374 18.19 21 20.68 

3045 -371.07 -516.06 -553.73 20151 -133.92 -155.93 -157.73 2048 -58.95 -69.33 -69.74 20451 -43.06 -50.56 -50.74 

3048 -967.02 -1173.67 -1185.45 20152 -129.42 -150.64 -152.31 2620 -61.21 -71.64 -71.64 20472 -43.88 -51.5 -51.65 

3051 -913.95 -1077.6 -1078.67 2000 -54.72 -64.41 -64.72 2621 -61.23 -71.67 -71.66         

3054 -410.1 -555.56 -596.23 2001 -37.28 -43.83 -43.94 2630 -61.2 -71.61 -71.55         

3057 -263.29 -355.99 -380.37 2010 -94.06 -109.94 -111.04 2631 -53.78 -62.95 -62.9         

3060 -580.48 -715.79 -731.7 2011 -92.31 -107.89 -108.9 2640 -63.86 -74.73 -74.28         

3063 -456.15 -558.28 -569.24 2020 -64.27 -75.24 -74.78 2641 -64.42 -75.47 -75.1         
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Finally, during MW nodal injections, it can be observed, from table 6.16, that the results 

follow the same pattern as in the MVAr nodal injection case, the only difference is that the 

credits are smaller and this is due to the fact that the network circuit Xs are more than the 

corresponding network circuit Rs.  

 

 

 

6.3 Chapter Conclusions 

 
In this chapter, the studies were performed to analyse the trend of LRIC-voltage network 

charges on different types of networks and different demand growth rates, providing 

insights into how charges given those. The former study was carried-out on a 9-bus test 

network which is a subset of the practical Western Power Distribution (WPD) network. 

This study was, specifically, intended to provide an insight into how to treat the LRIC-

voltage network charges in relations to real and reactive power nodal 

withdrawals/injections in transmission and distribution systems. To represent a fair degree 

of systems ranging from transmission to distribution networks, the aforementioned 9-bus 

test system, at first, had its circuit reactances (Xs) 10 times more than their corresponding 

resistance (Rs) counterparts. The second case was when the network circuit Xs and Rs 

were comparable and, finally, the case when the network circuit Rs were 10 times more 

than their corresponding X counterparts. On the other hand, the latter study, was carried-

out on the IEEE-14 bus test system and, finally, on a practical 87-bus distribution test 

system developed, operated and maintained by Western Power Distribution (WPD) 

network.  

 

Involving different types of networks, the results show that when the network circuit Xs 

are atleast ten times more than their R counterparts, only MVAr nodal perturbations should 

be considered. When the network circuit Rs, on the other hand, are atleast ten folds more 

than their Xs counterparts, then, only MW nodal perturbations should be considered. 

Finally, when the network circuit Xs and their corresponding Rs are comparable, both 

MVAr and MW nodal perturbations should be considered. On the other hand, involving 

different growth rates, the results show that the LRIC-v network charges given different 

load growth rates are a function of the power system nodal voltage loading levels. This 

means that, there is a nodal bus voltage loading threshold above which if most buses are 

loaded at in a power system, the least load growth rate would have more charges. On the 

other hand, below the aforementioned nodal bus voltage loading threshold and if most 

power system buses are involved, then the larger load growth rate would generate more 

charges. 
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Chapter 7 

 

LRIC-Voltage Network Pricing For Existing 

Network SVCs 

 

 
 

In this chapter, the LRIC-voltage network charging principle for pricing the use of future 

SVCs which was discussed in chapter 4, is extended to price also for the use of existing 

network SVCs. This new extension is tested on a IEEE-14 bus test system and, to prove its 

practical applicability, is also tested on a practical distribution test system developed, 

operated and maintained by WPD. The results show that the existing network SVCs can be 

successfully priced despite the fact that the nodal voltages where these aforesaid devices 

are sited do not vary.  
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7.1 Chapter Introduction 
 

In chapter 4, the LRIC-voltage network charging principle was proposed and explained. 

This aforementioned charging principle was utilised to price the network nodal voltage 

degradations for future SVCs as the nodal reinforcements. However, this proposed 

charging principle failed to price for the use of existing network SVCs since where these 

existing devices are sited the corresponding bus voltages do not vary. The reason why the 

bus voltage does not vary is because the existing network SVCs would be preset to keep 

the corresponding nodal voltages at constant values and, therefore, since the proposed 

LRIC-voltage charging principle depicted its strength upon the network voltage variations, 

this approach can not be applied in this regard. 

 

In this chapter, the LRIC-voltage network charging principle would be extended to cover 

for the pricing of the existing network SVCs. The reactive power loading of the SVC 

varies in keeping the bus voltage, where this device is sited, at a preset value given 

variations in power system demand and generation loading conditions. In this regard, this 

new extension involves the mapping of the SVCs‟ reactive power loading limits to the 

nodal voltage limits at the buses where these SVCs‟ are sited. For example, if the SVC 

reactive power lower and upper limits are 
minQ and 

maxQ , respectively. While, on the other 

hand, if the nodal voltage lower and upper limits, where this SVC is sited, are 
LV and 

HV , 

respectively. To that end, 
minQ would be mapped to 

LV while 
maxQ would be mapped to 

HV . With this limit mapping exercise completed, then, it would be possible to price for the 

use of the existing network SVCs. 

 

In this next section, the mapping exercise involving the mapping of SVC reactive power 

limits to nodal voltage limits where this device is sited shall be formulated and explained. 

Thereafter, this new extension would be tested on the IEEE-14 bus test system and finally 

on the practical distribution test system. Both of these test systems were introduced in 

chapter 4. Finally, the results would be presented and analysed. 

 

 

7.2 Mapping SVC VAr limits to nodal voltage limits 

and charging for use of existing network SVCs  
 

Since the existing network SVC is meant to continuously adjust its reactive power output 

to regulate the voltages at the controlled bus to a preset value (e.g. 1 pu), therefore, the bus 

voltage at which this SVC exists remain constant and, only, the device‟s reactive power 

output varies accordingly. Owing to this factor, the LRIC-voltage network charging 

approach can not be applied without any modification, therefore, this aforementioned 

approach is modified as detailed below to accommodate the behaviour of the existing 

network SVC.   

  

If a network node b , has lower voltage limit, 
LV and upper voltage limit, 

HV , and on this 

bus if there exist an SVC having minimum reactive power capacity, 
minQ and maximum 
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reactive power capacity, 
maxQ . Then 

minQ can be mapped to 
LV  while 

maxQ can be mapped 

to 
HV  and, therefore, the relation below by equation (7.1) holds  
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With the mapped voltage, 
SVCbV , known, then 

bV  in equations (4.1-4.4) and (4.6-4.7) in 

chapter 4 can be replaced by the former voltage to price the contribution of the existing 

network SVC at the node where it is sited.   

 

 

7.3 Results and Analysis 
 

The results are presented and analysed below, consequent to the modified LRIC-voltage 

network pricing approach being tested on the IEEE-14 bus test system and a distribution 

test system chosen from the South Wales distribution network, in the UK. 

 

 

7.3.1 IEEE-14 Bus Test System 
 

The IEEE-14 bus test system was first introduced in chapter 4 and used in the subsequent 

chapters. As it is now the norm, this test system is once again used but with two SVCs, one 

existing at bus 4 and the other at bus 12. These SVCs were randomly installed to exist at 

these respective buses. It is emphasized that, the reactive power planning (RPP) exercise 

determines the optimal allocation of VAr compensation assets through-out the entire power 

system to ensure network security and reliability at the least possible costs. To this end, it 

can be said that, the random existence of SVCs at the aforementioned buses is just meant 

to demonstrate the concept of charging for the use of existing network SVCs. 

 

Both the SVCs at buses 4 and 12 have the same specification of maximum and minimum 

VAr capabilities of 100 MVAr and -50 MVAr, respectively. Both these SVCs have their 

voltages preset at 1 pu, so as the voltage settings for synchronous condensers at buses 3, 6 

and 8. The nodal lower and upper voltage limits remain to be 0.94V and 1.06V, 

respectively.  

 

Figure 7.1 shows the 1 MVAr and 1 MW nodal withdrawals to reflect the LRIC-V network 

charges for the use of these existing network SVCs. On the other hand, Figure 7.2 shows 

the 1 MVAr and 1 MW nodal injections to reflect the LRIC-V network charges for the use 

of the above mentioned existing network SVCs. 
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Exiting Network SVC LRIC-V Network Costs Vs 

Nodes Graph(1 MVAr & 1 MW Nodal Withdrawals)
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Figure 7.1: LRIC-v network costs consequent to 1 MVAr and 1 MW    

nodal withdrawals to reflect the use of existing network SVCs. 

 

It should be noted that, the initial VAr loadings of SVCs at buses 4 and 12 were 40.987 

MVAr and 11.365 MVAr, respectively. These VAr loadings translated to 1.013V and 

0.989V for buses 4 and 12, respectively, owing to the SVC VAr limit/nodal voltage limit 

mapping exercise. In this regard, during nodal withdrawals, bus 4 was attracting a cost 

since reactive power had to be injected into the network and that represented a voltage 

increase in the mapping exercise context and, therefore, a degradation of this bus upper 

voltage limit margin. This latter effect meant the investment horizon of the concerned SVC 

was brought closer and, therefore, a penalty imposed in the context of a cost. On the other 

hand, for bus 12, the reverse was true and hence a credit during nodal withdrawals as its 

already critical bus lower voltage margin (voltage from the context of transforming node 

SVC VAr loading to node voltage) is increased and, therefore, its investment horizon was 

deferred as a result. 

 

Specifically, during 1 MVAr nodal withdrawals, it can be observed that buses 3, 6 and 8 

attract no charges as the synchronous condensers at these buses absorbed all the shock 

resulting from these particular withdrawals, by supplying reactive power into the network. 

However, bus 2 attracts a cost even though a generator is connected at this bus since this 

connected device has reached its VAr capacity. It can be observed that bus 4 attracts the 

most cost as during MVAr withdrawal at this bus, the existing SVC there makes up all for 

the withdrawal. Elsewhere, other than buses 12 and 13, the costs reduce as these buses‟ 

distances from bus 4 increase, owing to the reduced perturbations impacted on bus 4 and 

increased perturbations impacted on bus 12 which is attracting credits. On the other hand, 

bus 12 attracts a credit since it absorbs all the impact resulting from the withdrawal on it. 

Bus 13 also attracts a credit, since, due to its closeness to bus 12, during MVAr withdrawal 

at the former bus the voltage at the latter bus is offset only to be restored by the action of 

the SVC at bus 12 in putting more capacitive reactance into the network.  

 

On the other hand, during 1 MW nodal withdrawals, all buses (excluding slack bus) attract 

costs since the slack bus has to support these buses with real power as the synchronous 

compensators and the SVCs do not have their own real power supplies. Also, buses 4 and 

12 attract cost and credit for these perturbations, respectively. The costs increase as the bus 
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distances increase from bus 4 and once again decrease when their relative distances 

decrease with relation to bus 12 which is attracting a credit. As such bus 9 is attracting the 

most cost. In this case, bus 12 attracts a cost since during withdrawal at it, it attracts a 

credit but because the real power has to flow from the slack bus, bus 4 attracts a larger cost 

resulting in the overall being a cost at bus 12. Due to the latter factor, bus 13 attracts a cost 

as well. Bus 4 attracts the least credit because it is closer to both slack bus and bus 4. 

 

Existing Network SVC LRIC-V Network Credits Vs 

Nodes Graph(1 MVAr & 1 MW Nodal Injections) 
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Figure 7.2: LRIC-v network costs consequent to 1 MVAr and 1 MW nodal 

injections to reflect the use of existing network SVCs. 

 

In the contrary, during nodal injections, buses 4 and 12 attract credit and cost, respectively. 

The trend in this case is the same as the earlier case, for both MVAr and MW 

perturbations, but in the opposite sense. The same reasons as advanced above hold in this 

case and, therefore, for MVAr nodal injections bus 4 attracts the most credit while buses 

12 and 13 attract costs. On the other hand, for MW perturbations, bus 9 attracts the most 

credit while bus 2 attracts less credit.   

 

 

 

7.3.2 Pembroke Practical Test System 

 
 This test system was also first introduced in chapter 5 and, subsequently, used in the 

chapters which followed, thereafter. This test system‟s economic data, voltage limits and 

any other system constraints remain the same as introduced in chapter 5. However, in this 

case, three SVCs exist at buses 2005, 2015 and 2620. These SVCs were randomly installed 

at these respective buses. It is emphasized that RPP, as mentioned earlier, remains the only 

process which determines the optimal siting of VAr compensation devices on a given 

power system and, therefore, the random installation of such devices at the aforementioned 

buses was purely to demonstrate the concept of charging for these devices. 

 

Both the SVCs at buses 2005 and 2015 have the same specification of minimum and 

maximum VAr capabilities of -50 MVAr and 100 MVAr, respectively. While, on the other 
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hand, the SVC at bus 2620 has the minimum VAr capability of -100 MVAr and maximum 

capacity of 100 MVAr. All the three devices have their respective voltages preset at 1 pu.  

 

Table 7.1 shows the 1 MVAr and 1 MW nodal withdrawals to reflect the LRIC-V network 

charges for the use of these existing network SVCs. On the other hand, Table 7.2 shows 

the 1 MVAr and 1 MW nodal injections to reflect the LRIC-V network charges for the use 

of the above mentioned existing network SVCs. 
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Table 7.1: LRIC-V network charges for the use of existing network SVCs                                                             

during MVAr  and MW withdrawals on Pembroke test system. 

Bus 

LRIC- LRIC- 

Bus 

LRIC- LRIC- 

Bus 

LRIC- LRIC- 

Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MW/yr) (£/MVAr/yr) (£/MW/yr) (£/MVAr/yr) (£/MW/yr) 

2005 -17.42 -243.33 3084 58.02 -278.08 2041 -2125.16 -363.39 

2015 60.14 -261.42 3087 19.45 -265.94 2045 -2077.64 -351 

3003 58.94 -273.25 3090 19.48 -265.67 2046 -2077.65 -351 

3006 58.75 -274.97 3093 8.19 -273.19 2047 -2106.95 -360.37 

3009 12.6 -271.32 3096 8.41 -271.69 2048 -2106.95 -360.38 

3012 12.74 -270.02 3099 60.02 -263.16 2620 -2126.85 -363.43 

3015 58.85 -272.81 3102 58.76 -274.88 2621 -2125.39 -363.55 

3018 58.56 -275.81 3105 8.87 -268.52 2630 -2125.3 -363.5 

3021 -17.89 -248.18 20051 -17.6 -243.52 2631 -2039.12 -311.74 

3024 60.4 -259.46 20052 -17.84 -243.75 2640 -2133.06 -378.22 

3027 59.96 -263.06 20151 61.25 -260.37 2641 -2135.39 -381.04 

3030 59.89 -264.22 * 20152 61.61 -260.05 2650 -2133.16 -378.33 

3033 60.51 -258.56 2000 -1862.11 -242.78 2651 -2135.49 -381.15 

3036 60.01 -262.77 2001 -1734.69 -171.58 *** 5140 0 0 

3039 59.97 -263.77 2010 -1808.07 -245.87 5148 -1694.71 -147.88 

3042 18.88 -269.77 2011 -1812.97 -254.26 5149 -1695.67 -147.98 

3045 18.93 -269.5 2020 -2134.02 -380.52 5150 -1694.22 -147.79 

3048 58.11 -272.46 2021 -2136.81 -383.99 *** 5151 0 0 

3051 57.61 -275.2 2025 -2263.52 -725.64 *** 5152 0 0 

3054 5.06 -264.89 2026 -2318.02 -851.24 5153 -854.03 -44.94 

3057 6.09 -259.16 2027 -2318.05 -851.33 5154 -854.29 -44.97 

3060 58.73 -271.31 2030 -1695.92 -150.62 20251 -2356.25 -815.11 

3063 58.34 -274.8 2031 -1694.58 -148.78 ** 20262 -2414.46 -943.96 

3066 -1.52 -266.78 2032 -1695.94 -150.66 20351 -2153.15 -587.62 

3069 -0.42 -261.64 2033 -1694.6 -148.82 20352 -2153.15 -587.62 

3072 -18.22 -247.59 2035 -1761.17 -310.68 20373 -2047.7 -416.9 

3075 -17.71 -244.54 2036 -1761.17 -310.68 20374 -2046.58 -416.34 

3078 -18.07 -245.61 2037 -1703.28 -164.81 20451 -2161.54 -432.49 

3081 58.58 -275.75 2040 -2039.61 -312.46 20472 -2192.01 -443.06 
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The initial VAr loadings for SVCs before any MVAr/Mw nodal perturbations on buses 

2005, 2015 and 2620 are 15.422 MVAr, 32.704 MVAr and – 92.263 MVAr, respectively. 

These initial SVC VAr loadings translated into 0.992V, 1.006V and 0.908V for buses 

2005, 2015 and 2620, respectively. Based on these initial SVC loading conditions, during 

MVAr/MW nodal withdrawals, buses 2005 and 2620 would attract credit as they would 

have their already critical lower bus voltage margins increased, thereby, deferring the 

investment horizon on these buses. It should be noted that, in essence, the respective SVC 

voltages has being preset to 1 pu so during the above mentioned nodal perturbations, the 

real voltages at these buses remain 1 pu. Therefore, only the translated voltage at these 

buses, relating to the already aforementioned mapping exercise, vary with varying 

respective bus SVC VAr loading. On the other hand, during MVAr/MW nodal 

withdrawals, the reverse is true for bus 2015 as it attracts a cost consequent to the fact that 

the SVC‟s investment horizon is advanced forward. 

 

Specifically, during MVAr nodal withdrawals, the charges range from being costs to 

credits as the distances of node perturbations increase from bus 2015 and getting closer to 

buses 2005 and 2620. Since the SVC at bus 2620 is heavily loaded towards its minimum 

loading capacity, nodal perturbations closer to it attract significant credits resulting in the 

overall charges being significant credits. Bus 20152 (highlighted in bolded font and the 

corresponding bus number preceded by an asterisk) attracts most cost as it is closer to bus 

2015 and a distance away from both buses 2005 and 2620. This is because during the 

MVAr perturbation at this bus, the perturbations propagated to bus 2015 (which attracts a 

cost) are more significant than those to buses 2005 and 2620 which attract credits and, 

therefore, results in an overall cost. Bus 20262 (highlighted in bolded font and the 

corresponding bus number preceded by double asterisk) attracts the most credit. Although, 

this bus is not closest to bus 2620, but it is connected to bus 2620 through a series of two 

transformers, one transforming from 0.415 kV to 11 kV and the other from 11 kV to 132 

kV from the side of bus 20262. This voltage transformer series result in increased 

perturbations at bus 2620 and, therefore, significant overall credit. The slack bus, buses 

5151 and 5152 (highlighted in bolded font and the corresponding bus number preceded by 

triple asterisk) attract attracts no costs since the voltage at the slack bus does not vary and 

the voltages at the two latter buses changes a little since they are both closer to the slack 

bus. 

 

On the other hand, during nodal MW withdrawals, the slack bus has to supply real power 

as opposed to the earlier case when the SVCs at buses supplied the reactive power. The 

result being increased propagation of perturbations to buses 2005, 2015 and 2620 from 

other buses. With SVC at bus 2620 heavily loaded, this increase results in the overall 

charges being credits at all buses. Again, bus 20262 (highlighted in bolded font and the 

corresponding bus number preceded by double asterisk) attracts the most credit but less 

than that caused by MVAr withdrawals due to aforementioned increased perturbations 

resulting in SVC at 2015 attracting an increased cost, therefore, reduced overall credit at 

this bus and other buses.            
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Table 7.2: LRIC-V network charges for the use of existing network SVCs during MVAr                                              

and MW nodal injections on Pembroke test system. 

Bus 

LRIC- LRIC- 

Bus 

LRIC- LRIC- 

Bus 

LRIC- LRIC- 

Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MW/yr) (£/MVAr/yr) (£/MW/yr) (£/MVAr/yr) (£/MW/yr) 

2005 18.41 242.25 * 3084 -58.84 275.78 2041 2296.17 366.54 

2015 -58.58 261.62 3087 -19.42 265.56 2045 2226.95 341.04 

3003 -58.17 272.66 3090 -19.42 265.3 2046 2226.95 341.04 

3006 -58.26 274.04 3093 -9.49 271.09 2047 2260.87 350.34 

3009 -13.2 270.1 3096 -9.43 269.93 2048 2260.86 350.34 

3012 -13.21 268.96 3099 -58.61 263.23 2620 2298.63 367.05 

3015 -58.14 272.18 3102 -58.26 273.96 2621 2296.93 367.17 

3018 -58.2 274.73 3105 -9.31 267.41 2630 2296.63 366.93 

3021 18.57 246.81 20051 18.21 242.06 2631 2196.32 314.13 

3024 -58.57 260 20052 17.99 241.83 2640 2305.11 381.49 

3027 -58.68 262.98 20151 -57.61 262.66 2641 2307.88 384.43 

3030 -58.68 264.08 20152 -57.31 262.98 2650 2304.99 381.39 

3033 -58.66 259.15 2000 1991.76 243.54 2651 2307.76 384.33 

3036 -58.62 262.81 2001 1846.87 171.78 *** 5140 0 0 

3039 -58.63 263.76 2010 1931.21 246.15 5148 1801.67 147.95 

3042 -19.71 268.47 2011 1936.78 254.69 5149 1802.75 148.05 

3045 -19.7 268.27 2020 2306.12 383.74 5150 1801.11 147.85 

3048 -58.53 270.77 2021 2309.43 387.36 *** 5151 0 0 

3051 -58.77 272.66 2025 2443.25 729.29 *** 5152 0 0 

3054 -6.15 263.05 2026 2506.29 861.5 5153 880.05 44.68 

3057 -5.97 258.59 ** 2027 2506.32 861.58 5154 880.32 44.7 

3060 -58.19 270.47 2030 1802.74 150.43 20251 2351.97 635.38 

3063 -58.19 273.46 2031 1801.43 148.77 20262 2411.32 763.45 

3066 -0.11 264.1 2032 1802.73 150.43 20351 1641.5 21.09 

3069 0.23 260.49 2033 1801.42 148.78 20352 1641.5 21.09 

3072 17.65 244.91 2035 1865.87 303.48 20373 1595.52 -98.75 

3075 18.07 242.81 2036 1865.87 303.48 20374 1595.88 -98.18 

3078 17.66 243.11 2037 1801.8 156.06 20451 2145.32 257.61 

3081 -58.45 274.48 2040 2196.62 314.59 20472 2177.93 265.63 
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In contrast to the earlier case of nodal withdrawals, during MVAr/MW nodal injections, 

buses 2005 and 2620 attract costs while bus 2015 attracts credit. This is as a result of the 

fact that buses 2005 and 2620 have their investment horizons advanced forward while that 

of bus 2015 is deferred as opposed to the earlier case of MVAr withdrawals.   

 

Generally, the results echo the same message as in the case of MW/MVAr nodal 

withdrawals, but in an opposite sense. The difference, in this case, is that the charges are 

more on the other side of the aforementioned transformers of case with nodal withdrawals. 

This is as result of the MW/MVAr injections being significant on the aforementioned side 

of transformers. Therefore, during MVAr injections, bus 3084 (highlighted in bolded font 

and the corresponding bus number preceded by an asterisk) attracts most credit while bus 

2027 (highlighted in bolded font and the corresponding bus number preceded by double 

asterisks) attracts the most cost. On the other hand, during MW injections, all the nodes 

attract costs and the most cost is registered at bus 2027 (highlighted in bolded font and the 

corresponding bus number preceded by double asterisk). Also, in this case, the slack bus, 

buses 5151 and 5152 (highlighted in bolded font and the corresponding bus number 

preceded by triple asterisk) attract attracts no costs since the voltage at the slack bus does 

not vary and the voltages at the two latter buses changes a little since they are both closer 

to the slack bus. 

 

 

7.4 Chapter Conclusions 
 

In this chapter, LRIC-voltage network charging principle to price for the use of existing 

network SVCs is presented and tested on the IEEE standard test system and the practical 

distribution test system. This aforementioned formulation is the extension of the earlier 

formulation, in chapter 5, which dealt with the pricing of future SVCs on the network. This 

latter formulation could not be used for pricing the existing network SVCs since it depicted 

its strength from the nodal voltage variations during MVAr and MW perturbations and, 

with existing network SVCs, the nodal voltages do not change as the devices‟ voltages 

would be preset at a constant level. Only the SVCs VAr loading levels would change 

consequent to the aforementioned perturbations and, therefore, it was imperative to map 

the SVCs‟ VAr limits to the nodal voltage limits where the device was connected and, 

thereafter, be able to charge for the use of these existing network SVCs. 

 

It should be noted that, physically on a network, there would be existing network SVCs 

and at the buses where these exist, the formulation for pricing their use would be used. On 

the other hand, at the nodes without SVCs, the formulation of chapter 4 would be utilized 

to price the future network SVCs. This would therefore create a comprehensive and 

appropriate pricing framework that could account for the overall impact caused by the 

network users on the network. 

 

Finally, the results show that the existing network SVCs can be successfully priced despite 

the fact that the nodal voltages where these aforesaid devices are sited do not vary.            
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Chapter 8 

 

Improved Implementation For LRIC-Voltage 

Network Charges 

 

 
 

This chapter presents an improved version of the LRIC-v network charges. This 

improvement emanates from the premise that the voltage change at a node and its 

corresponding power (MVA) change are related to each other by the P-V curve. As such, 

the best approximation of this relationship was used to execute the nodal voltage 

degradation rates resulting from the load growth rate and, finally, the Improved LRIC-v 

network charges were sought. This formulation was once again tested on the IEEE 14 bus 

test system and on the practical 87-bus distribution test system developed, operated and 

maintained by Western Power Distribution (WPD) network. The results show that 

improved LRIC-v network charges are less than the earlier computed LRIC-v network 

charges since the nodal voltage degradation rates for the latter are less than those of the 

former.   
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8.1 Chapter Introduction 
 

In chapter 4, the LRIC-voltage network charging principle was proposed and tested on 

both the IEEE-14 bus and the practical 87-bus distribution test systems. In computing these 

charges, the respective nodal voltage degradation rates were considered as a constant rate 

following a constant load growth and reflecting network configurations. However, the 

nodal voltage degrading rate consequent upon a constant load growth rate closely follows 

the nodal P-V curve, which in fact, is of quadratic nature. Therefore, this raised a need to 

establish an approximate behaviour along this P-V curve that would enable the 

computation of the most representative nodal voltage degradation rates. Since it is a 

formidable task to accurately formulate this aforementioned behaviour, then it becomes 

apparent to approximately express this behaviour in simple terms, the idea being to provide 

a good compromise between accuracy and simplicity in determining the voltage 

degradation rates. Thereafter, the improved version of the LRIC-v network charges could 

be sought. This modified version to reflect improved LRIC-v network charges is finally 

tested on the IEEE 14 bus test system and, lastly, on the distribution practical test system. 

Finally, the results are presented and analyzed.          

 

 

8.2 Approximating The Behavior Of The Nodal 

Voltage Change Resulting From Nodal Power Change  

 
The P-V curve relates the nodal voltage change due to nodal power (MVA) change in a 

quadratic form, as shown in figure 8.1 below. 

 

                                 Figure 8.1: Nodal P-V curve 
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The P-V curve approach was used in the work in [79]-[80] to approximate the respective 

nodal voltage collapse points at the corresponding specific load points, among other things. 

In this work, this P-V curve formulation is extended to feature buses without load also. 

Thereafter, the nodal voltage changes consequent to the corresponding nodal load changes 

for all buses would be determined.  

 

The idea is to approximate the most reasonable behavior of the nodal voltage change 

owing to the nodal power change along the P-V curve. The P-V curve is represented by the 

quadratic equation, below, over the limits ranging from V  = 
OV  to V  = 

LV ,, assuming that 

load would grow from 
OV  to 

LV over the years: 

 

                                                 
11

2
11 cVbVaP                                                 (8.1) 

 

Then, the behavior of the nodal voltage change to nodal power change can be 

approximated along the P-V curve by the use of the linear relationship, below, over the 

limits ranging from V  = 
OV  to V  = 

LV : 

 

                                                   
222 bVaP                                                         (8.2) 

 

Also, the behavior of the nodal voltage change to nodal power change can be approximated 

along the P-V curve by the use of the piecewise linear relationship, below, over the two 

separate limits, ranging from V  = 
OV  to V  = 

LOV _
 and from V  = 

LOV _
 to V  = 

LV : 

 

                                              
LOO VVbVaP _333                                         (8.3) 

 

 

                                             
LLO VVbVaP  _444

                                        (8.4) 

                                     

The quadratic representation of the nodal voltage degradations consequent to load growth 

rate would be the most accurate approach to adopt but it would be most complex to 

construct and, therefore, a need to seek for other options of constructing a compromise 

between accuracy and simplicity to represent this mentioned behaviour, namely, piece-

wise linear approximation. In that light, the resulting calculated charges consequent to 

utilizing improved nodal voltage degradation rates would be better in terms of accuracy 

than the earlier charges achieved with the linear approach, since this approximation would 

follow the p-v curve more closely than the linear dispensation.     

 

 

 

8.3 Results and Analysis 

 
The results are presented and analysed below, to demonstrate the improved version of the 

LRIC-voltage network charges. Once more, this study is tested on the IEEE-14 bus test 

system and a distribution test system chosen from the South Wales distribution network, in 

the UK. Both of these test systems were introduced in chapter 4 and have been used in the 
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subsequent chapters. It should be noted that, in this chapter, the LRIC-v and the Improved 

LRIC-v network charges are compared and the issue of analyzing why the charges follow a 

certain specific trend at particular nodes was executed in chapter 4, therefore, reference 

should be made to that chapter regarding the same.   

 

 

8.3.1 IEEE-14 Bus Test System 

 
This test system was introduced in chapter 4 and was subsequently used in the chapters 

which followed, thereafter. All the data introduced earlier remains the same, namely, the 

nodal voltage limits, economic data and, loading and generation conditions of this test 

system. It should be noted that, in this chapter, a revised version of the nodal voltage 

degradations consequent to nodal load growth rate was sought, based on the nodal P-V 

curves. These new nodal voltage degradation rates were employed to determine the 

improved LRIC-v network charges. 

 

Firstly, to ensure that all nodes are within voltage limits, the power loadings along the 

respective nodal P-V curves of the IEEE 14 test system were increased arbitrarily, in steps 

of 3.5%, from initial loading levels, up to 14%. This assumption was adopted since all the 

buses remained within their voltage limits and the idea was to view how the nodal voltages 

considering the linear, piece-wise linear and quadratic approaches varied in comparison to 

the simulated results. Therefore, as a result, while performing the respective load 

increments, the resulting voltages due to the aforementioned quadratic, piecewise and 

linear curves were noted. Thereafter, the aforementioned voltages were compared to the 

simulated results, which were used as a benchmark, to establish the respective nodal 

percentage voltage errors. These percentage errors are shown in figures 8.2(a)-8.2(d). The 

nodal voltage degradation rates would be calculated from the curve that would offer a good 

compromise between accuracy and simplicity and, thereafter, these would be also used in 

determining the LRIC-v network charges.  

  

Finally, to demonstrate the value of the improved LRIC-voltage network charges four 

cases have been used to show the effects to the network when connecting various demands 

and generations at each node. Case 1 involves a withdrawal of 1 MVAr at each node, case 

2 involves a withdrawal of 1 MW at each node, case 3 involves an injection of 1 MVAr at 

each node and, finally, case 4 involves an injection of 1 MW at each node.  
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Percentage Voltage Errors Vs Nodes Graph(3.5% 

Load Increments)
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Figure 8.2(a): Percentage voltage errors against nodes graph due to  

3.5% load increments on IEEE-14 bus test system  
 

 

Percentage Voltage Errors Vs Nodes Graph(7% 

Load Increments)
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Figure 8.2(b): Percentage voltage errors against nodes graph due to 7%                  

load increments on IEEE-14 bus test system 
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Percentage Voltage Errors Vs Nodes 

Graph(10.5% Load Increments)
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Figure 8.2(c): Percentage voltage errors against nodes graph due to 10.5%              

load increments on IEEE-14 bus test system 

 

 

 

 

Percentage Voltage Errors Vs Nodes Graph(14% 
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 Figure 8.2(d): Percentage voltage errors against nodes graph due to  

 14% load increments on IEEE-14 bus test system 

 

Figure 8.2:  Illustration of the three approaches to approximate nodal voltage 

changes consequent upon the nodal power increment. 

 

The results in figures 8.2(a)-8.2(d), show that the nodal voltage changes closely follow the 

PV curves since percentage voltage errors as a result of the quadratic function are all very 

small. Then follows the piece-wise linear curves in terms of being the second best  with 

regard to bus voltage percentage errors and with linear curves offering the worst voltage 

errors. The voltage percentage errors, across all the cases, are significant at buses 8, 7 and 
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2 since their initial voltages were 1.048 pu, 1.008 pu and 1.006 pu, respectively. This latter 

observation is due to the fact that, the less closer the initial bus voltages to the lower bus 

limit, the more the error during load increments. On the other hand, the closer the initial 

bus voltages to the lower bus limit the less the percentage voltage errors. It is against this 

latter background that the initial voltage at bus 14 was 0.954 pu which is closer to the 

lower bus voltage limit, 0.94 pu. Further, the results show that piecewise linear function 

provides the second best approximation to the nodal voltage changes while the linear 

function provides the worst approximation. This is backed by the fact that, during 3.5% 

load increment, the percentage voltage error at bus 8 is 0.0125, 0.05 and 0.28 for piecewise 

linear, linear and quadratic functions, respectively. These errors keep on increasing 

following that pattern owing to the load increments, for these respective functions, such 

that during 14% load increments the errors became 0.025%, 0.2% and 0.84% for piecewise 

linear, linear and quadratic functions, respectively. This shows that, the percentage voltage 

errors increased as the load deviated, increasing from the initial loading level to 14% load 

increments. It should be notes across all cases, bus 1 registered 0% voltage errors for all 

the functions since the voltage at this bus does not change because this bus is the slack bus. 

Also, it should be noted that, the rest of the buses other than buses 2, 7 and 8 have their 

initial voltages less than 1 pu, hence, they have less percentage voltage errors than buses 2, 

7 and 8. Since the piecewise linear function offers a good compromise between accuracy 

and simplicity, it would be used as a reasonable approximation in determining the nodal 

voltage degradation rates given the load growth rates and, consequently those would be 

used to calculate the nodal LRIC-voltage network charges in the next phase as earlier 

stated.  

 

Comparison of LRIC-Voltage Charges Vs Nodes 
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Figure 8.3: Comparison of LRIC-v and Improved LRIC-v network charges 

due to 1 MVAr nodal withdrawals on the IEEE 14 bus test system. 

             

Figure 8.3 shows LRIC-v and Improved LRIC-v network charges for each node of the 

IEEE-14 bus test system. 

 

It can be observed that, the Improved LRIC-v charges follow the same pattern as the 

previously computed LRIC-v charges. The only difference is that, the improved LRIC-v 

charges are less than the original at every node since the nodal voltage degradation rates 
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for the improved version are smaller in better approximating the PV curve. From the 

results it can be concluded that, the more accurate nodal voltage degradation rates derived 

from better PV approximations would give smaller LRIC-v charges for this system at this 

particular initial network loading level.   

Comparison of LRIC-Voltage Charges Vs Nodes 
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Figure 8.4: Comparison of LRIC-v and Improved LRIC-V network       

charges due to 1 MW nodal withdrawals on the IEEE 14 bus test system. 

              

During 1 MW nodal withdrawals, it can also be observed from figure 8.4, that the 

Improved LRIC-v network charges follow the same pattern as the LRIC-v network 

charges. Again, the LRIC-v charges are higher than those of the improved version since the 

nodal voltage degradation rates are less than the corresponding nodal rates of the improved 

version.     

 

It should be noted, as was established in chapter 4, that the charges for 1 MVAr nodal 

withdrawals are higher that those of the corresponding 1 MW nodal withdrawals since the 

network‟s circuit reactances are larger than its corresponding resistances. 
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Comparison of LRIC-Voltage Charges Vs Nodes 

Graph(1 MVAr Nodal Injections) 
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Figure 8.5: Comparison of LRIC-v and Improved LRIC-v network       

charges due to 1 MVAr nodal injections on the IEEE 14 bus test system. 

 

              

During 1 MVAr nodal injections, it can also be observed from figure 8.5, that the 

Improved LRIC-v network credits follow the same pattern as the LRIC-v network credits. 

Again, the LRIC-v charges are more than those of the improved version since the nodal 

voltage degradation rates are less than the corresponding nodal rates of the improved 

version.  
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Figure 8.6: Comparison of LRIC-v and Improved LRIC-v network       

charges due to 1 MW nodal injections on the IEEE 14 bus test system. 

       

During 1 MW nodal injections, it can also be observed from figure 8.6, that the Improved 

LRIC-v network credits follow the same pattern as the LRIC-v network credits. Again, the 
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LRIC-v charges are more than those of the improved version since the nodal voltage 

degradation rates are less than the corresponding nodal rates of the improved version.  

 

It should be noted that, as was established in chapter 4, that the credits for 1 MVAr nodal 

injections are more that those of the corresponding 1 MW nodal injections since the 

respective network circuit reactances are more than the corresponding network circuit 

resistances.  

 

 

8.3.2 Practical Distribution System 

 
As explained earlier, this particular test system was introduced in chapter 4 and used in the 

chapters that followed, thereafter.  As in the last section, this section aims to illustrate the 

voltage error for approximating the nodal PV curve from the three approaches, namely, 

quadratic, linear and piece-wise linear functions. This is followed by the charges 

comparison between the enhanced busbar voltage degrading rate and the original linear 

approximation.  

 

In this subsection, to ensure that all the nodes are within their respective voltage limits, the 

power loadings along the respective nodal P-V curves of this practical test system were 

increased in steps 2.5%, from initial loading levels, up to 10%. Also, this assumption was 

motivated by the fact that all the nodal voltages remained within their respective limits as 

the busbar loading was varied as indicated. In addition, while performing the respective 

load increments, the resulting voltages due to the aforementioned quadratic, piecewise and 

linear curves were noted. Thereafter, the aforementioned voltages were compared to the 

simulated results, which were used as a benchmark, to establish the respective nodal 

percentage voltage errors. These percentage errors are shown in tables 8.1(a)-8.1(d). The 

nodal voltage degradation rates would be calculated from the curve that would offer a good 

compromise between accuracy and simplicity and, thereafter, these would be also used in 

determining the Improved LRIC-v network charges.  

  

Again, four distinct cases were utilized to demonstrate the value of the improved LRIC-

voltage network charges to show the cost/benefit to the network when connecting various 

demands and generations at each node. Case 1 involves a withdrawal of 1 MVAr at each 

node, case 2 involves a withdrawal of 1 MW at each node, case 3 involves an injection of 1 

MVAr at each node and, finally, case 4 involves an injection of 1 MW at each node. All 

theses cases are shown in tables 8.2-8.5, respectively. 
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Table 8.1 (a): Percentage voltage errors at each node resulting from 2.5% load increments on the Pembroke practical test system. 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

2005 0.111 0.039 0.000 3066 0.054 0.023 0.000 2021 1.300 0.090 0.003 2650 0.110 0.100 0.000 

2015 0.097 0.030 0.006 3069 0.020 0.007 0.004 2025 0.067 0.028 0.000 2651 0.236 0.112 0.112 

3003 0.068 0.029 0.000 3072 0.081 0.031 0.000 2026 0.054 0.023 0.000 5140 0.000 0.000 0.000 

3006 0.019 0.007 0.002 3075 0.098 0.036 0.001 2027 0.054 0.023 0.000 5148 0.275 0.208 0.001 

3009 0.056 0.024 0.000 3078 0.090 0.033 0.001 2030 0.374 0.209 0.002 5149 0.373 0.203 0.002 

3012 0.012 0.003 0.003 3081 0.062 0.026 0.000 2031 0.415 0.200 0.002 5150 0.258 0.215 0.001 

3015 0.077 0.032 0.000 3084 0.012 0.003 0.003 2032 0.515 0.198 0.000 5151 0.000 0.000 0.000 

3018 0.017 0.006 0.002 3087 0.070 0.029 0.000 2033 0.561 0.191 0.000 5152 0.000 0.000 0.000 

3021 0.080 0.031 0.000 3090 0.037 0.015 0.002 2035 0.107 0.037 0.000 5153 0.269 0.074 0.001 

3024 0.110 0.040 0.000 3093 0.063 0.027 0.000 2036 0.412 0.134 0.134 5154 0.270 0.074 0.001 

 3027 0.097 0.035 0.001 ** 3096 0.008 0.003 0.001 2037 0.853 0.070 0.000 20251 0.240 0.054 0.001 

3030 0.082 0.031 0.001 3099 0.090 0.033 0.002 2040 0.397 0.190 0.001 20262 0.220 0.034 0.001 

3033 0.091 0.035 0.000 3102 0.019 0.006 0.003 2041 0.541 0.162 0.001 20351 0.412 0.134 0.134 

3036 0.090 0.032 0.002 3105 0.011 0.006 0.001 2045 0.112 0.035 0.000 20352 0.412 0.134 0.134 

3039 0.079 0.030 0.002 20051 0.469 0.151 0.151 2046 0.104 0.100 0.000 20373 0.086 0.080 0.000 

3042 0.055 0.023 0.000 20052 0.469 0.151 0.151 2047 0.110 0.034 0.001 20374 0.086 0.080 0.000 

3045 0.027 0.011 0.001 20151 0.569 0.251 0.171 2048 0.110 0.034 0.001 20451 0.069 0.040 0.000 

3048 0.113 0.045 0.000 20152 0.569 0.251 0.171 2620 2.351 0.099 0.006 20472 0.066 0.050 0.000 

3051 0.024 0.010 0.000 2000 0.839 0.110 0.006 2621 3.417 0.096 0.006         

3054 0.059 0.025 0.000 2001 0.317 0.159 0.006 2630 0.441 0.091 0.016         

3057 0.041 0.015 0.004 2010 0.814 0.080 0.006 2631 0.844 0.113 0.005         

3060 0.056 0.024 0.000 2011 0.875 0.080 0.006 ** 2640 5.847 0.092 0.007         

3063 0.018 0.006 0.003 2020 3.122 0.090 0.007 2641 1.785 0.093 0.003         
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Table 8.1 (b): Percentage voltage errors at each node resulting from 5% load increments on the Pembroke practical test system. 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

2005 0.221 0.078 0.000 3066 0.107 0.046 0.000 2021 2.601 0.181 0.006 2650 0.221 0.201 0.014 

2015 0.193 0.060 0.012 3069 0.040 0.014 0.009 2025 0.135 0.055 0.014 2651 0.472 0.225 0.224 

3003 0.136 0.057 0.000 3072 0.162 0.063 0.000 2026 0.109 0.046 0.006 5140 0.000 0.000 0.000 

3006 0.039 0.014 0.005 3075 0.195 0.071 0.001 2027 0.109 0.046 0.000 5148 0.550 0.415 0.003 

3009 0.112 0.048 0.000 3078 0.179 0.066 0.002 2030 0.747 0.418 0.003 5149 0.746 0.407 0.004 

3012 0.024 0.006 0.006 3081 0.124 0.053 0.001 2031 0.830 0.401 0.003 5150 0.515 0.431 0.001 

3015 0.155 0.065 0.000 3084 0.024 0.006 0.005 2032 1.030 0.396 0.001 5151 0.000 0.000 0.000 

3018 0.034 0.011 0.005 3087 0.140 0.058 0.000 2033 1.122 0.382 0.001 5152 0.000 0.000 0.000 

3021 0.159 0.062 0.000 3090 0.074 0.029 0.004 2035 0.214 0.075 0.001 5153 0.538 0.148 0.003 

3024 0.220 0.081 0.005 3093 0.126 0.054 0.000 2036 0.825 0.268 0.268 5154 0.540 0.149 0.003 

3027 0.195 0.069 0.002 ** 3096 0.017 0.005 0.003 2037 1.705 0.140 0.000 20251 0.480 0.109 0.003 

3030 0.164 0.062 0.001 3099 0.180 0.065 0.003 2040 0.794 0.380 0.001 20262 0.440 0.069 0.002 

3033 0.181 0.070 0.003 3102 0.037 0.012 0.006 2041 1.083 0.324 0.001 20351 0.825 0.268 0.268 

3036 0.180 0.064 0.004 3105 0.022 0.011 0.002 2045 0.223 0.071 0.001 20352 0.825 0.268 0.268 

3039 0.159 0.059 0.003 20051 0.938 0.303 0.302 2046 0.209 0.201 0.002 20373 0.173 0.161 0.000 

3042 0.109 0.047 0.004 20052 0.938 0.303 0.302 2047 0.219 0.069 0.001 20374 0.173 0.161 0.088 

3045 0.054 0.022 0.003 20151 1.138 0.503 0.342 2048 0.219 0.069 0.001 20451 0.139 0.081 0.000 

3048 0.225 0.091 0.000 20152 1.138 0.503 0.342 2620 4.702 0.198 0.012 20472 0.133 0.101 0.000 

3051 0.049 0.021 0.003 2000 1.678 0.220 0.012 2621 6.834 0.193 0.012         

3054 0.119 0.050 0.000 2001 0.635 0.319 0.011 2630 0.882 0.183 0.032         

3057 0.083 0.030 0.008 2010 1.627 0.159 0.012 2631 1.689 0.226 0.010         

3060 0.111 0.047 0.000 2011 1.750 0.161 0.012 ** 2640 11.694 0.184 0.013         

3063 0.037 0.012 0.007 2020 6.245 0.180 0.013 2641 3.570 0.186 0.006         
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    Table 8.1 (c): Percentage voltage errors at each node resulting from 7.5% load increments on the Pembroke practical test system. 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

2005 0.332 0.118 0.000 3066 0.161 0.069 0.000 2021 3.901 0.271 0.009 2650 0.331 0.301 0.021 

2015 0.290 0.090 0.018 3069 0.060 0.021 0.013 2025 0.202 0.083 0.021 2651 0.708 0.337 0.337 

3003 0.203 0.086 0.000 3072 0.242 0.094 0.000 2026 0.163 0.069 0.009 5140 0.000 0.000 0.000 

3006 0.058 0.020 0.007 3075 0.293 0.107 0.002 2027 0.163 0.069 0.000 5148 0.824 0.623 0.004 

3009 0.168 0.072 0.000 3078 0.269 0.099 0.002 2030 1.121 0.627 0.005 5149 1.119 0.610 0.006 

3012 0.036 0.010 0.008 3081 0.185 0.079 0.002 2031 1.245 0.601 0.005 5150 0.773 0.646 0.002 

3015 0.232 0.097 0.000 3084 0.036 0.010 0.008 2032 1.545 0.594 0.001 5151 0.000 0.000 0.000 

3018 0.051 0.017 0.007 3087 0.211 0.087 0.000 2033 1.683 0.573 0.001 5152 0.000 0.000 0.000 

3021 0.239 0.093 0.000 3090 0.111 0.044 0.006 2035 0.321 0.112 0.001 5153 0.807 0.223 0.004 

3024 0.330 0.121 0.008 3093 0.189 0.080 0.000 2036 1.237 0.402 0.401 5154 0.809 0.223 0.004 

3027 0.292 0.104 0.004 * 3096 0.025 0.008 0.004 2037 2.558 0.210 0.000 20251 0.719 0.163 0.004 

3030 0.246 0.093 0.002 3099 0.269 0.098 0.005 2040 1.191 0.570 0.002 20262 0.659 0.103 0.003 

3033 0.272 0.105 0.004 3102 0.056 0.018 0.010 2041 1.624 0.486 0.002 20351 1.237 0.402 0.401 

3036 0.269 0.097 0.006 3105 0.032 0.017 0.003 2045 0.335 0.106 0.002 20352 1.237 0.402 0.401 

3039 0.238 0.089 0.005 20051 1.408 0.454 0.453 2046 0.313 0.301 0.002 20373 0.259 0.241 0.000 

3042 0.164 0.070 0.006 20052 1.408 0.454 0.453 2047 0.329 0.103 0.002 20374 0.259 0.241 0.133 

3045 0.081 0.032 0.004 20151 1.708 0.754 0.513 2048 0.329 0.103 0.002 20451 0.208 0.121 0.000 

3048 0.338 0.136 0.000 20152 1.708 0.754 0.513 2620 7.053 0.296 0.018 20472 0.199 0.151 0.000 

3051 0.073 0.031 0.005 2000 2.517 0.330 0.018 2621 10.251 0.289 0.017         

3054 0.178 0.075 0.000 2001 0.952 0.478 0.017 2630 1.323 0.274 0.048         

3057 0.124 0.046 0.012 2010 2.441 0.239 0.018 2631 2.533 0.339 0.016         

3060 0.167 0.071 0.000 2011 2.625 0.241 0.018 ** 2640 17.541 0.276 0.020         

3063 0.055 0.017 0.010 2020 9.367 0.270 0.020 2641 5.356 0.278 0.009         

 

 

 

 

 



Chapter 8            Improved Implementation For LRIC-Voltage Network Charges 131 

Table 8.1 (d): Percentage voltage errors at each node resulting from 10% load increments on the Pembroke practical test system. 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

Bus  
Linear PieceWise Quadratic 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

% Volt. 
Error 

2005 0.431 0.153 0.000 3066 0.209 0.089 0.000 2021 5.071 0.352 0.011 2650 0.431 0.392 0.027 

2015 0.377 0.118 0.023 3069 0.077 0.028 0.017 2025 0.263 0.108 0.027 2651 0.920 0.438 0.438 

3003 0.264 0.112 0.000 3072 0.315 0.122 0.000 2026 0.212 0.090 0.012 5140 0.000 0.000 0.000 

3006 0.076 0.026 0.010 3075 0.381 0.138 0.002 2027 0.212 0.090 0.000 5148 1.072 0.810 0.006 

3009 0.218 0.093 0.000 3078 0.349 0.129 0.003 2030 1.457 0.815 0.006 5149 1.454 0.793 0.008 

3012 0.047 0.013 0.011 3081 0.241 0.103 0.002 2031 1.618 0.782 0.006 5150 1.005 0.840 0.002 

3015 0.302 0.126 0.000 3084 0.047 0.013 0.010 2032 2.009 0.772 0.001 5151 0.000 0.000 0.000 

3018 0.067 0.022 0.009 3087 0.274 0.114 0.000 2033 2.188 0.745 0.002 5152 0.000 0.000 0.000 

3021 0.310 0.122 0.000 3090 0.144 0.057 0.008 2035 0.417 0.146 0.001 5153 1.049 0.289 0.005 

3024 0.429 0.157 0.010 3093 0.245 0.105 0.000 2036 1.608 0.523 0.522 5154 1.052 0.290 0.005 

3027 0.380 0.135 0.005 * 3096 0.032 0.010 0.005 2037 3.326 0.274 0.000 20251 0.935 0.212 0.005 

3030 0.320 0.121 0.003 3099 0.350 0.127 0.006 2040 1.548 0.741 0.002 20262 0.857 0.134 0.004 

3033 0.354 0.136 0.005 3102 0.073 0.024 0.013 2041 2.112 0.632 0.003 20351 1.608 0.523 0.522 

3036 0.350 0.126 0.007 3105 0.042 0.022 0.004 2045 0.436 0.138 0.002 20352 1.608 0.523 0.522 

3039 0.309 0.115 0.006 20051 1.830 0.590 0.589 2046 0.407 0.392 0.003 20373 0.337 0.313 0.000 

3042 0.213 0.091 0.008 20052 1.830 0.590 0.589 2047 0.428 0.134 0.003 20374 0.337 0.313 0.172 

3045 0.105 0.042 0.006 20151 2.220 0.980 0.667 2048 0.428 0.134 0.003 20451 0.270 0.157 0.000 

3048 0.439 0.177 0.000 20152 2.220 0.980 0.667 2620 9.169 0.385 0.023 20472 0.259 0.196 0.000 

3051 0.095 0.040 0.006 2000 3.272 0.429 0.023 2621 13.327 0.376 0.022         

3054 0.232 0.098 0.000 2001 1.238 0.622 0.022 2630 1.719 0.357 0.063         

3057 0.161 0.059 0.016 2010 3.173 0.311 0.023 2631 3.293 0.441 0.020         

3060 0.217 0.092 0.000 2011 3.413 0.314 0.024 ** 2640 22.804 0.358 0.026         

3063 0.071 0.023 0.013 2020 12.177 0.351 0.026 2641 6.962 0.362 0.011         
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The results in tables 8.1(a)-8.1(d), show that the nodal voltage changes closely follow the 

PV curves since percentage voltage errors as a result of the quadratic function are all very 

small.  The voltage percentage errors, across all the cases, are significant at bus 2640 

(results in bolded font and bus number preceded by double asterisk) since its initial voltage 

was 1.02 pu. This latter observation is due to the fact that, the less closer the initial bus 

voltages to the lower bus limit, the more the error during load increments. On the other 

hand, the closer the initial bus voltages to the lower bus limit the less the percentage 

voltage errors. It is against this latter background that the initial voltage at bus 3096 

(results in bolded font and bus number preceded by an asterisk) was 0.951 pu which is 

closer to the lower bus voltage limit. Further, the results show that piecewise linear 

function provides the second best approximation to the nodal voltage changes while the 

linear function provides the worst approximation. This is backed by the fact that, during 

2.5% load increment, the percentage voltage error at bus 2640 was 5.847, 0.092 and 0.007 

for piecewise linear, linear and quadratic functions, respectively. These errors keep on 

increasing following that pattern owing to the load increments, for these respective 

functions, such that during 10% load increments the errors became 22.804%, 0.358% and 

0.026% for piecewise linear, linear and quadratic functions, respectively. Likewise, these 

kinds of errors increased at bus 3096. This shows that, the percentage voltage errors 

increased as the load deviated, increasing from the initial loading level to 10% load 

increments. Furthermore, the percentage voltage errors increased as the load deviation 

increased from the initial loading level. It should be noted that, buses 5140, 5151 and 5152 

registered 0% voltage errors since bus 5140 is the slack bus, therefore, its voltage does not 

change across all cases. While, on the other hand, buses 5151 and 5152 are less affected by 

load changes because they do not have load directly connected to them and also they are 

closer to the slack bus. Since the piecewise linear function offers a good compromise 

between accuracy and simplicity, it would be used as a reasonable approximation in 

determining the nodal voltage degradation rates given the load growth rates and, 

consequently those would be used to calculate the nodal LRIC-voltage network charges to 

provide an improved version of this charging methodology. 
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Table 8.2: Comparison of LRIC-v and Improved LRIC-V network charges due to                                                                    

1 MVAr nodal withdrawals on the Pembroke practical test system. 

Bus 

Improved   

Bus 

Improved Base 

Bus 

Improved   

Bus 

Improved   

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 2323.29 2843.64 3066 5612.53 6633.58 2021 720.61 1269.07 2650 738.39 1271.68 

2015 2189.65 2795.95 3069 4161.18 5053.04 2025 853.55 1379.12 2651 717.79 1267.56 

3003 5374.7 6566.01 3072 2782.43 3100.48 2026 899.18 1425.73 5140 0 0 

3006 5184.34 6394.27 3075 2482.95 2919.98 2027 899.21 1425.76 5148 602.33 1069.03 

3009 4958.59 6008.73 3078 2510.17 2935.46 2030 584.31 1063.56 5149 602.4 1069.23 

3012 4689.92 5745.4 3081 7475.22 9209.59 2031 596.29 1066.67 5150 601.72 1068.33 

3015 4721.42 5898.11 3084 6436.83 8011.74 2032 583.3 1063.25 5151 0 0 

3018 4693.49 5860.04 3087 3393.35 3939.08 2033 595.24 1066.34 5152 0 0 

3021 2521.75 3029.79 3090 3193.36 3762.26 2035 500.17 1050.86 5153 265.29 516.98 

3024 2280 2868.71 3093 5598.11 6763.53 2036 500.15 1050.85 5154 264.75 517.06 

3027 2220.77 2812.24 3096 5178.05 6367.47 2037 592.35 1070.05 20251 909.76 1450.9 

3030 2328.73 2885.6 3099 2318.77 2880.05 2040 708.61 1227.53 20262 963 1506.14 

3033 2494.9 3027.7 3102 5179.05 6388.06 2041 740.95 1270.02 20351 679.97 1346.27 

3036 2282.58 2849.49 3105 4746.11 5809.63 2045 879.88 1320.08 20352 679.97 1346.27 

3039 2359.92 2903.78 20051 2352.79 2877.57 2046 879.9 1320.09 20373 776.35 1345.58 

3042 3918.01 4495.97 20052 2392.24 2922.22 2047 890.22 1333.73 20374 775.93 1344.86 

3045 3496 4088.92 20151 2238.04 2854.32 2048 890.24 1333.74 20451 944.98 1398.7 

3048 4865.67 6275.63 20152 2254.53 2874.29 2620 744.96 1269.96 20472 955.44 1412.5 

3051 5273.02 6660.56 2000 720.52 1226.68 2621 745.79 1270.95       

3054 3944.67 4486.25 2001 641 1116.22 2630 743.89 1270.58       

3057 3042.32 3584.32 2010 959.23 1495.86 2631 711.61 1227.89       

3060 3689.03 4538.01 2011 942.16 1488.68 2640 738.35 1271.62       

3063 3394.75 4208.93 2020 737.33 1271.88 2641 721.14 1268.4       
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Table 8.2 shows the LRIC-v and Improved LRIC-v network charges following 1 MVAr 

nodal withdrawals. It should be noted that the LRIC-v network charges for this test 

network were established in chapter 4. What set apart the LRIC-v and Improved LRIC-v 

network charges is the manner in which the nodal voltage degradation rates were 

determined owing to network load growth rate. Other parameters, as expressed in chapter 

4, remain equal. For the LRIC-v network charges, first, the nodal voltages before and after 

load increments were noted and, thereafter, the respective nodal voltage degradation rates 

were calculated. While for the Improved LRIC-v network charges, the respective nodal 

voltage degradation rates were based on the piecewise linear formulation along the 

respective nodal P-V curves detailed in section 8.2. The aforementioned piecewise 

formulation provided a good compromise between accuracy and simplicity, as shown in 

the earlier part of results in this subsection. 

 

As can be observed in table 8.2, the Improved LRIC-v charges follow the same pattern as 

the previously computed LRIC-v charges. The only difference is that, the latter is more 

than the former at every node since the nodal voltage degradation rates for the latter are 

less than those of the former. This is consequent to the fact that the final nodal voltages, 

resulting from 1.6% system load growth rate, are more for the LRIC-v network charge case 

than the other case. It should be noted that the initial nodal voltages, before the system 

loads are increased at a rate of 1.6%, are equal.  Therefore, it can be concluded that, the 

more nodal voltage degradation rates the less are the LRIC-v charges for this system at this 

particular initial network loading level.  
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Table 8.3: Comparison of LRIC-v and Improved LRIC-V network charges due to 1 MW nodal                  

withdrawals on the Pembroke practical test system. 

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) 

2005 394.84 507.81 3066 2902.51 3471.09 2021 97.25 187.64 2650 103.36 186.6 

2015 311.43 453.33 3069 1913.71 2314.88 2025 211.37 375.74 2651 95.47 185.86 

3003 3222.92 3961.97 3072 700.33 758.86 2026 251.14 445.2 5140 0 0 

3006 2831.51 3489.16 3075 492.17 566.54 2027 251.17 445.25 5148 44.66 85.38 

3009 3139.25 3835.05 3078 590.55 613.19 2030 38.48 84.56 5149 44.67 85.41 

3012 2479.56 3030.16 3081 4758.87 5881.11 2031 41.21 84.61 5150 44.61 85.3 

3015 2924.44 3672.85 3084 3839.63 4756.23 2032 38.49 84.58 5151 0 0 

3018 2504.92 3145.47 3087 1491.82 1712.88 2033 41.22 84.63 5152 0 0 

3021 740.4 926.77 3090 1133.11 1293.92 2035 80.57 172.78 5153 12.95 26 

3024 615.43 801.02 3093 3534.21 4327.63 2036 80.57 172.78 5154 12.97 26.03 

3027 361.49 491.56 3096 2890.84 3544.78 2037 44.51 93.28 20251 241.69 425.64 

3030 451.07 564.13 3099 427.65 548.85 2040 86.65 157.06 20262 283.53 497.53 

3033 748.9 941.52 3102 2823.38 3479.42 2041 101.76 179.65 20351 149.08 324.76 

3036 396.19 528.08 3105 2489.3 3038.47 2045 108.04 180.66 20352 149.08 324.76 

3039 464.5 581.38 20051 418.92 537.54 2046 108.04 180.67 20373 123.05 239.33 

3042 1870.06 2114.41 20052 447.8 573.19 2047 110.35 183.81 20374 122.87 239 

3045 1510.19 1701.16 20151 346.8 499.75 2048 110.36 183.81 20451 138.32 227.45 

3048 3518.42 4488.24 20152 357.9 514.3 2620 103.98 180.03 20472 140.94 231.03 

3051 2859.96 3631.54 2000 98.87 163.82 2621 104.01 180.1       

3054 1689.86 1922.21 2001 62.83 109.34 2630 103.13 179.93       

3057 967.17 1109.92 2010 197.67 288.2 2631 87.9 157.02       

3060 1961.96 2429.75 2011 187.03 280.91 2640 103.33 186.54       

3063 1454.3 1806.69 2020 103.19 187.54 2641 96.97 186.21       
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During 1 MW nodal withdrawals, it can also be observed from table 8.3, that the Improved 

LRIC-v network charges follow the same pattern as the LRIC-v network charges. Again, 

the LRIC-v charges are more than those of the improved version since the nodal voltage 

degradation rates are less than the corresponding nodal rates of the improved version.     

 

It should be noted that, as was established in chapter 4, that the charges for 1 MVAr nodal 

withdrawals are more that those of the corresponding 1 MW nodal withdrawals since the 

respective network circuit reactances are more than the corresponding network circuit 

resistances. 
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Table 8.4: Comparison of LRIC-v and Improved LRIC-V network charges due to 1 MVAr nodal                                 

injections on the Pembroke practical test system. 

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) (£/MVAr/yr) 

2005 -2089.61 -2602.09 3066 -3288.81 -4072.92 2021 -613.39 -1175.44 2650 -631.22 -1178.22 

2015 -1861.58 -2479.5 3069 -3578.09 -4351.44 2025 -647.96 -1233.9 2651 -610.79 -1174.03 

3003 -3811.39 -4801.13 3072 -2188.13 -2621.34 2026 -719.81 -1286.01 5140 0 0 

3006 -3991.06 -4961.93 3075 -2201.31 -2641.74 2027 -719.83 -1286.03 5148 -529.76 -1003.88 

3009 -3991.5 -4867.17 3078 -2217.31 -2647.94 2030 -510.79 -997.77 5149 -529.79 -1004.04 

3012 -3963.14 -4844.7 3081 -3722.34 -4660.56 2031 -523.52 -1001.39 5150 -529.22 -1003.24 

3015 -3550.08 -4467.4 3084 -4560.89 -5616.43 2032 -509.73 -997.42 5151 0 0 

3018 -3724.85 -4660.03 3087 -2610.44 -3184.02 2033 -522.42 -1001.02 5152 0 0 

3021 -2229.81 -2717.94 3090 -2767.45 -3311.93 2035 -398.65 -959.12 5153 -246.8 -499.05 

3024 -1818.77 -2461.32 3093 -3899.66 -4889.21 2036 -398.63 -959.11 5154 -246.23 -499.09 

3027 -1883.55 -2487.66 3096 -4239.48 -5191.26 2037 -516 -999.08 20251 -623.62 -1191.59 

3030 -1962.5 -2537.33 3099 -1955.86 -2534.73 2040 -611.33 -1141.35 20262 -693.45 -1241.72 

3033 -1801.04 -2407.29 3102 -3987.97 -4958.26 2041 -637.35 -1178.33 20351 -304.73 -801.37 

3036 -1903.05 -2491.57 3105 -4001.34 -4885.2 2045 -751.91 -1209 20352 -304.73 -801.37 

3039 -1972.75 -2539 20051 -2068.66 -2575.96 2046 -751.92 -1209 20373 -410.1 -840.98 

3042 -2998.2 -3529.32 20052 -2044.14 -2545.87 2047 -760.11 -1220.82 20374 -410.19 -841.17 

3045 -3004.7 -3545.23 20151 -1828.99 -2437.77 2048 -760.12 -1220.83 20451 -726.44 -1168.81 

3048 -3021.26 -3593.66 20152 -1818.99 -2425.06 2620 -642.16 -1178.89 20472 -734.33 -1180.23 

3051 -4023.27 -4987.73 2000 -628.67 -1144.41 2621 -642.86 -1179.75       

3054 -2473.34 -3010.14 2001 -563.28 -1046.42 2630 -640.7 -1179.19       

3057 -2684.69 -3202 2010 -828.11 -1377.13 2631 -614.79 -1142.06       

3060 -2720.98 -3414.05 2011 -810.71 -1370.06 2640 -631.25 -1178.27       

3063 -2829.46 -3522.7 2020 -629.55 -1178.17 2641 -614.41 -1175.08       
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During 1 MVAr nodal injections, it can also be observed from table 8.4, that the Improved 

LRIC-v network credits follow the same pattern as the LRIC-v network credits. Again, the 

LRIC-v charges are more than those of the improved version since the nodal voltage 

degradation rates are less than the corresponding nodal rates of the improved version. 
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Table 8.5: Comparison of LRIC-v and Improved LRIC-V network charges due to 1 MW nodal                         

injections on the Pembroke practical test system 

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

Bus 

Improved   

LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V LRIC-V 

Charges Charges Charges Charges Charges Charges Charges Charges 

(£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) (£/MW/yr) 

2005 -381.9 -492.36 3066 -2352.83 -2789.93 2021 -92.34 -182.47 2650 -98.61 -181.48 

2015 -293.02 -433.53 3069 -1751.21 -2105.67 2025 -189.76 -354.45 2651 -90.58 -180.67 

3003 -2475.36 -3064.54 3072 -605.35 -657.49 2026 -225.2 -420.06 5140 0 0 

3006 -2275.7 -2809.94 3075 -460.88 -532.39 2027 -225.23 -420.1 5148 -43.9 -84.45 

3009 -2693.9 -3259.99 3078 -538.42 -564.15 2030 -37.57 -83.4 5149 -43.91 -84.48 

3012 -2210.51 -2679.19 3081 -2983.9 -3675.4 2031 -40.4 -83.6 5150 -43.85 -84.37 

3015 -2359.12 -2935.18 3084 -2804.88 -3440.04 2032 -37.57 -83.41 5151 0 0 

3018 -2095.11 -2604.98 3087 -1330.22 -1529.26 2033 -40.4 -83.6 5152 0 0 

3021 -688.12 -864.53 3090 -1071.74 -1215.77 2035 -74.15 -163.57 5153 -12.83 -25.79 

3024 -547.37 -726.23 3093 -2816.17 -3447.69 2036 -74.15 -163.57 5154 -12.85 -25.81 

3027 -336.78 -465.1 3096 -2473.51 -3014.8 2037 -40.85 -87.08 20251 -165.19 -308.18 

3030 -421.37 -532.95 3099 -401.5 -520.85 2040 -83.19 -153.36 20262 -197.48 -371.21 

3033 -629.06 -823.97 3102 -2270.17 -2803.2 2041 -97.43 -175.05 20351 -11.78 -17.63 

3036 -368.19 -497.41 3105 -2213.43 -2681.66 2045 -99.68 -169.36 20352 -11.78 -17.63 

3039 -433.52 -548.2 20051 -358.78 -463.7 2046 -99.68 -169.36 20373 33.34 54.73 

3042 -1642.67 -1824.85 20052 -331.04 -429.32 2047 -101.78 -172.25 20374 33.17 54.42 

3045 -1392.57 -1544.39 20151 -259.66 -389.24 2048 -101.78 -172.25 20451 -71.07 -124.16 

3048 -2516.08 -3087.78 20152 -249.22 -375.38 2620 -99.82 -175.69 20472 -72.87 -126.63 

3051 -2287.75 -2823.25 2000 -95.91 -160.57 2621 -99.85 -175.75       

3054 -1440.9 -1625.49 2001 -61.51 -107.81 2630 -98.91 -175.48       

3057 -919.68 -1050.58 2010 -189.14 -279.14 2631 -84.55 -153.48       

3060 -1634.09 -1988.32 2011 -178.65 -272.05 2640 -98.63 -181.54       

3063 -1276 -1554.26 2020 -98.41 -182.43 2641 -92.16 -181.15       
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During 1 MW nodal injections, it can also be observed from table 8.5, that the Improved 

LRIC-v network credits follow the same pattern as the LRIC-v network credits. Again, the 

LRIC-v charges are more than those of the improved version since the nodal voltage 

degradation rates are less than the corresponding nodal rates of the improved version.  

 

It should be noted that, as was established in chapter 4, that the credits for 1 MVAr nodal 

injections are more that those of the corresponding 1 MW nodal injections since the 

respective network circuit reactances are more than the corresponding network circuit 

resistances. 

 

 

8.4 Chapter Conclusions 
  

In this chapter, the improved version of the LRIC-v network charges is presented. This 

improvement emanates from the premise that the voltage change at a node and its nodal 

power (MVA) change are related to each other by the P-V curve.  Consequently, the 

piecewise linear formulation provided a good compromise between accuracy and 

simplicity and, therefore, it was utilized to calculate the nodal voltage degradation rates 

resulting from the load growth rate and, finally, the Improved LRIC-v network charges 

were sought and compared to those of the earlier proposed LRIC-v network charging 

version. This formulation was once again tested on the IEEE 14 bus test system and on the 

practical 87-bus distribution test system developed, operated and maintained by Western 

Power Distribution (WPD) network.  

 

The results show that improved LRIC-v network charges are less than the earlier computed 

LRIC-v network charges since the nodal voltage degradation rates for the latter are less 

than those of the former. This is consequent to the fact that the final nodal voltages, 

resulting from 1.6% system load growth rate, are more for the LRIC-v network charge case 

than the other case. It should be noted that the nodal voltages, before the system loads are 

increased at a rate of 1.6%, are equal.  From the results it can be concluded that, the more 

nodal voltage degradation rates the less are the LRIC-v charges for this system at this 

particular initial network loading level. Moreover, this improved version provided best 

results since the charges were processed based on nodal voltage degradation rates 

calculated to reflect the correct physical relationship of the nodal voltages consequent to 

the system load growth rate.    
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Chapter 9 

 

Conclusions and Future Work 

 

 

 
 

Based upon the previous chapter discussions and the observations emanating from the case 

studies presented, conclusions are drawn. Ultimately, there would be some suggestions 

regarding the future work to extend this research work further and, as a result, make it 

more refined. 
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9.1 Conclusions 
 

The current power industry environment entails that countries around the globe commit or 

set them in the process of introducing more competition into their power industry regimes. 

Upon moving from monopolies to competitive electricity markets, it was deemed 

imperative to ensure open access to transmission and distribution networks in an effort to 

promote effective competition in the electricity supply sector. In that regard, the charges 

for the use of network asset set by network companies are the central element in providing 

efficient economic signals for guiding the siting and sizing of oncoming demands and 

generators, and incentivizing the efficient use of these network assets. These network 

assets refer to lines, transformers, VAr compensation assets, protection assets, e.t.c. 

 

In the UK and the rest of the world, there are many such economic use of network asset 

pricing approaches (network charging methodologies), for transmission and distribution 

networks, reflecting investment cost incurred in the network circuits and transformers to 

support real and reactive power flow, as mentioned in chapters 3 and 4. However, to reflect 

the investment cost for maintaining network voltages in network charges has received very 

little attention in network charges.  Currently, power factor penalty approach is used to 

recover costs of operation, mainly generator fuel related cost, and does not provide for 

those of network VAr compensation assets for maintaining network voltages. This power 

factor penalty approach has been criticized by many researchers as it is not based on 

economic principle and, moreover, it is regarded as inconsistent and inadequate. 

Furthermore, with the increasing penetration of embedded generators (EGs) in the UK, 

there is a growing need to formulate pricing methodologies based on economic principle to 

ensure that network assets are effectively and efficiently utilised [6]. Since the existing 

approach does not provide correct economic efficient price signals, EGs may potentially 

locate at sites which may result in considerable network investment. Therefore, it is against 

this background that, this research work is directed to address this issue of recovering 

network costs associated with maintaining the network voltages. Therefore, Long-Run 

Incremental Cost (LRIC)-voltage network charging principle was proposed and it is one of 

the major contributions in this research work.  

 

LRIC-v network charging principle is based on the use of spare nodal voltage capacity or 

headroom of an existing network voltages to provide time to invest in VAr compensation 

devices. The VAr compensation devices, in question, are particularly SVCs given the issue 

of encouraging EGs penetration into the network. EGs mainly are wind turbines and they 

introduce voltage variations into the network and, therefore, for smooth system operation 

fast acting SVCs would be ideal to be introduced [6, 22, 23, 24]. The LRIC-v network 

charging principle was at first proposed to price for the future network VAr compensation 

assets and extended until it became comprehensive to be able to price for the existing 

network VAr compensation assets, among others. The evolution of this proposed novel 

pricing methodology over the course of the research is as follows: 
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1. LRIC-Voltage Network Pricing Reflecting Future VAr Compensation Assets  

 

  

Firstly, this approach was proposed utilizing network voltage variations to reflect the 

future network VAr compensation asset prices resulting from nodal 

withdrawals/injections [63]. The most attraction of this approach is that for the first 

time a method to evaluate long-run incremental cost is proposed based on the spare 

nodal voltage capacity of an existing network.  The resulting network voltage 

charging model is able to provide locational forward-looking economic signals, 

reflecting the extent of the impact to busbar voltages by a connected party, i.e. 

whether they accelerate or delay the need for future network compensation devices. In 

the event of a network user accelerating the requirement for future network 

compensation assets, that user shall be penalized for that action. Otherwise, if the 

network user delays the requirement for future network compensation asset 

reinforcement(s), such a user shall be rewarded for that action. In addition, this 

approach considers both real and reactive power nodal withdrawals/injections. These 

economic messages will, in turn, influence generation/demand in order to minimize 

the cost of future investment in VAr compensation.  

 

 

2. LRIC-Voltage Charges On The System With Different R/X Ratios 

 

A fundamental study was performed to analyses the trend of LRIC-voltage network 

charges on different types of networks [77], providing insights into how charges would 

change with different network circuit resistance/reactance (R/X) ratios. The results showed 

that when the network circuit Xs are at least ten times more than their R counterparts, only 

MVAr nodal perturbations should be considered. When the network circuit Rs, on the 

other hand, are at least ten folds more than their Xs counterparts, then, only MW nodal 

perturbations should be considered. Finally, when the network circuit Xs and their 

corresponding Rs are comparable, both MVAr and MW nodal perturbations should be 

considered. In a nutshell, this meant that for transmission networks, only MVAr nodal 

perturbations should be considered while for distribution networks both MW and MVAr 

nodal perturbations should be considered.  

 

 

3. How the LRIC-Voltage Network Charges Varies With Different Demand Load 

Growth 

 

Another fundamental study was carried-out to analyse the trend of LRIC-voltage network 

charges on different demand load growths, providing insights into how charges would 

change given different demand load growths. The results showed that the LRIC-v network 

charges given different load growth rates are a function of the system nodal voltage 

loading levels. This means that, there is a nodal bus voltage loading threshold above which 

if most buses are loaded at in a power system, the least load growth rate would have more 

charges. On the other hand, below the aforementioned nodal voltage loading threshold and 

if most power system buses are involved, then the larger load growth rate would generate 

more charges.  
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4. LRIC-Voltage Network Pricing To Support Network Voltages Under N-1 

Contingencies 

 

The LRIC-voltage network pricing previously proposed was extended to consider n-1 

contingencies, as it is a requirement that these types of contingencies should be considered 

to ensure acceptable network security and reliability. The investment cost-related pricing 

(ICRP) charging model [72] used in the UK, for recovering investment costs of network 

circuits and transformers, does not consider the network security requirement in their 

pricing model, but, it relies on post-processing through a full-contingency analysis to give 

an average security factor of 1.86 for all concerned network assets. On other works related 

to investment costs of circuits and transformers, authors of [65] demonstrated a simplistic 

approach to network security based on the assumption that reinforcement is required when 

a branch reaches 50% utilization. Authors of [66]-[73] considered the n-1 contingency 

analysis into their charging principles and all of these were for pricing of network circuits 

and transformers. In this regard, it was imperative to factor n-1 contingencies into the 

LRIC-v network charges. The results showed that the respective charges follow the same 

pattern as the original approach, but are increased since the nodal busbar voltage margins 

are reduced to accommodate n-1 contingencies. This, in turn, provides correct economic 

price signals since the network operators are required to operate their networks physically 

to accommodate n-1 contingencies. 

   

    

5. LRIC-Voltage Network Pricing For Existing Network SVCs 

 

The LRIC-voltage network pricing approach, for pricing future network SVCs, was 

extended to cover for pricing the existing network SVCs, where SVCs were installed in the 

network. The earlier proposed charging principle failed to price for the use of existing 

network SVCs since where these existing devices are sited the corresponding bus voltages 

do not vary. The reason why the bus voltage does not vary is because the existing network 

SVCs would be preset to keep the corresponding nodal voltages at constant values and, 

therefore, since the proposed LRIC-voltage charging principle depicted its strength upon 

the network voltage variations, this approach could not be applied in this regard. It is true 

that the reactive power loading of the SVC varies in keeping the bus voltage, where this 

device is sited, at a preset value given variations in power system demand and generation 

loading conditions. In this regard, this new extension involved the mapping of the SVCs‟ 

reactive power loading limits to the nodal voltage limits at the buses where these SVCs‟ 

are sited. For example, if the SVC reactive power lower and upper limits are minQ and maxQ , 

respectively and, on the other hand, if the nodal voltage lower and upper limits, where this 

SVC is sited, are LV and HV , respectively. To that end, minQ was mapped to LV while 

maxQ was mapped to HV . With this limit mapping exercise completed, then, it was possible 

to price for the use of the existing network SVCs. 

 

 

6. Improved Implementation For LRIC-Voltage Network Charges 

 

This entails an improved version of the LRIC-v network charges. This improvement 

emanates from the premise that the voltage change at a node and its corresponding power 

(MVA) change are related to each other by the P-V curve. As such, the best approximation 

of this relationship was used to execute the nodal voltage degradation rates resulting from 
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the load growth rate and, finally, the improved LRIC-v network charges were sought. In 

the earlier proposed basic LRIC-v network charging approach, the respective nodal voltage 

degradation rates were computed by noting the nodal voltages before and after annual 

network load growth and fixed these nodal voltage degradation rates to signify the constant 

rates at which the voltage would be varied from the current voltage levels down to the 

respective nodal voltage limits. This improved version resulted in processing the charges 

based on nodal voltage degradation rates calculated to reflect the correct physical 

relationship of the nodal voltages consequent to the system load growth rate.    

 

           

Overall, LRIC-v network charging principle is intended to allocate the network VAr asset 

costs based on the usage of the network nodal voltage capacities from study nodes. It 

achieves this by evaluating the future network VAr compensation asset investment 

requirements and fairly allocates the future network VAr compensation costs to users.  The 

strong points of the LRIC-v network charging principle incorporate the ability to reflect the 

forward-looking charges, to distinguish the charges at different locations, to consider both 

real and reactive powers, and to derive charges for both demand and generation users.   

 

Finally, the LRIC-v network charging approach appeal to all stakeholders, namely, 

network owners, and network demand and generation users. From the perspective of 

network owners, it can reduce the future VAr compensation asset costs while at the same 

time improving the overall network voltage profile. From the perspective of demand and 

generation users, it can provide the lowest possible use of system charges. Moreover, the 

reduced electricity prices for the end consumers. 

 

 

 

9.2 Future Work 

 
In this section, some fundamental extensions to the work done in this thesis shall be 

recommended to ensure that the developed work can be more suitable in real world 

network charging methodologies. Those shall be briefly expressed, each in turn, below.  

 

 

1. The use of electrical distance concept for effective voltage control 

 

Given the densely meshed nature of the power networks nowadays and the recent voltage 

problems in a number of power network establishments, it is apparent that to solve the 

voltage problem, the concerned network ought to be divided into voltage control zones as 

explained in Appendix A. This approach entails the use of electrical distance concept to 

identify effective distinct network voltage control zones to independently master the 

voltage control in each zone as need arises. What set apart this approach from the rest, is 

that, it deals with the physical structure of the network as opposed to the trial and error 

method entailed in the conventional approaches. In Appendix A, a rigorous literature 

review was undertaken and, as a result, the use of electrical distance concept complimented 

by GA, as the decision-making tool, was found to be the most attractive integrated 

framework given the aforementioned current power industry conditions, for the siting of 
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SVCs to achieve an overall effective network voltage control. Therefore, this approach 

should be ventured into and, thereafter, all possible contingencies should be considered to 

ensure the proper sizing of the SVCs, which would constitute the whole exercise of RPP 

process.        

 

 

2. Interaction between thermal and voltage network charges 

 

The upgrading of the network consequent to either power withdrawal / injection can be 

dealt with by either constructing a new line / installing a transformer (resulting from LRIC-

thermal network charges) or installing a reactive power compensation device (resulting 

from LRIC-voltage network charges). It should be noted that this exercise can also, at 

times, be achieved by either installing a higher rating of any of the aforementioned devices. 

Both of these approaches, in turn, can improve the overall network circuit power carrying 

capacity and its voltage profile. In this regard, a comprehensive spot-on interaction 

between these two approaches has to be established to strike a balance between cost 

effectiveness and the most effective way to ensure network security and reliability as per 

statutory requirement. Therefore, it is against this background that, a rigorous study has to 

be instituted to establish this aforementioned interaction between thermal and voltage 

network charges.  

 

 

3. Improving more the LRIC-voltage network charges 

 

The load growth was assumed to be 1.6% in determining the LRIC-V charges. This factor 

compromise the accuracy of the charges as in reality different buses have different load 

growths. In future if the respective load at every load bus can be sought then the charges 

can be more accurate. Ultimately, this would institute some accuracy in the LRIC-voltage 

network charges.  

 

 

4. Proper selection of the slack bus 

 

It is recommended that before the LRIC-voltage network charges can be evaluated for any 

given network, the correct location of the slack bus should be established to represent the 

physical reality of the concerned particular network relating to the same. LRIC-voltage 

network charges are different at every different slack bus position on any chosen network, 

therefore if the slack bus is wrongly placed, incorrect economic signals would be sought 

and those would not be reflective of the situation on the ground.    

 

 

5. Factoring n-2 contingencies into the LRIC-voltage network charging approach 

 

In this research work the network security is assessed given n-1 circuit contingencies. This 

means that each circuit is outaged and replaced back in its intact state, each in turn, to 

ensure that the network can withstand this kind of situation. Specifically, the effective 

network nodal voltage limits are established given the worst possible n-1 circuit 

contingency to ensure that the proper network nodal voltage ranges are established in order 

to evaluate the correct LRIC-voltage network charges which reflect the aforementioned 

contingency scenario. This emanates from the fact that, in reality, the network is expected 
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to be able to withstand this kind of contingency scenario to ensure that voltage instability is 

not experienced. Given the aforementioned, this contingency situation should be reflected 

in the LRIC-voltage network charges. On the other hand, P2/6 involves the assessment of 

the system security contribution from distributed generation given n-1 and n-2 circuit 

outages. The latter outage situation involves removing any two network circuits at a time 

and replacing them back, in turn, while assessing the concerned system security 

contribution from the distributed generation. Since in the UK, the government made 

commitment to encourage the distributed generations to connect onto the system, then it 

would suitable to factor into the n-2 circuit contingency situation in the LRIC-voltage 

network charges which is recommended for future work. 

 

Finally, it is hoped that this thesis would raise attention in the area covered and, ultimately, 

stimulate further research in the aforementioned area. 
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Appendices 
 

 A -  Reactive Power Compensation Devices, 

Optimization Techniques and Planning 

 

 
 
The reactive power compensation planning is briefly introduced and explained in the 

context of being a mix of various VAr compensation devices and, siting and sizing of these 

devices on a power system employing any suitable optimization technique. Next, VAr 

compensation devices and some fundamental optimization techniques, for siting the VArs 

compensation devices would be reviewed alongside the advantages and disadvantages of 

each of them. Finally, the RPP problem would be discussed, in detail.   
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A-1 Introduction 
 

The issue of reactive power compensation planning or reactive power planning (RPP) 

involves two functions: a mix of various VAr compensation devices and the appropriate 

optimization technique(s) to guide the siting and sizing of these VAr compensation devices 

on a particular power system, optimally as described by [81-95].  It should be noted that 

the problem formulation is upon the discretion of the power system operator in 

determining the factors which are fundamental and the bias grounded on those factors, 

subject to satisfying the required power network criteria of reliability, security and quality 

of supply.      

 

In this chapter, VAr compensation devices, some fundamental optimization techniques, for 

siting the VAr compensation devices would be discussed. In addition, other important 

issues such as SVC siting using voltage collapse critical modes, other RPP developments 

and practical examples of VAr compensation planning existing in real world, are 

discussed. Finally, reactive power compensation planning problem, which comprises of the 

mix of VAr compensation devices and any suitable optimization technique, would be 

discussed. 

 

A-2 Reactive Power Compensation Devices 
 

All power system plant absorbs or produces reactive power (VArs), but this particular 

reactive power is of no use in the compensation context since the system operator has no 

direct control over it. What is of paramount importance is to be able to control VArs at 

particular nodes, as may be required. Since economic viability of transmitting VArs 

degrades as distance and kW loading increase, it therefore may be necessary to support 

VArs at the receiving-end bus [1]. 

 

Reactive power compensation devices come in distinct characteristics to serve different 

purposes owing to their designs and operational specifications. These can be classified into 

three groups owing to the technologies they represent, which are first, second and third 

generation compensation devices. These are outlined below. 
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A-2.1 First generation compensation devices [1, 96, 97] 
 

                              Table A.1: First generation compensation devices. 

Name of Device Abbreviation 

Fixed shunt reactor FR 

Fixed shunt capacitor FC 

Mechanically switched shunt reactor MSR 

Mechanically switched shunt 

capacitor 

MSC 

Saturated reactor SR 

Series capacitor SC 

Quadrature booster QB 

Phase shifting transformer PST 

Synchronous compensator condenser 

 

Table A.1, shows the first generation compensation devices which are the earliest and 

simplest technology designs. Their behaviour and characteristics will be outlined below. 

 

A-2.1.1 Fixed shunt devices (FR & FC) 
 

These devices are connected across the system to give constant voltage support at 

respective busbars. They lack in that the voltage is proportional to the reactive power 

output, such that, as the voltage drops the reactive power output drops, at the time when it 

is most required. In addition, during the system light loading conditions the voltage suffers 

from the effect of being increased since the reactive power output from the capacitors will 

increase. 

 

A-2.1.2 Series capacitors 
 

These devices are connected in series with connected lines to cancel out the effect of 

natural inductance in these lines. These have the effects on the stability of the system in 

assisting to maintain the steady power transfer capacity and voltage stability. Their major 

setback is that, when there is a short-circuit these devices are severely affected by 

overvoltages.  

 

A-2.1.3 Switched shunt devices 
 

These devices operate the same way as the fixed shunt devices but the difference is that 

they comprise of one or more reactive power elements which may be mechanically 

switched on or off therefore offering variable amounts of discrete compensation. Even 
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though these offer flexibility to some extend, they suffer from bearing enough speed of 

operation as opposed to switches. They also suffer from having limited switching 

operations to be carried-out during their life-time. 

 

All the shunt devices best perform during steady-state conditions to minimize losses and 

maintain the voltage profile of the distribution system. 

 

A-2.1.4 Synchronous compensator 
 

This device is a synchronous motor not connected to a mechanical load and it is used to 

either generate or absorb VArs by varying its field excitation (under-excited generating 

VArs and over-excited absorbing VArs). The control action is achieved by controlling 

excitation in reference to the system voltage, creating a character that has voltage-VAr 

characteristic. This action offers advantages entailed in dynamic compensation devices. 

This action enables capacitive VArs to be injected in to the system when voltage is low, 

therefore, increase the voltage. On the other hand, inductive VArs will be injected when 

the voltage is high and, therefore, the voltage would be reduced to the required level. This 

behaviour is depicted in fig. A.1 below. 

 

 

 
          Figure A.1: Voltage-VAr characteristic of a voltage control devices [1] 

           

The most fundamental aspect about the synchronous condenser is that it introduces 

dynamic reactive power output which inherently can deal effectively with transient and 

dynamic effects due to daily load cycles, repetitive impact loads (arc furnaces) and sudden 

loading changes. The device also enhances transient stability of the system which in turn 

reduces the effect of oscillatory dynamic instability [96]. 
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A-2.2 Second generation compensation devices 
                            

                          Table A.2: Second generation compensation devices. 

Name of Device Abbreviation 

Thyristor controlled reactor TCR 

Thyristor switched capacitor TSC 

Static VAr compensator SVC 

Thyristor controlled series compensator TSSC / TSSR 

Thyristor switched series compensator TCSC / TCSR 

Thyristor controlled braking resistor TCBR 

Thyristor controlled phase shifting 

transformer 

TCPST 

Line commutated converter compensator LCC 

 

Table A.2 shows the family of second generation compensation devices. These devices are 

consequent to the invention of a thyristor. A thyristor has characteristics matching those of 

a diode and it is a silicon device with a PNPN structure. It differs with a diode in that it has 

an additional characteristic of a gate in which this device only conducts when the current is 

applied to this gate. As long as the gate current is applied, this device will conduct 

continuously until the field voltage returns to zero, then it will switch off. 

 

A triac can be created by connecting back to back thyristors in parallel. If this arrangement 

has a reactor connected in series to it, as shown in fig. A.2, a new device can be created 

which has a variable reactive power. 

 

 
         Figure A.2: Circuit created by two thyristors and a reactor [1] 

          

The operation of the above device is that, in each cycle, one thyristor may be switched on 

(fired), allowing a current to pass through. If the firing angle of the thyristors is varied, 

then the actual reactance can be varied. The firing angle is the phase difference between 
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the beginning of the cycle and firing the thyristor. In essence, the thyristor in this regard, is 

employed to represent the mechanical switch. 

 

This arrangement is the basis for the FACTS devices, in which the compensation devices 

described in the first generation compensation devices are combined with the thyristor 

circuits to form these second generation compensation devices.  

 

A-2.2.1 Static VAr compensator (SVC) 
 

Since this device is to be employed in this project work to achieving the required 

compensation, it is worthwhile to analyse it in more pronounced details. Some of the main 

achievements that the SVC can impose on a power system when sited for compensation are 

as follows [1]: 

 

 Reactive power flow control during power system steady state conditions: 

 

- maintain required voltage profile on a power system 

 

- minimise system losses 

 

 Monitor and control voltage change as a result of: 

 

- synchronising power flow swings 

 

- dynamic changes in high voltage DC conveters 

 

- daily load cycles 

 

- repetitive impact loads causing voltage flicker (e.g arc furnances) 

 

- load shedding to maintain the system balance 

 

 Enhancement of power system stability to: 

 

- prevent transient instability 

 

- prevent oscillatory dynamic instability 

 

- prevent voltage instability or voltage collapse 

 

- maintain steady state power transfer capability 

  

SVC plant comes in a number of design specifications to achieve a range of useful 

characteristics. In one design, the control output can be either completely passive or active 

(as in saturable reactors which are static components). Also, thyristors or conventional 

(non-solid state) switches can be employed to achieve switching [96]. Figure A.3 shows a 

typical design of an SVC.  
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Figure A.3: Typical SVC [1] 

                               

This device has voltage regulator feed-back control (active control) and more than one 

thyristor switch assemblies to control the output. Figure A.3 shows the SVC control 

characteristic.

 
          Figure A.4: SVC control characteristic [1]   

     

As shown by fig. A.4, the thyristors control the current through the SVC reactors and / or 

SVC capacitor banks when the device is operating in the linear region of the steady state 

control characteristic. Any range from minimum to maximum inductive and capacitive 

VAr output can be achieved, should it be required. Also, the fine tuning of the device‟s 
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respective thyristor firing angles can result in respective outputs being fine-tuned, as may 

be needed. Harmonic filtering is achieved by fixed capacitor assemblies.  

 

There are a range of SVC configurations as outlined by [97, 98] and they are as follow: 

 

 

 Thyristor-controlled reactor (TCR), fixed capacitor (FC) 

 

Generally the TCR is rated larger than the total fixed capacitance to compensate 

this capacitance and offer net negative VArs. Two or more fixed capacitor banks 

supply positive VArs. This setup provides reasonable flexibility in control and up-

rating terms. The setback with this assembly is that, there is high generation of 

high losses and, harmonics and therefore extensive filtering is required.  

 

 

 Segmented TRC-FC 

 

This arrangement is the same as the one above, but the single large TRC is 

replaced by two or more smaller TRC segments. The result is the reduced 

harmonics in the output but with increased cost and reduced efficiency. 

 

 

 12-pulse TCR-FC 

 

The twelve pulse setup results in further reduction of harmonics as compared to 

the segmented TRC-FC. Effective cancellation of all but twelfth harmonics is 

achieved by employing two coupling transformers, or one with secondary 

windings (one star connected and the other delta connected) and dividing the 

reactive elements between these windings, a 30˚ phase shift is created between the 

outputs of the two halves. 

 

 

 High impedance thyristor controlled transformer (TCT) 

 

The impedance of a specially designed transformer is employed in place of air 

core reactors to provide a controlled reactance. The transformer bears a leakage 

reactance of around 100% and a delta connected thyristor on the secondary 

winding controls the short circuit current flow through its impedance. This offers 

the whole setup a built-in overhead capacity, that is, during severe transient over-

voltages the TCT has the capability for excessive short term VAr absorption. This 

setup is very costly. 

 

 

 Thyristor switched capacitor (TSC), TCR 

 

This device is similar compared to the TCR-FC fixed configuration, only the 

capacitor banks are in series with a solid state switch. The capacitor rating is only 

a portion of the total output and capacitance is varied in discrete steps in order to 

keep the operation of the reactor bank within its normal control range. This device 

offers reduced operating losses and improved performance during large system 
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perturbations especially when the demand for compensation exceeds the linear 

control range of the SVC. Fixed capacitor type compensators act as parallel LC 

circuits and oscillations can be established between the system and the LC circuit, 

and this arrangement helps during large disturbances. Oscillations can be avoided 

by switching in or out capacitor banks (TSC-TCR) rapidly as this minimises the 

perturbations. The setback is that this arrangement is costly and has a complex 

control circuitry. 

 

 

 Mechanically switched capacitors (MSC), TCR 

 

This device is similar to the TSC-TCR arrangement but only less expensive. In 

place of thyristors, conventional switches are employed to control current through 

the capacitors. The mechanical switching can be effected in four cycles as 

opposed to half and one cycle for thyristor switches. The life of mechanical 

switches and slower response discourages the use of this device for steady-state 

voltage regulation. 

 

 

 Saturable reactor (SR) 

 

This device does not use any solid state switches or active control. It responds to 

variations in its terminal voltage by self regulating itself. This regulation of the SR 

compensator is dependent on the natural saturation characteristics of the iron-core 

reactor. SR type compensators have the best harmonic character of any 

commercially available SVC. Series slope-correction capacitors are in place to 

change the voltage regulation characteristics and these slow down the time 

response to a state comparable to solid-state SVCs, and introduce harmonic 

effects. Control and uprating are less flexible. Load-tap changing coupling 

transformers are needed to change the voltage reference point (saturation point). 

SRs cost more or less to solid-state devices and are associated with more losses 

than switched capacitor devices, as at zero net VAr output, losses are still 

observed in the coupling transformer of the reactor itself.       

        

 

A-2.3 Third generation compensation devices 
 

These devices have an added dimension to the second generation devices, in that with the 

latter devices, once the thyristor is switched on there is no way to switch it off unless when 

the voltage return to zero. This limitation has the effect of limiting the operating speed of 

the device to twice the frequency of the system voltage (in UK is 100Hz). The third 

generation devices resulted because of the availability of the gate turn off (GTO) thyristors 

in the nineties. This thyristor could also operate at high ratings. Table A.3 shows the third 

generation compensation devices. 
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                            Table A.3: Third generation compensation devices. 

Name of Device Abbreviation 

Static synchronous compensation  STATCOM 

Solid-state series compensator SSSC 

Unified power flow converter UPFC 

Self-commutated converter compensator SCC 

 

The basis of the third generation compensation devices is the Solid-State Synchronous 

Voltage Source (SVS), which is similar to a rotating synchronous condenser. One 

fundamental character of SVS is that it maintains capacitive output at low system voltages 

and has less harmonic resonances. Other characteristics are that, it does not suffer from low 

short circuit impedance, high maintenance cost, rotational instability and the mechanical 

limitation associated with inertia limited response. Moreover, it dynamically exchange real 

power with the AC system if it is coupled to an appropriate source to supply or absorb the 

power it absorbs from, or supplies to, the AC system. Figure A.5 depicts the structure of 

SVS. 

 

 

 
                              Figure A.5: Synchronous voltage source [1] 

                                                             

The control signals for voltage (V) and phase angle (θ) are due to control device reference 

inputs Qr and Pr. In turn, V and θ define the output voltage of the SVS. Lagging reactive 

current is drawn when the voltage source of the device is smaller that the line voltage. 

When the reverse is true, as regard to voltage, leading reactive current is drawn from the 

line and the equipment acts as a capacitor. By adjusting the phase of the generated voltage, 

real power can be exchanged with the line. This device absorbs power when lagging the 

line voltage, otherwise, it generates power when leading the line voltage. 
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The implementation of the SVS voltage source comprises the DC energy storage and the 

AC distribution system interfaced by switching power converters. Figure A.6 shows this 

arrangement.  

 

 
     Figure A.6: Simple six-pulse two-level Voltage Source Converter [1] 

                     

Each phase (figure A.6) is supplied with two level square wave, shifted in phase by 120˚, 

producing three-level line to line voltage. A smoother AC signal outputs can be produced 

combining multiple converters of slightly different amplitudes and voltages. 

 

A-2.3.1 Static Synchronous Compensator (STATCOM) [98] 
 

This device is a voltage sourced converter (VSC) connected to a busbar through an 

inductance from the coupling transformer to supply shunt reactive compensation. 

 

The STATCOM has a number of advantages over SVC as related below. 

 

 Has the ability to act as a voltage source in starting other converter 

devices. 

 

 May be used with other compensation devices. 

 

 They do not need harmonic filters. 

 

 Magnitude order better performance than SVC in: 

 

- unbalanced operation 

 

- flicker reduction 
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- damping system oscillation 

 

 Needs (15-35)% less MVA rating to produce equal support for: 

 

- dynamic voltage support 

 

- transient stability performance 

 

- system steady-state power transfer 

 

 It is smaller in size than an equivalent SVC. 

 

 Can deliver VARs over its full range no matter what the system voltage is. 

 

 It has a 20% short term overload capacity 

 

 It does not: 

 

- introduce resonances 

 

- add to fault level other than rating 

 

- have electromechanical oscillations 

 

- contribute to system resonances 

 

A-2.3.2 Solid-State Series Compensation (SSSC) 
 

This device controls power flow by controlling the angle and impedance of the line. This 

real power exchange capability enables to enhance dynamic stability. The implementation 

of this device comprises of the VSC connected in series to a line through a coupling 

transformer. 

 

A-2.3.3 Unified Power Flow Converter (UPFC) 
 

This device is a combination of SSSC and STATCOM which share the same energy 

storage device. This device can operate as a separate SSSC and STATCOM or a double 

rated STATCOM. 

 

A-2.4 Tap-changing transformers 
 

By employing this device, voltage can be controlled [9, 10]. The turns ratio of this device 

can be varied by varying the tap setting. To minimize large perturbations at consumer 
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busbars, the respective voltage change must be as well small and, usually, it is in the region 

of 1.25% of the nominal voltage between successive tap settings. 

 

One fundamental type of tap-changing transformer is automatic tap-changing transformer. 

Automatic tap-changing transformer automatically adjusts its tap setting to be equal to 

preset voltage value at one of the busbars to which is connected (control busbar). When the 

voltage is below the preset value, the tap setting is increased to increase the control busbar 

voltage. On the other hand, if the voltage is above the preset value, the tap setting is 

decreased.   

 

A-3 Compensation Placement Approaches 
 

VAr compensation is fundamental to maintain the quality, reliability and security of the 

network. However, siting compensation is an expensive undetaking as described by [1]. 

Badly formulated siting plans can be highly suboptimal, and the substantial amount of 

money involved make the matter of optimal placement very essential for network operators 

(NOs). Further, the magnitude of the problem space is equivalent to the size of the network 

and the contingency state numbers considered. Also, the problem dimension is discrete, 

nonlinear, non differentiable and multimodal [99]. 

 

The RPP problem, as one of the most challenging optimisation undertaking in the power 

systems, has received considerable attention in the context of optimisation algorithms. 

Various optimisation algorithms that can be found in the literature are detailed in this 

section.  

 

 

A-3.1 Siting Techniques For SVCs 
 

To solve reactive power allocation problems, many optimisation techniques have been 

utilized. In this section, the most commonly used algorithms would be described and these 

would be ordered in terms of the date in which they start to appear in the literature.  

 

 

1. Algebraic Techniques 
 

Author of [100] came-up with the first paper mentioning a structured scheme to the siting 

of reactive power compensation. The author indicated the drawbacks of the then existing 

techniques, that an improperly sited fixed capacitor can lead to increased energy loss in a 

line. Consequently, the author presented an analysis of the results of fixed capacitors on 

radial circuits consisting of distributed loads considering the effects of a periodic load 

cycle. In doing so, the author, presented a set of curves indicating the optimum positions 

and most economical ratings of fixed capacitors on the radial circuit. Further, the author 

extended this approach to cover for both fixed and switched capacitors [101]. However, the 

author‟s analytical approach is suitable only for an individual circuit, but problems are 

encountered when applying it to a network since every time extra compensation is installed 
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on a line the state of the network varies and, therefore, previous sitings require to be re-

examined to take account of this change.    

 

 

2. Gradient techniques 
 

Authors of [102] presented an optimal reactive power siting technique. It was achieved by 

formulating the load flow problem in a linearised manner and a gradient scheme is utilized 

to guide the optimisation. In a nutshell, it means that a linear approximation to the problem 

space is devised, with the algorithm performing hill climbing to optimise the control 

variables, that is, the amount of VAr compensation to be added at each node. 

 

Gradient or hill climbing algorithms operate by inspecting the local area surrounding 

solutions to realize better solutions. This is achieved by making small variations to the 

solutions and re-examining its performance. Any variation producing a better solution 

(performance) is kept. However, even though extremely fast and easy to implement, their 

setback is that they can find improved solutions while one exists in the locality and can, as 

a result, easily get trapped in the local minima or maxima during minimisation or 

maximisation, respectively. 

 

        

3. Linear Programming (LP) technique 
 

Authors of [103] presented an approach for planning VAr compensation which 

incorporated the then new SVC. The technique aimed to realize the minimum amount of 

additional VAr needed to maintain the nodal voltages within required acceptable limits. A 

linear programming (LP) technique is utilized by the algorithm to optimize the control 

parameters. Solutions are validated by steady state and dynamic modelling. Also, the 

authors presented a paradigm for simulating a thyristor-controlled static device used with a 

linear programming approach.  

 

LP technique, as the name implies, search an optimal solution to a linear representation of 

a problem. A set of quantified variables or decision variables is the problem solution. At 

the optima, these aforementioned variables are the unknown values to be determined. In 

the context of these variables, three sets of linear equations (namely constraints, variable 

limits and objective functions) are then needed for the formulation of the LP problem. 

Constraints combine the variables to define bounds on possible solutions, variable limits 

define the bounds on the parameters that variables may take and objective functions are 

mathematical formulations of the objectives of the optimisation.  

 

Combined, these equations create the problem space or hyper-space upon which each 

dimension is a variable having two regions, namely, feasible and infeasible regions. Unlike 

a point in the feasible region, that in the infeasible region violates at least one variable limit 

or constraint. There exist hyper-planes or flat surfaces within this problem space such that 

each point is related to the same objective function value and these, for simplicity, could be 

imagined as hyper-contours of the objective function. The optimum solutions exist within 

the feasible region and are those points which lie on the best possible objective function 

hyper-contour.  
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Consequent to the notion that the problem has been formulated from linear equations, two 

imperative issues of LP theory can be raised. Firstly, it can be demonstrated that this 

optimum intersection lies on the very edge of the feasible region as the objective function 

must increase as it moves away to infinity. Secondly, since the feasible region is bounded 

by flat planes, any other flat plane touching the edge of this region must be touching it at 

the corner-points. Any other contact points, resulting from more than one optimum corner-

points such that edge connecting them must lie on the same hyper-contour, must have the 

same objective function value. In this regard, an optimum solution to the problem must be 

one of the corner-points. Therefore, the LP algorithm only has to establish these points to 

find the optima.  

 

LP is a powerful approach that has been used in many engineering problems successfully. 

However, it has two major setbacks when applied to the problem of RPP. Firstly, all 

variables are regarded as non-discrete or continuous. Whilst being a substantial tool for a 

number of applications, this is not the case in the context of the RPP problem as the 

variables therein are not continuous. Many VAr compensation assets are only available in 

specific sizes and variable transformer taps can only operate within a discrete set of values.  

 

To mitigate this setback, there have been many algorithms established premised on LP that 

deal with such discrete problems better. They include integer programming and 0-1 

programming. Integer programming, as is the case with mixed integer programming, is 

intended to completely support integer values by retaining constant integer values and 

performing LP on any continuous variables. Adjusted by plus/minus one, would be one of 

the integer values before repeating the LP optimisation. Further approximations are 

introduced to speed up optimisation [104] as the LP optimisation is a recursive process 

which is extremely time consuming. On the other hand, 0-1 programming utilises 

additional variables that can either take a zero or a one to represent “on-off” switching for 

other variables, which in essence would be to control whether a device is installed or not 

installed.  

 

Finally, another setback to all LP based approaches is that even though an optimum 

solution can be often quickly attained, in fact, it is actually an optimum solution to an 

approximation of the problem (that is, the performance of such a solution may or may not 

be near optimal when applied to the original problem). 

 

Further, LP premised approaches continued to receive attention as reflected in [105] where 

Opuku utilised duplex simplex linear programming approach along with relaxation and 

contingency analysis to solve the problem of RPP. This approach was applied to IEEE 30-

bus and 118-bus networks. The author described the necessary modification to promote 

convergence in LP techniques when attending to large, highly stressed or contingent 

systems. In another work in [106], the authors utilised an LP technique for coordinated 

optimisation of preventive transformer taps and reactive power compensation device 

installation.  

                  

  

4. Decomposition 
 

Authors of [107] segregated the planning problem into a master and two sub-problems. 

The master problem is responsible for the investment in VAr compensation assets and it 

represents this investment as the investment to be effected for each year of the planning 
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horizon. This approach is contrary to other planning approaches which entail that all 

compensation would be installed simultaneously. This may not necessarily be the issue but 

if maybe the network operator can only afford one asset per year then the order in which 

these devices should be installed becomes imperative. This approach presents the optimal 

solution as the annual siting plan. On the other hand, the two sub-problems achieve the 

optimal operation of the network under normal conditions in the context of real and 

reactive power. It should be noted that the more objectives an optimisation algorithm is 

provided with, the more compromises the algorithm may have to make. This means that 

the algorithm may opt for a solution that gives improved incremental performance at the 

expense of the final performance.  

 

Also, authors of [108] employed a decomposition scheme which aimed specifically at the 

location of FACTS (Flexible AC Transmission Systems) devices, particularly static phase 

shifters and variable series capacitors. They tested the approach on a number of test 

systems up to and including a thirty node system. 

 

Thereafter, a number of innovative approaches developed in the area of SVC expansion 

planning followed. It should be noted most of such modern approaches use some form of 

artificial intelligence. 

 

    

5. Simulated Annealing (SA) 
 

SA depicts its strength from drawing similarities between the cooling of molten metal and 

a minimization process. Resulting from the cooling metal, the corresponding molecules are 

reconfigured such that the molecular structure potential energy of the metal is minimal 

after the cooling process is complete. This approach basically takes the form of gradient 

algorithm operation, in that, solutions constitute small downhill movements, but on top of 

this process is a measure of temperature. At each iteration, the temperature starts from 

being high and decreases until it ends at some lower cool point. There is a random 

opportunity that the uphill movement can be allowed, at each iteration, as opposed to the 

downhill movement. The probability of such movement to be allowed is proportional to the 

temperature. Initially, the search point remains fairly unconstrained and evolves freely 

around the problem space. With temperature dropping, the search point would start to 

settle into minima, however, it would be still be able to get out of local minima to attain 

global minima. The search point would be unable to move uphill once the minimum 

temperature has been reached and, therefore, search would concentrate on finding 

minimum optimal point in the locality that it is in [109 and 110]. 

 

A scheme for optimal multi-objective SVC planning was devised by authors in [101]. This 

approach employs the use of a Lagrange multiplier and parallel SA to optimize for voltage 

stability enhancement. The system VAr margin, voltage depressions at critical points and 

system I
2 

R losses were represented by a defined fuzzy performance index hence 

transforming the multi-objective problem into a single objective one. The compensation 

siting constraints are the overall capacity to be installed, the number of SVCs and the SVC 

controller characteristics. The approached was tested on the IEEE14-bus network given 

normal and credible contingent conditions.  

 

A similar optimisation to [111] was performed in [110] and it was based on SA. The 

optimisation constraints were minimisation of SVC investment cost, reduction of the 
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voltage deviation of the system, system security margin robustness and active power loss 

reduction. Further, the formulation of a number of the main constraints and objectives 

commonly used regarding SVC placement problem were discussed in detail. The proposed 

approach was tested on the AEP 14-bus network. 

 

SA alongside a hybrid expert system was utilized by [109]. Busbars were removed from 

the list of candidate busbars by the expert system thus reducing the problem space. The 

removal is effected after a unit of compensation is sited at a bus and it results into no 

improvement in the context of network voltage profile. Also, expert system setup the SA 

level with an initial solution from which to start optimisation process. This integrated 

approach solves a problem consisting of a multi-objective function by replacing each 

objective function a fuzzy score. The multi-objective optimisation is translated into a 

single minimisation or maximisation optimisation by adding up the fuzzy scores. The 

approach is tested on the modified IEEE 30-bus network. A slight cost reduction and 

considerable CPU time reduction are demonstrated as compared to SA.    

 

       

6. Tabu search 
 

Tabu search technique is similar to SA as it is also an extended gradient technique as 

expressed in [112 and 113]. The optimal solutions are achieved by moving the search point 

to a better solution in the neighbourhood of the current search point by performing a 

simple hill climbing. The most attraction with the tabu search is in the utilization of its tabu 

list, which retains all the solutions previously attained, and does not permit the search point 

to revisit those. This results in permitting the search point to move uphill, if only the 

existing solutions in the current neighbourhood are worse. Consequent to this controlled 

uphill movement, the search point may move out of the local optima and, as a result, the 

algorithm has the ability to establish optimal solutions in multi-modal problem dimensions.  

 

  

7. Evolutionary Algorithms (EAs) 
 

The area of evolutionary algorithms started with the invention of the genetic algorithm 

(GA) as shown in [114]. GAs is the search algorithm premised upon the mechanics of 

natural selection and genetics. Over the recent years, the growing tendency has been the 

application of EA premised techniques to the siting problem. A siting algorithm utilizing 

GAs was presented in [115]. The GA function utilized an interbreeding/crossover 

algorithm that uses system structure and objective function heuristics, in addition to expert 

system stochastic if-then rules. This approach was tested on practical 51-bus and 224-bus 

networks. 

 

Evolutionary programming was work done by [116, 117] employing an evolutionary based 

approach. This approach was tested on the IEEE 30-bus test network and it optimised for 

reactive power installation cost and total energy loss. The latter two objectives were 

combined employing a weighted approach, which used a simple proportionate selection 

scheme. In [116], the authors utilized a GA with an adaptive mutation rate, the 

performance of which is compared to the popular technique referred to as Broyden‟s 

method. The approach begins by utilizing a high mutation rate and reduces it as the 

solution converges. The idea is to trigger greater initial exploration and then progressively 

encourage greater exploration. This approach utilized the population‟s convergence by 
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comparing the minimum and maximum fitness. In this regard, this technique is applicable 

for problems where there is almost zero probability of infeasibility or extremely bad 

solutions being routinely produced from the converged population, as solutions would 

confuse the monitoring of convergence. The results strongly indicate that the evolutionary 

techniques are superior over LP approaches, registering up to a fifty percent solution cost 

improvement.  

 

Also, [117] assumed optimisation of network contingencies. Major disadvantage of their 

approach was that the reactive power requirement for each contingency network state is 

separately optimized and each state, consequently, needed a different set of new VAr 

sources. In this regard, there is no way of generating an individual siting plan that is near 

optimal for all cases. This means that, if all the VAr sources needed for all cases were 

installed, then, the results would be suboptimal. 

 

Authors of [118] analysed the performance of the three main evolutionary algorithms, 

namely, GAs, evolutionary programming and evolutionary strategy. Although the 

evolutionary strategy and evolutionary programming techniques are based on GAs, they do 

not involve the use of crossover operator, but, instead rely solely on mutation to achieve 

diversity. These approached were bench marked against a linear programming technique.  

On the IEEE 30-bus test network, optimization was performed to minimise fuel 

consumption. The conclusion drawn by authors was that, the three evolutionary techniques 

perform in a similar comparable manner, however, all outperformed the LP technique. 

Further, the authors discussed the results of different mutation rates, in which lower rates 

provided faster convergence but with a higher probability of converging on local optima.  

 

There are many studies regarding the problem of siting capacitors on distribution networks, 

namely, the field of the network between the Supergrid substations and the customers. 

Authors in [119] investigated the utilization of GAs for the aforementioned problems. 

Even though successful results were presented, however, since the results emanated from a 

5-bus test system, therefore concrete conclusions could not be readily drawn about the GAs 

in the context of it being applied to real-world sized problems. Similarly, in [120], the 

capacitor siting results were presented on a 9-bus network. The approach attempted to 

minimise the compensation cost subject to the limits of harmonic distortion. Also, authors 

in [121], implemented capacitor placement utilizing GAs and that was in particular 

reference to the dynamic performance of the network and authors in [122] presented results 

for individual case studies of the bus Italian network utilizing a combination of GA and LP 

techniques.  

 

An integrated framework entailing GAs and LP was presented by [123] and [124] to solve 

the operational sub-problem. Authors of [124] utilized a sub-problem premised technique, 

applying GA to optimise the discrete aspects of the problem, namely, capacitor allocation 

and transformer taps. Then, they used the LP algorithm to optimise the continuous 

variables associated with the system operating state. They tested the approach on the IEEE 

30-bus and a practical 309-bus networks and the study only involved the intact state of 

these respective test networks. In their study, the algorithm involved the use of integer 

coded GA with a proportional selection scheme. The mismatch penalty and VAr 

installation costs were combined to formulate a single objective function. Their findings 

were focussed on looking into the effects of changing the GA parameters, namely, 

crossover probability, mutation rate and population size. Conclusion drawn from this study 
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was that, the crossover of one in two, a mutation probability of one in ten thousand and a 

population of three-hundred and eighty generated best results.  

 

 

 

8. Decomposing The Power Network Into Manageable Subsystems 
 

Consequent to deregulation and competitive power markets around the globe in recent 

years, the networks became very large in size, however, the system still had to be 

effectively handled by system operators in the context of power quality and security, as 

required. The drawback was that the problem space involved was so massive that the then 

used approaches took a lot of time and effort to converge to the global optimum solution. 

The currently used approaches then, were such that they involved the evolvement through 

the search space to attain a global optimum to achieve efficient and effective network 

security in the context of ensuring that network nodal voltages are within required limits. 

Given that drawback, it became apparent to decompose a network into manageable 

subsystems and gain decentralised control in these in the context of voltage / VAr was an 

ideal solution. Consequently, the concept of decomposing a network into distinct 

manageable voltage control zones was introduced. This concept involves the defining of 

the proximity of all network nodes with reference to each other using electrical distance 

(fully explained in chapter 9) concept which defines the physical network structure. The 

electrical distance concept defines the sensitivity of the VAr change to voltage change at a 

given node(s) found in the Jacobian matrix in the Newton-Raphson load flow.  After 

defining the electrical distances between all network nodes and owing to the distribution of 

all the network VAr sources, then the distinct voltage control zones would be determined 

such that these sources would be balanced throughout the zones and, ultimately, 

independent voltage control in each zone would be realised. 

 

Resulting from the increasingly meshed character of the French system, Lagonotte et al 

[125] proposed an approach combining the use of electrical distance concept and the 

experience of the system operator to sought uncoupled distinct voltage control zones in this 

particular network. This decomposition advocated for decentralized voltage and VAr 

control relating to the generating sets throughout the power system. These different voltage 

control zones corresponded to those already physically defined for this French network. 

The setback with this approach was that it required the knowledge of the system operator 

to finalize on the number of resulting voltage control subsystems. 

 

Irving et al [126] used simulated annealing algorithm to segregate a power system network 

model into a number of subnetworks in order to optimise the use of parallel computer 

systems for network analysis. This approach was compared to iterative improvement 

method and tested on IEEE 30, IEEE 118 and 734 node test networks. The results showed 

that simulated annealing algorithm had the effect of significant improvement in cost 

function but with the limitation of increased computer time required.  

 

Quintana and Muller [127] proposed a formulation to partition a power network into 

groups of nodes, transmission elements e.t.c. based on the concept of electrical distances 

among the nodes of the particular network. Strongly connected nodes, that is, nodes with 

complex voltage and power injections interdependent to each other, are grouped together. 

On the other hand, weakly connected nodes are assigned to separate clusters. Thereafter, 

the authors combined this network partitioning approach with equivalencing techniques in 
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a security-control algorithm for addressing system emergencies (voltage violations and 

thermal overloads) by shunt device switching operations and transmission branches, and 

real and reactive power generation rescheduling. Their approach was tested on IEEE 24, 

IEEE 118 and the Mexican power network 256 bus test networks. The results showed that 

the combined network partitioning and equivalencing techniques may reduce the 

computing time of other application algorithms like online VAr control, contingency 

analysis e.t.c. 

 

A-3.2 SVC siting utilizing voltage collapse critical modes 
 

A totally different approach to the compensation siting problem was taken by the authors 

in [128]. This methodology involved the use of analytical technique as opposed to 

optimization technique. The siting was premised upon an analysis of the power system 

power flows at the state of maximum loadability (the power system loaded to its near 

collapse point) and modal analysis was carried-out on this stressed network. Then, SVCs 

were sited at vulnerable nodes to voltage collapse. Results were presented for the Canadian 

B.C system. 

 

A-4 Other RPP developments 
 

Further advances in the specific planning algorithm developments to address the generic 

issues of the RPP problem have been recorded and shall be outlined in this section. 

 

Optimisation of existing plant, which is an imperative placement problem consideration, 

was highlighted by the authors of [129]. The authors argued that, any placement algorithm 

(ranging from heuristic to artificial intelligence methodologies) requires to evaluate the 

performance of each potential or candidate solution. The argument they raised was that, to 

make a reliable assessment, all plant attributable to the system performance requires to be 

taken into account. This increased the problem space and the authors discussed how 

conventional power flow approaches may be insufficient for evaluating solutions. The 

aforementioned power flow evaluates system conditions, namely, power flows, voltage 

angles e.t.c., from the physical parameters of the system and, the demand and generation 

patterns as the input. Therefore, this refers that the system equations are only evaluated for 

one particular set of equipment settings. 

 

This means that, if an inadequate solution is achieved, then various settings like tap 

settings and so on, must be adjusted and power flow re-run. This approach needs the user 

heuristic knowledge and, therefore, as the network dimension increases the complexity of 

this problem also increases. It is apparent that optimal power flow (OPF) software becomes 

imperative in these circumstances. OPF is a power flow function which both solves the 

power flow equations and optimally adjusts system control variables to achieve required 

results. Like with the conventional power flow software, the system data is specified and, 

also, additional data is needed to specify constraints, limits and control limits. The 

handling of these system control variables can be regarded as a sub-problem of the 

placement problem, when using the OPF software. The optimal-siting algorithm only 

requires to devise the proposed siting plan, not the entire system specification. The entire 
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system specification is only achieved while evaluating the performance of the siting plan, 

utilizing the OPF software.  

 

Authors of [130] attended to the problem of the discrete issue to the specification of 

reactive power source installation. The problem emanates from the notion that 

commercially available compensation assets are not available in continuous sizes as 

pointed out in [131]. For example, SVCs at 400 kV level, typical operate at 75 MVArs 

inductive and 150 MVAr capacitive. It should be noted that potentially more than one SVC 

may be placed at a single node. When selecting the optimisation algorithm, the discreet 

issue of the problem is imperative. Algorithms like LP, assume that all variables are 

continuous. The optimal solution presented by the LP algorithm must be translated into a 

realisable siting plan and the natural way of performing this is by rounding up the sizes of 

the compensation assets to the next commercially available size. This may effect in a sub-

optimal solution. Let us consider two competing siting algorithms to illustrate this point. 

The first, a continuous approach, establishes a solution involving two 10 MVAr SVC for 

buses A and B. The second algorithm, a discrete approach, establishes a solution at bus C 

involving 100 MVAr SVC. Assuming that the commercially available devices are in units 

100 MVArs, implementing the first solution would mean two 100 MVAr SVCs would be 

considered and the solution may be sub-optimal. Consequently, the authors presented an 

approach employing the use of mixed integer programming algorithm that regarded 

capacitors as discrete entities in real practical systems.   

 

An algorithm for simplifying the problem space of VAr placement problems by 

distinguishing weak nodes was proposed by authors in [132]. The weak nodes are those at 

which the nodal voltage is already closer to the limit and are more likely to be candidates 

for VAr compensation.  

 

Furthermost, authors in [133] showed that existing VAr/OPF planning applications could 

be accurately utilised to deal with voltage stability constrained reactive power planning and 

voltage stability applications, alongside the traditional feasibility criteria of acceptable 

voltage profile. 

 

 

A-5 Practical examples of VAr compensation 

planning existing in real-world   
 

The “Application of a static VAr system to regulate system voltages in Western Nebraska” 

was reported in detail by authors in [134]. The location and size of the reactive power 

devices were selected through a combination of reiterated load flow studies and heuristic 

knowledge. In addition, the new reactive power approach for the Ohio electricity network 

was looked at by [129], a GA for siting VAr sources on the Israeli power system was 

utilised by Levitin et al [135] and the B.C. system in Canada was examined by Mansour et 

al [128]. All these papers, the considerations of a utility system planner contemplating 

controllable shunt VAr compensation devices for their system were described.      

 



Appendices 169 

A-6 Reactive Power Compensation Planning Problem 
 

The reactive power compensation benefits, devices and optimisation techniques for siting 

these compensation devices were discussed in sections 1.1, A.2 and A.3, respectively. 

Consequently, it would be very important to define the reactive power compensation 

planning or reactive power planning (RPP) problem.  

 

The basis of the VAr compensation planning problem is guided by the underlying basic 

principle: “define the specification for the installation of new reactive sources which 

achieves the maximum benefit at the least possible cost, while satisfying system and 

operational constraints [1]”. This statement represents the complete scope of the problem: 

 

 define the specification for the installation of new reactive sources. The 

specification requires to define the types of compensation to be installed, the 

compensation device parameters, namely, their size, location and any control 

parameters. 

 

 maximum benefit. The network planner requires to establish measures to evaluate 

the particular siting plan benefits. Consequent to the massive scope of effects 

involved regarding modifications to the network, planning algorithms presented as 

discussed earlier, generally focus on a certain subset of effects. Usually, the 

planning exercise considers steady-state effects, thereby, reducing the problem 

space of the planning exercise.   

 

 least cost. “Maximum benefit” is mainly realized by considering the cost. The issue 

of how much it should cost is mainly upon the discretion of the network operator: 

factors associated to network losses and voltages can be regarded as indirect cost 

while the capital cost of installing new sources is a direct cost. Practically, if all the 

effects considered can be expressed as costs and can be all added together to offer 

one value for the network performance measure. If it is impossible to express the 

costs as such, then more complicated multi-objective techniques require to be used 

to compare competing siting plans. Some of those multi-objective problems were 

discussed section A.3.  

 

 satisfying all constraints. Mainly the constraints can be classified as expansion 

constraints – the physical limitations with reference to the number of device 

placement – and operational constraints- power balance; voltage magnitude limits; 

transformer tap limits, real and generation limits; line flow limits, reactive power 

compensation limits; and voltage phase angle difference limits.            

 

 

As mentioned earlier, the constructing of the problem is upon the choice of the power 

system operator, resulting from the factors they regard important.   

 

The overall solution to the problem requires to encompass more than just the plan for the 

placement of devices. The problem can be regarded as comprising two sub-problems: 

firstly, establishing the optimum siting plan and, secondly, establishing how to optimise 

the system to realize maximum benefit from the siting plan. The set of equations below 

depicts the power system operating constraints and are as follows:  
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1. Load Flow Equations 
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2. Generating Limits 
 

NGiforPPP gigigi ,........,1maxmin                                                                   (A.4) 
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3. Voltage Limits 
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4. Transmission Limits  
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5. VAr injection limits 
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A-6 Conclusions 
 

The following were discussed: 

 

 VAr compensation devices 

 

 Optimization techniques 

 

 SVC siting utilizing voltage collapse critical modes 

 

 Practical examples of VAr compensation planning existing in real world 

 

 RPP problem 

 

Since the optimisation techniques are the driver for siting various VAr compensation 

devices in what is referred to as RPP problem formulation, the approach of decomposing 

the power network into manageable subsystems for the effective and efficient voltage/VAr 

control was found to be most attractive for the following reasons: 

 

- for larger and more integrated systems, the already existing 

approaches involve a very large problem space, therefore, takes a 

lot of computational effort to converge to the global optimum 

 

- the use of the concept of electrical distance involves defining the 

actual structure of the network and, therefore, the various VAr 

compensation devices could be balanced across the entire network 

for the simple effective and efficient voltage/VAr control in 

resulting different zones  

 

While expressing the electrical distances among the network buses define the close 

proximity of these in the context of the sensitivity of the Var change at bus(es) to the 

voltage change at the same bus(es), there should be some decision-making tool to ensure 

that the network is divided into manageable subsystems comprising of a balanced number 

of VAr compensation assets for the effective and efficient voltage / VAr control. In this 

regard, a novel approach involving the combined exploitation of the electrical distance 

concept and GA algorithm (as the decision-making tool) was recommended for future 

work in this research work. What set the GAs apart from other optimisation techniques are 

the following: 

 

 GAs perform a parallel search. This enables them to be more tolerant of the local 

minima. Due to this feature, the GAs can effective deal with multi-modal problems 

to attain global optimum 

 

 GAs exploit probabilistic transition rules, not deterministic rules to select the next 

generation. This feature enables them to explore complicated and uncertain areas to 

converge to global optimum, as such making them more flexible and robust than 

conventional approaches 
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 GAs utilize payoff information (objective or fitness functions) directly for search 

direction as opposed to auxiliary knowledge or derivatives. This ensures that the 

GAs deal with non-differentiable, non-smooth and discontinuous problem space, 

without relying on approximations as other appraches. 

 

 GAs are usually integer based methods. This feature is suitable as the RPP problem  

 

The aforementioned features make GAs robust, parallel algorithms which adaptively 

explore the global optimal point and have been discovered to produce excellent results 

when applied to various problem, however, their combined use with the electrical distance 

concept, as decision-making tool is yet to be explored. In this regard, this research work 

recommends the investigation of the application of the combined exploitation of the 

electrical distance concept and the simple GA.      
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B LRIC and Yardstick Approaches 

B-1 LRIC Approach 

 



Appendices 174 

 

 

 

 
 

 

 

 

 

 
 

 



Appendices 175 

B-2 Yardstick Approach 
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C Test System Data 

C-1 IEEE 14 Bus Test System 

 
Figure C.1 is showing the standard IEEE-14 bus test system. The bus data, line data and 

transformer data are given in Tables C.1, C.2 and C.3, respectively. 

 

 
Figure C.7: IEEE-14 bus test system. 

                                                           

                                             

                                            Table C.4: Bus data 

Bus 
no. 

Bus 
Name 

Base 
kV 

Type 
Demand Generator/Condenser SVC Cost 

P(MW) Q(MVAr) P(MW) Q(MVAr) (£) 

1 BUS001 275 Slack 0 0 - - 1,452,000 

2 BUS002 275 Generator 21.7 12.7 40 50 1,452,000 

3 BUS003 275 Condenser 94.2 19 0 40 1,452,000 

4 BUS004 275 Load 47.8 -3.9 - - 1,452,000 

5 BUS005 275 Load 7.6 1.6 - - 1,452,000 

6 BUS006 132 Condenser 11.2 7.5 0 24 696,960 

7 BUS007 132 Load 0 0 - - 696,960 

8 BUS008 132 Condenser 0 0 0 24 696,960 

9 BUS009 132 Load 29.5 16.6 - - 696,960 

10 BUS010 132 Load 9 5.8 - - 696,960 

11 BUS011 132 Load 3.5 1.8 - - 696,960 

12 BUS012 132 Load 6.1 1.6 - - 696,960 

13 BUS013 132 Load 13.5 5.8 - - 696,960 
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14 BUS014 132 Load 14.9 5 - - 696,960 

 
                                 

            

                                Table C.5: Line data 

From To 
Base 
kV 

Resistance Resistance Susceptance Rating 

R X Ch (A) 

1001 1002 275 0.01938 0.05917 0.0528 590 

1001 1005 275 0.05403 0.22304 0.0492 590 

1002 1003 275 0.04699 0.19797 0.0438 590 

1002 1004 275 0.05811 0.17632 0.034 590 

1002 1005 275 0.05695 0.17388 0.0346 590 

1003 1004 275 0.06701 0.17103 0.0128 590 

1004 1005 275 0.01335 0.04211 0 590 

1006 1011 132 0.09498 0.1989 0 1455 

1006 1012 132 0.12291 0.25581 0 1455 

1006 1013 132 0.06615 0.13027 0 1455 

1007 1008 132 0 0.17615 0 1455 

1007 1009 132 0 0.11001 0 1455 

1009 1010 132 0.03181 0.0845 0 1455 

1009 1014 132 0.12711 0.27038 0 1455 

1010 1011 132 0.08205 0.19207 0 1455 

1012 1013 132 0.22092 0.19988 0 1455 

1013 1014 132 0.17093 0.34802 0 1455 

 

 
                       Table C.6: Transformer data 

From 
Base 
kV 

To 
Base 
kV 

Resistance Resistance Susceptance Rating 

R X Ch (A) 

1004 275 1007 132 0 0.20912 0 120 

1004 275 1009 132 0 0.55618 0 120 

1005 275 1006 132 0 0.25202 0 120 

 

 
The power flow result of IEEE- 14 bus test system is as given below.  

 
Bus Data          

================================================================================================== 

Bus          Bus           Voltage       Voltage       V Angle        Pg             Qg            Pd               Qd  

Number    Name          (pu)              (kV)           (deg)         (MW)       (MVAr)       (MW)         (MVAr)       Load pf  

================================================================================================== 

1001 BUS001 1.03 283.25 0 233.383 -27.786 0 0 ----  

1002 BUS002 1.019915 280.477 -5.3806 40 50 21.7 12.7 0.86  

1003 BUS003 0.995546 273.775 -13.6972 0 40 94.2 19 0.98  

1004 BUS004 0.988379 271.804 -10.9303 0 0 47.8 -3.9 1  

1005 BUS005 0.995019 273.63 -9.3398 0 0 7.6 1.6 0.98  
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1006 BUS006 0.982493 129.689 -15.6401 0 24 11.2 7.5 0.83  

1007 BUS007 1.007998 133.056 -14.4379 0 0 0 0 ----  

1008 BUS008 1.048325 138.379 -14.4379 0 24 0 0 ----  

1009 BUS009 0.981343 129.537 -16.3431 0 0 29.5 16.6 0.87  

1010 BUS010 0.973582 128.513 -16.5603 0 0 9 5.8 0.84  

1011 BUS011 0.974327 128.611 -16.2631 0 0 3.5 1.8 0.89  

1012 BUS012 0.967309 127.685 -16.6346 0 0 6.1 1.6 0.97  

1013 BUS013 0.963172 127.139 -16.7332 0 0 13.5 5.8 0.92  

1014 BUS014 0.953884 125.913 -17.6898 0 0 14.9 5 0.95  

           

           

Line Data          

======================================================================================================== 

From        To                 Branch       Rated V         Pij             Qij               Pji             Qji            P Loss  

(Bus i)    (Bus j)              Code            (kV)          (MW)       (MVAr)         (MW)       (MVAr)         (MW)        % Util          Status 

======================================================================================================== 

1001 1002 L1 275 157.856 -29.126 -153.18 37.863 4.67857 56.6333 IN 

1001 1005 L1 275 75.5267 1.3399 -72.614 5.6401 2.91305 26.3982 IN 

1002 1003 L1 275 74.2604 -1.9567 -71.769 8.0034 2.49115 26.0653 IN 

1002 1004 L1 275 56.0921 0.6667 -54.331 1.2474 1.76094 19.6498 IN 

1002 1005 L1 275 41.1247 0.7271 -40.195 -1.4018 0.92941 14.4739 IN 

1003 1004 L1 275 -22.4308 12.9966 22.897 -13.0673 0.4658 9.3029 IN 

1004 1005 L1 275 -63.1312 5.3306 63.68 -3.6003 0.54854 22.6203 IN 

1006 1011 L1 132 5.8406 1.2733 -5.8054 -1.1997 0.03516 1.7895 IN 

1006 1012 L1 132 7.5365 2.2667 -7.4576 -2.1025 0.07886 2.3475 IN 

1006 1013 L1 132 16.9522 6.0964 -16.73 -5.6584 0.2224 5.3622 IN 

1007 1008 L1 132 0 -23.077 0 24 0 7.0759 IN 

1007 1009 L1 132 29.8939 24.9207 -29.894 -23.2807 0 11.5447 IN 

1009 1010 L1 132 6.7283 6.4885 -6.6995 -6.4118 0.02886 2.7988 IN 

1009 1014 L1 132 10.5375 5.1078 -10.357 -4.7228 0.18099 3.4709 IN 

1010 1011 L1 132 -2.3005 0.6118 2.3054 -0.6003 0.00491 0.7159 IN 

1012 1013 L1 132 1.3576 0.5025 -1.3527 -0.498 0.00495 0.4342 IN 

1013 1014 L1 132 4.5824 0.3564 -4.5435 -0.2772 0.03892 1.375 IN 

           

           

Transformer Data          

======================================================================================================== 

From         To             Branch            Pij             Qij             Pji             Qji           P Loss                           Tap 

(Bus i)     (Bus j)           Code            (MW)       (MVAr)       (MW)       (MVAr)         (MW)         % Util         Ratio        Status 

======================================================================================================== 

1004 1007 T1 29.8939 3.6901 -29.894 -1.8439 0 25.0298 0.975 IN 

1004 1009 T1 16.8719 6.6992 -16.872 -4.9156 0 14.8861 0.975 IN 

1005 1006 T1 41.5292 -2.2379 -41.529 6.8637 0 34.8675 1.025 IN 
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C-2 Distribution Test System 

 
Figure C.2 shows the distribution test system in South Wales area of England. 

 

 
Figure C.8: Geographic map of distribution test system 

 

The bus data, line data and transformer data are given in Tables C.4, C.5 and C.6, 

respectively. 

                                            

                                        Table C.7: Bus data 

Bus 
no. 

Bus 
Name 

Base 
kV 

Type 
Demand Generator/Condenser SVC Cost 

P(MW) Q(MVAr) P(MW) Q(MVAr) (£) 

2005 2005 33 Load 2 2 - - 55,305.58 

2015 2015 33 Load 0 0 - - 55,305.58 

3003 3003 11 Load 5.6 0 - - 18,435.19 

3006 3006 33 Load 0 0 - - 55,305.58 

3009 3009 11 Load 10.5 0 - - 18,435.19 

3012 3012 33 Load 0 0 - - 55,305.58 
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3015 3015 11 Load 8 0 - - 18,435.19 

3018 3018 33 Load 0 0 - - 55,305.58 

3021 3021 11 Load 14.1 0 - - 18,435.19 

3024 3024 11 Load 9.1 0 - - 18,435.19 

3027 3027 33 Load 0 0 - - 55,305.58 

3030 3030 33 Load 0 0 - - 55,305.58 

3033 3033 11 Load 11.9 0 - - 18,435.19 

3036 3036 33 Load 0 0 - - 55,305.58 

3039 3039 33 Load 0 0 - - 55,305.58 

3042 3042 11 Load 4.1 0 - - 18,435.19 

3045 3045 33 Load 0 0 - - 55,305.58 

3048 3048 11 Load 3.1 0 - - 18,435.19 

3051 3051 33 Load -4 0 - - 55,305.58 

3054 3054 11 Load 4.3 0 - - 18,435.19 

3057 3057 33 Load 0 0 - - 55,305.58 

3060 3060 11 Load 8.6 0 - - 18,435.19 

3063 3063 33 Load 0 0 - - 55,305.58 

3066 3066 11 Load 3.1 0 - - 18,435.19 

3069 3069 33 Load 0 0 - - 55,305.58 

3072 3072 11 Load 2.2 0 - - 18,435.19 

3075 3075 33 Load 0 0 - - 55,305.58 

3078 3078 33 Load 0 0 - - 55,305.58 

3081 3081 11 Load 1.9 0 - - 18,435.19 

3084 3084 33 Load 0 -1 - - 55,305.58 

3087 3087 11 Load 9 0 - - 18,435.19 

3090 3090 33 Load 0 0 - - 55,305.58 

3093 3093 11 Load 4.9 0 - - 18,435.19 

3096 3096 33 Load 0 0 - - 55,305.58 

3099 3099 33 Load 0 0 - - 55,305.58 

3102 3102 33 Load 0 0 - - 55,305.58 

3105 3105 33 Load 0 0 - - 55,305.58 

20051 20051 0.415 Load 0 0 - - 695.51 

20052 20052 0.415 Load 0 0 - - 695.51 

20151 20151 0.415 Load 0 0 - - 695.51 

20152 20152 0.415 Load 0 0 - - 695.51 

2000 2000 132 Load 0 0 - - 221,222.32 

2001 2001 132 Load 0 0 - - 221,222.32 

2010 2010 132 Load 0 0 - - 221,222.32 

2011 2011 132 Load 0 0 - - 221,222.32 

2020 2020 132 Load 0 0 - - 221,222.32 

2021 2021 132 Load 0 0 - - 221,222.32 

2025 2025 11 Load 13.63 3.27 - - 18,435.19 

2026 2026 11 Load 13.72 3.44 - - 18,435.19 

2027 2027 11 Load 16.45 5.97 - - 18,435.19 

2030 2030 132 Load 0 0 - - 221,222.32 

2031 2031 132 Load 0 0 - - 221,222.32 

2032 2032 132 Load 0 0 - - 221,222.32 

2033 2033 132 Load 0 0 - - 221,222.32 

2035 2035 11 Load 16.45 5.97 - - 18,435.19 

2036 2036 11 Load 0 0 - - 18,435.19 

2037 2037 11 Load 1.22 0.46 - - 18,435.19 

2040 2040 132 Load 0 0 - - 221,222.32 
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2041 2041 132 Load 0 0 - - 221,222.32 

2045 2045 11 Load 1.22 0.44 - - 18,435.19 

2046 2046 11 Load 0 0 - - 18,435.19 

2047 2047 11 Load 0 0 - - 18,435.19 

2048 2048 11 Load 0 0 - - 18,435.19 

2620 2620 132 Load 0 0 - - 221,222.32 

2621 2621 132 Load 0 0 - - 221,222.32 

2630 2630 132 Load 0 0 - - 221,222.32 

2631 2631 132 Load 0 0 - - 221,222.32 

2640 2640 132 Load 0 0 - - 221,222.32 

2641 2641 132 Load 0 0 - - 221,222.32 

2650 2650 132 Load 0 0 - - 221,222.32 

2651 2651 132 Load 0 0 - - 221,222.32 

5140 5140 400 Slack 0 0 - - 670,370.68 

5148 5148 132 Load 0 0 - - 221,222.32 

5149 5149 132 Load 0 0 - - 221,222.32 

5150 5150 132 Load 0 0 - - 221,222.32 

5151 5151 22 Load 0 0 - - 36,870.39 

5152 5152 22 Load 0 0 - - 36,870.39 

5153 5153 132 Load 0 0 - - 221,222.32 

5154 5154 132 Load 0 0 - - 221,222.32 

20251 20251 0.415 Load 0 0 - - 695.51 

20262 20262 0.415 Load 0 0 - - 695.51 

20351 20351 0.415 Load 0 0 - - 695.51 

20352 20352 0.415 Load 0 0 - - 695.51 

20373 20373 0.415 Load 0 0 - - 695.51 

20374 20374 0.415 Load 0 0 - - 695.51 

20451 20451 0.415 Load 0 0 - - 695.51 

20472 20472 0.415 Load 0 0 - - 695.51 

 

                               

 

 

                              Table C.8: Line data 

From To 
Base 
kV 

Resistance Resistance Susceptance Rating 

R X Ch (A) 

2015 3090 33 0.2804911 0.3633686 0.0005784 300 

3090 3045 33 0.1559487 0.1417743 0.000631804 250 

3090 3057 33 0.0741644 0.1429089 0.000609816 300 

2005 3069 33 0.2102842 0.3082044 0.000913214 380 

2005 3078 33 0.3028594 0.2737829 0.001276211 250 

2005 3075 33 0.1242435 0.2503286 0.001811532 250 

3057 2005 33 0.1356366 0.2710195 0.001212114 400 

3069 3105 33 0.1066988 0.1458817 0.000143947 380 

3105 3012 33 0.04273663 0.05745091 0.00029077 380 

3105 3096 33 0.1025311 0.1438904 0.000147354 400 

2015 3012 33 0.5054449 0.6861482 0.002315699 380 

2015 3018 33 0.5068371 0.6568535 0.000723623 300 

2015 3027 33 0.0739292 0.07004097 0.001086828 219 

2015 3063 33 0.365161 0.4992586 0.000492636 300 

2015 3036 33 0.06784385 0.1328056 0.000297316 400 
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2015 3099 33 0.04719853 0.06453119 6.37E-05 300 

2015 3102 33 0.3998695 0.5458123 0.000692068 300 

3102 3084 33 0.3120676 0.4379501 0.000448492 400 

3102 3006 33 0.00319941 0.00449 4.60E-06 410 

3006 3018 33 0.352602 0.4569671 0.000503418 395 

3018 3051 33 0.350564 0.4543259 0.000500508 395 

3099 3030 33 0.04596705 0.01794118 0.000777972 219 

3099 3039 33 0.03206136 0.05676101 0.000426348 400 

5153 5150 132 0.00081 0.04041 0 918.5 

5154 5148 132 0.000795 0.04197 0 1049.7 

5150 5149 132 0 0.0001 0 65535 

5150 2000 132 0.01263323 0.0274393 0.008690114 590 

5150 2031 132 0.00155292 0.00238406 0.05924543 510 

5148 2030 132 0.00308127 0.00819203 0.007660742 380 

5149 2631 132 0.00485467 0.01444173 0.1393766 770 

5149 5148 132 0 0.0001 0 65535 

2000 2620 132 0.01068975 0.02424121 0.007287738 547 

2001 5148 132 0.00168956 0.00386175 0.1781894 656 

2001 2620 132 0.01062701 0.0241023 0.005193462 547 

2030 2032 132 0 0.001 0 2000 

2031 2033 132 0 0.001 0 2000 

2036 2035 11 0 0.0001 0 2000 

2621 2010 132 0.00964239 0.02186915 0.004712272 547 

2621 2620 132 0 0.0001 0 65535 

2621 2630 132 0.00166297 0.00378497 0.00383742 547 

2620 2631 132 0.00163417 0.00371299 0.002310984 547 

2620 2011 132 0.00972219 0.022046 0.007275515 547 

2620 2640 132 0.00643226 0.01519199 0.003003583 585 

2620 2641 132 0.00597128 0.01410323 0.002788327 585 

2640 2650 132 0.00204977 0.00464893 0.001001731 547 

2640 2020 132 0.00103967 0.00235799 0.000508089 547 

2641 2651 132 0.00204977 0.00464893 0.001001731 547 

2641 2021 132 0.00103967 0.00235799 0.000508089 547 

2631 2040 132 0.00258897 0.00587185 0.00126524 547 

2630 2041 132 0.00258897 0.00587185 0.00126524 547 

2045 2047 11 0 0.48 0 2000 

2046 2045 11 0 0.0001 0 2000 

2048 2047 11 0 0.0001 0 2000 

2025 2026 11 0 0.5 0 2000 

2027 2026 11 0 0.0001 0 2000 

5152 5151 22 0 0.0001 0 2000 

 

                

                      Table C.9: Transformer data 

From 
Base 
kV 

To 
Base 
kV 

Resistance Resistance Susceptance Rating 

R X Ch (A) 

3045 33 3042 11 0.0783 0.945 0 17 

3090 33 3087 11 0.0917 1.104 0 13.1 

3090 33 3087 11 0.0917 1.1 0 13.1 

3057 33 3054 11 0.264 1.84 0 4.5 

2005 33 3021 11 0.0625 0.955 0 19.57 
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2005 33 3021 11 0.0659 0.945 0 19.6 

3075 33 3072 11 0.255 1.826 0 4.89 

3078 33 3072 11 0.286 2.192 0 3 

3069 33 3066 11 0.257 2.44 0 4.7 

3096 33 3093 11 0.0826 1 0 18.5 

3012 33 3009 11 0.0958 1.12 0 11.4 

3012 33 3009 11 0.0969 1.13 0 11.4 

3063 33 3060 11 0.157 1.35 0 10 

3063 33 3060 11 0.15 1.35 0 10 

3084 33 3081 11 0.29 2.18 0 4 

3006 33 3003 11 0.257 1.86 0 4 

3006 33 3003 11 0.0904 1.113 0 14 

3006 33 3003 11 0.338 2.093 0 4 

3018 33 3015 11 0.0857 1 0 17.9 

3018 33 3015 11 0.0863 1.01 0 17.9 

3051 33 3048 11 0.257 1.88 0 4.7 

3027 33 3024 11 0.0713 1.057 0 18.47 

3030 33 3024 11 0.0714 1.014 0 18.52 

3036 33 3033 11 0.0919 1.065 0 17.7 

3039 33 3033 11 0.0923 0.997 0 17.7 

2005 33 20051 0.415 0 1.07 0 0 

2005 33 20052 0.415 0 2.351 0 0 

2015 33 20151 0.415 0 1.7493 0 0 

2015 33 20152 0.415 0 2.296 0 0 

5140 400 5153 132 0.00081 0.04041 0 210 

5140 400 5154 132 0.000795 0.04197 0 240 

5151 22 5140 400 0 0.03173 0 600 

2030 132 2035 11 0.0171 0.5377 0 45 

2031 132 2035 11 0.0172 0.5332 0 45 

2032 132 2037 11 0.0169 0.4954 0 45 

2033 132 2037 11 0.0171 0.4974 0 45 

2035 11 20351 0.415 0 14.88 0 0 

2035 11 20352 0.415 0 14.88 0 0 

2037 11 20373 0.415 0 14 0 0 

2037 11 20374 0.415 0 13.97 0 0 

2000 132 2005 33 0.0214 0.36 0 30 

2001 132 2005 33 0.0117 0.2738 0 45 

2040 132 2045 11 0.0255 0.41 0 30 

2041 132 2047 11 0.0256 0.411 0 30 

2045 11 20451 0.415 0 3.594 0 0 

2047 11 20472 0.415 0 3.594 0 0 

2010 132 2015 33 0.00405 0.24297 0 90 

2011 132 2015 33 0.01005 0.2502 0 90 

2010 132 2015 33 0.00405 0.24297 0 90 

2011 132 2015 33 0.01005 0.2502 0 90 

2020 132 2025 11 0.0188 0.3834 0 30 

2021 132 2026 11 0.0185 0.3907 0 30 

2025 11 20251 0.415 0 3.702 0 0 

2026 11 20262 0.415 0 3.719 0 0 

 

 

The power flow result of practical test system is as given below. 
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Bus 
Data           

================================================================================================== 

   Bus            Bus          Voltage      Voltage     V Angle        Pg             Qg           Pd             Qd               load  

  Number      Name          (pu)           (kV)     (deg)             (MW)        (MVAr)      (MW)       (MVAr)      pf  

================================================================================================== 

2005  0.997148 32.906 -7.2751 0 0 2 2 0.71  

2015  1.000326 33.011 -6.7908 0 0 0 0      ----  

3003  1.001787 11.02 -10.965 0 0 5.6 0 1  

3006  0.964402 31.825 -9.299 0 0 0 0      ----  

3009  0.992134 10.913 -13.335 0 0 10.5 0 1  

3012  0.958048 31.616 -9.9183 0 0 0 0      ----  

3015  1.008627 11.095 -11.627 0 0 8 0 1  

3018  0.962181 31.752 -9.3715 0 0 0 0      ----  

3021  0.99028 10.893 -11.164 0 0 14.1 0 1  

3024  1.004649 11.051 -9.7592 0 0 9.1 0 1  

3027  0.996601 32.888 -6.9664 0 0 0 0      ----  

3030  0.993161 32.774 -7.2208 0 0 0 0      ----  

3033  0.999053 10.99 -10.794 0 0 11.9 0 1  

3036  0.995622 32.856 -7.2251 0 0 0 0      ----  

3039  0.99313 32.773 -7.3697 0 0 0 0      ----  

3042  0.990233 10.893 -11.415 0 0 4.1 0 1  

3045  0.969389 31.99 -9.1594 0 0 0 0      ----  

3048  1.030234 11.333 -12.214 0 0 3.1 0 1  

3051  0.964663 31.834 -9.0939 0 0 -4 0 -1  

3054  0.990592 10.897 -13.072 0 0 4.3 0 1  

3057  0.981104 32.376 -8.5141 0 0 0 0      ----  

3060  0.991733 10.909 -12.61 0 0 8.6 0 1  

3063  0.964099 31.815 -9.2545 0 0 0 0      ----  

3066  0.987423 10.862 -13.569 0 0 3.1 0 1  

3069  0.96948 31.993 -9.1684 0 0 0 0      ----  

3072  0.991832 10.91 -8.7213 0 0 2.2 0 1  

3075  0.995721 32.859 -7.4517 0 0 0 0      ----  

3078  0.994291 32.812 -7.4458 0 0 0 0      ----  

3081  1.000034 11 -12.149 0 0 1.9 0 1  

3084  0.958089 31.617 -9.7905 0 0 0 0      ----  

3087  0.99794 10.977 -11.658 0 0 9 0 1  

3090  0.976217 32.215 -8.8188 0 0 0 0      ----  

3093  0.998905 10.988 -13.055 0 0 4.9 0 1  

3096  0.953947 31.48 -10.255 0 0 0 0      ----  

3099  0.99521 32.842 -7.1751 0 0 0 0      ----  

3102  0.964615 31.832 -9.283 0 0 0 0      ----  

3105  0.959615 31.667 -9.8269 0 0 0 0      ----  

20051  0.997148 0.414 -7.2751 0 0 0 0      ----  

20052  0.997148 0.414 -7.2751 0 0 0 0      ----  

20151  1.000326 0.415 -6.7908 0 0 0 0      ----  

20152  1.000326 0.415 -6.7908 0 0 0 0      ----  

2000  1.026063 135.44 -4.0666 0 0 0 0      ----  

2001  1.029275 135.86 -3.7878 0 0 0 0      ----  

2010  1.02103 134.78 -4.5938 0 0 0 0      ----  

2011  1.021248 134.81 -4.5894 0 0 0 0      ----  

2020  1.022372 134.95 -4.3845 0 0 0 0      ----  

2021  1.021124 134.79 -4.4124 0 0 0 0      ----  
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2025  1.000266 11.003 -8.3439 0 0 13.63 3.27 0.97  

2026  0.995842 10.954 -9.7804 0 0 13.72 3.44 0.97  

2027  0.995836 10.954 -9.7813 0 0 16.45 5.97 0.94  

2030  1.029711 135.92 -3.6998 0 0 0 0      ----  

2031  1.030066 135.97 -3.6757 0 0 0 0      ----  

2032  1.029709 135.92 -3.7001 0 0 0 0      ----  

2033  1.030064 135.97 -3.6761 0 0 0 0      ----  

2035  1.0118 11.13 -6.0818 0 0 16.45 5.97 0.94  

2036  1.0118 11.13 -6.0818 0 0 0 0      ----  

2037  1.011435 11.126 -3.8553 0 0 1.22 0.46 0.94  

2040  1.02612 135.45 -4.1227 0 0 0 0      ----  

2041  1.024659 135.26 -4.2302 0 0 0 0      ----  

2045  0.991449 10.906 -4.3517 0 0 1.22 0.44 0.94  

2046  0.991449 10.906 -4.3517 0 0 0 0      ----  

2047  0.991672 10.908 -4.2859 0 0 0 0      ----  

2048  0.991672 10.908 -4.2859 0 0 0 0      ----  

2620  1.024659 135.26 -4.2269 0 0 0 0      ----  

2621  1.024657 135.26 -4.2287 0 0 0 0      ----  

2630  1.024663 135.26 -4.2294 0 0 0 0      ----  

2631  1.026164 135.45 -4.12 0 0 0 0      ----  

2640  1.022691 135 -4.3635 0 0 0 0      ----  

2641  1.021644 134.86 -4.3861 0 0 0 0      ----  

2650  1.022694 135 -4.3636 0 0 0 0      ----  

2651  1.021646 134.86 -4.3861 0 0 0 0      ----  

5140  0.99 396 0 165.043 4.645 0 0      ----  

5148  1.030221 135.99 -3.6664 0 0 0 0      ----  

5149  1.030217 135.99 -3.6672 0 0 0 0      ----  

5150  1.030214 135.99 -3.6646 0 0 0 0      ----  

5151  0.99 21.78 0 0 0 0 0      ----  

5152  0.99 21.78 0 0 0 0 0      ----  

5153  1.030205 135.99 -1.8314 0 0 0 0      ----  

5154  1.030208 135.99 -1.8323 0 0 0 0      ----  

20251  1.000266 0.415 -8.3439 0 0 0 0      ----  

20262  0.995842 0.413 -9.7804 0 0 0 0      ----  

20351  1.0118 0.42 -6.0818 0 0 0 0      ----  

20352  1.0118 0.42 -6.0818 0 0 0 0      ----  

20373  1.011435 0.42 -3.8553 0 0 0 0      ----  

20374  1.011435 0.42 -3.8553 0 0 0 0      ----  

20451  0.991449 0.411 -4.3517 0 0 0 0      ----  

20472  0.991672 0.412 -4.2859 0 0 0 0      ----  

           

           

Line Data          

======================================================================================================== 

   From          To            Branch       Rated V       Pij               Qij           Pji            Qji                       PLoss   

 (Bus i)      (Bus j)           Code          (kV)         (MW)          (MVAr)      (MW)    (MVAr)          (MW)         % Util      Status 

======================================================================================================== 

2015 3090        L1 33 9.2507 -0.3645 -9.01 0.6191 0.24019 53.3309      IN 

3090 3045        L1 33 4.1415 0.1278 -4.11 -0.162 0.02811 28.9029      IN 

3090 3057        L1 33 -4.1683 -1.195 4.183 1.1647 0.01458 25.3051      IN 

2005 3069        L1 33 11.3184 1.3551 -11 -1.0402 0.27508 51.776      IN 

2005 3078        L2 33 1.0035 -0.1316 -1 0.0078 0.00308 7.042      IN 

2005 3075        L1 33 1.2081 -0.1193 -1.21 -0.0569 0.00182 8.4731      IN 

3057 2005        L1 33 -8.5326 -1.5114 8.638 1.6038 0.10557 38.1648      IN 
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3069 3105        L1 33 7.918 0.7997 -7.85 -0.7148 0.07191 36.4569      IN 

3105 3012        L1 33 2.8989 0.4493 -2.89 -0.4707 0.004 13.5045      IN 

3105 3096        L1 33 4.9472 0.2655 -4.92 -0.2406 0.02733 21.6071      IN 

2015 3012        L1 33 7.9822 0.3758 -7.66 -0.1593 0.32305 36.0309      IN 

2015 3018        L1 33 7.0169 0.5072 -6.77 -0.2518 0.25088 40.2568      IN 

2015 3027        L1 33 4.7229 0.2875 -4.71 -0.3801 0.01657 37.7604      IN 

2015 3063        L1 33 8.9531 0.8639 -8.66 -0.5076 0.2954 51.5162      IN 

2015 3036        L1 33 5.9511 0.5093 -5.93 -0.4915 0.0242 26.0683      IN 

2015 3099        L1 33 10.5348 0.2567 -10.5 -0.1914 0.05238 61.2988      IN 

2015 3102        L1 33 8.202 0.6684 -7.93 -0.3656 0.2708 47.1469      IN 

3102 3084        L1 33 1.9229 0.0547 -1.91 -0.0787 0.01242 8.3885      IN 

3102 3006        L1 33 6.0083 0.3109 -6.01 -0.3096 0.00124 25.6701      IN 

3006 3018        L1 33 0.388 0.1461 -0.39 -0.192 0.00068 1.8754      IN 

3018 3051        L1 33 -0.8738 0.1276 0.877 -0.1702 0.00298 3.9334      IN 

3099 3030        L1 33 4.4321 -0.0273 -4.42 -0.0461 0.00912 35.3719      IN 

3099 3039        L1 33 6.0504 0.2186 -6.04 -0.2398 0.01187 26.4566      IN 

5153 5150        S1 132 84.0109 -0.3632 -84 3.0506 0.05387 40.0063      IN 

5154 5148        S2 132 80.9296 -0.2693 -80.9 2.8593 0.04906 33.721      IN 

5150 5149        L1 132 46.7274 -2.6753 -46.7 2.6774 0 0.3124      IN 

5150 2000        L1 132 28.2584 2.2113 -28.2 -2.9216 0.0959 21.0014      IN 

5150 2031        L2 132 8.9712 -2.5865 -8.97 -3.6987 0.00118 8.1642      IN 

5148 2030        L1 132 8.7283 2.7303 -8.73 -3.5363 0.0025 10.6818      IN 

5149 2631        L1 132 60.7798 1.3167 -60.6 -15.5383 0.17245 35.0368      IN 

5149 5148        L1 132 -14.052 -3.9941 14.05 3.9943 0 0.0975      IN 

2000 2620        L1 132 12.3563 0.1265 -12.3 -0.8575 0.01553 9.8862      IN 

2001 5148        L1 132 -58.046 -9.1881 58.1 -9.5839 0.05374 39.2227      IN 

2001 2620        L1 132 35.4032 3.9575 -35.3 -4.216 0.12753 28.4463      IN 

2030 2032        L1 132 0.5667 0.1984 -0.57 -0.1984 0 0.1313      IN 

2031 2033        L1 132 0.6534 0.2658 -0.65 -0.2658 0 0.1543      IN 

2036 2035        L0 11 0 0 0 0 0 0      IN 

2621 2010        L1 132 31.8354 2.8043 -31.7 -3.0842 0.09393 25.5274      IN 

2621 2620        L1 132 -32.071 -2.315 32.07 2.316 0 0.2146      IN 

2621 2630        L1 132 0.2354 -0.4892 -0.24 0.0863 0 0.3173      IN 

2620 2631        L1 132 -59.564 -15.382 59.62 15.2727 0.05885 49.202      IN 

2620 2011        L1 132 31.0303 1.8829 -30.9 -2.4409 0.08964 24.8376      IN 

2620 2640        L1 132 18.7194 5.2057 -18.7 -5.4656 0.02323 14.5454      IN 

2620 2641        L1 132 25.3595 11.0509 -25.3 -11.2396 0.04371 20.696      IN 

2640 2650        L1 132 0 -0.1048 0 0 0 0.0419      IN 

2640 2020        L1 132 18.6962 5.5703 -18.7 -5.6149 0.00379 15.6028      IN 

2641 2651        L1 132 0 -0.1046 0 0 0 0.0418      IN 

2641 2021        L2 132 25.3158 11.3442 -25.3 -11.3798 0.00767 22.1852      IN 

2631 2040        L1 132 0.985 0.2656 -0.98 -0.3987 0.00003 0.8327      IN 

2630 2041        L1 132 0.2354 -0.0863 -0.24 -0.0465 0 0.1962      IN 

2045 2047        L1 11 -0.2354 -0.046 0.235 0.0463 0 0.6294      IN 

2046 2045        L0 11 0 0 0 0 0 0      IN 

2048 2047        L0 11 0 0 0 0 0 0      IN 

2025 2026        L1 11 4.9939 0.9476 -4.99 -0.8185 0 13.31      IN 

2027 2026        L0 11 -16.45 -5.97 16.45 5.9703 0 45.9252      IN 

5152 5151        L0 22 0 0 0 0 0 0      IN 

           

           

Transformer Data          

======================================================================================================== 

   From           To            Branch         Pij             Qij             Pji            Qji          P Loss                           Tap  
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 (Bus i)        (Bus j)          Code         (MW)       (MVAr)      (MW)        (MVAr)     (MW)         % Util          Ratio       Status 

======================================================================================================== 

3045 3042        T1 4.1134 0.162 -4.1 0 0.013 24.1665 0.975       IN 

3090 3087        T1 4.5105 0.2244 -4.4919 -0 0.019 34.3814 0.973       IN 

3090 3087        T2 4.5268 0.2238 -4.5081 7E-04 0.019 34.5056 0.973       IN 

3057 3054        T1 4.3497 0.3467 -4.3 0 0.05 96.2616 0.976       IN 

2005 3021        T1 7.0453 0.4941 -7.0139 -0.02 0.031 35.9645 1       IN 

2005 3021        T2 7.1198 0.4688 -7.0861 0.015 0.034 36.279 1       IN 

3075 3072        T1 1.2062 0.0569 -1.2025 -0.03 0.004 24.6467 1       IN 

3078 3072        T2 1.0004 -0.0078 -0.9975 0.03 0.003 33.3067 1       IN 

3069 3066        T1 3.1253 0.2405 -3.1 0 0.025 66.3252 0.971       IN 

3096 3093        T1 4.9199 0.2406 -4.9 0 0.02 26.5561 0.95       IN 

3012 3009        T1 5.3004 0.317 -5.2734 -0 0.027 46.418 0.959       IN 

3012 3009        T2 5.2535 0.313 -5.2266 6E-04 0.027 46.0063 0.959       IN 

3063 3060        T1 4.3282 0.2426 -4.2987 0.011 0.029 43.169 0.964       IN 

3063 3060        T2 4.3295 0.2649 -4.3013 -0.01 0.028 43.1942 0.964       IN 

3084 3081        T1 1.9105 0.0787 -1.9 0 0.01 47.6511 0.952       IN 

3006 3003        2A 1.5768 0.013 -1.5705 0.033 0.006 39.3457 0.959       IN 

3006 3003        T1 2.646 0.1709 -2.6397 -0.09 0.006 18.9028 0.959       IN 

3006 3003        T2 1.3964 -0.0204 -1.3899 0.061 0.007 34.8464 0.959       IN 

3018 3015        T1 4.0335 0.1583 -4.0199 5E-04 0.014 22.504 0.95       IN 

3018 3015        T2 3.9936 0.1578 -3.9801 -0 0.013 22.2817 0.95       IN 

3051 3048        T2 3.1233 0.1702 -3.1 0 0.023 66.2543 0.928       IN 

3027 3024        T1 4.7064 0.3801 -4.6908 -0.15 0.016 25.4869 0.986       IN 

3030 3024        T2 4.423 0.0461 -4.4092 0.15 0.014 23.8525 0.986       IN 

3036 3033        T1 5.9269 0.4915 -5.8949 -0.12 0.032 33.4557 0.988       IN 

3039 3033        T2 6.0385 0.2398 -6.0051 0.121 0.033 34.0385 0.988       IN 

2005 20051        E1 0 0 0 0 0  ---- 1       IN 

2005 20052        E2 0 0 0 0 0  ---- 1       IN 

2015 20151        E1 0 0 0 0 0  ---- 1       IN 

2015 20152        E2 0 0 0 0 0  ---- 1       IN 

5140 5153        S1 84.065 2.3241 -84.011 0.363 0.054 40.0258 0.96       IN 

5140 5154        S2 80.979 2.3208 -80.93 0.269 0.049 33.7379 0.96       IN 

5151 5140        T2 0 0 0 0 0 0 1       IN 

2030 2035        G1 8.1591 3.338 -8.1466 -2.94 0.013 19.4196 1       IN 

2031 2035        G2 8.3165 3.4329 -8.3034 -3.03 0.013 19.8165 1       IN 

2032 2037        G3 0.5667 0.1984 -0.5667 -0.2 0 1.3336 1.017       IN 

2033 2037        G4 0.6534 0.2658 -0.6533 -0.26 0 1.5665 1.017       IN 

2035 20351        E1 0 0 0 0 0  ---- 1       IN 

2035 20352        E2 0 0 0 0 0  ---- 1       IN 

2037 20373        E3 0 0 0 0 0  ---- 1       IN 

2037 20374        E4 0 0 0 0 0  ---- 1       IN 

2000 2005        G1 15.806 2.7951 -15.752 -1.88 0.054 53.193 1.017       IN 

2001 2005        G2 22.643 5.2307 -22.581 -3.79 0.062 51.2619 1.017       IN 

2040 2045        G1 0.9849 0.3987 -0.9846 -0.39 0 3.5385 1.033       IN 

2041 2047        G2 0.2354 0.0465 -0.2354 -0.05 0 0.7997 1.033       IN 

2045 20451        E1 0 0 0 0 0  ---- 1       IN 

2047 20472        E2 0 0 0 0 0  ---- 1       IN 

2010 2015        G1 15.871 1.5421 -15.861 -0.93 0.01 17.6851 1.017       IN 

2011 2015        G2 15.47 1.2205 -15.446 -0.62 0.024 17.2096 1.017       IN 

2010 2015        G1 15.871 1.5421 -15.861 -0.93 0.01 17.6851 1.017       IN 

2011 2015        G2 15.47 1.2205 -15.446 -0.62 0.024 17.2096 1.017       IN 

2020 2025        G1 18.692 5.6149 -18.624 -4.22 0.069 64.3551 1       IN 

2021 2026        G2 25.308 11.3798 -25.176 -8.59 0.132 90.5844 0.983       IN 
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2025 20251        E1 0 0 0 0 0  ---- 1       IN 

2026 20262        E2 0 0 0 0 0  ---- 1       IN 
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