
 

  
 

 

  

 

An Assessment of Power System 
Principles of Access for Wind Power 

Using Optimal Power Flow 
 

 

By 

 

Laura Kane 

 

 

 

 

 

A thesis presented in fulfilment of the requirements for the degree of 

Doctor of Philosophy 

2015 



I 
 

Declaration 

 

 

 

 

 

 

‘This thesis is the result of the author’s original research. It has been composed by the author 

and has not been previously submitted for examination which has led to the award of a 

degree.’  

  

'The copyright of this thesis belongs to the author under the terms of the United Kingdom 

Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due 

acknowledgement must always be made of the use of any material contained in, or derived 

from, this thesis.’  

  

 

 

 

Signed:  

Date:  

 

  



II 
 

 

 

 

 

 

 

For Ade 

 

 

 

“I hope that you’re folding stars.” 

 

 

 

  



III 
 

Acknowledgements 

 

 

 

 

 

 

I would like to thank Graham Ault for providing me with guidance, knowledge and advice. 

Thanks to Keith Bell, Graeme Hawker and other members of IEE who have provided me with 

support and challenging discussion during my time within the department.  

To the EPRSC and the staff & students of the Wind Energy CDT who have provided me with 

the opportunity to undertake this research, a fantastic environment to work in and of course, 

support from my fellow researchers and friends. In particular, a special thank you to Simon 

Gill who was always willing to discuss the finer details of electricity markets, and Drew Smith 

for always being the man in the know.   

Thank you to SSE, UKPN and Smarter Grid Solutions for providing me with opportunities to 

work with, and engage with them during my research.  

Finally, thank you to my friends and family, and especially to Cal for all your support and 

encouragement.  

  



IV 
 

Contents 

Declaration ................................................................................................................................ I 

Acknowledgements ................................................................................................................. III 

List of Figures .......................................................................................................................... IX 

List of Tables .......................................................................................................................... XV 

Abstract ................................................................................................................................ XVII 

Abbreviations ...................................................................................................................... XVIII 

1 Introduction ..................................................................................................................... 1 

1.1 The Growth of the Smart Grid ................................................................................. 1 

1.2 Principles of Access .................................................................................................. 4 

1.3 Thesis Focus ............................................................................................................. 5 

1.4 Research Objectives ................................................................................................. 6 

1.5 Principle Contributions ............................................................................................ 7 

1.6 Associated Published Work ...................................................................................... 9 

1.6.1 Journal Publications ......................................................................................... 9 

1.6.2 Conference Papers ........................................................................................... 9 

1.6.3 Reports ........................................................................................................... 10 

1.7 Summary of Thesis ................................................................................................. 10 

2 Background .................................................................................................................... 12 

2.1 Chapter Summary .................................................................................................. 12 

2.2 Climate Change and the Renewable Industry ........................................................ 13 

2.3 GB Electricity Market and Regulation .................................................................... 14 

2.3.1 Current Electricity Market Operation in the UK ............................................ 14 

2.3.2 Regulation of Transmission and Distribution Operators ............................... 18 

2.3.3 Renewable Generator Subsidy Payments ...................................................... 19 

2.3.4 Innovation Funding for Network Operators in the UK ................................... 21 



V 
 

2.3.5 GB Electricity Market Reform ........................................................................ 23 

2.4 Congestion Management of Wind Generators Connected at Transmission level. 27 

2.4.1 Transmission Constraints ............................................................................... 27 

2.4.2 Integration of Wind Power to the Transmission System. .............................. 28 

2.4.3 International Examples of Wind Curtailment ................................................ 31 

2.5 GB Interconnector Capacity Allocation .................................................................. 37 

2.5.2 Allocation of Access Rights in Other Commodity Markets ............................ 40 

2.6 The Cost of Balancing the GB System .................................................................... 43 

2.7 Distribution Networks and the Advent of Active Network Management Schemes

 46 

2.7.1 Orkney Active Network Management Scheme .............................................. 47 

2.7.2 Northern Isles New Energy Solutions ............................................................ 51 

2.7.3 Flexible Plug and Play ..................................................................................... 54 

2.7.4 Accelerating Renewable Connections ............................................................ 56 

2.7.5 Lincolnshire Low Carbon Hub (LLCH) ............................................................. 57 

2.7.6 Other Examples of ANM Schemes in Europe ................................................. 59 

2.8 Conclusions ............................................................................................................ 61 

3 Evaluation of Principles of Access and Modelling Techniques ...................................... 63 

3.1 Chapter Summary .................................................................................................. 63 

3.2 Principles of Access ................................................................................................ 64 

3.2.1 Assessment Criteria........................................................................................ 64 

3.2.2 Quantitative Discussion of Principles of Access ............................................. 66 

3.2.3 Assessment of Principles of Access against Criteria ...................................... 69 

3.3 Design Review of an Electricity Market for PoA .................................................... 71 

3.3.1 Characteristics of Electricity Markets ............................................................ 71 

3.3.2 Types of Auction ............................................................................................ 76 

3.3.3 Options for Curtailment Price ........................................................................ 80 



VI 
 

3.3.4 Market PoA Conclusions ................................................................................ 86 

3.4 Power System Evaluation Techniques ................................................................... 87 

3.4.1 Classical Power Flow Methods ....................................................................... 88 

3.4.2 Optimal Power Flow ....................................................................................... 91 

3.4.3 Tools to evaluate Curtailment Market design ............................................... 99 

3.4.4 OPF Computer Packages .............................................................................. 102 

3.5 Chapter Three Conclusions .................................................................................. 102 

4 ANM Principles of Access Modelling Methodology ..................................................... 105 

4.1 Chapter Summary ................................................................................................ 105 

4.2 OPF Problem Formulation .................................................................................... 106 

4.2.1 Modelling Environment ............................................................................... 106 

4.2.2 OPF Formulation .......................................................................................... 106 

4.2.3 Market Methodology ................................................................................... 110 

4.2.4 PoA Curtailment Calculation Methodology ................................................. 116 

4.2.5 Assumptions and Limitations ....................................................................... 119 

4.3 Demonstration of PoA on a Simple Network Model ........................................... 119 

4.3.1 Studies of PoA on a Simple Network ........................................................... 122 

4.3.2 Comparison .................................................................................................. 138 

4.3.3 Model Validation .......................................................................................... 139 

4.4 Conclusion ............................................................................................................ 140 

5 Analysis of Principles of Access using a Case Study Network ...................................... 142 

5.1 Chapter Summary ................................................................................................ 142 

5.2 Case Study Network ............................................................................................. 143 

5.2.1 Case Study Network Characteristics ............................................................ 144 

5.2.2 Demand and Generation Profiles................................................................. 146 

5.2.3 OPF Constraint Formulation based on specific Case Study issues ............... 148 

5.2.4 Pre-curtailment Costs .................................................................................. 151 



VII 
 

5.3 Non-Market PoA Modelling ................................................................................. 152 

5.3.1 Non-Market PoA Study of Local Constraints ................................................ 152 

5.3.2 Non-Market PoA Study of a GSP Constraint ................................................ 157 

5.3.3 Sensitivity Studies of Non-Market PoA ........................................................ 161 

5.4 Market PoA Modelling ......................................................................................... 170 

5.4.1 Market PoA Study Base Case ....................................................................... 170 

5.4.2 Sensitivity Studies of Market PoA ................................................................ 174 

5.5 Comparison of Market and Non-Market Base Case Models ............................... 193 

5.5.1 Comparison of Market and Non-Market Sensitivity Studies ....................... 196 

5.6 Conclusions .......................................................................................................... 199 

6 Commercial Aspects of applying Principles of Access to Business As Usual ................ 204 

6.1 Chapter Summary ................................................................................................ 204 

6.2 Traditional System and Reinforcement Costs ...................................................... 205 

6.2.1 Transmission Connection and Use of System Charges ................................ 205 

6.2.2 Distribution Network Use of System (DNUoS) and Connection Charges .... 207 

6.2.3 Balancing Service Use of System (BSUoS) .................................................... 209 

6.2.4 Consumer Energy Bill ................................................................................... 211 

6.3 Summary of Charges within the Electricity Market ............................................. 213 

6.4 The Cost of ANM Schemes vs Traditional Reinforcements.................................. 214 

6.5 Business as Usual ................................................................................................. 217 

6.5.1 Business model proposed for a Non-Market PoA ........................................ 220 

6.5.2 Business Model Proposed for a Market PoA ............................................... 223 

6.6 The Wider Impacts of ANM .................................................................................. 225 

6.7 Conclusions .......................................................................................................... 227 

7 Conclusions .................................................................................................................. 230 

7.1 Chapter Summary ................................................................................................ 230 

7.2 Conclusions .......................................................................................................... 230 



VIII 
 

7.3 Contributions to Knowledge ................................................................................ 239 

7.4 Further Work ........................................................................................................ 241 

8 References ................................................................................................................... 244 

 

 

  



IX 
 

List of Figures 

 

Figure 1-1 Growth of IEEE journal publications that are returned when ‘Smart Grid’ is 

searched for ............................................................................................................................. 2 

Figure 1-2 Schematic showing firm network capacity under N-1 conditions .......................... 4 

Figure 1-3 Schematic showing firm and non-firm capacity by utilising ANM control systems 5 

Figure 2-1 Overview of transmission and distribution system [16] ....................................... 15 

Figure 2-2 UK Distribution Network Operators [17] .............................................................. 16 

Figure 2-3 Overview of the settlement and balancing process [18] ...................................... 17 

Figure 2-4 Diagram of how contracts for difference will operate ......................................... 24 

Figure 2-5 Summarised Connect and Manage statistics demonstrating the increase in 

connected generation since 2011 in GB [51] ......................................................................... 27 

Figure 2-6 Monthly wind curtailment payments in Minnesota by Xcel Energy Sept 2005 - July 

2009 [65] ................................................................................................................................ 33 

Figure 2-7 Estimated variation of capacity factor versus total wind capacity. The solid line 

indicates typical operation; the dash line is the result using preventative control [66] ....... 36 

Figure 2-8 Interconnectors connected to the GB transmission system [60] ......................... 37 

Figure 2-9 GB gas transmission system with entry terminals shown [69] ............................. 42 

Figure 2-10 Total balancing services costs for March 2014 [72] ........................................... 44 

Figure 2-11 Constraint costs for the financial year 2013/14 [72] .......................................... 45 

Figure 2-12 Payments made to wind farms and gas plants to reduce output [70] ............... 46 

Figure 2-13 Orkney distribution network with zone boundaries [79] ................................... 49 

Figure 2-14 Demonstration of battery contract payments.................................................... 51 

Figure 2-15 Shetland 33kV network [77] ............................................................................... 53 

Figure 2-16 Simplified diagram of March grid [10] ................................................................ 54 

Figure 2-17 Table of traditional connection costs compared with ANM connection costs [90]

 ............................................................................................................................................... 55 

Figure 2-18 Scottish Power Distribution Networks heat map [94] ........................................ 57 

Figure 2-19 Lincolnshire Low Carbon Hub [96] ...................................................................... 58 

Figure 2-20 Diagram illustrating the operation of a VPP ....................................................... 60 

Figure 2-21 Diagram of Bornholm Smart Grid project [101] ................................................. 61 

Figure 3-1 Market and non-market arrangements ................................................................ 67 



X 
 

Figure 3-2 Market design process [107] ................................................................................ 72 

Figure 3-3 Diagram of pool trading method .......................................................................... 75 

Figure 3-4 Diagram of bilateral trading market ..................................................................... 76 

Figure 3-5 Curtailment market clearing price ........................................................................ 83 

Figure 3-6 Rule based model [139] ........................................................................................ 98 

Figure 3-7 PC feasibility evaluation [139] .............................................................................. 98 

Figure 3-8 Business model of aggregation of domestic energy sources [12] ...................... 100 

Figure 4-1 Graph showing cost functions used to apply a LIFO arrangement. The generator 

with the highest cost gradient will be curtailed first ........................................................... 107 

Figure 4-2 Diagram of how curtailment is applied during a LIFO arrangement .................. 108 

Figure 4-3 Diagram of how curtailment is applied during a Rota arrangement .................. 109 

Figure 4-4 Diagram of how curtailment is applied during a Pro Rata arrangement ............ 110 

Figure 4-5 Starting bids (£/MWh) ........................................................................................ 112 

Figure 4-6 Bids stacked in order from least to highest cost (£/MWh)................................. 112 

Figure 4-7 Diagram of generator curtailment ...................................................................... 112 

Figure 4-8 Annual Constraint Analysis Modelling Process ................................................... 118 

Figure 4-9 Exemplar network topology ............................................................................... 120 

Figure 4-10 Normalised wind and demand profiles used in simple example ...................... 121 

Figure 4-11 Study A: Network diagram ................................................................................ 123 

Figure 4-12 Total energy curtailed for Study A .................................................................... 124 

Figure 4-13: Study A Results: Impact of capacity factor on non-firm wind generators in a four 

bus network with a single constraint ................................................................................... 125 

Figure 4-14 Study A Results: Dynamics of submitted bids ................................................... 126 

Figure 4-15 Study A: Total curtailment costs (£k) ................................................................ 127 

Figure 4-16 Graph showing the impact on capacity factor when the priority stack order is 

changed. Generator A and Generator E have had their positions switched in the second 

series. ................................................................................................................................... 128 

Figure 4-17 Five bus example with local constraints ........................................................... 129 

Figure 4-18 Study B: Total curtailed energy (MWh) ............................................................ 130 

Figure 4-19 Study B Results: Impact of CF on non-firm wind generators in a six bus network 

with a local constraint .......................................................................................................... 131 

Figure 4-20 Study B: Dynamic bid behaviour ....................................................................... 131 



XI 
 

Figure 4-21 Study B: Total constraint payments for each PoA, showing the share between 

each generator ..................................................................................................................... 132 

Figure 4-22 Study C network topology ................................................................................ 133 

Figure 4-23 Study C: Total energy curtailed (MWh) ............................................................ 134 

Figure 4-24 Study C Results: Impact of CF on non-firm wind generators in a six bus network 

with a local constraint .......................................................................................................... 135 

Figure 4-25 Study C: Dynamic bid behaviour ....................................................................... 135 

Figure 4-26 Study C: Total cost of curtailment (£k) ............................................................. 136 

Figure 4-27 Study C Results: Capacity factor of non-firm generators under a ‘technical best’ 

arrangement compared with the LIFO capacity factors ...................................................... 137 

Figure 4-28 Study C Results: Network losses after PoA have been applied ........................ 138 

Figure 5-1 Wind resource map of Europe, showing that the UK has a high resource, and in 

particular the Orkney Islands (highlighted by the red box) off the north cost have a very high 

wind resource [166] ............................................................................................................. 144 

Figure 5-2 Diagram of case study network .......................................................................... 146 

Figure 5-3 Power profiles applied to network case study model ........................................ 147 

Figure 5-4 Location of local constraints and Pro Rata curtailment zones. .......................... 149 

Figure 5-5 Figure to demonstrate the impact of a single constraint on the network. ........ 150 

Figure 5-6 Number of congested periods when local constraints are active on the case study 

network. ............................................................................................................................... 153 

Figure 5-7 Total Curtailment for each of the non-market arrangements behind local 

constraints ........................................................................................................................... 154 

Figure 5-8 Average Annual Capacity Factor for generators on a network with local constraints

 ............................................................................................................................................. 155 

Figure 5-9 Indicative costs of non-market arrangements .................................................... 156 

Figure 5-10 Number of constrained periods occurring during one year on the case study 

network. Each constraint period represents a 30 minute time step ................................... 157 

Figure 5-11 Total curtailment for each of the non-market arrangements behind a single GSP 

constraint ............................................................................................................................. 158 

Figure 5-12 Diagram of losses on a network with a single constraint at GSP under different 

arrangements ....................................................................................................................... 159 

Figure 5-13 Average annual capacity factor for generators on a network with a single GSP 

constraint ............................................................................................................................. 159 



XII 
 

Figure 5-14 Indicative costs of non-market arrangements on a network with a single GSP 

constraint ............................................................................................................................. 161 

Figure 5-15 Total curtailed energy for LIFO and the reverse LIFO case ............................... 162 

Figure 5-16 The average annual capacity factors for a LIFO arrangement, and a second LIFO 

arrangement where the curtailment order has been reversed ........................................... 163 

Figure 5-17 Comparison of the losses experience on the network under a LIFO arrangement 

and a 'Technical Best' arrangement which is designed to minimise losses ......................... 164 

Figure 5-18 Average annual capacity factor for non-firm generators subjected to a ‘technical 

best’ curtailment strategy and compared with the original LIFO arrangement .................. 165 

Figure 5-19 Percentage of time spent fully curtailed across one year of operation ........... 166 

Figure 5-20 Total curtailed energy for sensitivity study #3 ................................................. 168 

Figure 5-21 Average annual capacity factor for non-firm generators in study #3 .............. 169 

Figure 5-22 An example of typical bid behaviour for non-firm generators under a market PoA

 ............................................................................................................................................. 171 

Figure 5-23 System price for the base case market model.................................................. 172 

Figure 5-24 Total curtailment (MWh) for market arrangements ........................................ 172 

Figure 5-25 Average annual capacity factor for a market arrangement ............................. 173 

Figure 5-26 Total curtailment costs for the base case market examples ............................ 174 

Figure 5-27 Bid behaviour for market sensitivity model XIII where random pre-curtailment 

values are used .................................................................................................................... 176 

Figure 5-28 System price changes for each of the sensitivity studies ................................. 177 

Figure 5-29 Total volume of curtailed energy for market sensitivity study #1 .................... 178 

Figure 5-30 Average annual capacity factor for Model I and Model XIII for the market 

arrangement sensitivity study ............................................................................................. 178 

Figure 5-31 Total constraint costs for a one year study of PAB market arrangement on case 

study network ...................................................................................................................... 180 

Figure 5-32 Total constraint costs for a CMCP market arrangement .................................. 180 

Figure 5-33 Bid behaviour when bids are changed by a value between 0 and 5 during each 

time period........................................................................................................................... 181 

Figure 5-34 Bid behaviour when bids are changed by a value between 0 and 10 during each 

time period........................................................................................................................... 182 

Figure 5-35 System price for each bid change scenario ...................................................... 182 

Figure 5-36 Total curtailed energy for each scenario .......................................................... 183 



XIII 
 

Figure 5-37 Total curtailment costs for market PoA when bid changes are randomised ... 184 

Figure 5-38 Bid behaviour in a market arrangement when one generator bids at a high price 

level ...................................................................................................................................... 185 

Figure 5-39 Total curtailed energy for market arrangements with generator gaming scenarios

 ............................................................................................................................................. 186 

Figure 5-40 CMCP levels for the three gaming scenarios .................................................... 187 

Figure 5-41 Total curtailment costs for PAB market arrangement. The results of the gaming 

scenarios are compared with the base case results ............................................................ 188 

Figure 5-42 Total curtailment costs of a CMCP market arrangement. The results of the game 

playing scenarios are compared with the base case results ................................................ 188 

Figure 5-43 Bid behaviour of a market arrangement with additional small generators added 

to the generation mix .......................................................................................................... 190 

Figure 5-44 The CMCP for a scenario with additional small generators in the generation mix

 ............................................................................................................................................. 190 

Figure 5-45 Total curtailed energy for the small generator scenario compared with the base 

case market arrangement .................................................................................................... 191 

Figure 5-46 Total curtailment costs for market scenarios with additional small generators

 ............................................................................................................................................. 192 

Figure 5-47 Total curtailment levels for all PoA ................................................................... 194 

Figure 5-48 Average annual capacity factors for all PoA ..................................................... 195 

Figure 5-49 Total curtailment costs ..................................................................................... 196 

Figure 5-50 Comparison of generator capacity factors when the generation mix is changed, 

under both market and non-market PoA ............................................................................ 197 

Figure 5-51 Comparison of average annual capacity factor of generators under a LIFO, 

Technical Best and market arrangement ............................................................................. 198 

Figure 5-52 Annual system losses under LIFO, Technical Best and market arrangements . 199 

Figure 6-1 TNUoS charging schematic identifying the main components of the charges – 

locational, non-location and other. ..................................................................................... 206 

Figure 6-2 Example of Distribution Charging Methodology – Scottish Power Distribution [173]

 ............................................................................................................................................. 208 

Figure 6-3 External system operation costs from 2006 to 2014 [174] ................................ 210 

Figure 6-4 Breakdown of customer energy bill [175] .......................................................... 211 

Figure 6-5 Schematic diagram of electricity industry stakeholders ..................................... 214 



XIV 
 

Figure 6-6 SSEPD diagram explaining Orkney ANM maintenance use cases [186] ............. 218 

Figure 6-7 Legend for business models in Figure 6-8 and Figure 6-10 ................................ 220 

Figure 6-8 Business model of ANM Scheme operating non-market PoA (Based on models 

developed by SuperGen HiDEF Distributed Energy Modelling project [12] ........................ 221 

Figure 6-9 SSEPD Project and Innovation website, showcasing the number of renewable 

generators connected [189] ................................................................................................ 222 

Figure 6-10 Business model of ANM scheme operating a Market PoA (Based on models 

developed by ECI [12] .......................................................................................................... 224 

 

 

  



XV 
 

List of Tables 

Table 1-1 Main features of ANM Systems [6] .......................................................................... 3 

Table 2-1 Annual ROC banding levels for different renewable technologies (2013 – 2017) [37]

 ............................................................................................................................................... 20 

Table 2-2 Feed-in Tariff payments (p/kWh) for wind (2010-2014) [38] ................................ 21 

Table 2-3 Timescale of EMR Stages (Present – 2020 and beyond) [47] ................................ 23 

Table 2-4 CfD strike prices (£/MWh, based on 2012 prices) [49] .......................................... 25 

Table 3-1 Comparison of Principles of Access ....................................................................... 70 

Table 3-2 Comparison of Auction Designs [111] .................................................................... 77 

Table 3-3 Comparison of power flow analysis methods from Milano [127] ......................... 90 

Table 4-1: Decision logic for dynamic pricing method ......................................................... 113 

Table 4-2 Feed-in Tariff [161] and ROC price based on values in [10] ................................. 115 

Table 4-3 Example pre-curtailment costs for 2.3 MW wind turbine ................................... 115 

Table 4-4 Pre-curtailment profit calculation for example generators ................................. 121 

Table 4-5 Summary of generator details for two bus example ........................................... 122 

Table 4-6 Study A Results: Total and average curtailment costs for each PoA ................... 126 

Table 4-7 Study B Results: Total and average constraint costs for each arrangement ....... 132 

Table 4-8 Study C Results: Total and average curtailment costs for each PoA.................... 136 

Table 4-9 Comparison of network values for a LIFO arrangement across the three studies.

 ............................................................................................................................................. 138 

Table 4-10 Validation of modelling results – the capacity factors obtained using excel match 

those obtained using the OPF modelling methodology. ..................................................... 140 

Table 5-1 Generation connected to case study network with capacity, energy source and 

connection type. .................................................................................................................. 145 

Table 5-2 Distribution of demand across network load buses. ........................................... 147 

Table 5-3 Precurtailment revenue values for case study non-firm generation ................... 152 

Table 5-4 Summary table of total and average constraint costs for non-firm arrangements

 ............................................................................................................................................. 156 

Table 5-5 Summary of total and average constraint costs for non-firm arrangements on a 

network with a single GSP constraint .................................................................................. 160 

Table 5-6 Generator information with additional 500 kW wind generators added to 

curtailment stack ................................................................................................................. 167 



XVI 
 

Table 5-7 Comparison table of non-market sensitivity study results compared to the LIFO 

base case .............................................................................................................................. 169 

Table 5-8 Summary of total and average constraint costs for market arrangements on a 

network with a single GSP constraint .................................................................................. 174 

Table 5-9 Pre-curtailment bid prices used in sensitivity study of market arrangements for 

each generator (A to K) and each sensitivity case I-XIII) ...................................................... 176 

Table 5-10 Total and average curtailment costs .................................................................. 183 

Table 5-11 Starting bid level for market sensitivity study #3 which looks at generators 

‘gaming’ the market ............................................................................................................. 185 

Table 5-12 Total and average curtailment costs for three gaming scenarios...................... 187 

Table 5-13 Generation mix used in market PoA sensitivity study #3 .................................. 189 

Table 5-14 Total and average curtailment costs for the small generator sensitivity study 192 

Table 5-15 Summary of results for all market and non-market arrangements ................... 193 

Table 5-16 Comparison of Capacity Factors under different PoA studied in this chapter .. 199 

Table 5-17 Non-market Sensitivity Study #1 and #2 Results ............................................... 201 

Table 5-18 Market Sensitivity Study Results ........................................................................ 201 

Table 5-19 Small Generator sensitivity study results........................................................... 201 

Table 6-1 Summary of ANM vs traditional reinforcement costs ......................................... 215 

Table 6-2 Table of FPP connection costs vs. typical connection costs [10] ......................... 216 

Table 7-1 Capacity factor results from the base case model studied in Chapter Four ........ 233 

 

 

 

  



XVII 
 

Abstract 

The growth of renewable generation (and wind generation in particular) in distribution 

networks is leading to the development of Active Network Management (ANM) strategies 

and solutions. ANM systems aim to increase the capacity of renewable and distributed 

generation that can connect to power networks. One such ANM strategy is generation 

curtailment where distributed generation is given a non-firm connection under which the 

network operator instructs the generator to reduce its power output under specified 

conditions and this is practically achieved through the implementation of automatic controls 

in the ANM system.  The rules which define the method of curtailment are often referred to 

as Principles of Access (PoA).  

The UK is currently at the forefront of ANM research and there are a number of full scale 

trials in Orkney [1], Shetland [2] and Cambridgeshire [3]. All of these schemes will apply PoA 

for curtailment of wind generators. There has been little research undertaken to date on 

alternative PoA for non-firm wind generation other than those implemented in these trial 

schemes.   

This research performs a qualitative analysis of PoA using industry recognised assessment 

criteria, and a quantitative analysis of PoA using an Optimal Power Flow (OPF) method. 

Business models present a means of recovering the costs of ANM and compares this to the 

cost of traditional methods of network reinforcement.  

 Alternative PoA can have a significant impact on the capacity factor of generators and a PoA 

which implements a market system is found to deliver the best result for both network and 

generator. Alternatively, PoA which distribute curtailment more evenly across generators 

such as Pro Rata provide an increase in capacity factor for generators lower in the priority 

stack under a LIFO arrangement.   
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1 Introduction 

 

 

 

 

 

 

1.1 The Growth of the Smart Grid 

In the last ten years, the increase in the use of renewable generation has led to a shift in the 

way the electricity system operates in the UK. Carbon reduction targets, subsidies and 

renewable energy targets have all contributed towards this shift. The GB electricity system is 

no longer dominated by large decentralised coal and gas generators and instead has 

increased the number of renewable generation, and in particular, the number of wind 

generators connected to the system. At lower voltage levels, the number of distributed 

generators has also increased. Many distribution networks now contain generators 

distributed within the network resulting in more energy being utilised at lower voltage levels 

to meet local demand, and reduce the amount of energy which is drawn from transmission 

level.  

The growth of the ‘smart grid’ has been a natural progression from the increase in distributed 

generation. The distribution network is moving away from being a passively managed system 

with energy flowing from high voltage levels down to households, towards being more 

‘actively’ managed in an approach similar to that at transmission level.  

The growth of smart grids can be reflected by the number of research articles published in 

recent years. The growth in IEEE journal publications with ‘Smart Grid’ in the title is 

demonstrated by the graph in Figure 1-1. There was a sharp increase in publications between 

2009 and 2010 which could be related to the launch of the Low Carbon Network Fund by 

Ofgem in 2009 [4]. This fund was created to encourage innovation from DNOs and a number 

of projects include partners in research institutions. Since 2009, there has been a steady 
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increase in the number of research groups and new technology developed as part of network 

innovation and the regulator is now encouraging DNOs to take this innovation forward as 

part of normal business procedures.  

 

Figure 1-1 Growth of IEEE journal publications that are returned when ‘Smart Grid’ is searched for  

As a result of the drive to connect more renewables to the UK electricity system, there has 

been an increase in system constraints. The transmission network already has systems in 

place to manage these constraints [5] however new methods to manage generation and 

constraints at distribution level had to be developed.  

Active Network Management (ANM) is the distribution network management concept that 

allows DNOs to manage the network in a similar manner to transmission. In this thesis, ANM 

is defined as the control of power, voltage and frequency within a network through the use 

of remote control and communication technologies. ANM provides an alternative to 

investing in traditional network upgrades or the installation of traditional power system 

equipment such as capacitor banks, or new transformers.  Using ANM, DNOs can make better 

use of the existing network capacity through active control of connected wind generation 

and other resources.   

Other names for ANM systems include Actively Managed Distribution systems, Active 

Distribution Networks, Smart Grids, Flexible Networks, Distributed Energy Resources 

Management or Control, Flexible Connections, and Intelligent Networks although ANM is 
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now starting to be used in a much more specific way and so not entirely synonymous with 

these other terms 

The range of controls used in ANM systems vary depending on the network issues related to 

each case. A Cigre report published in 2011 [6] carried out a survey and provided a number 

of definitions regarding ANM systems. A list of some of the main features, applications and 

benefits of ANM systems is given in Table 1-1 below.  

Table 1-1 Main features of ANM Systems [6] 

Features Applications Benefits 

 Protection 

 Communication 

 Integration into 

existing systems 

 Flexible network 

topology 

 ANM capable 

equipment 

 Smart metering 

technologies 

 Power flow 

congestion 

management 

 Data collection and 

management 

 Voltage management 

 Distributed 

generation and load 

control 

 Fast Reconfiguration 

 Improved 

reliability 

 Increased asset 

utilisation 

 Improved assess 

for DG 

 Alternative to 

network 

reinforcement 

 Network stability 

 Improved 

network 

efficiency (loss 

reduction) 

 

One of the key issues for distribution networks is the thermal capacity of network branches. 

Lack of thermal capacity can play a significant role in the delay to connect renewable 

generation to the network. By using ANM systems, the power flow on the network branches 

can be managed via control instructions that are sent to generators to trip, or trim generation 

when lines become over loaded. For example, during periods of high wind and low demand, 

a wind generator connected to the ANM scheme may be asked to decrease the export to the 

network. This is often referred to as curtailment and this is a common feature of the early 

ANM trial projects. This thesis explores specific aspects of the ANM domain, namely the rules 

that determine which generators are curtailed and when.  
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The growth of actively managed distribution systems in recent years has led to a requirement 

to define new rules and operational procedures for DNOs and this work aims to do this by 

focusing on the rules regarding curtailment of generation and by addressing additional 

commercial aspects of ANM.  

1.2 Principles of Access 

In order to manage the constraints, and the related curtailment at distribution level, new 

rules are required to inform generators connected to the scheme of the curtailment 

management system. These are often referred to as ‘Principles of Access’. They define the 

rules and relationships between all users (i.e. generators and demand) of the ANM system 

and the available, through constrained network capacity or headroom.  

Generators that connect to an ANM scheme will be aware of the risk of curtailment in 

advance. These generators will be awarded non-firm connections. This compares with firm 

connections who have the right to generate regardless of levels of output of demand based 

on N-1 or other relevant security standards. Non-firm generation will be allowed to output 

energy to the network when there is space available. This flexible connection arrangement 

allows generators to connect when they may not have been able to, prior to lengthy waiting 

periods and expensive network reinforcements. 

The diagrams in Figure 1-2 and Figure 1-3 help to demonstrate the application of firm and 

non-firm generation on a constrained network. In Figure 1-2, the network is at maximum 

capacity due to N-1 security limits. During an outage on one of the conductors, the maximum 

capacity is 20 MW, therefore the maximum allowable firm wind connection is 22 MW given 

that the minimum demand is 2 MW.  

 

Figure 1-2 Schematic showing firm network capacity under N-1 conditions 
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By utilising ANM techniques, non-firm generation can be connected. The available capacity 

for non-firm generation is calculated as follows: 

𝑁𝑜𝑛 𝐹𝑖𝑟𝑚 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

= 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 + 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐷𝑒𝑚𝑎𝑛𝑑

− 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑖𝑟𝑚 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

This additional capacity available through ANM control is demonstrated by the network 

schematic in Figure 1-3.  

 

Figure 1-3 Schematic showing firm and non-firm capacity by utilising ANM control systems 

As the number of ANM schemes increase in the UK, and the growth of distribution generation 

increases, the management of generation at distribution level also grows in importance. 

Initially PoA will be used to manage the tripping and trimming of generation in constrained 

networks, however in the next few decades to come as the level of distribution connection 

generation increases, this could expand into a wider system balancing and interaction with 

processes at transmission level. There is a requirement to investigate PoA and explore where 

trials and demonstrations of different methods could benefit future system operation. The 

majority of existing ANM Schemes have applied a Last In First Off (LIFO) PoA [7], [8] where 

the last generator to connect to the network will be the first generator to curtail during a 

constrained period. While this is an entirely acceptable method for curtailing generation, 

there is a requirement to fully explore alternative PoA. A number of papers and projects have 

discussed PoA to date [9], [10] however there has been no research published which explores 

alternative PoA using a thorough quantitative approach. 

1.3 Thesis Focus 

The focus of this thesis is on the investigation of alternative PoA through the use of both 

qualitative and quantitative analysis. A ‘Last in First Off’ PoA has been adopted by the 
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majority of the existing and planned ANM schemes in the UK to date and this thesis will focus 

on the Orkney ANM scheme in particular. A qualitative analysis will look at alternative PoA 

for further quantitative analysis and will identify a number of policy and business implications 

related to each PoA. The selected PoA will then be subjected to a quantitative analysis using 

a case study network. The case study used is based on the Orkney distribution network  and 

operational ANM scheme [11] and the analysis will focus on thermal constraints and non-

firm wind generation.  

1.4 Research Objectives 

The main question that this work intends to address is: 

Are there suitable alternatives to LIFO for non-firm wind generators connected to 

Active Network Management schemes?  

Answering this question requires the development of both qualitative and quantitative 

analysis techniques which will compare the impact of alternative PoA on the output of non-

firm wind generators connected to an ANM scheme. These methods will be applied to a case 

study based on the Orkney ANM scheme. 

Thus, the objectives of this thesis are defined below:  

 Review existing literature on ANM and active distribution networks and 

establish the current application of PoA to non-firm wind generators. 

 Identify a suitable list of assessment criteria against which PoA can be 

benchmarked.  

 Review existing PoA and identify possible alternatives for renewable 

generators connected to ANM schemes through qualitative analysis. 

 Develop a suitable curtailment market model for application at distribution 

level. 

 Review the methods of modelling power flows in distribution networks and 

identify a suitable methodology for analysing PoA. 

 Develop an Optimal Power Flow (OPF) framework suitable for modelling the 

impact of PoA on non-firm wind generation. 

 Model the effects PoA have on the capacity factor of wind generators when 

compared with the current LIFO arrangements through quantitative analysis. 



Chapter One: Introduction  

7 
 

 Review the current method of cost recovery for traditional network 

reinforcements and identify a method for recouping the costs of ANM 

schemes. 

 Develop a business model which will outline the main stakeholders involved 

in ANM schemes and demonstrate the flow of goods and services between 

the relevant stakeholders. 

 Identify the impact that the growth of ANM may have on wider system 

operation in the future. 

The use of a qualitative assessment will identify which PoA are most suitable for further study 

using a quantitative assessment. The use of an OPF method will ensure that network 

characteristics are accounted for in the curtailment evaluation, and that security limits are 

adhered to at all times. Comparison of capacity factors gives an indication of severity of 

curtailment, and in doing so, gives an indication of the revenue impact on curtailed 

generators. Finally, the comparison between traditional reinforcement costs and the cost of 

ANM systems uses a visualisation technique to demonstrate the flow of goods and services 

between actors in the electricity industry. This is a novel technique to present ways in which 

DNOs may recover the costs of ANM schemes in the future, when they are no longer funded 

through network innovation funds.   

1.5 Principal Contributions 

This thesis delivers a number of important contributions to power systems in terms of both 

knowledge and novel techniques. In particular, this work contributes to the field of 

distribution networks, renewable integration and smart grid research.  

Provide further definition of Principles of Access 

The application of curtailment management strategies is a fairly new research area. This work 

aims to identify the key questions and issues associated with PoA. While this work focuses 

on the application of PoA to wind generators in ANM schemes, network access is relevant to 

all generation at both distribution and transmission level and to different energy 

technologies spanning generation, demand and storage technologies. This area of research 

will become more important as network owners and operators develop ANM schemes 

further across the UK network. In particular, the impact of ANM and distributed generation 
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on wider transmission balancing, and the PoA which will apply at grid supply points. (Chapter 

Two) 

Provide a qualitative assessment of PoA based on PoA models in the literature 

An extensive review of possible PoA is provided. Selection criteria are developed and used to 

compare different PoA and the advantages and disadvantages of each are discussed. These 

criteria have been used in previous reviews of existing regulation and network codes and it 

is therefore appropriate to apply this to the assessment of PoA.  The application to PoA is 

novel and valuable.  This qualitative discussion will identify several PoA for further 

quantitative analysis in this thesis.  (Chapter Three) 

Provide a quantitative analysis of PoA based on wind power capacity factors under 

curtailment action 

An OPF method is used to compare the impact of different PoA on the capacity factor1 of 

non-firm wind generators connected to a distribution network. OPF has been used in the 

planning and analysis of both transmission and distribution networks for some time and the 

method has been adapted in this thesis to curtail generation in the desired order. The impact 

is demonstrated firstly on a simple four bus example to highlight the basic principles. A real 

network case study, based on the Orkney distribution network, is then carried out in order 

to demonstrate the impact of different principles on generators connected to an ANM 

schemes. This model differs from previous OPF modelling work by incorporating both non-

market and market PoA into the model through the use of logic commands that execute in 

the OPF iterations. This allows all PoA discussed in this work to be compared using the same 

numerical analysis tool. (Chapter Four and 5) 

Assessment of the potential for a curtailment market at distribution level 

Currently in the UK, non-market principles of access have been adopted. This thesis presents 

a discussion on the move of distribution networks towards market-based curtailment 

approaches in the future. Market based curtailment has yet to be quantitatively analysed at 

                                                           

1 The capacity factor can be defined as the ratio of actual output over a period of time, to its potential 
output if it were able to operate at full nameplate capacity continuously over the same period of time.  
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distribution level and this thesis provides a significant contribution to knowledge in this area. 

(Chapters 4 and 5) 

Assess ANM Business As Usual implications issues for DNOs 

As the number of ANM schemes grows in the UK, some DNOs now offer non-firm connections 

alongside standard firm connections. This work will suggest ways in which DNOs may recover 

the cost of ANM and curtailment market operation when such a time arises that these 

schemes are no longer funded through regulator incentives. The method used to 

demonstrate this cost recovered is a visual demonstration of the flows of goods and services 

between actors in an ANM scheme, based on a method developed by the Environmental 

Change Institute at University of Oxford [12]. This is a novel application of this method to 

ANM schemes and provides insights into how ANM might work in a commercial sense. 

(Chapter Six) 

1.6 Associated Published Work 

Through the development of this thesis, the author has published the following works as the 

main contributing author.  

1.6.1 Journal Publications 

Kane, L., Ault, G., “A review and analysis of renewable energy curtailment schemes and 

Principles of Access: Transitioning towards business as usual”. Energy Policy, Volume 72, 

September 2014, Pages 67–77. 

Kane, L., Ault, G., “Evaluation of Wind Power Curtailment in Active Network Management 

Schemes”. IEEE Transactions on Power Systems, vol. 30, No. 2, pp. 672-679. 2015 

1.6.2 Conference Papers 

Kane, L., Ault, G., Gill, S., “New Principles of Access for Wind Generation Curtailment Schemes 

in Active Network Management”. 7th PhD Seminar in Wind Energy, TU Delft (2011). 

Kane, L., Ault, G., “The cost of Active Network Management schemes at Distribution Level”. 

European Wind Energy Association Annual Conference, Vienna (2013). 

Kane, L., Ault, G., Gill, S. “An assessment of principles of access for wind generation 

curtailment in active network management schemes.” 22nd International Conference and 

Exhibition on Electricity Distribution (CIRED 2013), Stockholm pp. 1–4, (2013). 
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Kane, L., Ault, G., Hannant, L., Georgiopoulos, S., “Analysis of Market and Non-Market 

Principles of Access for Wind Generation connection to Active network Management 

schemes”. CIRED Workshop – Rome, 11-12 June 2014, pp. 1-4, (2014). 

Pena-Martinez, J., Williams, C., Kane, L., Ault, G., Norris, E., Moffat, J., Anderson, R., 

“Curtailment Assessment Methods Characterisation and Definition”. 23rd International 

Conference and Exhibition on Electricity Distribution (CIRED 2015) – Lyon, 15-18 June 2015, 

pp1-4, (2015).  

1.6.3 Reports 

The author has been a contributing author on the following publications: 

Sinclair, D., Hills, Y., Eyre, E C., Ault, G., Foote, C., Kane, L., Allen, C., Kearney, E., “Actively 

Managed Distribution and the BSC – Final Report”. (2014). 

1.7 Summary of Thesis  

The structure of this thesis is of similar order to the objectives and principles contributions 

outlined previously.  

Chapter Two provides a background to the research area, including the GB electricity system 

structure and market operation. Examples of constraint management at transmission level 

are discussed and a number of ANM case studies are presented with a focus on schemes 

which apply methods for managing curtailment on the network.  

Chapter Three presents a literature review of PoA from previous work by other authors and 

a qualitative analysis of PoA is carried out. A number of assessment criteria are developed 

and used to compare the list of PoA identified through the literature review. A number of 

PoA are selected for further discussion and analysis in Chapters 4 and 5. The best market 

design is discussed, and a short list for potential market PoA presented. Following this 

assessment of PoA, a review of modelling techniques is provided and a conclusion is reached 

regarding the most appropriate method for analysing PoA.  

Chapter Four introduces the main modelling methodology used to compare PoA. Both 

methodologies for modelling market and non-market methods is presented and a simple 

network example is given. This example will enable the reader to better understand key 

properties of different PoA before a more complex, real life network case study is presented 

in Chapter Five. A number of scenarios are presented and the key findings discussed.  
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Chapter Five contains the main case study for this thesis. A real network case study is used 

to demonstrate the impact that different PoA will have on the capacity factor of wind 

generation connected to an ANM scheme. The 33kV network model is based on the Orkney 

distribution network. Analysis for one year worth of demand and generation data is carried 

out for each of the PoA, and the results discussed. Further sensitivity analysis is presented to 

demonstrate the impact that alternative network topology, generation mix and capacity can 

have on the capacity factor of non-firm wind generation under different PoA.  

Chapter Six presents a discussion regarding the cost of ANM schemes and a Business as Usual 

model is proposed for both market and non-market PoA. The costs of both ANM and 

traditional reinforcements are presented and the wider impact of ANM on the transmission 

system is discussed.  

Chapter Seven concludes the thesis and brings together the main points from each chapter. 

The contributions to knowledge are justified and the key thesis question is answered. The 

chapter concludes with future work.  
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2 Background 

 

 

 

 

 

 

2.1 Chapter Summary 

In the last two decades, the UK Government has been making changes to energy policy in 

order to reduce CO2 emissions. Carbon reduction targets imposed on the UK by Kyoto 

protocols [13] in 2005  have led to a growth in the development of renewable generators 

applying for connection to the GB electricity network. The energy regulator, Ofgem, has 

provided incentives as part of a wider change to transmission and distribution operation [14]. 

These changes allow transmission network owners to fast track connection applications 

which will help to decarbonise the GB energy system by reducing reliance on conventional 

generation with high carbon emissions such as coal and gas.  

The chapter starts by providing background information on the current UK and EU policy on 

carbon emissions and a summary of the renewables industry. The chapter goes on to provide 

background on the operation of the current UK electricity market, and the changes that it is 

undergoing as part of a wider European market reform.  

This chapter will discuss examples of constraint management at transmission level which has 

been increased due to fast tracking of renewable generation connections prior to essential 

network infrastructure upgrades. In addition to this, the arrangements used to manage 

electrical interconnectors between the UK and neighbouring electricity systems are outlined 

along with a brief discussion of how access rights are managed in other industries. This 

chapter will conclude with a review of Active Network Management (ANM) schemes which 

are applying constraint management techniques.  

The focus of this discussion will be based on wind generators due to the volume of wind 

generation which has connected to the GB system in recent years. While other renewable 



Chapter Two: Background  

13 
 

systems have connected, wind energy has thus far had the largest impact on the way in which 

the system operates and in many ways has also led to the changes in operation at distribution 

level.  

In all of the issues discussed in the chapter, the main focus is on the Principles of Access (PoA) 

granted to the user of the system. While the system conditions vary between distribution, 

transmission and other types of commodity systems such as gas, telecoms and rail networks, 

the allocation of network access is of key concern to all users.  

2.2 Climate Change and the Renewable Industry 

The European Union (EU) is currently in the process of moving towards ‘greener’ technologies 

with a drive to encourage the adoption of renewable energy technologies. The threat of 

climate change is a global concern and the EU governs a significant degree of energy policy 

in the United Kingdom (UK) through directives which are applicable to all EU member states.  

EU Directive 2009/28/EC [15] sets renewable energy targets for all member states to achieve 

by 2020 in overall energy production and transport.  The targets state that 20% of energy 

generated in the EU and 10% of energy used in transport should be from renewable means. 

The directive requires member states to set their own personal targets; however these must 

be consistent with 2009/28/EC.  

UK Government targets outlined in the UK Government Low Carbon Transition Plan [16] state 

that around 30% of electricity will be generated from renewable energy sources by 2020. The 

Scottish Government has also set its own ambitious targets, aiming for 100% of electrical 

demand to be met from renewable energy by 2020 [17]. 

In the UK, as of June 2014, there is a total of 7.26 GW of wind power connected onshore, and 

a further 3.65 GW installed offshore [18]. The renewables industry has continued to grow in 

recent years and significant progress toward carbon reduction targets have been made. 

According to the UK  Renewable Energy Roadmap Update [19], 15% of energy demand has 

been met by renewable sources and in 2013, 15.5% of electricity generated came from 

renewables. The renewables sector has seen £31 billion of private sector investment with 

35,000 jobs created.  

According to National Grid’s Ten Year Statement [20], the level of Distributed Generation 

(DG) connected in the period 2013/2014 is 9.8 GW [21] and is forecasted to increase to 21.8 

GW by 2020 under the ‘Gone Green’ scenario. If the capacity of DG continues to increase as 
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forecasted, this will lead to the requirement for new operational and management 

techniques not just at distribution level, but also at transmission level to deal with a new set 

of network and system issues created by the growth of distributed connections.  

2.3 GB electricity market and regulation 

This section gives an overview of the current electricity network operation in the UK. This is 

the background information for the existing network state, mode of system operation and 

the market within which it operates.  As the number of renewable connections grow, new 

approaches and techniques may be developed but they must build upon the existing 

framework. The section then goes on to discuss the regulatory framework, funding initiatives 

and finally the GB electricity market reform.  

2.3.1 Current Electricity Market Operation in the UK 

In 2001 the UK established the New Electricity Trading Arrangements (NETA) in a move from 

a pool to a bilateral market for England and Wales. In 2005, NETA changed to become the 

British Electricity Trading Transmission Arrangements (BETTA). BETTA includes Scotland, 

England and Wales.  

Figure 2-1 gives an overview of transmission and distribution system interactions. There are 

three transmission system operators who are responsible for the physical GB National Grid: 

Scottish Hydro Electrics Transmission Ltd (SHETL) and Scottish Power Transmission (SPT) in 

Scotland, and National Grid Transmission Operator in England and Wales. These bodies are 

responsible for maintaining the transmission assets in each of their own regions. In addition 

to maintaining the English and Welsh transmission system, National Grid is responsible for 

managing the balance of supply and demand for the whole of the Main Interconnected 

Transmission System (MITS) i.e. for the whole of GB.  
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Figure 2-1 Overview of transmission and distribution system [16] 

Ofgem [22] is the industry regulator, and is responsible for ensuring that the gas and 

electricity markets continue to offer value for money to energy customers. They are also 

responsible for monitoring the investments of gas and electricity network owners in order to 

ensure security of supply for current and future users of the system. Ofgem regulates 

transmission and distribution Network owners and operators, as well as energy suppliers.  

There are 14 licensed distribution network areas, as indicated in Figure 2-2. Each distribution 

network has its own network owner and operator, commonly referred to as the DNO. They 

are in charge of maintaining the network assets as well as managing the network and 

ensuring the system stays within limits and continues to provide electricity to customers.  
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Figure 2-2 UK Distribution Network Operators [17] 

The electricity market in Great Britain allows customers to choose the supplier of their 

choice, and for suppliers to buy electricity to meet customer demands from generators of 

their choice. This market is dominated by the Big Six – Npower, British Gas, EDF Energy, E. 

ON UK, Scottish Power and SSE. There are many smaller energy suppliers on the UK market 

and customers are free to change suppliers as and when they please.  

Organisations without a physical demand for electricity or any means of generating electricity 

(Non Physical Traders) such as banks are also entitled to trade electricity on the GB electricity 

market. 

Elexon is the Balancing and Settlement Code Company (BSCCo) [23] established under the 

provisions of the Balancing and Settlement Code (BSC). Elexon is in charge of calculating how 

much each generator and supplier owes the system after gate closure. The BSC contains the 

rules and governance arrangements for electricity balancing and settlement in GB, and 

Elexon is responsible for ensuring its proper implementation. 
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Figure 2-3 Overview of the settlement and balancing process [18] 

Figure 2-3 provides an overview of the market operation within the GB electricity market. 

Each of the stages are explained in more detail below.  

The grid is a dynamic system, and therefore it is difficult to calculate the exact level of 

generation and demand acting during any half hour period. The Balancing Mechanism (BM) 

allows the system operator to increase and reduce generation as required. 

Years in advance of the gate closure (i.e. the spot time one hour before the spot time at the 

start of that settlement period), long term contracts are struck between energy suppliers and 

generators. These contracts guarantee levels of generation at a fixed price and are typically 

used for generators who provide the base load. Power exchanges are used to ‘add shape’ to 

the supply profile and more closely match the demand profile. These are carried out closer 

to gate closure. As the gate closure approaches, finer system balancing takes place.  

In the hour following gate closure, bids and offers from generators participating in the BM 

(BM units) are accepted. BM units must submit an expected level of generation/demand 

during the settlement period which is known as a Physical Notification. After gate closure this 

becomes Final Physical Notification (FPN). BM Units also submit bid-offer data which 

indicates the ability of the unit to move away from FPN after gate closure in return for 

payment.  

In the minutes and seconds before the operating point, the system operator can call on 

additional balancing services known as ancillary services [24]. This includes support for 

reactive power, frequency response, back start capability and reserve. These services are 

contracted in advance. Some ancillary services, such as frequency response, must be 

provided as part of a participant’s grid connection agreements. For many of these services, 
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generators receive an availability payment in addition to a utilisation payment. Due to the 

short response time required for services such as frequency response, generators must be 

available to increase or decrease output at short notice.  

Following the end of the settlement period, metered volumes are collected from generators 

and suppliers and compared to contracted volumes. Imbalances must be paid for by all 

parties. If units generate more than contracted for, they must sell additional electricity to the 

system. This is known as the ‘System Sell Price’. If the unit uses more electricity than 

contracted for then they must buy from the system at the ‘System Buy Price’.  These prices 

are calculated by summing up daily charges and adding VAT. Other charges and payments, 

such as constraint payments are also calculated during settlement.  

All units connected to the transmission system must be fitted with ‘Half Hourly’ (HH) 

metering system which feed directly into settlement calculations. However, units connected 

to the distribution system such as houses are not fitted with HH meters as standard. Using 

profiling, an annualised value of demand is calculated and used in settlement calculations. 

As more accurate data is gathered, the calculations are repeated on four occasions spaced 

across fourteen months, providing a more accurate picture of settlement each time. All 

imbalances are settled centrally and managed by Elexon. 

2.3.2 Regulation of Transmission and Distribution Operators 

The RIIO (Revenue = Incentives + Innovation + Outputs) framework was developed by Ofgem 

following a review of the previous energy network regulation model, RPI-X. The results of the 

review, referred to as RPI-X@20 [14], recommended that RIIO be created to help network 

companies plan for secure and reliable future networks whilst dealing with issues caused by 

the move towards low carbon technologies i.e. changes in demand and generation 

behaviours.  

The key objectives of RIIO are to encourage network companies to:  

 Include stakeholders in the decision making process 

 Invest to ensure safe, secure and reliable future networks 

 Provide innovative solutions to reduce network costs for consumers 

 Strive towards a low carbon future  

RIIO-T1 is the transmission price control review for the period 2012-2022. National Grid, SP 

Transmission and Scottish Hydro Electric Transmission Ltd have published their proposed 
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spending [25], [26]. Both proposals included extensive stakeholder engagement, as 

encouraged by the RIIO framework. These documents set out information regarding what 

the network company will deliver during the control period, the incentives that are placed 

upon this delivery, the costs network companies are allowed to recover and the method for 

calculating this cost and arrangements for addressing any risk and uncertainty that might 

arise during the review period.  

Similarly to RIIO-T1, each DNO has published business plans as part of the RIIO-ED1 price 

control review. These business plans outline how each of the 14 distribution network areas 

will meet the obligations set out by Ofgem under the RIIO framework. UK Power Networks 

[27], Northern Power Grid [28], Electricity North West [29], Scottish and Southern Energy 

Power Distribution (SSEPD) [30] and Scottish Power Energy Networks (SPEN) [31] have 

published highlights and full electronic copies of business plans online. Each business plan 

addresses similar issues to those discussed at transmission level i.e. ensuring safe and secure 

access to future networks whilst innovating and improving on existing techniques to allow 

increased distributed generation connections. All DNOs have worked closely with 

stakeholders to develop plans and have made changes based on discussions. For example, 

SP Energy Networks increased spending by £20 million as a result of stakeholder priorities 

and the stakeholders willingness to pay towards these projects [31]. 

2.3.3 Renewable Generator Subsidy Payments 

Renewable technologies are still developing; therefore to encourage the connection of 

renewable generators, a number of incentives were introduced by the UK Government, 

including the Feed-in Tariffs (FITs) [32] and the Renewable Obligation (RO) [33]. These are 

provided to help developers ensure that a minimum price per unit of electricity can be 

recovered.  

The RO is the most significant incentive for renewable generation development in the GB 

energy market. Generators are rewarded Renewable Obligation Certificates (ROCs) for each 

MWh of energy produced by renewable energy sources. The value of ROCs has an important 

impact on the price paid to the renewable generator for electricity produced. The ROC price 

is set at a fixed rate for each year, while the market price of electricity fluctuates, and the 
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long term value of the Power Purchase Agreement 2(PPA) is typically lower than the average 

market rate [34]. 

The number of ROCs awarded varies depending on the technology; this encourages more 

investment in less developed technologies [35]. The value of ROCs is set by Ofgem each year 

and will change over the years in line with the Retail Price Index (RPI). An example of ROC 

prices can be found online at the e-ROC website [36]. The average ROC price in 2014 was 

£41.82.  ROCs will be available to generators until 2017 when they will be replaced by 

Contracts for Difference (CfD). This topic is covered in more detail in Section 2.3.5. ROC 

banding for a selection of different generation types are shown in Table 2-1 below.  

Table 2-1 Annual ROC banding levels for different renewable technologies (2013 – 2017) [37] 

Year 13/14 14/15 15/16 16/17 

Onshore 
wind 

0.9 0.9 0.9 0.9 

Offshore 
wind 

2 2 1.9 1.8 

Tidal 2 2 1.9 1.8 

Wave 2 2 2 2 

Hydro 0.7 0.7 0.7 0.7 

 

Feed in Tariffs (FITs) are awarded to generators smaller than 5 MW and the rates vary 

depending on the size of installation and the technology used. FIT prices are set by Ofgem 

each year. Prices for wind generation are shown in Table 2-2 below, details of tariffs paid to 

other generation are given in [38]–[40]. This subsidy is aimed at smaller generators, and to 

encourage the use of micro generation at a domestic level.  

  

                                                           

2 A Power Purchase Agreement is a long term contractual arrangement between a generator and an 
energy supplier where a fixed price is agreed for a fixed volume of energy.  
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Table 2-2 Feed-in Tariff payments (p/kWh) for wind (2010-2014) [38] 

 April 2010 – 
March 2012 

April 2012 – 
November 2012 

December 2012-
March 2014 

April 2014 – 
March 2015 

Less than 
1.5kW 

40.12 37.91 22.23 17.78 

1.5kW – 
15kW 

31.03 29.65 22.23 17.78 

15kW – 
100kW 

28.06 26.90 22.23 17.78 

100kW – 
500kW 

21.81 18.53 18.53 14.82 

500kW – 
1500kW 

11.01 10.05 10.05 8.04 

Greater than 
1500kW 

5.19 4.74 4.26 3.41 

 

2.3.4 Innovation Funding for Network Operators in GB 

In the last decade or so, Ofgem has produced a number of different funding initiatives that 

run alongside price control reviews. These funds help network owners to develop new 

methods of operating and managing the system in order to facilitate changes in typical 

behaviour. Innovation funding allows networks to trial solutions  to complex network 

problems without the need to impose massive costs to the business and in turn, reduce the 

costs passed on to electricity customers.  

2.3.4.1 Innovation Funding Incentive (IFI) and Registered Power Zones 

In 2004, Ofgem introduced the Innovation Funding Incentive (IFI) and Registered Power 

Zones (RPZ). These schemes were created to deal with the growing number of connection 

applications from small generators, in particular renewable generation, who were wishing to 

connect at distribution level. Due to lack of available network capacity, connection offers 

were high which was discouraging to smaller generators. There is a high cost and long time 

frame associated with traditional network upgrades i.e. building more transmission lines, or 

increasing the capacity of existing equipment.  

RPZs focused on the development of new and more cost effective connection and operating 

techniques at distribution level. Three sites were awarded RPZ status: Orkney, Skegness and 

Marsham Primary. Orkney is now a fully operational ANM scheme and is currently receiving 

a second round of funding for the development of a storage park [41]. Skegness Dynamic 



Chapter Two: Background  

22 
 

Line Rating (DLR) project is now being further developed by Western Power Distribution as 

part of the Lincolnshire Low Carbon Hub [42].  

2.3.4.2 Low Carbon Network Fund 

The Low Carbon Network Fund (LCNF) [4] was set up in 2009 Under the RPI-X framework to 

encourage distribution network owners to develop innovative solutions to ensure safe and 

secure network operation while the industry moves towards a low carbon generation mix. 

The LCNF was designed to follow on from RPZ funding.  

There are two tiers to LCNF: the First Tier of funding allows DNOs to recover a proportion of 

the expenditure of small scale projects. In order to gain funding under the First Tier, projects 

were asked to trial new or unproven equipment, novel arrangements of applications of 

existing distribution system equipment, novel operational practices or commercial 

arrangements. Under the First Tier, 11 projects were awarded funding.  

The Second Tier of funding ran as an annual competition between 2010 and 2015 to run 

alongside the distribution price control review. Up to £64 million of funding was available 

each year to help fund a small number of ‘flagship’ projects. A key part of the LCNF project 

conditions is knowledge sharing and it is expected that each project should provide some 

valuable learning experience that all DNOs can use for future network developments. 

Projects were asked to demonstrate that they could enable the development of a low carbon 

energy sector and provide financial benefit to future or existing customers. This is in line with 

the objectives of the new RIIO regulatory framework.  

The Second Tier of funding has been granted to 20 projects to date, with a further four 

projects receiving funding under the 2014 competition. Details of all Ofgem’s innovation 

funding projects can be found on Energy Network’s Association (ENA) Smarter Networks 

portal [43] . 

2.3.4.3 Network Innovation Competition 

More recently, to encourage network innovation, ‘Network Innovation Competitions’ (NICs) 

have been introduced [44] as part of RIIO T1 review . Transmission network operators can 

compete for funding for innovation projects which meet the relevant evaluation criteria. 

There is £27 million of funding available each year to support innovation projects and this 

will be awarded to the projects which can demonstrate methods to provide environmental 
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benefits, cost reductions and security of supply in GB during the move towards a low carbon 

economy.    

2.3.5 GB Electricity Market Reform 

The GB electricity market is currently undergoing a number of changes, as part of the 

Electricity Market Reform (EMR) [45]. The EMR was proposed by DECC in 2012 under the 

proposed Energy Bill [46]. The aim of EMR is to ensure that the correct investment is secured 

in order to provide a reliable and diverse low carbon energy mix for the future. The EMR will 

provide the processes and mechanisms that will allow low carbon technologies to compete 

with more established gas and coal technologies.  

The UK Government will set all the policy required under the EMR which will include 

establishing key parameters for capacity auctions and setting prices for low carbon 

technologies. They will look to National Grid as the system operator to provide them with 

evidence and analysis to aid in setting these parameters.  

The two new market mechanisms created under EMR are Feed-in-Tariffs with Contracts for 

Difference (CfDs) and Capacity agreements within a capacity market. These mechanisms are 

supported by a Carbon Floor Price and an Emissions Performance Standard.  

The four stage plans proposed under the EMR are outlined in Table 2-3. 

Table 2-3 Timescale of EMR Stages (Present – 2020 and beyond) [47] 

Present – 2017 2017-2020 2020s 2020s and beyond 

Capacity Auctions run as needed 

RO will run alongside 
proposed Contracts 
for Difference (CfDs) 
with prices set 
administratively.  
Capacity auctions 
could be utilised 
depending on the 
security of supply. 

As technologies 
mature, some may 
be able to enter 
into competitive 
technology specific 
auctions.  
Capacity market 
could be fully 
operational. 

All technologies 
have fully matured 
and there will be a 
move towards 
technology neutral 
auctions.  
Demand Side 
Response, additional 
storage and 
interconnection will 
contribute to 
managing the 
system. 

Carbon price is set 
high and at a 
sustainable level to 
allow all generators 
to compete without 
intervention.  
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2.3.5.1 Contracts for Difference  

The aim of CfDs is to remove the long term exposure for low carbon technologies to volatile 

electricity prices and will replace the current ROCs. CfDs ensure that generators receive 

payments for energy produced at a fixed price, known as the ‘strike price’. Examples of strike 

prices for different renewable technologies are provided in Table 2-4. If the electricity price 

is lower than the strike price, low carbon generators will receive a top-up payment to make 

up the difference from suppliers. However, if the electricity price is higher than the strike 

price, then low carbon generators must pay back the difference. They will remain participants 

in the wholesale energy market. The diagram in Figure 2-4 helps to demonstrate this process. 

 

Figure 2-4 Diagram of how contracts for difference will operate 

The aim is to standardise CfDs across technologies with a distinction made between base 

load and intermittent generation. The government will also ‘grandfather’ CfDs i.e. a CfD 

cannot be changed once issued other than according to pre-agreed circumstances. The start 

date for claiming CfD payments is April 2015, and generators can choose to claim either CfD 

or ROC payments until 2017.  

The EMR White Paper [48]  justifies CfDs by saying that, they improve long-term revenue 

certainty, they lower the cost of capital for low carbon generators, they retain short-term 

market signals for efficient operation, and they are a more cost effective and will therefore 

reduce costs to consumers.  
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Initial strike prices have been set and a consultation on these prices is ongoing. Table 2-4 

shows the proposed strike prices. Onshore wind is considered to be a mature technology and 

therefore receives a lower strike price when compared with other technologies. A Nuclear 

strike price of £92.50/MWh has been agreed between the UK Government and EDF who have 

plans to construct at least one new nuclear plant by 2023. If they continue with plans to 

construct a second nuclear plant, the strike price will decrease to £89.50/MWh as it is 

assumed some of the construction costs could be split between both projects.  

Table 2-4 CfD strike prices (£/MWh, based on 2012 prices) [49] 

Technology 2014/15 2015/16 2016/17 2017/18 2018/19 

Offshore Wind 155 155 150 140 140 

Onshore Wind (>5 MW) 95 95 95 90 90 

Wave and Tidal 305 305 305 305 305 

Solar PV 120 120 115 110 100 

Hydro (>5 MW and <50 
MW) 

100 100 100 100 100 

 

2.3.5.2 Capacity Market 

The aim of the proposed capacity market is to ensure there is enough capacity available on 

the GB system to meet demand. The total amount of capacity required for the future peak 

demand will be contracted through a competitive central auction a number of years in 

advance. The auctions are open to new and existing generators and will only be run as 

needed. Those who are awarded contracts, agree to provide electricity when required in the 

delivery year in return for a steady capacity payment – similar to the Power Purchase 

Agreements (PPAs) already taking place. Inability to provide capacity when required will 

result in penalties. The cost of payments are socialised between electricity suppliers. 

One of the important factors in the EMR is the inclusion of significant Demand Side Response 

(DSR). DSR has the opportunity to participate in the capacity market one year ahead of 

required response, which allows the system operator to carry out a certain level of fine tuning 

on accepted bids. 
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2.3.5.3 Additional EMR Support Mechanisms 

In order to continue investment into low carbon technologies, the EMR has proposed a 

number of support mechanisms.  

The Carbon Floor Price will provide an incentive to move away from high carbon 

technologies. This price is applied to technologies which emit carbon while generating 

electricity and currently exists in the GB electricity market as a Carbon Tax, or Climate Change 

Levy.  

The Emissions Performance Standard (EPS) will provide a limit on the amount of emissions a 

fossil plant can emit. The level is set at 450g/kWh equivalent for all new fossil fuel plants and 

power stations will be subject to this constraint until 2045.  

2.3.5.4 Industry views on the EMR 

The market reform has created some uncertainty in the industry, and the majority of users 

of the system have approached the reform with caution. A report from the Committee on 

Climate Change [50] states that the uncertainty of the electricity market beyond 2020 could 

render the policies put in place by the EMR useless. A number of strategies are proposed in 

order to help boost confidence in the system, including: 

 Further carbon reduction targets up to 2030 

 Extending support of low carbon technologies to 2030 

 Setting out options for financial support for new developments including roles for 

Green Investment Bank and Infrastructure UK 

Visibility of the system beyond 2030 would allow developers to better gauge an appreciation 

of return on investment, provide confidence that the UK is committed to a low carbon energy 

future and allow the UK to meet ambitious renewable energy targets.  

With regards to ANM schemes and distribution connections the EMR will continue to 

promote the connection of renewable generators. The strike price for less developed 

technologies such as wave and tidal is high in comparison to more developed technologies 

such as wind generation.  
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2.4 Congestion Management of Wind Generators Connected at 

Transmission level. 

In recent years, congestion management has become an increasing concern to network 

owners and operators due to the drive to connect renewable generation such as wind 

generators to the network in GB. Connect and Manage [5], introduced by National Grid in 

2001, has resulted in a large volume of renewable generators being granted firm access to 

the transmission system without the need to wait until network upgrades had been carried 

out. These values are shown in Figure 2-5 below. On the same graph, the costs of constraints 

are also shown – there has been a significant increase in constraint costs in line with 

increased renewable generation. This section will discuss the network and system issues 

created by transmission constraints and the problems encountered by both generators and 

network operators.  

 

Figure 2-5 Summarised Connect and Manage statistics demonstrating the increase in connected 
generation since 2011 in GB [51] 

2.4.1 Transmission Constraints 

There are a number of methods which can be used to resolve grid congestion. A technical 

report from CIGRE [46] covers a number of these methods in Section 5 of the report.    
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For intra-zonal congestion management i.e. for a constraint within a single area of the 

transmission network, the method very much depends on the market structure adopted e.g. 

bilateral, pool or Locational Marginal Price (LMP). In the GB market, constraints are solved in 

the bilateral market by accepting generator bids to be curtailed. These can be positive or 

negative bids. For example, a coal plant may choose to pay the system to reduce its output 

because it will save money on the fuel that has not been used. In contrast, a wind generator 

may choose to submit a negative bid as they do not wish to be curtailed while there are wind 

resources available to generate electricity. 

For cross-border congestion management, it is suggested that allocation of capacity will be 

through the use of auctions. Types of auction listed are Explicit, Implicit and a Hybrid of 

Explicit and Implicit [52].  

An implicit auction is an auction which allocates transfer of capacity as a function of energy 

prices. In an explicit auction, transfer capacity and energy are two separate markets. 

Other options for cross border congestion management include ‘pro-rata rationing’ and 

‘priority-based rules’ which can be directly compared with Pro Rata and LIFO techniques for 

curtailment at the distribution level (See Chapter Three). 

In order to guarantee prices for market participants, financial products can be used to hedge 

against unstable prices which are made worse by congestion. Examples of financial products 

include Financial Transmission Rights (FTR) and Contracts for Differences (CfD), similar to 

those proposed under the GB EMR.   

An FTR gives the holder the right to a share of congestion rents received by a system operator 

during congestion. FTRs are typically allocated at an auction designed by the System 

Operator. In the UK, FTRs are also granted to customers who pay embedded costs of the 

transmission system.  

2.4.2 Integration of Wind Power to the Transmission System.  

Due to the variability of the wind resource and the issues surrounding forecasting and system 

balancing [53], wind generators cannot provide output forecasts with the same level of 

accuracy as conventional generation. The system operator must turn to other generation 

such as gas and hydro to compensate for this intermittency via the reserve ancillary service 

and balancing mechanism. 
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The following papers are examples of how large scale wind can be integrated into 

transmission networks with constraints and the issues which may arise from variable wind 

generation.  

Ummels et al [47] discuss the technical capabilities of thermal generation plants to meet the 

gap in supply left by variations in wind generation output. The Dutch transmission system, 

unlike the GB system, does not have large hydro schemes which are ideally suited to meeting 

the shortfall left by wind. The Dutch TSO relies on gas plants to provide reserve, however 

some of these plants provide both heat and power (CHP Units) and are therefore restricted 

in the level of reserve which can be provided. A simulation using a unit commitment model 

was used to determine the technical limits to system balancing with large-scale wind power 

– transmission constraints and market design were neglected. The results of the simulation 

highlight a number of issues; mainly the increased penetration of wind power will lead to an 

increase in curtailed wind during low demand periods. To resolve these, the number of 

additional heat boilers in the CHP units could be increased to cover heat demand on the 

system. The level of wind curtailment would then be reduced. The simulation also found that 

variations in wind power prediction only has a minor impact on the balancing in the Dutch 

power system.  

Siemes et al [48] present five methods which may improve integration of wind power into 

the German interconnected system:  

 generation management of wind turbines 

 intraday markets 

 demand-side management 

 improved load forecasts 

 modern storage technologies 

The generation management method asks wind generators to reduce their output when the 

wind forecast error exceeds a trigger point. The forecast error of wind has an impact on the 

level of reserve required on the interconnected system.  

Intraday markets use short-term forecasts of wind power. This reduces the uncertainty which 

is experienced in the current day-ahead markets, and intraday markets would be used to 

supplement the day-ahead market. Through the use of intraday markets, the amount of 

reserve which must be purchased to balance the system would be reduced. 
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Demand-side management already exists to some extent with larger industrial customers on 

the transmission system. The author suggests demand side management of private 

customers is an option for controlling imbalance on the system and reducing the level of 

reserve required. However, the paper presents no quantitative figures or graphs to support 

this discussion. 

Germany is split into four control areas, and this can increase the impact of forecasting errors 

on reserve levels. There is a possibility of pooling load forecast errors and dividing them 

according to the share in annual electricity sales in each area. This would reduce the total 

demand of control reserve in Germany by approximately 20%. However, this method would 

increase operating costs and possibly increase power flows in particular areas of the network, 

leading to overloading of lines.  

The author suggests aggregating wind power with a storage technology and controlling using 

a Virtual Power Plant (VPP). The storage method proposed is Compressed Air Energy Storage 

(CAES) which has similar operation to that of pumped storage plants. Another option is to 

use CAES as a reserve power plant which the author deems to be more economically feasible 

than using CAES in a VPP configuration.  

Short term access trading [54]  is one method identified as a possible short-term solution to 

the problem of transmission access rights to integrate renewable generation. The principle 

works by trading generation capacity between renewable generation and conventional 

generation in particular transmission network zones to make efficient use of renewable 

generation whenever possible. For example, when wind conditions are good, access rights 

can be traded from the conventional generator who has firm access rights to the wind 

generator with non-firm rights. Trading could also take place during planned outages of the 

conventional generator or during periods when wind conditions are poor. DC power flow 

analysis is used to determine which generators can trade access rights between each other. 

Difficulties in trading agreements may arise because of generator size. Wind farms may need 

to buy more access rights than they require because it may not be possible for the generator 

which the wind farm is trading with to reduce output by the required fraction. The scale of 

this issue depends on trading partner size and technical specifications.  

These examples demonstrate a number of solutions to the issues cause by to high wind 

penetration, in particular reinforcement of the system and demand side/storage solutions.  
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The next sub section provides an example of ways in which wind curtailment has been 

managed on transmission systems outside of the UK.  

2.4.3 International Examples of Wind Curtailment 

A document published by National Renewable Energy Laboratory (NREL) [54] in the United 

States presents Wind Energy Curtailment Studies on transmission systems in the US and in 

Europe. The examples below highlight examples that are of particular interest to this 

research. 

2.4.3.1 Electric Reliability Council of Texas (ERCOT) 

In 2009, ERCOT moved away from a zonal market to a nodal market structure. The zonal 

market system operates a real-time market which calculates a market clearing price for 

energy (MCPE) in 15 minute intervals. The lowest cost generator will be allocated capacity 

first, which can in some cases lead to congestion on the transmission system. To compensate 

for this, ERCOT procures ‘Out-of-Merit Energy’ (OOME), used to relieve congestion. 

Generators which offer OOME services are compensated with MCPE for lost energy.  

By switching to a nodal market, there will be an improvement to the way in which energy is 

dispatched and curtailed across the system. Generation will be settled based on locational 

marginal pricing (LMP) of the node where the generator is located.  Settlement prices for 

local congestion will also be based on LMP.  

In 2011, Sharma et al [55] published a paper on some of the tools ERCOT are using to manage 

the increase of wind connected to their transmission system. To indicate that curtailment is 

required, the system operator will send a ‘flag’ to the generator. This is a set point notification 

of allowed output. Other tools help with frequency response, and to assess the reliability of 

forecasted wind output on a day-ahead and hour-ahead basis.  

2.4.3.2 Midwest ISO 

Midwest ISO is the network operator for 15 states in the mid-west area of the United States. 

The Minimum Generation Task Force (MGTF) was established in 2008 as a stakeholder 

process to examine minimum generation situations and provide guidance on how best to 

manage and prevent minimum generation situations occurring. The priority is to achieve 

efficient price signalling during periods of congestion and then allowing the market to solve 

the problem.  
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A short term solution to solve congestion involved curtailing resources with the shortest 

restart time i.e. variable sources such as wind. This was developed into a more 

comprehensive approach which considered Reliability Assessment Commitments, day-ahead 

schedules and markets, LMP and Transmission Loading Relief. Once these have been 

considered, and the congestion has still not been relieved, wind farms will be curtailed on a 

pro-rata basis.  

2.4.3.3 New York Independent System Operator (NYISO) 

NYISO uses the energy market to determine the least-cost means of meeting load 

requirements while maintaining reliability. Generators indicate their willingness to curtail via 

economic offers. The market accepts bids 75 minutes prior to the operating hour in question. 

Zero and negative bids can be accommodated in the market. Financial penalties are incurred 

for generators who do not respond to curtailment orders. This is a similar method to the one 

adopted in the GB system.  

2.4.3.4 Xcel Energy 

Xcel Energy in the United States provides transmission services for eight Western and 

Midwestern states catered for by a number of regulated subsidiaries.  

Xcel Energy has an agreement with the wind generators in south-western Minnesota 

establishing responsibility for curtailment on a rotational basis between various plants. Plants 

that have been curtailed are compensated by Xcel Energy for the value of lost energy and 

federal production tax credit (PTC) which is a similar incentive to ROCs. However this has cost 

Xcel Energy on average $500,000 a month, with the exception of winter 07-08 which costs 

peaked at over $3 million as shown in Figure 2-6.  
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Figure 2-6 Monthly wind curtailment payments in Minnesota by Xcel Energy Sept 2005 - July 2009 
[65] 

In Colorado, Xcel has a contractual agreement with Logan Wind plant to provide up to 14,000 

MWh of annual curtailment at no cost. A number of other plants have similar contracts for 

lower volumes of curtailment, and are curtailed after Logan wind farm is curtailed. Following 

these, curtailment of energy purchases takes place.  If the network is still congested, 

generation is curtailed outside of the contractual arrangements, by referring to a schedule 

based on the day of the month.  

2.4.3.5 Alberta, Canada 

Wind power is accepted by the TSO – the Alberta Electric System Operator (AESO) when 

available. As wind is a ‘price taker’ who does not submit bids on the market, it is only curtailed 

during system failures, and not during congested periods. Generators who are curtailed are 

divided into two groups: flexible and inflexible. Flexible generation is curtailed by an amount 

related to its contribution to the supply (pro-rata) and inflexible generators are reduced to 

minimum generation levels. A review of market operation was carried out in 2007 in order 

to better accommodate the integration of wind generation. It was suggested that wind 

generators should become actors in the current energy market and contribute towards 

ancillary and balancing services. Wind generators are required to pay the costs of upgrading 

control systems and the installation of wind forecasting but will not be compensated for lost 

production due to curtailment. Further studies in 2009 introduced the sharing of curtailment 

during congested intervals between flexible, inflexible and wind generation. A System Wind 

Power Limit (SWPL) will be calculated using data obtained during market bids and wind 
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forecasts and the SWPL amount will be allocated to wind generators on a Pro Rata basis. 

Wind curtailment will be re-assessed and re-allocated every 20 minutes if the limit for any 

one wind project changes by more than 5 MW.  

2.4.3.6 Germany 

There are four German TSOs, and each is obligated to take all electricity generated from 

renewable energy sources within their control area and pay for this energy at an established 

tariff rate in accordance with German Federal Act on Granting Priority to Renewable Energy 

Sources. The renewable energy produced is operated under a common electricity market and 

balanced among the four TSOs. The cost of purchasing renewable energy is shared equally 

between the four TSOs regardless of location of renewable generators. Balancing is carried 

out on the day-ahead market by European Energy Exchange and the real-time market 

exchange is settled accordingly with settlement data.  

All generators greater than 100kW are subject to curtailment, which system operators must 

pay compensation for. The system operator must first demonstrate that all possible 

measures to optimize, improve and expand network capacity were taken before curtailing 

generators.  

There are a large number of transmission upgrades being carried out by all four TSO in order 

to provide the capacity for forecasted wind generator connections.  

2.4.3.7 Spain 

Dedicated control centres (CECRE) for renewable generators greater than 10 MW were 

established in 2006 by Spanish grid operator, Red Eléctrica de España (REE) and these feed 

into the Spanish system operator CECOEL. Renewable energy facilities are grouped together 

by General Coordination Centres (GCC) which co-ordinates, controls and supervises the 

system using SCADA systems. By using this method of coordinated control, the system 

operator uses a computer model called GEMAS which determines the maximum admissible 

wind power generation on the system. Information received every 12 seconds feeds into 

simulation models that determine the need for curtailment of wind power facilities.   

In Spain, there are two methods of curtailment. Firstly there is programmed curtailment 

where curtailment decisions are made before the day-ahead market is closed. Secondly there 

is a real time market where instructions are sent out from the system operator to the wind 

generators via the Control Centre for Renewable Energies (CECRE) via the Generation Control 
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Centres. All real-time curtailment receives compensation of 15% of the wholesale price for 

each hour without premium which is multiplied by the theoretical production based on the 

wind forecasts.  

2.4.3.8 Greece 

EU Directives have determined that networks must accept all output from wind farms, which 

has led to the allocation of firm contracts on the Greek transmission system. This is possible 

for the time being, but there is a limit to the amount of firm generation which can be 

connected due to the existence of thermal generation which has a minimum technical 

output. This problem could be solved via the use of Interruptible Contracts, which is the 

subject of a paper by Kabouris [66]. The paper proposes the use of either Preventative or 

Corrective control to manage the curtailment of wind generators.  

Preventative control allows wind farms to connect up to the security limit of N-1 

contingency3. If this limit is violated at any time, the controller will curtail wind farms using a 

pro-rata method. The method of curtailment is not the subject of the paper and therefore is 

only a suggested method. Using preventative control would allow a further 100 MW of non-

firm wind generation to connect, in addition to 40 MW of firm generation. 160 MW of wind 

generation could be connected if all farms had non-firm contracts.  

Corrective control curtails wind generators when the thermal transfer limit of the line is 

violated. This would require significant changes to the grid codes, however if implemented 

200 MW of additional wind generation could connect.  

Figure 2-7 shows the result of calculations based on the Preventative Control method. The 

graph uses the capacity factor of wind generators to determine the maximum level of 

generation which is economically feasible to connect.  

                                                           

3 An N-1 Contingency is the loss of a single element of the power system, e.g. the loss of a single line.  



Chapter Two: Background  

36 
 

 

Figure 2-7 Estimated variation of capacity factor versus total wind capacity. The solid line indicates 
typical operation; the dash line is the result using preventative control [66] 

2.4.3.9 Northern Ireland and the Republic of Ireland 

Single Electricity Market Operator (SEMO) is the wholesale electricity market for the Republic 

of Ireland and Northern Ireland. It operates a gross mandatory pool market in two different 

currencies. The market is a joint venture between EirGrid, the Transmission System Operator 

(TSO) for the Republic of Ireland, and SONI Ltd, the TSO for Northern Ireland. 

EirGrid and SONI have carried out a number of network studies to assess the impact of wind 

penetration on the grid. The island currently has two interconnectors to the GB system, and 

the instantaneous wind penetration often accounts for 50% of Irish demand [56]. A study 

published by members of EirGrid in 2012 [57] discusses some of the online tools being used 

by the network operator to manage these high volumes of wind. In order to meet renewable 

targets, operational policy and new techniques must be applied. The Wind Dispatch Tool 

(WDT) allows EirGrid to issue dispatch commands to groups or individual turbines i.e. curtail 

all wind on the system, or constrain individual turbines behind local constraints. Wind farms 

connected to EirGrid will be curtailed on a Pro-Rata approach, while SONI uses a Rota 

curtailment approach [58]. 

Wind farms connected to the SONI and EirGrid networks are given non-firm connections and 

are therefore not granted compensation for curtailment. Wind farms with firm connections 

are compensated in the same way as conventional generation. A decision paper from SEMO 

[59] in 2013, states that as of January 2018 there will no longer be compensation for any 

wind farms. This judgement was based on the assessment that wind was already given 
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priority dispatch over conventional generators, and only curtailed due to system security 

issues.  This decision was viewed as controversial, as it adds an uncertainty for many wind 

generators. Many investment decisions may have been made assuming long term 

compensation, which is now to be withdrawn. This decision paper is a bold move for the 

system operator - and the first of its kind to ignore grandfathering of connection rights.   

2.5 GB Interconnector Capacity Allocation 

Similar to the management of generators and network congestion, there a rules which 

dictate the access rights of interconnectors to and from other electricity networks in Europe. 

There are four interconnectors which connect the GB Grid to neighbouring grid systems:  

Northern Ireland, Republic of Ireland, France and the Netherlands as shown in Figure 2-8. 

These interconnectors make up 4GW of capacity, which is around 5% of the total GB capacity. 

[60] 

 

Figure 2-8 Interconnectors connected to the GB transmission system [60] 

Each interconnector can import and export electricity depending on price differentials 

between markets. Interconnectors benefit customers by taking advantage of cheaper 
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electricity by importing power from other markets, and benefits generation by allowing an 

increase in revenue through export to other markets.  

The access rules for some of the interconnectors are detailed below. These rules focus on the 

capacity auctions that are carried out to determine who has the right to use the 

interconnector at any time period, similar to the balancing mechanism on the GB systems.  

2.5.1.1 Moyles and EWIC Access Arrangements 

Under access rules published in September 2012 [61] there will be three types of auction for 

generator units to participate in: 

 Long Term Auction 

 Daily Auction (Day-Ahead) 

 Intraday Auction 

In each auction, the available units of capacity are auctioned in addition with ‘resale’ units 

(unused units that have become available) for the secondary market. All unit prices are 

entered in pounds per MW per hour (£/MW/h). Users can set maximum bid parameters, 

prices and volumes to prevent bid errors being accepted by the Auction Manager Platform. 

Any bid outside this limit will be automatically rejected. Default bids can also be specified by 

users including which auction and time period they apply to.  

Allocation of capacity is similar to that used by UK Grid system. If the total number of units 

for which valid bids have been accepted is lower or equal to available capacity, then all bids 

are accepted and the marginal price is zero. If bids exceed available capacity then the 

operator ranks bids in decreasing bid price. When the next highest bid is equal to or greater 

than the available capacity, this bid price will be the marginal price. The marginal price is used 

by the secondary market for the resale value of units.  

In terms for capacity usage, each user is awarded an Interconnector Capacity Entitlement 

(ICE). For each hour in the trading day, each unit holder may nominate an energy 

transmission value up to the limit of its ICE. The sum of unit holders Long Term Nominations 

and daily ICEs will form its Active Capacity Holdings (ACH). The operator will submit ACH to 

the Irish TSO for each unit holder prior to the first gate closure.  
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Capacity transfers can take place across trading periods and in at least one period of one day 

– the operator will not charge a transaction fee for allocated capacity transfer as the transfer 

is between trading periods – not users.  

The Use It or Sell It (UIOSI) rule ensures the any unused capacity can be made available for 

other users. Any unit holder who does not nominate long term units associated with its Long 

Term ICE for any trading period of a trading day will lose the right to use such Long Term 

Units. These unused units will be made unavailable for future use by the unit holder but is 

still required to pay the operator for unused units (subject to whether they were acquired in 

capacity transfer). Unused units are made available in the daily market, and the proceeds of 

the sale will go to the unit holder. If there is any change to the Net Transmission Capacity, 

revised unit allocation will be available to unit holders as soon as possible. Unit holders will 

be credited in full for unit price of curtailed units during the settlement period when metered 

values are available.  

In the case of a fault, or a system intertrip curtailment may be required on the 

interconnector. In this case, curtailment will be allocated on a pro-rata basis i.e. shared 

equally across all users in a fair manner [62]. 

2.5.1.2 BritNed Access Arrangements 

The access rules for the British-Netherlands link were published in June 2012 [63] and are 

similar to the Moyle rules explained above . There will be three types of auction: 

 Medium Term 

 Day-Ahead 

 Intra-day 

Explicit auctions concern the auction of capacity only, and these will take place in the medium 

term and intra-day auctions. Implicit auctions concern the auction of capacity and energy, 

and will take place in the day-ahead market. The maximum length of contract is one year and 

participants are able to enter into bilateral contracts with operators.  

The regulations allow flexibility in the firmness of connections at the discretion of the 

operator however all capacity is currently awarded as firm access. 
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The secondary market allows unrestricted trade of capacity rights. Participants can resell 

capacity or transfer capacity to another interconnector customer. There will be no 

administrative charge for this trade by the operators.  

All capacity which is not allocated at auction, will ‘rollover’ to the next auction i.e. capacity 

which is not allocated during medium term auctions, will be available for auction during the 

day-ahead auctions etc.  

UIOSI is applied to medium-term capacity entitlements. Any capacity which is not nominated 

to transfer energy will be available on the day-ahead market. This ensures there is no 

hoarding of capacity by users which would prevent other participants from profiting, but puts 

the security of supply at risk.  

2.5.2 Allocation of Access Rights in Other Commodity Markets 

A number of other industries carry out a process of access allocation. These include the UK 

Rail Network and the GB Gas infrastructure.  

2.5.2.1 UK Rail Network Access Rights 

Network Rail is the owner and operator of Britain’s rail infrastructure. The rail network is split 

into ten routes which each have a number of training operators within each route zone [64]. 

This can be compared to the GB electricity system where there transmission system is divided 

into 14 distribution companies each with their own owner/operators.  

The Office of Rail Regulation (ORR) [65] is the independent economic and safety regulator for 

British railways. The ORR is the rail equivalent of Ofgem. They are responsible for ensuring 

Network Rail manages the rail network efficiently while meeting the needs of the users. The 

ORR are responsible for licensing operators of railway assets, setting the terms for access by 

operators for the network and other railway facilities and enforcing competition law in the 

rail sector.  

Track Access Options (TAO) are outlined in a report produced by ORR in 2008 following a 

consultation period with the relevant parties [66]. Key aspects of the TAO include: 

 Use It Or Lose It (UIOLI) provision 

 Buy-Back Access Rights 

 Contract length of 15 years 

 Weighting of paths according to their importance 
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The Use It or Lose It (UIOLI) provision ensures network capacity isn’t prevented from 

developing through the retention of unused rights. Access will be granted on the assumption 

that those applying will invest in the network thus ensuring the network is continuously 

improving and expanding. UIOLI can be compared to UIOSI applied in the use of 

interconnector capacities – see Section 2.5.  

Buy-Back Access Rights ensured that ORR can buy back access rights where better use of 

available capacity can be demonstrated. TAOs are granted for a period of 15 years with the 

first option to buy back access at 10 years. This provision would be difficult to apply to the 

electricity transmission system as technically, all energy generated on the system can flow 

through any of the transmission lines.  

Tracks are weighted based on importance during particular time periods e.g. weekday AM 

peak, weekday interpeak, weekday off peak, Saturday and Sunday. A similar weighting 

method is applied to distribution networks during peak time periods during a 24 hr day. This 

weighting could be applied to transmission networks on lines which often experience 

overloading. However, the cost of using the congested line would have to be socialised across 

the network as individual users could not be determined due to the nature of electricity 

flows. For this reason, Ofgem would not approve such a method as it may unfairly increase 

costs to customers.   

2.5.2.2 GB Gas Transmission System Access Rights 

The supply of gas in Great Britain is managed by the same body that operates and regulates 

the GB electricity system. National Grid is responsible for ensuring the delivery of gas to end 

users and Ofgem also acts as regulator to the gas industry. Gas suppliers buy gas from 

shippers, and sell it on to customers; National Grid is purely responsible for the transport of 

gas.  An overview of the Gas system is shown in Figure 2-9.  

Gas is delivered to the UK at one of nine terminals, the gas then enters the National 

Transmission System (NTS) where it is pushed through the system using compressor stations. 

The NTS is split into twelve local distribution zones that contain lower pressure pipes to 

deliver gas to domestic customers. There are three gas pipelines connecting NTS to Belgium, 

the Netherlands and the Republic of Ireland. [67] 

To connect to the GB NTS, there are three distinct steps an applicant must take [68]. These 

are:  
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 Applying for a physical connection to NTS 

 Signing an Operational Network Entry Agreement (NEA) 

 Obtaining sufficient Transmission Entry Capacity 

The first two points set out the services provided by national grid to the connection applicant 

along with the responsibilities for maintenance, operation and control of equipment.  

 

Figure 2-9 GB gas transmission system with entry terminals shown [69] 

The Entry Capacity application applies to the Shipper i.e. a party who injects or removes gas 

from the system. Each Shipper must make sure they have sufficient daily capacity rights to 

accommodate gas entry flows from the connection point. If there is an increase in the need 

for capacity, National Grid will respond by upgrading/extending the existing physical 

infrastructure. This is similar to the way in which the electricity system operated prior to 

Connect & Manage – applicants are required to wait until relevant upgrades are made to the 
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transmission system before a connection is granted. Unlike electricity, gas can be stored; 

therefore the gas NTS is not subject to the same constraint issues as the electricity network.  

Both rail and gas markets apply similar rules on access to those used by National Grid for the 

use of Interconnectors. The following section will focus on access rights at distribution 

network.  

2.6 The Cost of Balancing the GB System 

National Grid produces monthly reports which provide a detailed breakdown of the costs 

incurred in balancing the system [70]. This includes the costs of constraints which make up 

the majority of payments to manage system issues.   

It is often reported in the press [71] that wind farms receive particularly large payments to 

reduce output. This is a result of wind farms submitting high bids indicating their desire to 

remain connected should a constraint occur. In the majority of cases, the system operator 

accepts the lowest bid to resolve the constraint, but in some cases the system operator is left 

with no choice but to curtail the expensive generator. For example, all other generators may 

have been curtailed and the constraint exists, or the expensive generator is the only 

generator contributing to a particular constraint. In reality the payments made to wind 

generators are just a fraction of the total balancing costs as demonstrated by Figure 2-10. 

The total constraint costs in March 2014 were 42% or £30.6 million of total system balancing 

cost of £72.92 million. 
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Figure 2-10 Total balancing services costs for March 2014 [72] 
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For the financial year 2013/14, the breakdown of constraint costs by fuel type are shown in 

Figure 2-11. Positive values indicate costs to National Grid, while negative values indicate 

receipts. The ‘Other’ category includes hydro, OCGT, demand, nuclear and oil generators. 

The main location of these constraints is the ‘Cheviot’ boundary, which is the boundary 

between Scotland and England. While wind farms are paid the most to manage the constraint 

i.e. curtail energy, the system operator then must pay other generators to balance the system 

i.e. find another route through the system to meet demand.   

 

Figure 2-11 Constraint costs for the financial year 2013/14 [72] 

In Figure 2-12, the payments made to gas and wind farms for the first 4 months of 2014 are 

compared. It is a common misconception for the public to believe that only wind is paid to 

reduce output, but in April 2014, gas generation was paid more than wind farms to reduce 

output. The total costs of constraints in April 2014 was £10.6 million.  
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Figure 2-12 Payments made to wind farms and gas plants to reduce output [70] 
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Many of the areas discussed in the previous sections lead on naturally to a discussion of ANM 

schemes. The climate change problem has led to an increase in renewables connecting at 
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report on network access issues in 2001 [73]  set a number of changes to distribution network 

operation in motion as the response from Ofgem explains in further detail [74]. 

The Register of Active Network Management Pilots, Trials, Research, Development and 

Demonstration Activities was published in 2008 [67] and lists all projects related to ANM 

systems, from research projects through to full scale deployment.  

Of the 121 projects listed in the register, 69% were at the research and development phase; 

however an increasing number of projects were moving towards the trial and pilot stages 

when compared with the previous register published in 2006.  

The accompanying project report [68] highlights the strong lead in Voltage Control and Power 

Flow Management systems as these are seen as the key issues holding back the connection 

of more distributed generation. Schemes such as these have already been deployed in a 

number of locations around the UK. 

Communication systems are an essential part of any actively managed system. A number of 

projects listed in the register suggest that current SCADA systems could be improved upon 

to facilitate DG in networks. However new communication and control systems are still being 

researched.  

The following projects were funded from the funding initiatives discussed in 2.3.4 and have 

implemented ANM solutions and in particular apply some form of curtailment scheme for 

distributed generation.  

2.7.1 Orkney Active Network Management Scheme  

Established by Scottish and Southern Power Distribution (SSEPD) as part of RPZ funding, The 

ANM scheme on the Orkney Islands is the first of its kind in the UK. A number of papers [7], 

[75]–[78] have detailed the research and development and deployment of the Orkney ANM 

scheme and the project is currently in the second phase of development utilising further 

incentive funding from Ofgem. The scheme was created in order to facilitate the connection 

of wind generation to the network. By utilising ANM technologies, a further 18 MW of non-

firm wind has been connected to the network. with plans for a further 5 MW to be connected 

in the future [41]. 

The current mix of generation on Orkney consists of: 

 10 MW gas turbine at Flotta 
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 16 MW back up diesel generator at Kirkwall (Only used in emergency situations) 

 7 MW wave generator at Stromness 

 4 MW wave and tidal test centre  

 42 MW of wind generation in total (turbine sizes range between 0.9 MW to 2.75 MW 

machines) 

The Orkney system uses a ‘connect and manage’ approach, similar to that implemented at 

transmission level. There are three classifications of connection agreement for generators 

connecting to the Orkney network [76]. These are: 

 Firm Generation (FG)  

 Non-Firm Generation (NFG) 

 New Non-Firm Generation (NNFG) 

FG is able to run at rated output at all times including during outages of N-1 contingency. 

NFG is allowed to run at rated output during normal conditions but a hardwired trip will 

activate during fault conditions e.g. such as the loss of one of the subsea cables.  NNFG are 

subjected to a Trim/Trip approach developed by Currie et al [71]. NNFG will be curtailed 

during periods of low demand or high wind i.e. when there is simply not enough capacity on 

the network for the generators to contribute their output.  

When curtailment is required, the ANM controllers will send trim/trip signals to generators 

behind the constraint in the order determined by the priority stack [75]. The last generator 

to connect to the network will be the first to be asked to curtail during a constrained period. 

Generators at the bottom of the stack will be first to curtail. This curtailment method is 

referred to as ‘Last in First Off’ (LIFO) and is discussed in further detail in Chapter Three. The 

network is divided into ‘constraint zones’ with each zonal boundary being a constraint point, 

as shown in Figure 1. The intent is that Zones 1-4 are controlled and the core remains passive. 
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Figure 2-13 Orkney distribution network with zone boundaries [79] 

The system is managed in real-time via the use of a programmable logic controller, which 

receives measurements of power and current, and uses private or public radio links to 

communicate commands to generators. This system has been developed by Smarter Grid 

Solutions Ltd. In addition to ANM solutions, several reactive compensation devices and shunt 

reactors have been installed to resolve local voltage rise problems at specific locations on the 

Orkney network.  

A report produced by KEMA [80] on the Orkney ANM scheme highlights the project successes 

and problems encountered during the creation of the ANM scheme.  Generation developers 

remained interested in connecting to ANM scheme regardless of projected curtailment 

figures, most likely due to high capacity factors available when compared with mainland GB.  

The Orkney ANM project was implemented as an alternative solution to network 

reinforcements and cost approximately £500,000. Traditional reinforcements would have 

been in the form of a new 33 kV subsea cable linking Orkney to mainland GB grid, which 

would have cost an estimated £30 million. Regardless of the construction of the subsea cable, 

there would still be local constraints on the network which would require some form of 

constraint management of exporting generation. From inception as a research project, the 
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Orkney ANM scheme took six years to reach operational stage (2003 to 2009). This lengthy 

period was the result of advanced modelling required for generators, extensive testing, 

technology development and external factors such as planning consent and construction 

work for the first generators. 

The Orkney ANM scheme is based on a locally centralised architecture with network and 

generation output measurements communicated back to a central processing unit sited at 

the operational hub for the Orkney power network.  Control instructions are calculated there 

and communicated out to controlled generating units. The necessary SCADA and Distribution 

Management System interfaces, communications links with watchdogs and local fail-safes 

are integral to this architecture.  

One of the early lessons learned from the Orkney ANM Scheme was the importance of 

communication systems. The communications for each curtailable site was the responsibility 

of the generator. There were problems with generators who used existing lower frequency 

radio links or a leased copper wire medium. When the communication links between 

generators and network are down the generators are automatically issued a zero set-point 

to prevent any network problems i.e. they are set to 0 MW output. As a result of initial 

unreliability of some of the communication links, there were higher levels of curtailment for 

some generators. 

Further lessons learned involved the inclusion of micro-scale wind generation in the Orkney 

ANM scheme. Only wind generation greater than 50 kW was installed with monitoring and 

communication equipment required for curtailment instructions from the ANM scheme. 

While this was justified from a financial viewpoint i.e. the smaller generators had less funds 

available to pay the cost of installing monitoring and communications equipment, this has 

resulted in a large volume of micro-generation eating in to the capacity of larger generators 

in the LIFO stack. The second generation ANM controls for Orkney will include control of 

micro-generation amongst other additions [41]. 

The Orkney Storage Park is funded through LCNF, and phase 1 of the project was completed 

in 2012 [81]. The 2 MW battery has been installed on the network and is owned and operated 

by a 3rd party Energy Storage Provider (ESP). SSEPD have created new commercial 

arrangements for the ESP similar to those offered at transmission level for the provision of 

ancillary services. The storage device is paid a utilisation payment when it is used to store 

excess capacity and a nominal availability payment is granted when the battery is full and the 
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network is still constrained. The ESP is then paid a further utilisation payment when it is 

discharged. The official opening of the storage park took place in August 2013. [82] 

 

Figure 2-14 Demonstration of battery contract payments 

2.7.2 Northern Isles New Energy Solutions  

Funded by LCNF, SSE and Strathclyde University, the Northern Isles New Energy Solutions 

(NINES) project is researching ways to increase and optimise the amount of renewable 

energy flowing on the Shetland island network and reduce dependence on the conventional 

generation which is currently the main source of electricity on the island [2]. Better 

management of the Shetland network, through demand side management and ANM systems 

will allow an increase in the level of renewable energy able to connect and decrease the 

volume of fuel burned by conventional generation on the island.   

Key aspects of the project include: 

 Replacing inefficient storage heaters in 1000 homes with new, efficient models which 

can be used to balance the system 

 New mechanism to reward owners of new storage heating systems 

 New commercial arrangements to aid small generators connecting the system 

 New systems to manage the network effectively to allow more low carbon energy to 

be connected 
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 Construction of a new conventional power plant to replace the existing Lerwick 

Power Station 

The electricity network in the Shetland Isles is composed of three 33kV circuits connecting 

three large scale generating sites and outward to primary substations supplying demand at 

11kV and LV. The Shetland network is not connected to the mainland UK Grid. A schematic 

of the network is shown in Figure 2-15. A number of network issues have thus far prevented 

more than 3.6 MW of wind connecting to the network. [83] 

There are three main generation points on Shetland: 

 Diesel Generation at Lerwick composed of 12 units of varying size, totalling 65 MW 

 Gas Turbine at Sullom Voe Terminal (SVT) which is limited to a maximum of 22 MW 

in winter and 18 MW in summer 

 3.6 MW wind farm connected at Burradale 

The island demand ranges from 50 MW to 14 MW. However, 95% of the year the demand is 

between 16-17 MW. [84] 

The NINES scheme will operate a LIFO arrangement for the curtailment of all non-firm 

generation connecting to the system, similar to the Orkney ANM scheme. Micro-generation 

will be included in the ANM scheme, therefore avoiding issues experienced by the Orkney 

ANM scheme, discussed in Section 2.6.1. 

Due to the island nature of the Shetland network, the ANM scheme must take account of 

additional network constraints [8]:  

 Lerwick power station must provide a minimum of 40% of the demand at all times to 

ensure voltage levels remain within acceptable limits 

 The frequency of the network must remain within 2% of the nominal level of 50 Hz 

 There must be sufficient spinning reserve to cover the sudden loss of wind 

generation on the network 

These three limits are combined to establish the network constraint rules. To determine the 

maximum allowable wind generation on the system, power flow calculations and dynamic 

modelling were carried out. Two scenarios were assessed: the loss of all wind generators, 

and the loss of the largest demand feeder. By ensuring the network stayed within the 

constraint limits outlined above, a new maximum capacity of 9.62 MW from intermittent 
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sources could be accommodated on the network.  Further details of the modelling work can 

be seen in a paper by Dolan et al. [85] 

The funding awarded for the NINES scheme is estimated to be around £33.54 million [86] 

and this cost covers the creation of an ANM scheme, domestic demand side management, a 

district heating system and a 6 MWh battery.  Network reinforcement solutions which would 

require the construction of a subsea cable to connect to the mainland GB network would cost 

in the region of £300 million. [87] 

At the time of writing, the Shetland energy system was subject to a consultation regarding 

the future elements of the system, and in particular the replacement for the existing oil 

powered conventional generator on the island.  The results of this consultation were 

published in the first quarter in 2015, and a competitive tender process is currently underway 

[88]. The future of the Shetland energy system, and the ANM system which is already in place 

may provide a precedent for future ANM systems.  

 

Figure 2-15 Shetland 33kV network [77] 
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2.7.3 Flexible Plug and Play  

The Flexible Plug and Play (FPP) project conducted by UK Power Networks is one of the Tier 

Two LCNF projects awarded funding in 2012 [89]. It is trialling new commercial solutions for 

connection of renewable generators. Through the introduction of ANM technologies and 

innovative commercial arrangements, UK Power Networks hope to fast-track the connection 

of renewable generation and reduce the cost of connections. The alternative solution is a 

lengthy delay while network reinforcements are carried out or a high connection cost to 

generators in order to connect at a neighbouring grid connection point or at a higher voltage 

level. The network constraint is in the form of a reverse power flow limit at the transformer. 

There is a peak demand of 42/64 MW in summer and winter respectively and there is 34.5 

MW of generation connected to the network. A simplified network diagram is shown in 

Figure 2-16. As demonstrated by the red dots, there are a large number of generators 

planned for the future and in order to accommodate them, the constraint must be managed.  

 

Figure 2-16 Simplified diagram of March grid [10] 
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A comparison of connection costs is shown in Table 1. Significant savings are shown for 

generators wishing to connect to the network by introducing the non-firm connection option 

under the FPP scheme.  

Figure 2-17 Table of traditional connection costs compared with ANM connection costs [90] 

Project Capacity BAU connection 
offer 

FPP Budget 
Estimate 

Savings 
(%) 

Status 

Gen A 5 MW £1.2 m £570 k 53% Accepted FPP Opt 
In Offer 

Gen B 0.5 MW £1.9 m £400 k 79% Accepted FPP Opt 
In Offer 

Gen C 10 MW £4.8 m £500 k 90% Accepted FPP Opt 
In Offer 

Gen D 7.2 MW £3.5 m £700 k 80% Accepted FPP Opt 
In Offer 

Gen E 2.5 MW £1.9 m £170 k 91% Accepted FPP Opt 
In Offer 

Gen F 1 MW £2 m £300 k 85% Pending 

 

Curtailment of non-firm generation is shared equally across all generators during a 

constraint. This is referred to as pro-rata curtailment and is discussed in more detail in 

Chapter Three. UK Power Networks and Baringa carried out some analysis and determined 

that a Pro-Rata arrangement provided higher long term capacity factors for generators when 

compared with a LIFO arrangement. A cap was set on the maximum capacity which could 

connect under a pro-rata arrangement.  Once this cap is reached, LIFO will be applied to any 

subsequently connecting generation.  

In addition to the trial of smart commercial arrangements, the FPP trial is using smart devices. 

This includes a tap changing transformer, or a quadrature booster to manage the imbalance 

of thermal load in double circuits. This technology controls the phase angles of the voltages 

on one of the lines in order to change the distribution of power flow through the double 

circuit. Quadrature boosters have been in regular use by National Grid since the 1970’s but 

UK Power Networks is now using this transformer technology to reduce constraints on 

parallel lines. [91] 

The cost of the FPP ANM scheme is approx. £6.7 million (total funding awarded by Ofgem) 

which compares to reinforcement costs i.e. upgrading the transformer, of £15.3 million [90]. 

One consideration for the future of the network is that as the level of connected non-firm 
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generation increases, thermal constraints could be created in some areas of the network. In 

this case, new curtailment zones are created. At the present time, curtailment is based 

around a constraint at the grid connection point. Connection agreements with generators 

will have this constraint written in to the contract. With new constraint locations, the 

question arises as to how curtailment might be allocated and if capacity factors might be 

reduced to a value lower than previously guaranteed by the DNO. This refers to issues 

regarding the level, to which DNO must guarantee certain capacity factors in ANM schemes, 

and should a level be exceeded then what level of compensation should be provided.  

2.7.4 Accelerating Renewable Connections  

Scottish Power Energy Networks were awarded £8 million funding for their Accelerating 

Renewable Connections (ARC) project as part of Second Tier LCNF.  

The project is a collaboration between SP Energy Networks, Community Energy Scotland, 

Smarter Grid Solutions and the University of Strathclyde. The project aims to facilitate the 

connection of renewable generators in the south east of Scotland. The Active Network 

Management scheme will cover an area of 2,700 square kilometres, and five individual 

distribution networks each with different issues. The key objectives of the project are to 

improve network access, speed up time taken to grant connections, and enable the 

connection of generation to constrained networks.  

In one of the constrained networks, the constraint occurs at the Grid Supply Point (GSP). This 

requires close discussions with National Grid as the management of this constraint will 

impact on wider system balance [92]. For the local network constraints, a LIFO arrangement 

will be used. The visibility of the ANM-enabled GSP will allow the TSO to determine more 

accurately the behaviour of generation at distribution level. [93]  

A further objective of the project is to empower customers, and SP Energy Networks have 

done so by producing connection ‘heat maps’. This allows developers to view where there is 

available capacity on the network and therefore inform where the faster and cheaper 

connection locations may be [94]. A heat map is shown below in Figure 2-18. Green areas are 

available for connection applications, light blue areas have some constraints but connections 

may still be granted. Dark blue areas have substantial constraints and connections are 

unlikely without extensive network upgrades [95]. The other 5 DNOs have also produced 

similar styled maps as part of their Long Term Delivery Statement (LTDS).  
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Figure 2-18 Scottish Power Distribution Networks heat map [94] 

2.7.5 Lincolnshire Low Carbon Hub (LLCH) 

Western Power Distribution (WPD) was awarded £3 million of Tier 2 LCNF in December 2010 

to allow them to improve and facilitate the connection of renewable energy projects to the 

distribution network [96]. The project includes a number of innovative network techniques 

including: 

 Dynamic Line Rating 

 Dynamic Voltage Control 

 Commercial Arrangements 

 33kV active network ring  

 Flexible AC Transmission System (FACTs) Devices 

WPD have adopted a LIFO approach for constraint management on the LLCH. Engage 

Consulting researched a number of options and built upon the work already carried out by 

UKPN’s FPP project [90]. It is not clear from the project report why LIFO was selected as the 

PoA however the report does state that LIFO was the “most appropriate and fairest solution 

for customers wanting to connect.” 

The charging methodology used for non-firm connections are based on customers funding 

the constraint management scheme and not any traditional reinforcement that may be 

required in the future. This methodology will result in a limit to the number of generations 
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who can connect to the network without some network upgrades. Non-firm connections will 

be offered to generators alongside standard connection offers.  

 

Figure 2-19 Lincolnshire Low Carbon Hub [96] 

WPD have developed an online tool [42] to allow generation developers to appreciate the 

impact of curtailment on their generator output. This aids in the calculation of project 

viability. In addition to this, WPD have developed a spreadsheet tool to help network 

planners to calculate constraints in the current network, and constraints for future demand 

levels.  

The LLCH project also features elements of dynamic control. The increasing connection of 

renewable energy generators will have an impact on the voltage and power levels in the 

network.  

The primary network voltage is regulated through the use of relays, ensuring that the voltage 

stays within limits at all times. Similarly, Dynamic Line Ratings (DLRs) which were installed as 

part of the Skegness RPZ project are to be further developed in order to determine better 

techniques for calculating plant and equipment ratings and in turn, real time operating limits.  

More details on other aspects of the project can be found in the six month progress report. 

[97] 
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2.7.6 Other Examples of ANM Schemes in Europe 

The following projects are example of ‘smart grid’ projects from Europe. Currently, the UK 

ANM projects are leading the way in terms of applying new commercial arrangements for 

curtailment, however these other examples demonstrate other elements of smart grids 

which have yet to be trialled in the UK.  

2.7.6.1 FENIX Project: Flexible Electricity Networks to Integrate the Expected Energy 

Evolution 

The FENIX Project is a European Technology Platform funded project [98]. The aim of the 

project was to develop new methods of operation for Distribution Networks driven by the 

following issues: 

 Deregulation of electricity markets resulting in new cost reduction targets and better 

quality service 

 The introduction of distribution generation and storage devices in distribution 

networks 

 New connection methods allowing control of reactive power and voltage 

 The desire to allow flexibility for energy consumption 

The main output of this project was the development of a Virtual Power Plant (VPP) concept, 

and development of the commercial and regulatory framework that would allow the 

integration of a VPP in to a future European power system. Large scale trials were undertaken 

on real networks in Spain and the UK.  

The purpose of a VPP is to represent a number of Distributed Energy Resources (DER) as one 

generator in order to behave in a similar way to large scale conventional generation. The 

outline of the VPP system is shown in the Figure 2-20.  

By aggregating the properties of a mix of DER (e.g. Wind, Hydro, Tidal, CHP and storage) the 

VPP can be used to make contracts in the wholesale market and offer services to the system 

operator such as system balancing and ancillary services. Further information regarding the 

demonstration projects can be found in the FENIX technical brochure [98]. 

Other work on VPP systems [99], [100] highlights the benefits that VPPs can have in future 

energy markets. By grouping portfolios of different renewable DG together, they can be 

optimised to meet demand in an actively management distribution system. 
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Figure 2-20 Diagram illustrating the operation of a VPP 

2.7.6.2 EU EcoGrid 

The EU Eco-Grid project [101] is a large scale demonstration of smart technologies on the 

island of Bornholm in Denmark. It is part of the Nordic Power System and the distribution 

network is owned and operated by the Bornholm community. 

Key elements of the project include: 

 A broad mix of renewable DG including 36WM wind generation, 16 MW CHP, 2 MW 

PV, 2 MW biogas and 5 district heating plants 

 Use of Electric vehicles and CHP units 

 The development of a real-time market 

 The development of new information architecture allowing all DG and consumer 

demand response units to participate in the power market 

 The use of smart appliances, smart meters and energy storage (including electric 

vehicles being utilised for storage 
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Figure 2-21 Diagram of Bornholm Smart Grid project [101] 

Customers will be fitted with smart meters that will allow them to manually adjust energy 

use in their homes, or set the meters to automatically control energy use based on real time 

pricing. More details of the real time pricing market and customer smart grids can be found 

in the project report. [102] 

2.8 Conclusions 

Legislation at EU and UK levels has provided the stimulus and incentive to develop 

renewables, and in particular the increase in connection of wind generators, but there are 

three sets of issues which can sometimes restrict the connection of renewable generation to 

the power system. These include: 

 Market issues such as subsidies, compensation for curtailment, use of system 

charging and electricity pricing (discussed in Section 2.1-2.3) 

 System issues (discussed in Section 2.4 – 2.6) which can include security of supply, 

back up reserve and system balancing. Systems which are overloaded with new 

generation may have difficulty in balancing generation and demand  

 Network issues which focus on local aspects such as lack of capacity on the network 

to enable new connections (discussed in Section 2.7), and also control of voltage and 

reactive power levels on the network 
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At transmission level, the Connect and Manage scheme has allowed generation to connect 

without having to wait for wider network reinforcements. Examples of the management of 

constraints from other transmission networks across the world has demonstrated that there 

are many methods that can be used, primarily generation curtailment, in order to allow an 

increase in the number of renewables connecting to the network.  

The introduction of ANM schemes at distribution level has allowed distribution networks to 

operate in a manner similar to transmission networks – with active management of power 

flow and voltage levels, as opposed to the more typical passive operation method. This 

enables distribution networks to offer reduced connection costs to renewable generators in 

exchange for some reduction in output during times when the network is at capacity.  

The case studies presented in this chapter demonstrate the ability of ANM schemes to 

facilitate the connection of wind and other renewable generators at distribution level. All 

schemes demonstrate innovative tools, technology and commercial arrangements to 

manage constraints. The rules of curtailment i.e. the PoA, are still in the very early stages of 

development with many DNOs opting for the quicker and easier solution in order to 

implement schemes with-in the time limits set by funding conditions and within current 

regulatory frameworks.   

Chapter three will elaborate on different options for PoA, and discuss ways in which these 

can be compared against each other and the advantages and disadvantages of each principle 

discussed. The development of ANM schemes is still very much in the initial stages, and full 

exploration of alternative PoA to those already implemented has still to be explored. The 

presentation of a number of different options for PoA will allow this thesis to qualitatively 

and quantitatively analyse each arrangement and provide a discussion which will be a 

significant contribution to the research area.  
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3 Evaluation of Principles of Access and Modelling 

Techniques 

 

 

 

 

 

 

3.1 Chapter Summary 

The previous chapter highlighted that the issue of network access is of key concern to the users of any 

system and that the PoA will play an important role in the future of ANM schemes. The number of 

ANM schemes in the UK is growing rapidly, and non-firm connections are now being included as a 

standard option in connection offers. Network access refers to the connection of generators to the 

network and the operation of generators once they are connected. It encompasses the timing and 

cost of the connection, and the curtailment and compensation of the generator.  

This chapter begins with a discussion of alternative PoA. These arrangements form an important part 

of the connection arrangement as they can determine the volume and frequency of curtailment for a 

generator connected under a non-firm arrangement. To date only two forms of PoA have been trialled 

in the UK; therefore it is important to highlight other alternatives in order to determine if there are 

more suitable arrangements for PoA. The exploration of alternative PoA should not be limited to the 

technology that is currently operating, but should provide suggestions of what might be possible in 

future ANM trials.  

The arrangements are divided into two groups: market and non-market. Each PoA is qualitatively 

analysed using assessment criteria which has been used previously by other authors to discuss other 

commercial and regulatory issues. A matrix analysis is used to compare different arrangements and a 

conclusion is reached regarding which PoA are to be taken forward for quantitative analysis.  

The chapter then goes on to discuss elements of electricity market and auction design which is 

relevant to the design of market based PoA. This will help to create a market based PoA which can 

then be assessed alongside the other non-market PoA and a comparison made.  
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The chapter concludes with a discussion of power system evaluation techniques, before the review 

focuses in on the use of OPF methods and its application to constraint management and distribution 

network planning. This review will present an outline of methods which will be used to qualitatively 

analyse a number of PoA in later chapters.  

3.2 Principles of Access 

There are a number of schemes operating PoA in ANM schemes in the UK. A ‘Last In First Off’ or LIFO, 

approach is favoured by the majority of schemes, with only one scheme currently operating with a 

Pro Rata curtailment approach. Currie et al  present a comparison of PoA in [9]. This paper defines the 

term Principle of Access as the rules which determine the curtailment order of generation in ANM 

schemes and gives a qualitative discussion of a number of PoA. Similarly, UK Power Networks carried 

out analysis of alternative PoA in [10] as part of their Flexible Plug and Play project.  

This section will begin by providing an assessment criteria against which all PoA can be compared, 

before going on to discuss a number of PoA and finally determining which PoA will be modelled on a 

real network case study example.  

3.2.1 Assessment Criteria 

In order to compare the merit of different options for PoA, assessment criteria must be established. 

Examples of criteria used in other assessments of regulatory rules can be found in [9], [10], [101], and 

[102].  

The Assessment Criteria are outlined below. All new commercial arrangements must: 

1. Comply with all UK Grid Code requirements 

2. Support safe, secure and reliable power system 

3. Support efficient network operation 

4. Be clear and transparent 

5. Be flexible to suit future network scenarios 

6. Gain support of all stakeholders 

7. Be simple to implement 

8. Be robust 

9. Allow generators to be able to estimate future annual outputs in order to secure investment 

from financial backers 

The explanation behind these criteria is outlined below. 
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Comply with UK Grid Codes 

The UK Grid Codes are designed to permit the “development, maintenance and operation of an 

efficient, co-ordinated and economical system for the transmission of electricity, to facilitate 

competition in the generation and supply of electricity and to promote the security and efficient of 

the power system as a whole” [105]. The Grid Code is required to cover all technical and operational 

aspects of connection to and use of the transmission or distribution system. The codes also specify 

which information or data users connected to the system are required to provide to National Grid for 

planning and operational use. All PoA must comply with these codes in full.  

Support a safe, secure and reliable power system  

All new PoA should allow the network operator to alter levels of generation as and when required. 

This will ensure a safe, secure and reliable power system, and aid the transmission or distribution 

system in its own safe, secure and reliable operation.  

Support efficient network operation 

All PoA should support the most efficient network operation i.e. minimal loses on the network, and 

the optimal operating arrangement for the network.  

Be clear and transparent 

All rules for new PoA should be clear and transparent for all users of the system and not overly 

complex.  

Be flexible to suit future network scenarios 

As more distributed generation connects to the networks, the behaviour on the network may change. 

Any PoA which are applied must be flexible enough to accommodate any changes in behaviour and 

operation while still ensuring safe, efficient operation and remaining clear and transparent for all 

users.  

Gain support of all stakeholders 

Any changes to PoA will affect a number of different stakeholders in different ways. Any suggested 

change which will have an overall negative effect will be met with resistance from the stakeholder 

groups. It is possible to include the ‘grandfathering’ of rights where some temporary compensation is 

given to those who would rather remain with existing arrangements while allowing progression 

towards a new and better arrangement for the majority involved.  
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Be simple to implement  

The arrangements should be easy to understand for all participants, but not so simple as to ignore key 

considerations required in network charging and access.  

Be Robust 

The arrangements must be robust in order to prevent game playing on the network, in particular – 

game playing of larger generators who could exploit the market and take advantage over having more 

capability in a market environment when compared with smaller, community owned generation.  

Allow generators to be able to estimate future annual outputs 

All PoA must ensure bankability. Investors cannot back generator investment unless there is certainty 

in the future profit of the generator. Any change in commercial arrangements could have a significant 

impact on generator profit e.g. a generator who is currently high on the priority list in a LIFO 

arrangement i.e. last to curtail will see an increase in curtailment if the DNO moves towards a shared 

arrangement where all generators are curtailed on a pro-rata basis.  

3.2.2 Qualitative Discussion of Principles of Access 

In order to better quantify different PoA, they will be split in to two categories – market and non-

market arrangements. These categories reflect the amount of control generators have over their own 

curtailment. In non-market arrangements the PoA is defined by the network operator, and in a market 

arrangement the generator can indicate their willingness to be curtailed through a market process.  

The different PoA are discussed below, and their properties qualitatively assessed against the criteria 

discussed in 3.2.1. The list of PoA presented in Figure 3-1 was taken from an existing literature review 

by Currie et al [9]. 
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Figure 3-1 Market and non-market arrangements 

3.2.2.1 Non-market Principles of Access  

Non-market arrangements use pre-defined rules set by the system operator to determine the 

curtailment of non-firm generation. Generators are aware of these rules when the connection 

agreement is signed, and must adhere to these rules in order to be granted a connection. Non-market 

arrangements are currently applied in several ANM projects in the UK and they can be implemented 

without any significant changes to network regulatory framework.  

Last In First Off (LIFO) 

This method curtails generation based on the date of connection i.e. the last generator to connect to 

the network will be the first generator to curtail.  Adding a new generator connection to the LIFO 

priority list (in the position of least priority) does not alter the priority position of existing generator 

units with non-firm contracts. This approach is consistent and easier to implement with the current 

regulations when compared with other arrangements. However, this method is not necessarily the 

best way of operating the network and as network limits are approached, new generators may be 

discouraged from connecting.  

Pro Rata 

The Pro Rata method divides the required curtailment equally between all generators contributing to 

the constraint.  The total amount of curtailment would be shared by each of the generators based on 

the ratio of rated or actual generator output to total required curtailment. Implementing this method 

would not require a change of regulation and would grant fair access for multiple generators. It 

satisfies the competition goals of the regulator and could encourage more new generation to connect 
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when compared with other methods. However, it is difficult to assess the long term impact of this 

method, as more generation is connected the level each generator needs to curtail will increase – this 

can be solved by setting a cap on the level of generation which can be connected behind a particular 

constraint.  

Shedding Rota 

This method operates in a similar manner to the LIFO arrangement, with the difference being that the 

priority order is changed using a rota system. This rota could be changed on a daily, weekly or monthly 

basis depending on the network operator’s discretion. All generators will be treated equally. Careful 

consideration should be given to the frequency of the rota. Should length of time between position 

changes be too long then generators could be unfairly curtailed due to seasonal variations in demand 

e.g. more curtailment expected in summer when compared with winter.  

Technical Best 

A Technical Best arrangement aims to curtail the generators in order of contribution to the prevailing 

constraint or based on which generator(s) response characteristics are deemed best for meeting the 

constraint. This may vary for different types of constraints and network configurations. This approach 

would ensure the most efficient operation of the network however it may unfairly discriminate against 

certain types of generators based on their location, control room preference and generator size.  

Greatest Carbon Benefit 

This method aims to minimise the carbon emissions associated with actively managed generation by 

curtailing the largest carbon emitting generators first. Based on a carbon metric such as CO2/MWh per 

generator the network operator could prioritise generation. This method could be implemented in 

conjunction with another method of access arrangement with the banding of generator carbon 

emissions being linked to ROC banding. The greatest difficulty faced will be the calculation of the real 

carbon footprint of each generation in a clear, open and fair manner. 

Most Convenient 

This method allows system operators to curtail the generator they know to be the most convenient 

for responding to network constraints. There may be unfair discrimination against certain types of 

generators based on location, control room preference and size of generator. The assessment may 

also be influenced by system operator preference.  
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Generator Size 

This method curtails the largest generator that is contributing to a constraint first. The total amount 

of curtailment required to alleviate a constraint is allocated in order of size. Generator size may refer 

to the installed rated capacity of the generator unit or the power output at any given time when 

constraints arise. This method has the advantage of easing network congestion quickly by removing 

the largest generator first. Problems arise when a number of generators are of similar size, and 

determining whether the size considered is the size available or the installed capacity.  

3.2.2.2 Market Principles of Access 

A Market PoA uses a curtailment market to determine the curtailment order of non-firm generation. 

The system operator would run the market, and generators may submit bids to indicate their 

willingness to curtail. This type of arrangement places more control in the hands of the generator over 

the issue of enforced curtailment. There would be compensation paid for curtailment, and a charge 

for use of the curtailment market. This model is based on the current transmission system balancing 

market. To apply a market arrangement at distribution level would require significant changes in 

distribution network codes and the creation of a new market system.  

Curtailment Market 

A curtailment market might take the form of generators submitting bids on an annual, quarterly or 

monthly basis in which they indicate their willingness to curtail. In a perfect market, this bid would be 

equal to the price the non-firm generator would have received had they been allowed to generate 

during the constraint period. The system operator will always aim to clear the constraint with 

minimum cost to the system i.e. the lowest bids will be curtailed first.  Compensation might be paid-

as-bid, reflect the curtailment market clearing price, or be a fixed price e.g. a percentage of the price 

of wholesale electricity during that particular period. This option gives control to generators to submit 

bids which reflect their desire to remain connected and could encourage participation from existing 

firmly connected generation. However a new market system would need to be established and it may 

require large changes to the distribution and grid codes. 

3.2.3 Assessment of Principles of Access against Criteria 

Table 3-1 gives an overview of the advantages and disadvantages discussed above. A point is given for 

each assessment criteria the PoA meets. A total is given in the far right column of the table and the 

highest scoring PoA selected for further analysis. 
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Table 3-1 Comparison of Principles of Access 
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Last In First 
Off 

1 1 0 1 1 1 1 1 1 8 

Pro Rata 1 1 0 1 1 1 1 1 0 7 

Shedding 
Rota 

1 1 0 1 1 1 1 1 0 7 

Technical 
Best 

1 1 1 0 1 0 0 1 0 5 

Greatest 
Carbon 
Benefit 

1 1 0 0 1 0 0 0 0 3 

Most 
convenient 

1 1 1 0 1 0 1 1 0 6 

Generator 
Size 

1 1 1 0 1 0 1 1 0 6 

Market 1 1 1 1 1 1 0 1 1 8 

 

LIFO, Pro Rata and Rota arrangements are the highest scoring non-market arrangements. These three 

arrangements can be considered to be clear and transparent, to support network operation and 

ensure a safe, secure and reliable power system. In the case of Pro Rata it is necessary to define some 

additional rules in advance of connection to ensure that curtailment estimates are fair and generators 

can estimate return on investment. The remaining four non-market arrangements were not selected 

for further analysis due to their low scores against the assessment criteria. The Technical Best 

arrangement, whilst offering efficient network operation is not likely to gain support of all 

stakeholders as a result of it not being clear and transparent. The complexities of network operation 

may complicate this curtailment scenario and cause confusion. It would be difficult in this case to 
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estimate the volume of curtailment experienced by any new generation connecting to the network. 

Similar arguments hold true for a ‘Greatest Carbon Benefit’ and ‘Most Convenient’ arrangement. In 

particular, it is very difficult to quantify the ‘carbon footprint’ of a generating plant. This could be 

based solely on fuel type however this could then be considered unfair discrimination between 

technologies.  

A Market arrangement is the fourth arrangement to score highly against the assessment criteria. 

While it might be considered one of the most difficult to implement, a market arrangement would 

ensure efficient network operation, bankability and gain support of all stakeholders as compensation 

would be awarded for curtailment. Those who do not wish to be curtailed can submit bids which 

reflect this. The next section will provide more details on defining the design of a market PoA. 

3.3 Design Review of an Electricity Market for PoA  

Continuing on from PoA identified in the previous section, there is a need to expand on market design 

and define the potential types of market PoA that will be compared.   

3.3.1 Characteristics of Electricity Markets 

There are a number of characteristics used to define the type of market used. These include: 

 the size of the market 

 the number of stakeholders involved 

 the degree of unbundling 

 the degree of competition 

 the style of interaction between buyers and sellers 

In general, markets can be defined initially by the level of unbundling and competition which exists 

within them. The four types of market are listed below as an example [106]: 

 Vertically integrated monopolies 

o There is no competition with a utility monopoly and the government oversees the 

market operation 

 Unbundled monopolies 

o Competition exists at generator level, but not at retail level 

 Unbundled market limited competition 

o Generation is separated from all other functions. There is competition at wholesale 

level between generation and no competition at retail level 

 Unbundled market full competition 
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o Complete competition at wholesale generation and retail levels. This can include 

market based demand side integration 

Currently the GB electricity system has an unbundled market with full competition and this is 

regulated by Ofgem.  

For the design of a curtailment market, the level of curtailment must be matched by offers from 

generators (as opposed to the level of generation meeting the level of demand in the wholesale 

electricity market). The market should be unbundled and there will be competition between 

generators.  

Similar to the criteria set out for assessing PoA, there are certain criteria which must be fulfilled for a 

successful market design. A number of authors have addressed the issue of electricity market design. 

Kuri et al [107] suggest that the design process should start by turning market objectives into 

specifications, which can then be used to determine the optimal market structure and rules to ensure 

these objectives are met. The market structure refers to the market participants and the commercial 

and legal contracts that bind them. The market rules define the relationships between market 

participants.  

Identify Market 
Objectives

Determine Market 
Structure and Rules

Market Analysis

Objectives 
Satisfied?

Implementation

Satisfactory 
Operation?

No

Yes

Yes

No

 

Figure 3-2 Market design process [107] 
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Four basic electricity market structures [108] are outlined below:  

 Mandatory pool with System Marginal Price (SMP) 

o Generators and electricity suppliers submit bids into a pool, which the market 

operator can then match up supply and generation values. Bids from generators are 

accepted in merit order (starting at lowest cost and working up). The last generator 

bid accepted to meet demand levels is now the SMP and all generators will be paid 

this price for electricity generated, and all demand will be charged this rate for 

electricity.  

 Mandatory pool with Pay-as-Bid (PAB) 

o Similar to the first market structure, this method operates in a similar manner with all 

bids and offers for electricity submitted to the pool. The difference is in the price of 

electricity, generators will receive the bid price they submitted in return for electricity 

and suppliers will pay an average of all accepted generator bid prices. 

 Contracts with dispatch priority and system balancing 

o This is the model currently used by the GB electricity market.  This model encourages 

generation to enter into contracts in advance of the trading period by using bilateral 

contracts. Generators and suppliers also have the option to trade in the ‘Balancing 

Mechanism’ where the market operator does final alterations to ensure generation 

matches demand levels (see Section 2.3.1) 

 Simple centralised market 

o An independent operator manages a centralized market i.e. all generators and 

suppliers submit bids to a centralised pool and the operator is responsible for verifying 

input costs and contract terms.  

The problems with electricity market design are discussed by Cramton in [109]. Cramton states that 

“good market design identifies the critical issues, and then addresses them as simply as possible, but 

not more simply”. This points to a number of problems with electricity market design, whereby in 

trying to simplify the design, the market has performed poorly i.e. a market which results in the 

increase of system price, rather than bring costs close to generator marginal costs.  

The paper goes on to outline critical considerations for market design. Including: 

 Good knowledge of the underlying market. 

 Understanding the politics, preferences and constraints of key market stakeholders and 

participants. 
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 Avoid over simplification of market design, to the end that it causes negative market 

behaviours.  All complexities in the market must be addressed. 

 Demand response can have a significant impact on reducing the impact of market power. 

Market design focuses on the generation side of the pool, however by switching focus to 

demand side; greater market efficiencies could be gained. 

 Be aware that the method of pricing has a significant effect on behaviour. A system marginal 

price (SMP) market is better suited to smaller participants, while a pay-as-bid (PAB) market 

suits participants who are better equipped to calculate the market clearing price, and can 

therefore bid accordingly.  

 Careful simulation and assessment of the market design features should be carried out before 

the new design is implemented.  

Cramton [109] comments on a number of simplification examples and suggests that forward markets 

reduce game playing and reduces risk to participants – real time markets can be more volatile and 

vulnerable to manipulation. In a similar vein, locational pricing is essential for systems with 

transmission constraints in order to send the right signals to developers about where to build future 

generating plants. This is done in the UK by varying the Transmission use of system and connection 

charges, and in PJM by having ‘Locational Marginal Pricing’ i.e. the cost of generating electricity is 

higher in constrained regions.  

These suggestions concur with an academic report produced for Project TransmiT, where Bell et al 

[104] make a number of recommendations for any proposed new changes to transmission charging 

arrangements.  

Zhou et al [110] have analysed market designs using agent based modelling and genetic learning 

algorithms. They have found that the removal of a price cap, and the introduction of costs to reflect 

consumers consumption of electricity i.e. limit the amount customers have to spend on electricity in 

any given trading period. This results in lower clearing prices and lower instances of capacity 

withholding behaviour from generators when compared with another PAB market with a cap on 

maximum bid, and no link to consumer costs.  

3.3.1.1 Trading Methods – Pool vs. Bilateral and Spot Markets 

In a centralised market, all energy is traded via the pool, as demonstrated by the schematic in Figure 

3-3. This is the most common type of market and is used in the USA and Australia. All suppliers must 

purchase their entire demand from the pool and there is a unidirectional exchange of energy from 

producers to pool and then to suppliers. A final production schedule is determined by the market/pool 
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operator, and they will also decide on the price to be paid for energy using a central algorithm. The 

central pool can be divided into a Gross Pool and a Net Pool.  

The Gross Pool can be applied to wholesale markets. The entire output of each generating unit is 

determined by the market operator, the generator has no influence on the production schedule.  

The Net Pool allows the producer to determine an initial production schedule, which then provides 

the basis for offering any changes to this base schedule into the centralized market. This method is a 

hybrid between a pool and bilateral contracts market.  

The majority of pool systems are based on unit-based offers i.e. producers have to submit separate 

offers for each individual generator. Market clearance takes account of technical characteristics of the 

generators and network behaviour.  

 

Figure 3-3 Diagram of pool trading method 

In a bilateral (or decentralised) market, all market participants are free to engage in any type of 

contractual obligations for the delivery of energy. This is demonstrated by the schematic in Figure 3-4. 

Generators are self-scheduling and there is a bidirectional exchange between any two market 

participants. Power Exchanges facilitate two-way bidding – the market is cleared on the combined 

supply and demand curves from generation and demand. In this market, energy is considered a 
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tradable commodity and all technical constraints must be managed by the generator. Due to these 

technical constraints, this structure requires a well-developed and strong electric grid. Examples of 

countries using bilateral markets are Germany, GB and the Netherlands.  

 

 

Figure 3-4 Diagram of bilateral trading market 

3.3.2 Types of Auction 

There a number of Auction formats that can be adopted when trading in power systems. These include 

 One-sided auction i.e. trading of generation only, no demand side response.  

o Sealed-bid 

o Descending clock (dynamic) 

o Hybrid 

o Combinatorial 

 Two-sided i.e. both generation and demand is traded.  

Table 3-2 gives an overview, advantages and disadvantages of the auction categories and the 

particular auction designs.  



Chapter Three: Evaluation of Principles of Access and Modelling Techniques 
 

77 
 

Table 3-2 Comparison of Auction Designs [111] 

Auction 

Style 
Overview Auction Design Further Details Advantages Disadvantages 

Se
al

e
d

-B
id

 

All bidders submit 

a single bid at the 

same time, 

without knowing 

other bidder 

information 

Fi
rs

t 
P

ri
ce

 S
ea

le
d

 B
id

 

(F
P

SB
) 

Typically used when a single 

contracted item has a well-

known cost, or can be 

calculated by bidder. 

Auctioneer accepts the lowest 

bid price. 

This option is typically used for 

construction projects. 

Simple design that has been 

widely used with low 

participation costs. 

As bid information is not 

shared, it prevents collusion 

between bidders to raise 

clearing price. 

Failure to accurately predict 

price of contracted item may 

lead to a loss in profit for the 

bidder. 

All uncertainty is contained in 

a single bid price. 

P
ay

-A
s-

B
id

 o
r 

D
is

cr
im

in
at

o
ry

 

Used when there are multiple 

units to be allocated to 

bidders. Bidders submit a 

supply function i.e. prices and 

quantities. The auctioneer 

collects all bid information and 

creates a supply curve. 

Winning bidders are those 

who have prices below the 

clearing price. Winners receive 

the same price which they 

have bid for units. This type of 

auction is typically used for 

PPAs and mid to long-term 

energy contracts. 

Bidders are certain of the 

payment they will receive 

should they win bid. 

Uncertainty contained in 

single bid – could under 

estimate cost of contract. 
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U
n

if
o

rm
 P

ri
ce

 S
ea

le
d

-

B
id

 

Similar to Pay-As-Bid 

mentioned above, except 

accepted bidders will receive 

the same payment – the 

market clearing price. Typically 

used for spot energy prices, 

and capacity contracts. 

Tends to attract participation 

of smaller bidders which helps 

improve competition, and is 

felt to be a ‘fairer’ way of 

determining price. 

If bidders have a large 

variation in cost structures, a 

uniform price may be deemed 

‘unfair’ 

D
yn

am
ic

 A
u

ct
io

n
 

Price of contracts 

determined 

through multiple 

bidding rounds. 

Main purpose is to 

allow market to 

discover true cost 

of 

contract/product. 

D
es

ce
n

d
in

g 
C

lo
ck

 

The auctioneer starts the 

highest price, and asks which 

bidders are willing to sell at 

this price. If the total quality is 

not met after the first bid, the 

auctioneer drops the price and 

repeats the process until offers 

match the quantity required. 

The winner receives clearing 

price. This type of auction is 

used in capacity and energy 

contracts. 

Efficient in terms of price 

discovery – the bidder can 

adjust bids based on 

information from previous 

bidding rounds and the 

auctioneer can run multiple 

descending clock auctions at 

the same time for different 

products. It is  more 

transparent than sealed bid 

auctions as the process for 

awarding winning bidders is 

open 

This has a more complex 

design when compared with 

other auctions. 

If competition is weak, then 

revealing bidding information 

can have a negative effect on 

competition e.g. encourage 

collusion. 

H
yb

ri
d

 

Ability to tailor 

market to suit 

specific needs – 

using best of both 

sealed bid and 

dynamic auctions. 

D
es

ce
n

d
in

g 
C

lo
ck

 s
ta

ge
 

fo
llo

w
e

d
 b

y 
P

ay
-A

s-
B

id
 

Uses a dynamic auction in the 

first phase to allow price 

discovery, followed by a Pay-

As-Bid auction for those who 

are successful in Phase 1. This 

auction is used for mid to long-

term energy contracts 

Phase 1 allows bidders who 

can provide contracts at 

lowest costs through to Phase 

2. 

Switching to Pay-As-Bid allows 

minimal collusion and allows 

further reduction of prices. 

This design is complex, there is 

an increased number of 

processes for participants to 

be aware of. 
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Fi
rs

t 
P

ri
ce

 S
ea

le
d

 B
id

 s
ta

ge
 f

o
llo

w
e

d
 

b
y 

an
 It

er
at

iv
e 

D
es

ce
n

d
in

g 
A

u
ct

io
n

. Phase 1 consists of a Sealed-

Bid processes. Lowest bidders 

go through to Phase 2 where a 

descending auction is run. 

Level of information disclosed 

during Phase 2 depends on 

Auction design details. 

This design is used for 

products where the value is 

relatively well known and price 

discovery is not important. 

Phase 2 allows further 

reduction of prices submitted 

in Phase 1. 

This is a complex model, there 

is an increased number of 

processes for participants to 

be aware of. 

C
o

m
b

in
at

o
ri

al
 These auctions 

provide a 

framework for the 

sale of multiple 

items. 

 
Items are ‘packaged’ together 

(either defined by auctioneer 

or bidders) and bidders submit 

prices to buy whole package. 

They can be dynamic auctions, 

sealed bids or a hybrid 

arrangement. Typically used 

for mid to long-term energy 

contracts 

This method allows products 

to be grouped together for 

auction. If the bidder defines 

the package it can grant 

greater certainty for the 

bidder and reduces the 

problem of exposure. 

This is the most complicated of 

all auction designs. There may 

be technical issues which may 

prevent bidders participating 

in auction. This decreases 

competition and possibly the 

efficiency of the auction. 

Determining the winner can be 

complex and not often 

transparent. 

Tw
o

 S
id

ed
 A

u
ct

io
n

s 

Both bids and 

‘asks’ are 

submitted and 

matched by 

auctioneer i.e. 

participation of 

both supply and 

demand 

 

Active participation of both 

supply and demand.  This 

auction can be used to 

incorporate Demand Side 

Response into market. 

This helps to control market 

power and can reduce clearing 

price. 

As this is not the norm, it may 

take time to develop 

regulatory changes and 

overcome obstacles which 

prevent Demand participation 

in auctions. 
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3.3.3 Options for Curtailment Price 

For the curtailment market proposed in this study, there are only certain auction designs that 

are applicable. For example, two-sided auctions are not appropriate as the curtailment 

volumes are non-negotiable. A combinatorial auction is not required as the market deals with 

relatively small volumes of energy trade, on a small scale market and therefore there is no 

requirement for packaging units together. As participants in the curtailment market are likely 

to consist of smaller generators, this would suggest a uniform system price payment per unit 

of curtailment would best suit the market. However, this could unfairly penalise the small 

proportion of larger developers who participate in the curtailment market.  

In the previous sections, we discussed different market and auction designs. Within each 

structure there are limited options available for setting the contract price:  

1. System Price 

2. Pay-As-Bid 

3. Fixed Price 

In any market, all participants will aim to maximise profits.  The main issue for wind 

generation is that they need to make enough profit in order to cover large upfront 

investment costs, as they have negligible fuel costs when compared with conventional 

generation plant. The topography of the distribution system will also have an influence over 

market behaviour i.e. the location of generators relative to constraints will have an impact 

on the level of bids, and the behaviour of generators. [112] 

3.3.3.1 Option 1: System Marginal Price 

A System Marginal Price (SMP) is the most common market architecture/structure used in 

electricity markets. The SMP is the price at which energy is both bought from generators and 

sold to consumers. A SMP market has a ‘pool’ through which electricity is traded. All 

generators receive the SMP for energy during the relevant trading periods. The SMP is 

determined by the SO and the price is based on start up and running costs of generators, in 

addition to the price it will cost the marginal generator to increase its output to meet system 

demand.  

Examples of SMP markets include Northern Ireland and Republic of Ireland wholesale 

electricity market SEMO [113]. The reason SMP is widely adopted across many systems is due 

to its ability to allow generators to make a profit while bidding in at their true costs. However, 
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generators can also play the market to their advantage and submit untrue costs in order to 

increase profits when the opportunity arises. This raises the system price, which increases 

the social cost of electricity because the price charged to customers, is the price paid to 

generators.  

Analysis of SMP has been carried out by a number of authors [114], with the main focus of 

research looking into the forecasting of SMP using neural networks. Forecasting of SMP is 

important for generators to allow them to submit bids at the appropriate level for the next 

trading period.  

Simoglou et al [115] discuss the impact of increasing renewables on the SMP. The authors 

use the Greek market clearing algorithm to calculate the SMP for 10 different scenarios in 

the Greek Electricity Market. Each of the ten scenarios, has a linearly incremental level of 

installed renewable energy capacity, and are calculated for four typical days of the year – 

Winter peak, spring off-peak, summer peak, and typical autumn. Results show that the 

increase in renewable generator capacity has a significant reduction in the SMP, which can 

be explained by the fact that renewable generators submit zero-bids (i.e. when compared 

with conventional generators, they have zero fuel costs).  A reduction in SMP would reduce 

the price paid to all generation, therefore conventional generation would see profits 

decrease and may begin to increase bids in order to raise SMP back to a preferred level.  

A number of papers deal with the issue of forecasting the system price in a uniform price 

market. While in a perfect market, it is assumed generators will always bid their own marginal 

costs, marginal price forecasting is used to raise or lower bids accordingly so that generators 

can ensure a small ‘mark-up’ on their own marginal costs. 

The most common method for forecasting system marginal pricing is by the use of neural 

networks [116]–[119]. Neural Networks are used to solve artificial intelligence problems, and 

are suited to market scenarios as they simulate the behavioural characteristics of market 

participants.  

Ding et al [117] have used a specific kind of Neural Network, known as CMAC – Cerebeller 

Model Articulation Controller. This method uses a look-up table method, and each of the 

input values is weighted. This method is often used when the imprecision of human 

reasoning i.e. vagueness, lack of information, is a key factor. The simulation results show that 

this method performs fast analysis, and stable outputs are produced.  
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Byounghee et al [118] use a system type neural network architecture to forecast system 

electricity price. In this method, a surface is determined from a given data set and is 

expanded along one axis. A transform is then applied to the reference surface to generate a 

forecast surface. Past power data and SMP are the key parameters used to forecast future 

SMP values. Other parameters are also included, such as special events days, population 

growth, season, time period (i.e. morning, noon, evening). Data from the Korean Power 

Exchange was used to perform forecast simulations. The results demonstrate that certain 

days have a larger variation of SMP when compared with others. Typically the variation on 

Saturday and Sunday is greater than during the week, most likely due to a change in energy 

use at the weekends. The results also depend on how close demand patterns in the reference 

year are to the forecast year. Overall the percentage errors for each hour of the year is never 

greater than 4.9%.  

Saebi et al [119] have looked at the impact of demand bidding on the market clearing price. 

It has been suggested in the previous sections (See Table 3-2) that a double-sided auction i.e. 

the inclusion of demand bidding, would result in a more efficient market, and a lower 

marginal clearing price with the introduction of responsive demand. Based on the CIGRE 32-

bus system, simulation results show that during peak hours, marginal clearing price and 

overall system costs are reduced with the inclusion of demand side bidding. From a purely 

demand side consideration, profit for consumers increases and peak load reduces during 

peak hours when price spikes typically occur. A number of linear inputs are put into the 

model, and a single prediction is produced as the output.  

Application of SMP to a Curtailment Market 

In terms of a curtailment market, the SMP would be referred to as the Curtailment Market 

Clearing Price (CMCP). The point at which the constraint is cleared sets the SMP and all 

generators who helped to clear the constraint would be paid this CMCP. The diagram in 

Figure 3-5 demonstrates this concept. The dashed red line on the graph indicates the volume 

of curtailment required, MWCurti. 

Curtailment of non-firm wind farms could be allocated on a shared basis, or by priority order 

based on size of bid submitted. The creation of a curtailment pool in which the market 

operator could select the required level of curtailment to clear constraints may be better 

than bilateral trades. 
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Figure 3-5 Curtailment market clearing price 

3.3.3.2 Pay-as-Bid  

Pay-As-Bid (PAB) is not widely adopted for electricity markets, as it often discourages 

generators from submitting bids that reflect the true marginal costs of production [120]. 

Generators will guess what the SMP is likely to be, and aim for maximum revenues. This 

would result in an unchanged SMP.  A number of authors have looked at the impact of 

adopting a PAB market for the trading of electricity. In 2001, the GB electricity market moved 

to a PAB market (for the balancing element of the market, majority of electricity for the GB 

electricity market is still secured via long term contracts), in the hope of discouraging tactical 

bidding by participants and to reduce the market power held by large generating companies 

[121]. The price charged to customers is the average price paid to generators.  

Analysis into PAB markets has been carried out by a number of authors who have shown that 

issues can arise for generators trying to estimate the system price due to lack of information 

of other bidding strategies.  

Mozdawar [122] presents an objective function to find the optimal bidding strategy for 

generators in a PAB market. The author uses a Bertrand model to determine the objective 

function based on its suitability to a PAB market and to the case study of the Iranian power 

market. The Bertrand Model assumes generators submit bids at level of marginal costs of 
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Nash equilibrium4 point and that all generators participate in the market based on the price 

offered. Assuming each bid reflects true costs of the generator, and then the desire is to have 

a bid price which is lower than marginal clearing price to ensure significant profits from the 

market.   

Arguments for and against SMP and PAB are based on qualitative analysis, however [119] 

and [121] have carried out quantitative analysis on SMP and PAB impacts on market 

behaviour.  

Careri et al [121] show the effects on bidding strategies adopted by generators under 

different market structures. A comparison of PAB and SMP is carried out using game theory 

and genetic algorithms. The results show that under SMP, generators who own multiple units 

withhold energy of larger units in order to raise the system price through the use of smaller, 

more expensive units. Generators in a PAB market suffered a drop in profits when compared 

with SMP market. Generators refrained from increasing bids to too high a level above 

marginal costs to avoid risk of not producing energy. Generation that provided a base load 

supply, had the highest bid price. From a consumer stand point, the PAB market resulted in 

a lower energy price, and less fluctuation in pricing.  

In Part I of a two part study by Ren et al [123], the authors develop the ‘best’ generator offers 

for both PAB and SMP, and determines the bid which maximizes the generator profit. By 

calculating uncertainty ranges for system marginal costs, the paper determines that the best 

strategy for generators under marginal price is to offer true costs and generators in a PAB 

market should submit a bid which not only reflects true costs, but considers system 

uncertainties in order to obtain the maximum profit. In the second part of the study [124], 

the authors go on to identify relationships between system marginal costs for each market 

type in order to compare the two markets in terms of generation profits and consumer 

payments. System demand is assumed to be a random variable within a pre-defined range. 

The result of the numerical analysis shows that while the generators profit and customer 

payments are the same for a given demand value under both PAB and SMP, the uncertainty 

in the customer payments is greater under SMP when compared with PAB, as is the standard 

                                                           

4 In game theory, the Nash equilibrium is a result of game theory where each player is informed of the 
other player’s strategies and no player has anything to gain by changing their own strategy.  
 



Chapter Three: Evaluation of Principles of Access and Modelling Techniques 
 

85 
 

deviation of profit for an arbitrary generator under SMP when compared with PAB. These 

results assume a perfect market, and although this is not necessarily the behaviour 

experienced in a real system, the results do demonstrate an important concern in SMP 

markets.  

Kahn et al [125] have suggested that switching from SMP to PAB has reduced the incentive 

to exercise market power. It suggests that changing a market system from SMP to PAB would 

cause substantial problems with the market, which highlights the importance of a transition 

plan for any market operator when making changes to long-standing market arrangements. 

By switching to PAB, the additional payments gained by generators who bid below uniform 

price will be lost. Bidding practices will change to generators trying to guess the system price 

and bidding at that level, instead of basing bids on their own marginal costs. The authors also 

suggest that PAB will reduce market efficiency and discourage competition and the paper 

agrees with other literature that PAB would be a disadvantage to smaller competitors due to 

their lack of ability to accurately forecast system price. The authors conclude that instead of 

switching to PAB, there are other ways to improve the SMP market such as: 

 Interventions to prevent withholding of supply 

 Introduction of long term energy contracts and power exchanges 

 Price response of demand customers.  

Stacke et al [126] analyse the behaviours of SMP and PAB strategies in a combined market 

structure where long term forward physical bilateral contracts are the main method of 

contracting electricity. Short term trading such as pools and ancillary service markets also 

exist. This market model is similar to the GB electricity market. The aim of the model is to 

demonstrate the ability to exploit the centralised market. Stacke uses an integration process 

to model a PAB incremental model. Analysis was carried out using an IEEE 5-bus system, with 

generation and load at each bus participating in the market. The results show that the PAB 

model results in a lower total cost of operation when compared with SMP. When a larger 

volume of energy is contracted through use of bilateral contract, the SMP method shows a 

higher level of volatility in nodal price, while PAB method results in a more stable average 

price. As the analysis was performed on a relatively small system, there would be little effects 

of location or congestion on the network, which could lead to further changes in market 

behaviour.  
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Application of PAB to a Curtailment Market 

In a curtailment market, the curtailment price would be equal to the bid submitted by the 

generator. The market operator is still trying to clear constraints at the lowest system cost 

and will therefore select the lowest bid price first to meet curtailment levels, and then choose 

the second lowest bid etc.  

It is assumed that the level at which generators submit bids will initially be based on the 

expected value of lost revenue cause by curtailment. This level is likely to change over time, 

and could result in collusion by multiple generators. As there is no flexibility in the volume of 

curtailment needed (similar to an inflexible demand) there could be potential for market 

inefficiencies.   

3.3.3.3 Fixed Price 

The Fixed Price scenario differs to the first two markets, as it is not a true market. There are 

no bids or offers submitted. Instead, the Market Operator compensates curtailed generators 

with a fixed price. This fixed price can be determined by the market wholesale price of 

electricity for the time period in question e.g. the Spanish system operator compensates 

curtailed generators at a price which is a percentage of the wholesale electricity price [54]. 

This ensures generators still receive a suitable level of costs to cover any overheads.  

While this model might be considered appropriate for compensation payments for 

curtailment of wind farms, a fixed price model is not adopted for the buying and selling of 

electricity as it is not conducive to an effective market structure.  

3.3.4 Market PoA Conclusions 

Based on the discussions in this section, it is felt that the curtailment market should take on 

a pool form. All generators wishing to bid into the curtailment market must submit a bid in 

advance of the gate closure which indicates their willingness to curtail. All non-firm 

generators must enter a bid in to the market, otherwise the market will assume a zero cost 

and no compensation will be granted. Firm generators can choose to bid whether to 

participate in the market.  

Generators will only know their own bids in to the market i.e. the bids will be sealed, and will 

be informed of the system price when necessary. Bids placed account for one 24 hour period. 

Due to the variability of wind, it is felt that bids for a longer time period would be 
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inappropriate as conditions are likely to have changed. Bids for a shorter time period would 

add complexity to the system for both generators and system operators.   

The market operator will organise the bids and will curtail generation in order from least to 

most cost until the network constraint has been relieved.  

This thesis will compare the costs of three different compensation methods 

 Pay-as-bid 

 System Price – to be known as Curtailment Market Clearing Price 

 Fixed Price 

The bids will be based on the profits generators expect to make when operating uncurtailed. 

The calculation of the bids and the methodology is explained in more detail in Chapter Four.  

3.4 Power System Evaluation Techniques 

In order to compare the impact of different PoA on the output of wind generators in ANM 

schemes, we must first determine the best method of modelling these arrangements. 

System operators use power-flow analysis software to monitor the network and ensure that: 

 generation supplies the load 

 voltage magnitudes are within limits 

 real and reactive power are within limits  

 transmission lines are not overloaded 

This monitoring becomes more important with the increase of embedded generation in 

distribution networks, as the network power flow is no longer passive and needs to be 

actively managed.  

The power-flow problem involves the computation of voltage magnitude and phase angle at 

each bus in a power system under balanced three-phase steady state conditions. Real and 

reactive power flows (in equipment such as transmission lines, and transformers) and 

equipment losses can then be calculated.  

The basic load flow problem is given by the following nonlinear equations: 

𝑌 = 𝑔(𝑋)      (eq. 3.1)  

𝑍 = ℎ(𝑋)      (eq. 3.2)  
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Where: 
 X is the vector of unknown state variables 

 Y is the vector of predefined input variables 

Z is the vector of unknown output variables 

g, h are load flow functions 

 
The power system first needs to be translated into a mathematical model for analysis. There 

are four bus variables: 

𝑉, 𝛿, 𝑃, 𝑄 

Where V is the bus voltage magnitude, δ is the bus voltage phase angle, P is the magnitude 

of active power injection and Q is the magnitude of the reactive power injection. At least two 

of these variables are known at each bus depending on the bus type.  

There are three bus types: Swing Bus, Load Bus and Voltage Bus. The Swing Bus (or slack bus) 

is used as a reference bus for the network in question. The input data used at this bus is V = 

1.0 and  𝛿  = 0˚ and this can be used to calculate P and Q using power flow analysis.  

At a Load (PQ) Bus, P and Q are known and the power flow computes V and δ. Most buses in 

the network under analysis will be load buses. 

At a Voltage Controlled (PV) bus, P and V are known, and the power flow calculates Q and δ. 

Examples of PV buses are those to which generators, switched shunt capacitors or static VAR 

systems are connected.  

3.4.1 Classical Power Flow Methods 

The following methods are classic solvers for power flow methods. These basic solvers form 

the building blocks for power flow simulations of larger power systems. 

Gaussian Elimination is an algorithm for solving linear algebraic equations. It allows the user 

to obtain a direct solution through triangulation of a matrix followed by back substitution.  

Consider the following set of linear algebraic equations in matrix form 

[

𝐴11 𝐴12 … 𝐴1𝑁

𝐴21 𝐴22 … 𝐴2𝑁

⋮ ⋮ ⋱ ⋮
𝐴𝑁1 𝐴𝑁2 … 𝐴𝑁𝑁

] [

𝑥1

𝑥2

⋮
𝑥𝑁

] = [

𝑦1

𝑦2

⋮
𝑦𝑁

]    (eq. 3.3)  

Or 
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𝐀𝐱 = 𝐲       (eq. 3.4) 

Where x and y are N vectors and A is an NxN square matrix. Given A and y it is now possible 

to solve for x. This can be achieved easily if it is assumed the determinate of A is nonzero, 

and if A is made into an upper triangular matrix with nonzero diagonal elements by 

performing Gauss elimination. Back substitution can then be carried out to solve for x.  

This method requires large volumes of computational capacity (based on the size and 

contents of the matrix) and is therefore not suitable for solving large power systems.  

Jacobi and Gauss-Seidel are iterative solutions to linear algebraic equations.  

The Jacobi method can be written in matrix format: 
 
  𝑥(𝑖 + 1) = 𝑀𝑥(𝑖) + 𝐷−1𝑦    (eq. 3.5)  

Where 
  𝑀 = 𝐷−1(𝐷 − 𝐴)     (eq. 3.6)  

And 

𝐷 = [
𝐴11 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝐴𝑛𝑛

]     (eq. 3.7)  

For the Jacobi solution, D consists of the diagonal elements of the A matrix. 

The convergence rate is faster with Gauss-Seidel for some matrices, but faster with Jacobi 

with others. This depends on the contents of the matrix. In some cases, both methods may 

diverge and a solution cannot be found. For sparse matrices (with few nonzero terms), special 

techniques can be employed to reduce computer storage and calculation time.  

Newton-Raphson is an iterative solution to nonlinear algebraic equations. For nonlinear 

equations, the matrix D must be specified, and the method used is based on the Taylor series 

expansion of f(x) about operating point xo. 

y = f(𝑥0) +
𝑑f

𝑑x
|
𝑥=𝑥0

(x − x0)…    (eq. 3.8)  

We can neglect the higher order terms and use the Newton-Raphson method to replace x0 

by the old value x (i) and x by the new value x(i+1): 

x(𝑖 + 1) = x(𝑖) + J−1(𝑖){y − f[x(𝑖)]}   (eq. 3.9)  
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Where: 

J(𝑖) =
𝑑f

𝑑x
|
𝑥=𝑥(𝑖)

=

[
 
 
 
 
 
𝜕𝑓1

𝜕𝑥1

𝜕𝑓1

𝜕𝑥2
⋯

𝜕𝑓1

𝜕𝑥𝑁

𝜕𝑓2

𝜕𝑥1

𝜕𝑓2

𝜕𝑥2
⋯

𝜕𝑓2

𝜕𝑥𝑁

⋮ ⋮ ⋱ ⋮
𝜕𝑓𝑁

𝜕𝑥1

𝜕𝑓𝑁

𝜕𝑥2
…

𝜕𝑓𝑁

𝜕𝑥𝑁]
 
 
 
 
 

x=x(𝒊)

  (eq. 3.10)  

This is the Jacobian matrix. The Jacobian Matrix orders variables so that bus voltage angles 

are grouped together before bus voltage magnitudes and similarly active power mismatches 

are grouped together first before reactive power ones. 

This method is similar to extended Gauss-Seidel methods, matrix D is replaced by J (i). Most 

Newton-Raphson power flow problems converge in fewer than 10 iterations.  

A Robust Newton’s Method can be used in cases where the original Newton’s method may 

cycle around the final solution without converging i.e. an ill-conditioned case. This method 

uses an optimal multiplier to improve the convergence properties of the iterative process.  

A method to reduce the computation time further is to use Dishonest Newton’s Method. This 

method reduces the time taken to factorize the Jacobian Matrix required for the solution, or 

eliminates it completely. The Generalized Minimal Residual (GMRES) Method is one method 

of doing this. [127] 

A comparison of the above methods was carried out by Milano, and has shown that overall 

Newton’s method is the best when dealing with well-conditioned power flow systems. In 

general, the smaller the number of manipulations carried out on the Jacobian arrays, the 

faster the computation time.  The results of the comparison are shown in Table 3-3. 

Table 3-3 Comparison of power flow analysis methods from Milano [127] 

 Newton Jacobi Gauss-Seidel GMRES Dishonest 

No Of 

Buses 

No. 

Of 

Iter. 

Time (s) No. 

Of 

Iter. 

Time 

(s) 

No. 

Of 

Iter. 

Time 

(s) 

No. 

Of 

Iter. 

Time 

(s) 

No. 

Of 

Iter. 

Time 

(s) 

14 4 0.0050 76 0.0217 56 0.0288 4 0.4339 7 0.0040 

118 5 0.0287 580 0.505 388 2.738 7 53.53 15 0.0183 

1228 5 0.210 454 5.120 224 0.0288 4 0.4339 7 0.0040 

11856 4 3.15 340 399.0 173 2.738 7 53.53 15 0.0183 
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DC Power Flow is used to simplify the power flow problem by turning the problem into a 

linear one and therefore, ensuring a solution is reached. The key points to note about DC 

Power Flow are that all voltage magnitudes are assumed constant and equal to 1p.u. and 

reactive powers are neglected. The focus of this method is on calculating the power injections 

and bus voltage angles. This approach can result in some inaccuracies in the solution – which 

can lead to problems in system operation and increased balancing costs.  

Load Flow techniques can be split into deterministic (DLF) and probabilistic (PLF) methods, 

but both techniques expand on the basic building blocks of the Newton-Raphson method. In 

DLF, the Jacobian matrix is computed for each iteration until the errors are reduced. In PLF, 

the Jacobian matrix is only calculated once for each load flow solution – errors caused by 

linearization of load flow equations should be treated with care.  

DLF methods are used to analyse the power system at any single moment in time based on 

specific values of power injections and load demands at selected buses. Congestion 

management problems are better suited to PLF methods. Using PLF we can incorporate the 

uncertainties which lead to congestion on the network such as generator and network 

outages, and variation in demand.  

The main objective of a model considering access arrangements is to use a power flow model 

which will incorporate true network conditions. This will ensure that even when constraints 

occur and curtailment is applied, the network model will ensure continued safe network 

operation.   

3.4.2 Optimal Power Flow 

Economic Dispatch is a computational model used to calculate the best way to distribute 

generation in a system to meet load requirements while minimising total operating costs. 

Lagrange multipliers provide a strategy for finding the maxima and minima of a function 

subject to constraints. To minimize the total cost, all units must have the same incremental 

operating cost, λ. 

Inequality constraints can be incorporated into economic dispatch problems. For example, 

maximum output from generators: when limits are reached, these units are held at that limit 

and the remaining units operate at equal incremental operating cost λ. The incremental 

operating cost of the area is equal to the common λ for the units that are not at their limits.  
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As power systems have expanded, the need to consider the limit of load flows on 

transmission lines grew and economic dispatch was no longer suitable. A new method, 

known as OPF was developed.  

3.4.2.1 Optimal Power Flows (OPF) Solvers 

OPF algorithms are used to find a steady-state operating point which minimizes costs and 

losses while ensuring suitable system performance.  

The constrained nonlinear programming problem is given as follows: 

Minimize z  

𝜑(𝑧)       (eq. 3.11)  

Subject to 

  𝑔(𝑧) = 0      (eq. 3.12a)  

ℎ(𝑧) ≤ 0      (eq. 3.12b)  

Where 𝜑(𝑧)is the objective function, g (z) are the equality constraints and h (z) are the 

inequality constraints.  

A typical OPF-based problem is represented by the following [127]: 

Minimize z   

𝜑 = −(∑ 𝐶𝐿(𝑃𝐿)ℎ𝜖𝐷 − ∑ 𝐶𝐺(𝑃𝐺)ℎ𝜖𝑆 )   (eq. 3.13)  

Subject to 

  𝑔(𝜃, 𝑣, 𝑞𝐺 , 𝑝𝐺 , 𝑝𝐿) = 0  Power flow equations (eq. 3.14)  

  𝑝𝐺
𝑚𝑖𝑛 ≤ 𝑝𝐺 ≤ 𝑝𝐺

𝑚𝑎𝑥  Generator p limits (eq. 3.15)  

  𝑞𝐺
𝑚𝑖𝑛 ≤ 𝑞𝐺 ≤ 𝑞𝐺

𝑚𝑎𝑥  Generator q limits (eq. 3.16)  

  𝑝𝐿
𝑚𝑖𝑛 ≤ 𝑝𝐿 ≤ 𝑝𝐿

𝑚𝑎𝑥  Load p limits  (eq. 3.17)  

  |∅𝑖𝑗(𝜃, 𝑣)| ≤ ∅𝑖𝑗
𝑚𝑎𝑥  Flow limits  (eq. 3.18)  

  |∅𝑗𝑖(𝜃, 𝑣)| ≤ ∅𝑖𝑗𝑖
𝑚𝑎𝑥     (eq. 3.19)  

  𝑣𝑚𝑖𝑛 ≤ 𝑣 ≤ 𝑣𝑚𝑎𝑥  Voltage Limits  (eq. 3.20)  
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Where 𝑧 = (𝜃, 𝑣, 𝑞𝐺 , 𝑝𝐺 , 𝑝𝐿), cG and cL are vectors of functions of the generator and load 

powers; qG refers to the generator reactive powers, v and 𝜃 refer to the bus phasor voltages, 

pG and pL refer to the bounded generator and load limits and φij and φji represent the active 

powers flowing through the lines in both directions.  

An OPF problem can be solved using a number of established techniques [128]: 

 Linear Programming (LP) Method 

 Nonlinear Programming (NLP) Method 

 Quadratic Programming (QP) Method 

 Interior Point (IP) Method 

 Artificial Intelligence (AI) Method 

The first four methods are mathematic algorithms which incorporate economic factors (e.g. 

via use of Lagrangian multipliers) however there can be problems with poor convergence, 

and they are sometimes limited to finding a single optimal solution in a long run of 

simulations.  

AI methods are able to handle various constraints, multi-objective optimal problems and 

converge quickly. It also has the advantage of allowing the problem to evolve without being 

tied to initial conditions. However AI methods do not consider economic information. 

The Linear Programming (LP) method iterates between solving the power flow, and solving 

an LP to economically dispatch the generation. If system elements do not reach their limits, 

then the results will be identical to economic dispatch models i.e. the marginal cost of energy 

at each bus will be identical to the system incremental cost, λ. If any of the system elements 

reach their limits and the system becomes constrained, each bus price will now differ due to 

constraint costs. These differences are more commonly referred to as Local Marginal Prices 

(LMPs). 

LMP determines the optimal generation unit dispatch while taking into consideration local 

energy and transmission congestion prices. A market based entirely on LMP would be a spot-

based market and would not apply to any long term bilateral contracts agreed in advance of 

gate closure.  
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The Nonlinear Programming (NLP) method uses optimality problems with nonlinear objects 

and/or constraint functions. There are two kinds of NLP – constraint NLP, and unconstrained 

NLP. Lagrangian or Penalty function solvers can be used.  

The Generalized Reduced Gradient (GRG) method is used for constrained nonlinear 

problems and is similar to the approach used in the simplex5 method in linear programming. 

The variables of GRG method, z are divided into two subsets – the first consisting of 

dependent variables such as bus voltages, and the second consisting of independent 

variables such as generator active powers.  

The Quadratic Programming method applies to a quadratic objective function and the 

constraints applied must be linear.  

The Interior Point (IP) method is considered one of the best methods for solving power flow 

problems with constraints. They are particularly effective in large network scenarios. The 

method consists of a self-concordant barrier function which is used to encode the convex 

set6. IP uses a special class of barriers that can be used to encode any convex set. They 

number of iterations of the algorithm is bounded by a polynomial in the dimensions and 

accuracy of the solution. Karush-Kuhn-Tucker (KKT) conditions are used to accommodate 

non-linear problems such as OPF of an electricity network with constraints (flows, voltage, 

costs etc.). KKT allow inequality constraints by generalizing the method of Lagrange 

Multipliers (which only allow equality constraints). 

Artificial Intelligence (AI) methods ‘intelligently’ search through a number of options to find 

the optimal solution. They typically involve the use of heuristic methods, or rules of thumb, 

which help speed up the process. AI methods include Evolutionary Algorithms (EA) which 

uses mechanisms inspired by natural biological evolution and particle swarm optimization 

(PSO) method which optimizes a problem by iteratively trying to improve a candidate 

solution (known as particles) by moving these particles around a search space. These 

                                                           

5 In the Simplex Method, systems of linear inequalities are used to define a polytope as a feasible region. 
The simplex algorithm begins at a starting vertex and moves along the edges of the polytope until it 
reaches the vertex of the optimal solutions. 
6 A convex set exists if every pair of points inside an object, and every pair of points on a straight line 
segments that joins those points is within the object e.g. a solid cube is convex but anything which is 
hollow or has a dent in it (like a crescent shape) is not. A function is convex if its epigraph about the 
graph is a convex set.  
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particles are updated as better positions are found by other particles – and the particles 

(grouped together in a swarm) will move towards the best solution.  

3.4.2.2 Application of OPF methods to Congestion Management of Power Systems 

There are a number of power system evaluation techniques that can be used to analyse 

system behaviour during congestion management events. 

A novel application of OPF for automatic power flow management is proposed by Dolan et al 

in [127] and [128]. The OPF method is used ‘online’ i.e. operating in real time in response to 

load and generation profiles. The outputs from the OPF analysis are control signals which are 

sent to generators in order to reduce loading on constrained lines. Power World is used to 

apply the OPF algorithm with additional programming code used to manage constraint 

information. The OPF method used is a Linear Programming method. A real-time simulator 

and substation computer are used to simulate real-time network operation. The LIFO 

principle is applied to all distributed generation on the network case studies, with the 

exception of an ‘N-1’ contingency event (i.e. the loss of a line) in which case the algorithm 

curtails the most relevant generation to the N-1 constraint. This allows greater energy yields 

across the DG units when compared with conventional methods such as inter-tripping all 

non-firm DG units. By looking at a number of curtailment scenarios on two different network 

architectures, the results have shown that the closed loop simulation has the potential to 

provide network operators with a real-time solution to constraints.  

Boehme [131] proposes a method of determining distribution network limits for non-firm 

connection of renewable generation by using Time Series OPF. The method inputs hourly 

data for wind, wave and tidal data to calculate the output from a number of renewable 

generators on the Orkney distribution network. An OPF is run using the Interior Point method 

in order to determine if curtailment is needed anywhere on the system due to thermal 

overloads. This is a fully automated process using PSS/E and additional scripts in IPLAN 

programming language. The advantages of using the time-series method are that it provides 

an appraisal tool for the planning-stages when considering the development of a new 

renewable generator. It also provides an estimate of the curtailment volume the generator 

can expect to be subjected to under a non-firm contract, and therefore the economic loss 

which is to be experienced. 
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A probabilistic method for ultra-short term transmission congestion forecasting is developed 

by Guoqiang [132], and the proposed method is Boundary Load Flow (BLF) to find the lower 

and upper bounds for the probabilities. Monte Carlo Simulation (MCS) can then be used to 

obtain the probability distribution of power flows through transmission sections. BLF is used 

to find intervals of values for state and output variables, given intervals of input variables 

from probability distributions. These results can be used to determine multiple points of 

linearization for the load flow equations in order to improve the accuracy of BLF solutions 

[133]. The model is applied to an IEEE 39-bus system which is divided into four areas with 

three transmission boundaries. The results of the model show that it successfully predicts 

times of the day when congestion will occur at certain transmission boundaries and this 

information can be used by system operators to help reduce congestion caused by wind 

generators in particular.  

Wang [134] proposes a new framework which allows improved real-time congestion 

management. The key feature of this method is the ability to change bilateral contracts when 

the balancing mechanism cannot sufficiently ease congestion. There are two sub-problems: 

solving for reactive power, and for real power. A Newton Raphson power flow and a prime 

dual interior point linear programming method is used. A linear bidding price curve is used 

to form the objective function which eliminates the need to linearize the problem. The nodal 

prices are obtained as by-products of the Primal-dual LP based OPF. KKT conditions are 

applied to the problem and predictor-corrector technique is used to reduce the 

computational time required to solve large power systems.  The method is compared with a 

Revised Simplex Linear Programming method and has shown a significant reduction in the 

number of iterations and CPU time required to solve larger power systems.  

The same authors propose a method of scheduling generation to eliminate congestion 

management in multi-regional system through the use of Lagrangian relaxation7 [135]. This 

method allows individual transmission areas to maintain safe system operation with limited 

information from neighbouring regions. The approach will simplify an OPF problem by 

applying Lagrangian relaxation. Then, the multi-regional congestion management can be 

applied to the system. The independence of each region is maintained with the simple 

                                                           

7 Lagrangian relaxation involves approximating a difficult problem of constraint optimization by using a 
simpler problem. The solution is an approximate solution, but will provide useful information.  
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exchange of Lagrangian multipliers. It is assumed that a schedule has already been agreed on 

the day-ahead market and each node has set the buy and sell prices. From this point, the 

model can be simulated to determine the optimal way to run the system while minimising 

deviations from the agreed schedule (and hence minimizing the cost). The model was applied 

to an IEEE RTS-96 bus system with 3 interconnected regions. All regional sub-problems could 

be solved in parallel with the inclusion of a slack bus in each region. The iteration process 

was likened to the haggling between buyers and sellers over prices, and when convergence 

is reach the optimal interchanges and prices can be obtained.  

This multi-regional approach can be applied to distribution systems, which is of particular 

interest to this research. A further multi-regional example is suggested by Singh [136]. Here, 

a decentralised approach to congestion management using IP methods is used. The proposed 

model has the aims of allowing multi-utility or multi-country settings without the 

requirement of a common control centre. The aim is to allow the exchange of a small amount 

of information at interconnection points while maintaining safe system operation and 

independent dispatch decisions while benefiting the performance overall transmission area.  

The method proposed is an AC load flow which uses a Karmarkar Interior Point solver. This 

differs from the classic IP method in that it moves through the interior of the feasible region, 

as opposed to following the boundary of the region. This helps to reduce the time taken to 

reach the optimal solution. The example used is a multi-regional transmission network similar 

to that currently in place in Europe however this could be scaled down and applied to 

distribution level thinking for the purpose of this research. The results of the test case have 

shown an improvement in congestion management problems via the use of a decentralized 

approach when compared with centralized, and when compared with a DC Load Flow 

solution. The cost and curtailment is reduced by using the proposed AC Load Flow solution.  

Hazra [137] proposes a method which aims to minimize cost, congestion and the risk of 

cascading failures while staying within the physical and operational limits of the system. The 

risk of cascading failures is caused during congestion events by the exposure of over current 

relays to protection failures. Generators can suffer from insufficient reactive power support 

which can cause voltage drops which will lead to incorrect operation of generator protection 

systems. To meet these objectives, sensitivity factors are calculated to determine the most 

effective generators and loads who wish to participate in congestion management. This 

ensures the best operational strategy for the system and is explained further in [138]. Multi 
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object particle swarm optimization method is used to minimize cost of operation congestion 

and risk of cascading failures. The best compromise solution is selected from a set of Pareto 

optimal solutions using fuzzy approach.  

Wang [139] demonstrates the use of rule based feasibility evaluation and optimal dispatch 

according to market conditions for transmission system congestion management. The 

feasibility evaluation is used to determine whether a potential contract can be 

accommodated in the transmission network with respect to existing contracts, network 

constraints and conditions. The rule based expert system, shown in Figure 3-6 and Figure 3-7  

below, is a computer system that emulates the decision making abilities of a human expert 

by adhering to a set of rules (IF, THEN, AND, ELSE statements…). Combining this with a 

‘Forward Chaining Inference Procedure’, available data stored in a working memory database 

can be used to extract more data until a solution is reached.  

 

Figure 3-6 Rule based model [139] 

 

Figure 3-7 PC feasibility evaluation [139] 

Generators are able to submit a ‘willingness-to-pay’ factor – a high value suggests the 

generator has a strong desire to remain connected to the network during a period of 
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congestion. Simulation results presented by Wang demonstrate the importance of this 

‘willingness-to-pay’ factor on curtailment levels for individual generators, and highlight the 

appeal of a market based access arrangement for renewable generation as the control rests 

in the hands of the generator – not the market operator.  

There are a number of papers which discuss the use of OPF as a tool for both transmission 

[140], [141] and distribution planning [142]–[144]. The advantage of using OPF is that the 

true conditions of the network are considered. OPF has been further developed by others, 

and the full flexibility of the tool demonstrated by a number of authors. Keane et al [145] 

discuss state-of the art techniques for distribution planning. The authors note AC OPF as a 

powerful analysis tool. It is highly flexible and can be tailored to solve a number of problems 

by adapting objective functions and constraints. OPF advantages include the ability to 

consider not only thermal limits, but also fault level constraints [146], and voltage constraints 

[147]. 

Multi-period, or Dynamic Optimal Power Flow (DOPF) method was initially developed to 

analyse power systems dominated by hydrothermal generation [148] , however this tool has 

been developed to analyse energy storage [149], [150] and elements of electricity markets 

[151]. DOPF extends the OPF to apply to multiple time periods to improve the use of energy 

storage in ANM systems. The DOPF objectives are to minimize curtailment of renewable 

energy sources and minimize the use of conventional generation.   

3.4.3 Tools to evaluate Curtailment Market design 

Business models similar to those demonstrated by Environmental Change Institute [12] can 

be used to demonstrate the flow of goods, services, monetary and non-monetary elements 

of a market system. They provide a visual model to aid understanding of the process, flow of 

services and all parties involved as shown in Figure 3-8.  
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Figure 3-8 Business model of aggregation of domestic energy sources [12] 

Game Theory can be used to study the efficiency of a new market design, and certain models 

can be applied to PoA solutions to determine the suitability and competition behaviour 

expected under new market rules.  

The study of Oligopoly models is essential for the study of power system markets. An 

Oligopoly is a market dominated by a small number of sellers (oligopolists). Due to the small 

number of sellers, they are likely to be aware of the behaviour of other market players. The 

decision of one player can influence others, and vice-versa. Strategic planning by oligopolists 

must take into account the likely responses of other market participants. The market should 

encourage fierce competition which ensures low prices and high production i.e. close to 

perfect competition.  

Game theory has been used in a number of studies to analyse the behaviour of generators in 

a constrained transmission system. Cunningham et al [152] demonstrate an empirical model 

which aims to represent the most realistic scenario by including non-symmetric market 

players, non-constant marginal cost, and asymmetric information. A number of models have 

used constant marginal costs, and assume all information is available to all generators – in a 
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oligopolistic market this is not likely to be the case. Probabilistic analysis is used to determine 

the mixed strategy of generators.  

The result of the model has shown that but applying a unidirectional constraint to a three-

node system (with generation and demand at each node), the behaviour of market players 

changed even though the equilibrium flow in the absence of the constraint was less than the 

applied limit. Transmission constraints disrupt the pure strategy equilibrium and the 

outcome of market is much less certain – more issues will need to be considered in order to 

best determine behaviour of players. 

Agent Based Modelling (ABM) is computational model for simulating actions and interactions 

of autonomous agents to assess their effects on the system as a whole. This modelling 

method allows us to experiment with market behaviour before applying changes to rules and 

regulations. Agent-based models can consist of intelligent agents who have learning 

algorithms incorporated into the scenarios. Multi-agent systems comprise of a number of 

intelligent agents interacting within a system. This is a particularly useful method of analysing 

the electricity market.  

In terms of the electricity market, there might be a number of agents for generators and 

supply companies involved in the balancing mechanism. As the trading day goes on, the 

generator agent and supply agents will learn what bids and offers to make to ensure the 

highest level of accepted bids. A number of papers have been published on the use of Agent-

Based modelling for simulation of the electricity markets. Pinto et al [153] discuss the use of 

Multi-Agent based simulator with VPP (virtual power plants). This method allows the 

integration of distributed generation into the electricity market. This paper provides a new 

architecture for MASCEM – Multi Agent System that Simulates Electricity Markets [154]. 

MASCEM provides a framework to assess new rules and arrangements in electricity market 

structures.  

PowerWEB [155] is an internet based simulation environment for experimentally testing 

various power exchange auction markets using human decision makers. This method does 

not involve complex code creation that may be required with a number of other game theory 

methods as human participation is used instead.  
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3.4.4 OPF Computer Packages 

There are a number of OPF packages available which can be used to determine the optimal 

PoA for a given network. These computational tools allow the users to apply a number of 

different OPF scenarios to large networks and analyse the results.  

MatPower [156] is a package of Matlab [157] files which can be used to solve power flow and 

OPF problems. It was developed as part of the PowerWeb [155] project and includes a 

number of different solvers. A number of add-on packages have been developed to suit a 

number of different problems such as the TSPOPF package which includes three AC OPF 

solvers suitable for large scale problems and the IPOPT package which includes an interior 

point optimizer for large scale non-linear optimization using both AC and DC OPF.  

Power System Analysis Toolbox (PSAT) [158] is a Matlab toolbox for power system analysis 

and simulation. A Simulink library provides a user interface for constructing power networks 

for analysis purposes. The main features of PSAT include: power flow, continuation power 

flow, OPF, small signal stability analysis, time domain simulation, complete Graphical User 

Interface, user defined models, FACTS models, wind turbine models, and conversion of data. 

PowerWorld Simulator [159] is a power flow analysis package that is capable of solving large 

power systems. The package provides visualization techniques which are particularly useful 

when trying to understand a large network. There are a number of solution options including: 

full AC or DC solutions, the ability to run a single iteration at a time, loss penalty factors, 

convex cost curves and the ability to specify power-power flow solution actions.  

PSS/E [160] is a software tool developed by Siemens with the aim of providing engineers with 

a tool to aid in transmission planning and operations. Highlights of the package include: 

power flow, OPF, fault analysis, dynamic simulation, open access and pricing, network 

reduction, and transfer limit analysis.  

3.5 Chapter Three Conclusions 

This chapter has presented a number of alternative PoA for implementation in an ANM 

scheme. The ANM case studies outlined in Chapter Two have trialled two out of the eight 

PoA listed in this chapter, In order to further investigate PoA and their impact on curtailment 

in ANM schemes, it is necessary to identify a number of other suitable curtailment 

arrangements. PoA are a key part of the ANM system as they determine the order and format 
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of the curtailment. DNOs use this information to calculate the expected curtailment for any 

new generator connecting to the proposed ANM systems. Depending on the arrangement, 

there may be different impacts on the last generator to connect and this in turn will impact 

on the volume of feasible connection applications that could be accepted before curtailment 

levels are unacceptable to the developer. 

The options were first split in to market or non-market arrangements to reflect the level of 

control generators and DNOs would have over the curtailment arrangement. The six 

arrangements selected for further analysis are:  

 Non-market 

o Last In First Off 

o Pro Rata 

o Rota 

 Market 

o Pay-as-Bid 

o System Price 

o Fixed Price 

These six arrangements scored highly when assessed against established assessment criteria 

used for the design for regulatory frameworks. LIFO will be used as the base case against 

which the other arrangements will be compared. It is the arrangement used by most DNO’s 

in the UK at the present time, therefore the results will provide a useful comparison to 

current ANM operation.  

While the Pro Rata arrangement has some issues regarding long term guarantee of capacity 

factor, it can be assumed that a cap will be set on the maximum volume of capacity that can 

connect to any network under this arrangement. This is the approach adopted by UK Power 

Networks, and one which generators have accepted.  

The Rota arrangement will operate on a 24hr rotation. The position of each generator on the 

LIFO stack will be moved one position up every 24hrs regardless of the volume of curtailment 

experienced. A more complex arrangement might consider rotating generators when a 

certain level of curtailment has been experienced however it is felt that by rotating every 

24hrs there will still be a relatively fair distribution of curtailment between generators.  



Chapter Three: Evaluation of Principles of Access and Modelling Techniques 
 

104 
 

The review of electricity market design is used to determine the format of the three market 

PoA. Pay-as-bid and system price markets are widely used at transmission level and could be 

adapted to be used at distribution level for management of curtailment. The fixed price 

option will compensate generators using a single price based on subsidy payments. Further 

details of bid price calculations can be found in Chapter Four.  

Logic commands will be applied to the OPF model to allow the bids to change after each 24hr 

period. The same market simulation is used for all three market PoA, with the difference 

being in how the compensation is allocated.  

The evaluation techniques discussed in the later part of the chapter demonstrate the wide 

range of tools available for the analysis of PoA. An OPF method is used to apply both non-

market and market PoA to a network case study. This method has been used in the past to 

apply constraint management techniques to networks, and is a valuable tool as it ensures 

the network is always within operation limits. Additional constraints can be added to OPF 

calculations and the solution aims to minimise cost and losses.  Visual aids will be used to 

demonstrate the principles of the market arrangements, and also how the costs of ANM 

schemes can be recovered in the future when innovation funding is no longer available.  

The following chapter provides further details on the modelling methodology and provides a 

simple four-bus example of the key attributes of the PoA discussed in this section.  
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4 ANM Principles of Access Modelling Methodology 

 

 

 

 

 

 

4.1 Chapter Summary 

Chapter Three provided a qualitative analysis of a number of PoA, and six arrangements have 

been identified as of material interest for further quantitative analysis: LIFO, Pro Rata, Rota, 

Pay-as-bid, Curtailment Market Clearing Price and Fixed Price.  

OPF was selected in Chapter Three as being an appropriate tool to analyse the impact of PoA 

on generators as it has the ability to consider a number of network operational limits. This 

chapter will provide comprehensive detail and justify key options and decisions made in the 

modelling methodology which will be used to quantitatively assess the PoA.  

The chapter begins by defining the modelling environment and the OPF formulations for each 

PoA. A step by step guide to the modelling algorithm is provided in addition to a full 

description of the market methodology. The details of how the OPF method is used to curtail 

generation in the stated order is explained and all assumptions and limitations of the model 

are clearly stated.  

The chapter continues with a demonstration of the model on a simple network example. The 

key methods are demonstrated and the areas which will be focussed on for the real network 

study are highlighted here.  

Finally, the model is validated using a spreadsheet calculation in the MS Excel application. 

The values of capacity factor which result from the OPF method are compared to those given 

using the Excel method to demonstrate that the model does in fact apply the curtailment 

arrangements in the appropriate order and at the required scale.  
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4.2 OPF Problem Formulation 

The section outlines the technical aspects of the OPF problem including the optimisation 

method for the networks studied in this thesis, how the PoA are applied using the OPF 

method and a step-by-step guide to both the modelling of non-market and market 

arrangements. Further explanation of the design of the market methodology is also provided.  

4.2.1 Modelling Environment 

The simulations are run using MatPower [156]. This is a set of power system analysis 

functions run from within the MATLAB [157] environment. MATLAB is a high-level 

programming language and interface for numerical computation. MATLAB comes with a 

large number of inbuilt functions, and MatPower is a further set of functions developed by 

Zimmerman et al to be used for power system analysis.   

The OPF function uses a standard MATLAB solver called MIPS, or Matlab Interior Point Solver. 

This is a primal dual interior point solver for general nonlinear optimization problems. The 

MIPS tries to solve the network, i.e. meet all the demand with the available generation, and 

stay within the limits in the network. These limits are defined in terms of thermal limits on 

circuits and voltage magnitude and angle at bus bars. It also tries to minimise the cost of 

generation and minimise network losses.  

The MATLAB environment allows the user to both input and output data to Excel 

spreadsheets, and can also provide graph outputs if desired. 

4.2.2 OPF Formulation 

The aim of the OPF function is to minimize the cost of generation in order to meet the given 

demand, within the upper (u) and lower (l) limits of the network parameters. These include 

generator output limits (Pg), and voltage angle (𝛩) and magnitude (𝑉𝑚).   

The OPF formulation is as follows 

min𝑥 ∑ 𝑓𝑃
𝑖(𝑝𝑔

𝑖 )
𝑛𝑔

𝑖=1
     (eq. 4.1)  

Subject to the following constraints 

  𝑃𝐺
𝑚𝑖𝑛 ≤ 𝑃𝐺 ≤ 𝑃𝐺

𝑚𝑎𝑥  Generator p limits (eq. 4.2)  

  𝑄𝐺
𝑚𝑖𝑛 ≤ 𝑄𝐺 ≤ 𝑄𝐺

𝑚𝑎𝑥  Generator q limits (eq. 4.3)  
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  𝑉𝑚
𝑚𝑖𝑛 ≤ 𝑉𝑚 ≤ 𝑉𝑚

𝑚𝑎𝑥  Voltage Limits  (eq. 4.4) 

  𝛩𝑚𝑖𝑛 ≤ 𝛩 ≤ 𝛩𝑚𝑎𝑥  Voltage Limits  (eq. 4.5) 

The generator cost functions can either be piecewise linear or polynomial. A quadratic cost 

function has been selected in this case as this was the simplest way to apply curtailment to 

non-firm wind generation, where c is cost in £/MWh, p is generation output and n=3. 

𝑓(𝑝) = 𝑐𝑛𝑝𝑛 + ⋯+ 𝑐1𝑝 + 𝑐0     (eq. 4.6) 

For example, the cost function for one of the case study networks is 

𝑓(𝑝) =  0.1𝑝2 + 5𝑝 + 1    (eq. 4.7) 

The important property of the cost function is the rate of change, or gradient of the line. This 

gradient informs the OPF of the order in which to curtail generation. An example of cost 

functions used are shown in Figure 4-1. 

 

Figure 4-1 Graph showing cost functions used to apply a LIFO arrangement. The generator with the 
highest cost gradient will be curtailed first 

The cost functions do not reflect the true cost of operation of generation, but are simply used 

to control the curtailment of generators on the network and influence the solution of the 

OPF analysis. Generators with firm connections are given a near-zero cost, and the slack bus 
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(which is the grid supply point) is given a much higher cost gradient than all generation to 

discourage import from transmission system. 

The diagram in Figure 4-2 demonstrates how curtailment is applied during a LIFO 

arrangement. The generators are prioritized based on date of connection i.e. the last 

generator to connect to the network will be given the highest OPF cost and will be curtailed 

first, followed by the second last generator to connect and so on until the constraint is 

cleared.  

 

 

Figure 4-2 Diagram of how curtailment is applied during a LIFO arrangement 

The Rota arrangement works in a similar manner, with the difference being that the order of 

curtailment is changed each 24 hour period in order to rotate the position on the priority 

stack. The diagram in Figure 4-3 explains how this PoA is applied. For example, on Day 1 

Generator E is curtailed first but on Day 2 Generator E is moved to the top of the stack and 

Generator D is now first to curtail.  
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Figure 4-3 Diagram of how curtailment is applied during a Rota arrangement 

In order to apply the Pro Rata arrangement, additional OPF constraints are applied to each 

zone. These constraints are designed to ensure all generators in each zone share curtailment 

based on the size of the generator output. In order to do this, additional constraints are 

added to the OPF formulation by relating the generators in each zone to each other.  
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For 

𝐺𝑒𝑛𝑟𝑒𝑓𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑋 MW    (eq. 4.5) 

𝐺𝑒𝑛𝑖𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑌 MW    (eq. 4.6) 

𝐺𝑒𝑛𝑖𝑂𝑢𝑡𝑝𝑢𝑡 =
𝐺𝑒𝑛𝑖𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐺𝑒𝑛𝑟𝑒𝑓𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
× 𝐺𝑒𝑛𝑟𝑒𝑓 𝑂𝑢𝑡𝑝𝑢𝑡  (eq. 4.7) 

Genref is the reference generator in the zone and i=1…n-1, where n is the number of 

generators in each zone.  

For example, if there are five 1 MW generators behind a single constraint, and there is a 

maximum export of 3 MW. At full capacity, the output of the group of generators would be 

5 MW therefore 2 MW of curtailment is required. This would be split evenly between all five 

generators, and their output would be reduced to 0.6 MW. This is demonstrated by the 

graphs in Figure 4-4. The percentage share is based on output at the time of constraint and 

not nameplate capacity.  

 

Figure 4-4 Diagram of how curtailment is applied during a Pro Rata arrangement 

4.2.3 Market Methodology 

The same OPF methodology is used for modelling market arrangements and additional logic 

commands are incorporated into the simulation to account for bid changes and profit seeking 

behaviour. An explanation of the ‘dynamic pricing’ method is explained below, followed by 

the calculation of the static or uncurtailed bid prices.  
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4.2.3.1 Dynamic Pricing 

Generators submit bids to inform the network operator of their willingness to participate in 

a curtailment market.  The bid prices are derived from a simple dynamic pricing method, as 

outlined below.  This method uses simple logic to inform changes in bids, with the decision 

based on the amount of curtailment and compensation received previously.  Generators are 

always aiming to make more than or equal to the profit they would expect to make if 

uncurtailed, referred to as the pre-curtailment profit in this work. The dynamic prices are 

always equal to or greater than the static prices for each generator.  Note that both static 

and dynamic pricing use a single wholesale power price and do not reflect varying prices over 

time. 

One day (midnight to midnight) is used as the time step for price changes.  Curtailment events 

occur over short time scales, i.e. minutes or tens of minutes.  The simulations use half-hourly 

time steps for curtailment assessment and daily bid changes as this was the exemplar data 

available.  Generators therefore revise prices for tomorrow based on the current day’s 

performance. 

Static prices are used to set the bid at the first time step.  These are also used to inform the 

‘uncurtailed profit’ level.  This level remains fixed through the simulation as the time period 

considered is no greater than one year throughout the examples given in Chapter Four and 

5. Should a time period of greater than one year be considered, then this price may fluctuate 

based on interest rates or regulatory changes to subsidy payments. 

This section is simply to demonstrate the process. Analysis and sensitivities of the method 

will be explored in greater detail in Chapter Five.    
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Step 1 

In the first time step the starting 

bids are selected for each 

generator based on the price 

the generator expects to 

receive when uncurtailed e.g. 

four generators might have 

starting bids as shown on the 

right.  

 

 

Figure 4-5 Starting bids (£/MWh) 

Step 2 

The simulation ‘stacks’ the bids 

in order from least to highest 

cost.  This sets the order of 

curtailment which will result in 

the lowest cost for system 

operator.  

 

Figure 4-6 Bids stacked in order from least to highest cost 
(£/MWh) 

Step 3 

The simulation will curtail 

generation in reverse order 

(from least to most cost).  For 

example, if there is a 3.5 MW 

constraints then Generator B 

and Generator D are fully 

curtailed and Generator A is 

partially curtailed.  Generator 

C experiences no curtailment. 

  

 

Figure 4-7 Diagram of generator curtailment 
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Step 4 

At midnight generators make a decision on their bids for the next day.  This is based on two 

things: 

1. Level of curtailment experienced in the previous day 

2. Level of compensation payments received (compared to revenue if uncurtailed) 

The generators can choose to increase, decrease or hold their bid for the next time day.  The 

decision logic is shown in Table 4-1 below.  Some decisions are based on using a random 

number, where a value between 0 and 0.5 is rounded to 0 and a value between 0.5 and 1 is 

rounded to 1.  This is then multiplied by 5 to get the bid step change, i.e. the result can be 0 

or 5, as shown below. The randomisation of the number is to reflect the decision making 

behaviour of real participants in the market. Rounding the number results in regulated step 

changes of the bid i.e. either an increase or decrease of the same value.  

For example, if Generator B is fully curtailed for most of a day, and the compensation 

received was higher than the static price then Generator B will either choose to hold its bid 

the same as the previous day, or increase the bid by £5/MWh.  In contrast, if Generator C is 

mostly uncurtailed when its bid was higher than its static price, for the next day Generator C 

can choose to hold its bid or drop the bid by £5/MWh. 

Table 4-1: Decision logic for dynamic pricing method 

 
Payment > 

Precurtailment 
Revenue 

Payment = 
Precurtailment 

Revenue 

Payment < 
Precurtailment 

Revenue 

Fully Curtailed + 0 or 5 + 5 + 5 

Partially 
Curtailed 

- 0 or 5 + 0 or 5 + 5 

Uncurtailed - 0 or 5 + 0 or 5 + 0 or 5 
 

Step 5 

Generators submit their bids and the process repeats from Step 2.This method starts with 

prices based on the value of energy produced and then each day increases or decreases the 

price of each resource based on whether it was curtailed and the prices paid in the previous 

day.  The decision on whether to increase/decrease prices can include a random element to 

give some diversity of behaviour amongst market participants.  In a simple way it simulates 
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price elasticity by increasing prices when demand (for the constraint service) is high and 

decreasing them when demand falls, except that elasticity is restricted so that the dynamic 

price does not drop below the static price. 

The two market models only differ in the price paid for compensation. Under Pay-as-bid 

(PAB), the compensation is equal to the submitted bid for the time period i.e. the bid placed 

during the day which curtailment was applied. Under a Curtailment Market Clearing Price 

(CMCP) arrangement, an additional calculation is required to determine the curtailment 

clearing price. If generators are fully or partially curtailed in a CMCP market, they will all 

receive the same price. It can also be assumed that if a generator is fully curtailed, the bid 

was less than or equal to the CMCP, and, if partially curtailed, the bid was equal to the CMCP. 

Therefore it is possible to use the results from the PAB modelling to calculate the cost of 

curtailment in a CMCP market.  

Generator bids are adjusted for the next time period by comparing the clearing price to the 

pre-curtailment profit level. The calculation of this value is explained in Section 4.2.3.2. For 

example, in Figure 4-7 the last generator to be curtailed is Generator A. This will make the 

system price £130/MWh and this will be awarded to Generators B and D as compensation.  

4.2.3.2 Pre-curtailment Revenue 

To calculate the pre-curtailment costs for generating units, the following equation is used 

𝐿𝑜𝑠𝑡 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑖𝑐𝑒 + 𝐹𝐼𝑇 + 𝐸𝑚𝑏𝑒𝑑𝑑𝑒𝑑 𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠 + 𝐿𝐸𝐶 [1] 

The four components of the Lost Revenue calculation are explained in further detail below. 

This equation is based on the method used by Baringa and UK Power Networks in their own 

calculations of lost revenue [10] for the FPP project.  

Electricity price is based on Redpoint Energy GB Power Market report (April 2012) [10].  The 

average electricity price of £58.50/MWh is applied in all cases for the market model studies.  

The FIT subsidies are available on the Ofgem website [161], as are the ROC tariffs (see Section 

2.3.3). The tariff used is based on the assumed connection date of the wind generators which 

was between 2009 and 2012. The ROC values used are based on those used by Baringa in 

[10]. 
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Table 4-2 Feed-in Tariff [161] and ROC price based on values in [10] 

 Capacity Feed-In Tariff ROC 

 kW £/MWh £/MWh 

Wind <1500 107.20 - 

Wind >1500 50.50 - 

Wind >5000 - 40.30 

 

The Levy Exemption Certificates (LEC) provides energy suppliers with evidence that 

renewable energy sources are used to supply the UK customers with renewable electricity. It 

is linked to the Climate Change Levy, which is a tax applied to UK business energy users [162]. 

Renewable generators are entitled to claim the LEC. The current rate is 0.541p/kWh [163]. 

Embedded benefits include the cost of avoided Transmission Use of System charges, 

Balancing Service Use of System charges, and transmission losses. Baringa estimate these to 

be £5.5/MWh [10]. These reductions are in place to reward generators who connect close to 

the load.  

There are discounts applied to all of these components as part of the PPA agreement. This 

agreement is a long term contract between a generator and a supplier. The agreement 

ensures a guaranteed price per unit of electricity for a stated amount of energy over a set 

period of time. The discount accounts for generators and energy suppliers agreeing to a long 

term price guarantee. For FIT generators, a 10% discount is applied to payments for power 

and LECs [10] .For example, a 2.3 MW turbine would have the following costs applied:  

Table 4-3 Example pre-curtailment costs for 2.3 MW wind turbine 

 
Electricity 

Price 
Feed-in 
Tariff 

Embedded 
Benefits 

LEC Total 

2.3 MW 
Wind 

Turbine 
58.5 x 90% 50.5 5.5 5.41 x 90% £113.52 MWh 

 

The total cost given in the right hand column would be used as the starting bid for the market 

based PoA simulations.  
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4.2.4 PoA Curtailment Calculation Methodology  

This section will provide a detailed description of the modelling algorithm, and the inputs and 

outputs associated with the simulation. A flowchart of the modelling process is shown in 

Figure 4-8.  

The input for the model consists of representative time series data for demand and 

generation in half hourly intervals. A similar approach has been used by  MacDonald and 

Foote in [164]. The overall curtailment results would not vary by using a higher frequency of 

data such as 15 minute or 5 minute data. The wind profile is applied to all renewable 

generation across the network – meaning all wind generators have the same capacity factor 

during each half hourly interval before any curtailment is applied. This is not an accurate 

depiction of the behaviour of wind generator output across a power network. There is likely 

to be variation across the geographical area of wind speeds, however the aim of the model 

is not to provide an accurate depiction of the system behaviour but to discover the relative 

merits of the options for PoA in a particular network. For other types of renewable 

generators, the appropriate export profiles are applied. The user also must select one of four 

options for applying a PoA: LIFO, Pro Rata, Rota or market. Both PAB and CMCP market 

arrangements will provide the same result in terms of curtailment but the cost for CMCP is 

calculated in post processing. The model is run for individual months, or as a whole year in a 

single command. When a market scenario is simulated, then a list of ‘pre-curtailment’ 

revenue is required as an additional input when compared with the non-market 

arrangements. 

Regardless of the total time period analysed, the simulation addresses each 30 minute time 

period as a discrete event and runs a power flow analysis to determine if there is any 

congestion on the network. To do this, the power flowing through each branch is compared 

to the line ratings stipulated in the network model. When the power flowing through a line 

exceeds the static thermal rating, the branch is classified as constrained and will need to be 

resolved in the next step of the analysis. Typically, conductors will be allocated ‘Seasonal’ 

ratings for the thermal limits. The rating is related to the temperature of the air surrounding 

the conductor and is set based on maximum allowable sag of conductors. Research and trials 

have been carried out in to the use of dynamic line ratings, where the rating will change 

based on local temperatures. For the purpose of this analysis, a static rating is used to 

determine constraints.  
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If there is no congestion on the network during a time period, then the model will store the 

results and move on to the next time period.  

When there is an active constraint on the network, the OPF solver will curtail required 

generation and return the network to a safe operating state. The objective function of the 

OPF is to meet demand with the available generation on the network, at the lowest possible 

cost. The identification of congestion and the application of constraints occur in two separate 

processes in order to prevent the costs applied for OPF from influencing network behaviour 

during unconstrained periods.  

When generation has been curtailed and the network is operating within limits once again, 

the model will store the results and move on to the next time period. The output will give 

details of generator outputs pre and post curtailment, network losses, import/export, the 

slack bus and any relevant bid behaviour information.   
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Figure 4-8 Annual Constraint Analysis Modelling Process 
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4.2.5 Assumptions and Limitations 

A number of assumptions have been made and the model has some limitations.  

Unity power factor is assumed for all generators. There is zero reactive power applied at 

demand buses. While this is not reflective of true network operation, the curtailment study 

only assumes real power thermal limits. In future, if voltage limits were to be considered, 

appropriate reactive power levels would need to be included.  

In relation to this, there are no voltage constraints on to the network – only thermal limits. 

Reactive compensation devices are used to ensure there are no voltage issues on the 

network.   

It is assumed that PAB and CMCP markets will give similar results for the curtailment of 

generation. The difference between the markets will be in the compensation paid to 

generators. Generators manipulate bids for the next time step based on curtailment in the 

previous time step. Generators who are curtailed can be assumed to have the lowest costs 

and may choose to remain at that bid, or increase that bid in the next time step. Generators 

who are fully or partially curtailed can be assumed to have the same as, or less than the CMCP 

and would therefore, also choose to stay at the current bid level or increase their bid for the 

next time step.   

In order to ensure the curtailment order is applied in the correct order, the difference in 

gradient between non-firm generators increases by a power of 2.7 (See the graph in Figure 

4-1). The reason for this is due to high losses on the network. The losses on the network 

interfere with the OPF solver and overrule the objective function to minimise cost, in order 

to reduce network losses.  

The costs used in the market model are simplistic, as are the logic controls used to determine 

new bids. While more complex methods, such as Agent Based Modelling, may be more 

appropriate in determining market behaviour they do not consider network properties. The 

continuation of the OPF methodology in modelling the market arrangements ensures a 

consistency across the modelling approach.  

4.3 Demonstration of PoA on a Simple Network Model 

Combining the discussions from section 3.2 and 3.3, some basic principles of PoA modelling 

will be demonstrated in this section. The aim of the examples is to demonstrate the key 
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impacts of different PoA on the capacity factor of wind generation before the main case study 

is presented in Chapter Five. The examples will not only demonstrate the different PoA but 

also demonstrate some sensitivity such as change of curtailment order under LIFO and 

different locations for generators and constraints.  

In the examples, a variation of the network topology shown in Figure 4-9 will be used. This 

includes variations in location and size of constraints, line impedances and network topology. 

In all cases, there is a 10 MW firm, always-on generator and a variable load is connected to 

Bus 3. The slack bus is allocated to Bus 1 and there are five non-firm wind generators 

connected to the network, with a total nameplate capacity of 13.1 MW.  A constraint will be 

created on the network, which will limit the output from some or all of the non-firm wind 

generators. To meet the demand at Bus 3, the network is set up to use the firm generator 

capacity at Bus 3 first and then use the available non-firm wind generation. The OPF cost of 

the slack bus is set high to allow the demand to be met by firm and non-firm generators 

connected to the network, as opposed to importing from external sources. This represents 

the ‘must take’ nature of renewable generation. The examples used in this study do not 

include storage and focus on the use of wind generation. In future, alternative energy sources 

could be added to the model so long as suitable profiles were available to represent 

particular outputs of the storage or other renewable generation.   

 

Figure 4-9 Exemplar network topology 
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The analysis is run over a one month period, with representative demand and wind profiles 

used. The profiles are shown in Figure 4-10 . There are 1,488 half-hour time periods in total.  

 

Figure 4-10 Normalised wind and demand profiles used in simple example 

The non-firm wind generators have individual nameplate capacities ranging from 0.9 to 5.4 

MW. The pre-curtailment profit for each of the wind farms is shown in Table 4-5. These costs 

are calculated using the method discussed in Section 4.2.3.2.  

The calculation is shown in Table 4-4. Generator B is the only generator to receive ROCs, the 

other four generators receive FITs. It is evident from the table that the smaller turbines 

receive the highest price per MWh.  

Table 4-4 Pre-curtailment profit calculation for example generators 

 
Capacity 

(MW) 
Support 
Scheme 

Electricity 
(£/MWh) 

FIT tariff  
(£/MWh) 

ROC 
value 

(£/MWh) 

LECs 
(£/MWh) 

Embedded 
benefits 

(£/MWh) 

Totals 
(£/MWh) 

A 0.9 FIT 58.50 107.2 - 4.87 5.50 176 

B 5.4 ROC 58.50 - 40.30 4.87 5.50 109 

C 2.7 FIT 58.50 50.5 - 4.87 5.50 119 

D 0.9 FIT 58.50 107.2 - 4.87 5.50 176 

E 3.2 FIT 58.50 50.5 - 4.87 5.50 119 
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A summary table of generator details is provided in Table 4-5. The priority order given will be 

used for initial LIFO studies. If the priorities stack changes, this will be stipulated in each case 

study discussion in the next section.  

Table 4-5 Summary of generator details for two bus example 

 Capacity 
(MW) 

Priority Order 
Pre-curtailment 

Profit 
(£/MWh) 

Gen A 0.9 1 176 

Gen B 5.4 2 109 

Gen C 2.7 3 119 

Gen D 0.9 4 176 

Gen E 3.2 5 119 

 

4.3.1 Studies of PoA on a Simple Network 

Three studies are carried out on the different PoA. In all studies, the capacity factor of the 

three non-market arrangements is compared, and for the market arrangements the focus is 

placed on the cost of curtailment compensation. The aim of these studies is to present the 

key impacts of several PoA on a simple network example with zero to minimal losses before 

applying PoA to a more complicated, real network example.  

Study A features a single constraint located on the branch that connects the five non-firm 

wind generators to the rest of the network. Study B will assess the impact of local constraints 

with only three of the five generators located behind a constraint. Finally in Study C, line 

impedances are applied to the five non-firm generators behind a single constraint to simulate 

the behaviour of a large network with high losses that would impact on the level of 

curtailment required.   

4.3.1.1 Study A: Single Constraint 

In this example there is an 8 MW limit on the branch between Bus 2 and 4, and all five non-

firm generators are located behind the same constraint.  The network topology is shown in 

Figure 4-11.  
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Figure 4-11 Study A: Network diagram 

When the Pro Rata PoA is utilised, the following constraints are applied  

𝐺𝑒𝑛 𝐵 = 6 × 𝐺𝑒𝑛 𝐴     (eq.4.8) 

𝐺𝑒𝑛 𝐶 = 3 × 𝐺𝑒𝑛 𝐴     (eq.4.9) 

𝐺𝑒𝑛 𝐷 = 1 × 𝐺𝑒𝑛 𝐴     (eq.4.10) 

𝐺𝑒𝑛 𝐸 = 3.56 × 𝐺𝑒𝑛 𝐴     (eq.4.11) 

These conditions mean that when a constraint occurs, all generators will be curtailed by a 

percentage relative to their output at the time the curtailment is required.  

The results in Figure 4-12 demonstrate the share of curtailment for the three non-market 

PoA and a market PoA. The different market mechanisms are shown here as one group as 

the difference is simply the price paid for curtailment compensation, the choice of generator 

to curtail will be the same i.e. the generator with the lowest bid. There are 814 instances of 

curtailment during a 31 day period and a total of 1,636 MWh energy curtailed.  
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Based on the priority order given in Table 4-5, Generator E is first to curtail and is subject to 

the majority of curtailment under a LIFO arrangement. Pro rata and Rota arrangements lead 

to a balanced share of the curtailment between the five generators. In a market 

arrangement, the largest generator, Generator B, submits to lowest bid price per MWh and 

is therefore selected by the OPF model to clear the constraint to minimise the cost of 

constraint payments.  

 

Figure 4-12 Total energy curtailed for Study A 

The average monthly capacity factors are shown in Figure 4-13. The LIFO arrangement results 

in the lowest capacity factor of 0.11 for Generator E. This is significantly lower than the 

uncurtailed average of 0.59 for the month studied. The Pro Rata and Rota arrangements 

result in similar average capacity factors and the curtailment is distributed between all wind 

farms either simultaneously as with the Pro Rata arrangement, or by changing the order 

every 24 hours under a Rota arrangement. The Pro Rata capacity factor is 0.42 and the Rota 

capacity factor ranges from 0.33 to 0.50. This range of capacity factor results occur because 

some generators are selected for curtailment during periods where there is more curtailment 

required, when compared with other time periods. The market scenario gives the best 

outcomes in terms of average capacity factor and cost of curtailment. It reduces the loss to 

the generator in terms of curtailment but also in terms of profit. This is because the market 

scenario will curtail the generator with the lowest cost. For the constraint in this network 

example, it can be cleared using the same wind farm. 
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Figure 4-13: Study A Results: Impact of capacity factor on non-firm wind generators in a four bus 
network with a single constraint 

The bid behaviour associated with the market arrangements is shown in Figure 4-14. As 

explained in Section 4.2.3, new bids are resubmitted after each 24 hours period, depending 

on the curtailment applied in the previous 24 hours and the level of payment made compared 

with potential un-curtailed earnings. Bids will either increase or decrease by £5/MWh or stay 

the same. The behaviour is relatively stable as no extreme bids are placed by any generators. 

Generators tend to seek bids in the region they set the initial starting bid and compete with 

generators at a similar cost level, and therefore with generators of a similar size and 

technology. The CMCP is also shown in Figure 4-14. There are points on the graph where it 

appears that the CMCP is higher than the lowest bid, however this occurs during periods of 

no curtailment on the network. This can be seen in Figure 4-10, by the periods where the 

wind profile dips below the demand profile.  
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Figure 4-14 Study A Results: Dynamics of submitted bids 

The total and average costs of curtailment are shown in Figure 4-15 and Table 4-6. The costs 

associated with the non-firm arrangement are purely for indicative purposes, no 

compensation would be paid to generators under these arrangements.  

The LIFO arrangement has the highest average and total constraint costs. This is a result of 

using Generator E to clear the majority of curtailment. This generator has a high cost when 

compared with other generators (see Figure 4-15). Both market arrangements give the same 

cost of curtailment, as Generator B is used to clear all constraints across the analysis period. 

The Pro Rata and Rota arrangements have similar costs, as the curtailment is shared between 

the non-firm generators across the analysis period and therefore the costs vary accordingly.  

Table 4-6 Study A Results: Total and average curtailment costs for each PoA 

 LIFO Pro Rata Rota PAB CMCP 

Total Constraint 
Costs (£k) 

210 201 203 182 182 

Average 
Constraint Costs 

(£/MWh) 
129 123 124 111 111 
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Figure 4-15 Study A: Total curtailment costs (£k) 

 

To demonstrate the sensitivity of the size of generators and their order in the priority stack 

the position of Generator A and Generator E have been switched. Generator E is a relatively 

large generator with a capacity of 3.2 MW, so when it is at the bottom of the priority stack, 

it will in most cases be the marginal generator and clear the majority of constraint. If the 

order the priority stack is changed to switch the position of Generator A, with a capacity of 

0.9 MW, and Generator E then there are now more generators subjected to constraints and 

Generator C or Generator D becomes the marginal generator. The results of this sensitivity 

study are shown in Figure 4-16.  
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Figure 4-16 Graph showing the impact on capacity factor when the priority stack order is changed. 
Generator A and Generator E have had their positions switched in the second series. 

When there are smaller capacity generators at the bottom of the curtailment stack, the 

curtailment will affect more generators. Generator E is more than three times the capacity 

of Generator A and therefore the curtailment of generators further up the stack, such as 

Generator B is increased. Stacking generators by order of size would be considered 

discriminatory and discourage larger, possible more efficient generators from connecting to 

the network. However, the impact on overall curtailment is evident from this short study and 

the size of the marginal generator will play a significant role in determining curtailment in 

any ANM scheme.  

4.3.1.2 Study B: Local Constraints 

In this example, Bus 4 is split to create a fifth and sixth bus. Two generators are connected to 

Bus 5 and three generators connected to Bus 6.  
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Figure 4-17 Five bus example with local constraints 

The line limit on the branch between Bus 4 and 6 is 4 MW. Now, only Generators C, D and E 

are constrained on the network, and Generators A and B unconstrained. This results in 834 

instances of constraint, a similar number of time periods as presented in Study A. The total 

curtailed energy is only 912 MWh, compared to the 1,636 MWh curtailed in Study A. As a 

percentage of the generation connected behind the constraint, both Study A and Study B 

curtail 12-15% of the uncurtailed output.  

During the Pro Rata PoA the following constraints are applied  

𝐺𝑒𝑛 𝐶 = 3 × 𝐺𝑒𝑛 𝐷     (eq. 4.12) 

𝐺𝑒𝑛 𝐶 = 0.84 × 𝐺𝑒𝑛 𝐸     (eq. 4.13) 

These equations mean that when a constraint occurs, all generators will be curtailed by a 

percentage relative to their output at the time the curtailment is required. The total curtailed 

energy is shown in Figure 4-18. This figure demonstrates the impact of having the constraint 

localised. Only Generators C, D and E are curtailed in this study. These results demonstrate 

that for any new generators wishing to connect to the network may choose not to connect 

at Bus 6 in order to avoid higher curtailment levels when compared with Bus 5. New 
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connections could still be facilitated at Bus 6 but they would experience less curtailment 

behind Bus 5.  

 

Figure 4-18 Study B: Total curtailed energy (MWh) 

The capacity factors are presented in Figure 4-19. In general, the capacity factors are higher 

than in Study A however this is due to the lower volume of curtailment required in this study. 

The lowest capacity factor is 0.2 under a LIFO arrangement for Generator E. The other four 

generators do not experience any curtailment. Under a Pro Rata arrangement, Generators C, 

D and E have a capacity factor of 0.41 and for a Rota arrangement, the capacity factors range 

from 0.36 to 0.47. Generator A and B remain uncurtailed for the Pro Rata and Rota 

arrangements. The Market arrangements result in a minimum capacity factor of 0.37 for 

Generator E. Generator C is reduced to 0.39 while Generator D is uncurtailed.  

 

 -

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1,000

LIFO  Pro Rata  Rota  Market

To
ta

l C
u

rt
ai

le
d

 E
n

e
rg

y 
(M

W
h

)

Gen A Gen B Gen C Gen D Gen E



Chapter Four: ANM Principles of Access Modelling Methodology 
 

131 
 

 

Figure 4-19 Study B Results: Impact of CF on non-firm wind generators in a six bus network with a 
local constraint 

As in Study A, the Pro Rata and Rota arrangements demonstrate a more even balance of 

capacity factor amongst the three curtailed generators. The results of the Market 

arrangement differ from those in Study A. Generator B is no longer contributing to the 

constraint, and therefore Generators C and E are now the lowest cost generators which can 

be used to clear the constraint. Both generators have the same initial bid but this varies 

across the analysis period and the curtailment shared between both depending on which 

generator has the lowest bid as demonstrated in Figure 4-20.  

 

Figure 4-20 Study B: Dynamic bid behaviour 

The total and average constraint costs are given in Figure 4-21 and Table 4-7. From Figure 

4-21, it is evident that Generator E is the generator that receives the majority of 

 -

 0.10

 0.20

 0.30

 0.40

 0.50

 0.60

LIFO PRO RATA ROTA MARKET

C
ap

ac
it

y 
Fa

ct
o

r

Gen A Gen B Gen C Gen D Gen E

100

120

140

160

180

200

0 200 400 600 800 1000 1200 1400

Su
b

m
it

te
d

 B
id

s 
(£

/M
W

h
)

Time Step

Gen A Gen B Gen C Gen D Gen E CMCP



Chapter Four: ANM Principles of Access Modelling Methodology 
 

132 
 

compensation under all of the arrangements. Table 4-7 outlines the total and average costs 

of constraints for Study B. The Pro Rata arrangement results in the highest total and average 

cost of curtailment while the market arrangements give a similar cost to the LIFO 

arrangement. Due to the lower level of curtailment when compared with Study A, the costs 

and curtailment volumes are both lower. The majority of constraints can be cleared through 

the use of a single generator, Generator E. In the market examples, the costs are the same 

as Generator C and E have similar costs across the curtailment period, which translates into 

similar system prices across the analysis period.  

 

Figure 4-21 Study B: Total constraint payments for each PoA, showing the share between each 
generator 

Table 4-7 Study B Results: Total and average constraint costs for each arrangement 

 LIFO Pro Rata Rota PAB CMCP 

Total Constraint 
Costs (£k) 

109 115 113 109 109 

Average 
Constraint Costs 

(£/MWh) 
119 127 124 119 119 
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In a real network example, line losses will have an impact on network operation. To model 

this, each non-firm wind generator is placed behind a branch with a particular impedance. 
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experience slightly more curtailment then would be necessary when connected to a line with 

zero impedance. The network topology and resistance characteristics are shown in Figure 

4-22 below. The different coloured branches represent increasing levels of impedance where 

green is low, and red indicates high impedance.  

 

 

Figure 4-22 Study C network topology 

During the Pro Rata PoA the following constraints are applied  

𝐺𝑒𝑛 𝐵 = 6 × 𝐺𝑒𝑛 𝐴     (eq. 4.13) 

𝐺𝑒𝑛 𝐶 = 3 × 𝐺𝑒𝑛 𝐴     (eq. 4.14) 

𝐺𝑒𝑛 𝐷 = 1 × 𝐺𝑒𝑛 𝐴     (eq. 4.15) 

𝐺𝑒𝑛 𝐸 = 3.56 × 𝐺𝑒𝑛 𝐴     (eq. 4.16) 

These equations mean that when a constraint occurs, all generators will be curtailed by a 

percentage relative to their output at the time the curtailment is required. Generator A is 

behind the branch with the least impedance, and could therefore represent a generator that 

is adjacent to the constraint. Generator E has the highest line impedance and is therefore 

representative of a generator located furthest away from the constraint. As in Study A, all 

five generators are behind this single constraint. The limit of the line is set at 7.85 MW to 

give the same constraint volume in Study A and allow the results to be compared.  
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The total energy curtailed is shown in Figure 4-23. The results are relatively similar to those 

presented in Study A with the subtle difference occurring in terms of the total curtailed 

energy volume as a result of the resistance on the network branches.  

 

Figure 4-23 Study C: Total energy curtailed (MWh) 

The monthly average capacity factors are shown in Figure 4-24 . The lowest capacity factor 

under a LIFO PoA is experience by Generator E and is 0.11, the same result as in Study A. The 

Pro Rata PoA gives a balanced capacity factor for all non-firm generators of 0.42. The Rota 

arrangement has a similar range of capacity factors when compared with those in Study A, 

of 0.33 to 0.50. There is only a slight change in the capacity factor of Generator B – this can 

be associated with changes to network losses. Similarly, for the market arrangements the 

results are comparable to Study A. Generator B has the lowest cost and is therefore curtailed 

the most. Generator E is curtailed on a very small number of occasions.  
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Figure 4-24 Study C Results: Impact of CF on non-firm wind generators in a six bus network with a 
local constraint 

The market bid behaviour is shown in Figure 4-25. As with the other studies, Generators A, C 

and E form a group of lower bids while Generators B and D have a higher bid level. The total 

costs of curtailment are given in Figure 4-26 and Table 4-8. The market arrangements have 

lower total and average costs when compared with the non-market arrangements. As in 

Study A, Generator E is used to clear the majority of constraints under the LIFO arrangement 

which is a high cost generator. This results in a high overall cost for curtailment. The Pro Rata 

and Rota arrangements utilise other generators with lower costs and therefore the total cost 

of curtailment is lowered by a small amount.  

 

Figure 4-25 Study C: Dynamic bid behaviour 
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Figure 4-26 Study C: Total cost of curtailment (£k) 

Table 4-8 Study C Results: Total and average curtailment costs for each PoA 

 LIFO Pro Rata Rota PAB CMCP 

Total Constraint 
Costs (£k) 

210 201 203 182 182 

Average 
Constraint Costs 

(£/MWh) 
129 123 124 111 111 

 

An important aspect of this study is the losses on the network. The choice of generator can 

have a significant impact on how electrically efficient the network is. If the price of the five 

generators is set to be equal, the OPF will consider only the losses on the network when 

determining which generator to curtail. This could be considered a ‘technical best’ solution. 

The results of a ‘technical best’ arrangement are shown below in Figure 4-27 and are 

compared with the results from the LIFO arrangement.  

 -

 50

 100

 150

 200

 250

LIFO  Pro Rata  Rota  PAB  CMCP

To
ta

l C
o

st
 o

f 
C

o
n

st
ra

in
t 

(£
k)

Gen A Gen B Gen C Gen D Gen E



Chapter Four: ANM Principles of Access Modelling Methodology 
 

137 
 

 

Figure 4-27 Study C Results: Capacity factor of non-firm generators under a ‘technical best’ 
arrangement compared with the LIFO capacity factors 

The post curtailment network losses for all arrangements are shown below in Figure 4-28. 

The Rota and market scenarios result in the highest network losses. In the market scenario, 

Generator B is used to solve the constraint because it submits the lowest bid prices however 

it has a relatively low impedance when compared with Generator E for example, which will 

therefore result in higher losses i.e. the demand is being met by generators behind lines with 

a high impedance and therefore the losses on the network are increased. By comparison, in 

a LIFO or Technical best arrangement, Generator E that is behind the line with the highest 

impedance is curtailed the most. 
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Figure 4-28 Study C Results: Network losses after PoA have been applied 

The OPF solver chooses to curtail the generators who experience the highest losses while 

outputting energy to the network. This is combination of generator size and line resistance 

properties. As a result of these factors, Generators B, C and E are curtailed under a technical 

best arrangement. Generator E receives the highest percentage of curtailment although it 

should be noted that the minimum capacity factor of 0.24 is still higher than that which is 

experienced under LIFO when Generator E is last in the priority stack. In a LIFO arrangement, 

the cost overrides the network losses and the same generator will always be selected to clear 

a constraint. A technical best PoA allows the OPF to determine the best solution with regards 

to network losses, which often results in the selection of more than one generator to clear a 

constraint.  

4.3.2 Comparison 

The volumes of curtailed energy under a LIFO PoA for all three studies are shown in Table 

4-9.  

Table 4-9 Comparison of network values for a LIFO arrangement across the three studies.  
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Study B differs from Study A in terms of total volume of curtailed energy. The thermal limit 

of the line is dropped down to 4 MW from 8 MW as there were only 3 generators behind the 

constraint with a total capacity of 6.8 MW. The number of constrained intervals was kept to 

a similar amount, but the total energy curtailed is 0.7GWh less than that demonstrated in 

Study A and C. This is also demonstrated by the ‘average constraint payment’ cost – there is 

only one generator required to clear the constraint and this has a lower £/MWh cost than 

the other four generators used in the study.  

Studies A and B have no network losses associated with them as there were no impedances 

included in the branch properties. While this does not represent a real network example, 

excluding the network losses allows the OPF methodology to be verified on a simple model 

before more complex network models are studied.  

In Study C, line impedances are included in the network model and it has a small impact on 

the volume of curtailed energy across the month. The line rating in Study C was set at 7.85 

MW in order to match the volume of curtailed energy experienced under a LIFO arrangement 

in Study A.  

Generator E is curtailed quite heavily across all scenarios, with the exception of the market 

scenario in Study A and Study C. In all three studies, the proportions of curtailment under a 

Rota arrangement are very similar to those of a Pro Rata arrangement. Both arrangements 

distribute the curtailment more evenly across all non-firm generators.   

Generator B is the obvious choice for curtailment in the market arrangements; the low bid 

cost and high capacity mean that the network can rely on it to be the marginal generator in 

the majority of instances.  

4.3.3 Model Validation 

The results of the curtailment analysis using the OPF methods are compared to an excel 

spreadsheet calculation of capacity factors for the simple four bus example in Study A. The 

spreadsheet uses arithmetic and logic calculations to determine the volume of curtailment 

based on the three non-market curtailment approaches. For example, under a Pro Rata 

approached, the spreadsheet calculates the volume of curtailment required to clear the 

constraints, and then subtracts this from the connected generators based on their relevant 

contribution to the constraint.  
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The same demand and generation values are used as were input in to the OPF model, and 

when curtailment is required, it is allocated based on the selected PoA. The results are shown 

below in Table 4-10.  

Table 4-10 Validation of modelling results – the capacity factors obtained using excel match those 
obtained using the OPF modelling methodology. 

 LIFO Pro Rata Rota 

 Excel OPF Excel OPF Excel OPF 

A 0.59 0.59 0.42 0.42 0.50 0.50 

B 0.59 0.59 0.42 0.42 0.45 0.45 

C 0.47 0.47 0.42 0.42 0.36 0.36 

D 0.18 0.18 0.42 0.42 0.33 0.33 

E 0.11 0.11 0.42 0.42 0.41 0.41 

 

The results of the excel analysis match those obtained for the OPF analysis. This 

demonstrates that the OPF method successfully applies various PoA to the network study 

and provides confidence in the OPF methodology for use on a real network case study.  

While there can never be a completely accurate forecast of curtailment, DNOs often provide 

a conservative estimate based on historical demand and generation date. When issued with 

curtailment estimates, these values will be taken to lenders to secure funding for the 

development. Both generators and investors wish to have confidence in the estimates which 

is why validation of curtailment models is important to the industry, for both generators and 

investors alike.  

4.4 Conclusion  

This chapter has presented a methodology for quantitative assessment of the impact of 

selected PoA on non-firm wind generation in ANM schemes. The OPF methodology proposed 

uses generator cost functions to determine the order of curtailment of non-firm generators 

and the capacity factors are used as a metric for measuring the impact upon each generator. 

This methodology can be applied to both market and non-market arrangements, allowing 

them to be compared.  

Three simple studies are provided to demonstrate some of the key characteristics of the PoA 

discussed in this thesis. Using different network topologies has allowed these characteristics 

to be compared thoroughly and a validation of the model using spreadsheet calculations 

grants confidence in the model for use in more complex network topologies.  
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The examples demonstrate that the LIFO arrangement results in relatively low capacity 

factors for the last generator connected to the network. Pro Rata and Rota arrangements 

provide a fairer, more balanced range of capacity factors across all of the non-market 

generators. The market arrangements demonstrate that costs of curtailment could be 

lowered if a market for curtailment were introduced. The costs noted for the non-firm 

arrangements are indicative of lost revenue to the generator and therefore an indication of 

the severity of the constraint. There is no compensation paid for non-market arrangement 

The following chapter will apply this modelling methodology to a real network example. The 

branch and bus characteristics will create significant network losses which will be considered 

in the analysis of results however the key outcomes will be in line with those presented in 

this chapter.  
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5 Analysis of Principles of Access using a Case Study 

Network 

 

 

 

 

 

 

5.1 Chapter Summary 

In the previous chapter, the key results of different PoA were highlighted on a simple case 

study and a short sensitivity study carried out with the findings. This chapter will now expand 

upon those key results and explore any implications of applying the PoA on a real network 

case study. Using OPF modelling to compare PoA, the results can better quantify the impact 

different PoA have on the curtailment of wind. The key contribution made in this chapter is 

to demonstrate the impacts of a number of PoA in a real network case study and to discuss 

the implications of each PoA for not only the generator, but also the network operator.  

The chapter begins by demonstrating the application of the OPF model to a real network case 

study and compares six different PoA: LIFO, Pro Rata, Rota, Pay-as-bid (PAB), Curtailment 

Market Clearing Price (CMCP) and Fixed Price. The comparison of each arrangement is based 

around the capacity factor of each wind farm pre and post curtailment. Costs of 

arrangements are also compared for the market arrangements, and indicative costs 

compared for non-market arrangements.  

The chapter begins by outlining the key characteristics of the case study network – which is 

based in the most part on the Orkney distribution network. The chapter goes on to discuss 

the results of modelling non-market arrangements. The non-market arrangements are 

applied to the case study network with both local constraints and a single grid supply point 

(GSP) constraint. Sensitivity studies provide further examination of the impacts of generator 
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size and generation mix on the curtailment of all non-firm generators connected to the 

network.  

The chapter continues with a presentation and discussion of the results of the simulation that 

applies market PoA to the case study network with a single GSP constraint. In these examples, 

the costs of compensation payments are discussed and the bid behaviour of generators 

analysed. Sensitivity studies of the market arrangements explore the impact of changing 

subsidy levels, bid strategies, generator size, and game playing in the market which are all 

plausible variations to the base case.  

The chapter will conclude with a comparison of all PoA – both market and non-market. The 

capacity factors and ‘cost’ of curtailment are compared and conclusions are made regarding 

the optimal choice of PoA for this case study, and other network types based on the results 

of this analysis.   

Initial results from this case study have previously been published in IEEE Transactions on 

Power Systems. [165] 

5.2 Case Study Network 

The case study is based on the Orkney distribution network, located off the north coast of 

Scotland. This network has been operating an ANM scheme since 2009 and has a large 

volume of wind generation connected to the network. The network topology and connected 

generation is correct as of May 2012. Further details of the network are provided in this 

section, as are the generation and demand profiles used.  
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Figure 5-1 Wind resource map of Europe, showing that the UK has a high resource, and in 
particular the Orkney Islands (highlighted by the red box) off the north cost have a very high wind 

resource [166] 

5.2.1 Case Study Network Characteristics 

The network is composed of 67 buses, 25 generators, 71 branches, and 22 transformers. The 

circuit is 33kV with some 11kV feeders included in the model, which the majority of the 

demand and small wind generation is connected to. Details of all connected generation are 

given in Table 5-1. There are two conventional generators connected to the network, a gas 

plant and a diesel plant. The diesel plant is only used for back-up and emergency situations 

i.e. if the subsea cable connecting the distribution network to the main grid supply point fails. 

There is an exceptional renewable resource in Orkney, and this is reflected by the high 

volume of wind, wave and tidal generation connected to the network. While this case study 

is based on the Orkney distribution network, the results should not be used to draw 

conclusions regarding the current operation of the network. The aim of this study is to 

demonstrate the application of different PoA to a real network model.  The connected wind 

generation details are correct as of May 2012 and the dates of connection determined using 

the UK Wind Energy Database [18]. There is a total of 42.05 MW of wind generation 

connected, of that 42.05 MW, 17.35 MW is non-firm. The generator details are listed in Table 

5-1. Generator A was the first non-firm generation to connect, and Generator K the last to 

connect. The location of the generators is given in Figure 5-2. The installed capacity at the 
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Wave and Tidal sites is based on the available information from the European Marine Energy 

Centre website [167].  

Table 5-1 Generation connected to case study network with capacity, energy source and connection 
type.  

Gen 
ID 

Connection Type Type 
Capacity 

(MW) 
Priority 
Order 

 
Firm Generation (Including Wind and 

Marine Renewables) 
 35.7  

A NON-FIRM Wind 0.9 1 

B NON-FIRM Wind 2.3 2 

C NON-FIRM Wind 2.45 3 

D NON-FIRM Wind 4.5 4 

E NON-FIRM Wind 0.9 5 

F NON-FIRM Wind 0.9 6 

G NON-FIRM Wind 0.9 7 

H NON-FIRM Wind 1.8 8 

I NON-FIRM Wind 0.9 9 

J NON-FIRM Wind 0.9 10 

K NON-FIRM Wind 0.9 11 

 

There are a number of known constraint locations, as detailed on the Scottish and Southern 

Energy ‘ANM Live’ website [79]. Each of these constraint locations forms the boundaries for 

the ‘constraint zones’. These are indicated by the dashed line in Figure 5-2. 
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Figure 5-2 Diagram of case study network 

5.2.2 Demand and Generation Profiles 

Orkney has an exceptionally high wind resource, which results in a higher than average 

capacity factors for all wind generation connected to the network. The average annual 

capacity factor for the wind profiles used in this example is 0.51. For all demand and 

generation profiles, data for a full year (2009) in half hourly time steps are used.  The profiles 

are shown in Figure 5-3. The same wind profile is used for all wind generators on the network, 

both firm and non-firm. For the wave generator, a four hour time-lag was applied to the wind 

profile. For the first four hours of the year, the last four hours of the wind profile was used. 

For the tidal generation and conventional generators additional profiles are used.  
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Figure 5-3 Power profiles applied to network case study model 

It is evident from Figure 5-3 that the volume of both firm and non-firm wind exceeds island 

demand for a large proportion of the case study year. This is partly relieved by the 30MVA 

subsea cables which exports to the mainland GB grid supply point. The ANM scheme is used 

to manage the non-firm wind when it exceeds demand on the network.  

The demand is distributed across the load points on the network using a percentage factor. 

This percentage is based on the population size of each island (and imports during periods of 

low wind). There are 10 load buses in total, as shown in Figure 5-2 and details of the 

percentage load share are given in Table 5-2. The largest demand bus is at ID 7 – the island 

‘mainland’ where the majority of the Orkney population lives and works.  

Table 5-2 Distribution of demand across network load buses. 

Demand ID Percentage Load Share 

1 5.61% 

2 1.4% 

3 2.8% 

4 3.27% 

5 1.4% 

6 0.94% 

7 65.42% 

8 1.4% 

9 0.47% 

10 17.3% 
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5.2.3 OPF Constraint Formulation based on specific Case Study issues 

In order to apply Pro Rata arrangements accurately, additional constraint equations are 

required in the OPF formulation. There will be two constraint scenarios used in the case 

study. The first will look at the impact of local constraints on the curtailment of generation, 

when there is only a proportion of the total non-firm generation behind the constraint. 

Secondly, a single constraint is applied, and all 11 non-firm generators are behind this 

constraint i.e. all generators are contributing towards this constraint.   

5.2.3.1 Additional Equations for Local Constraint Example 

Constraints on a network give a signal of particular areas which require constraint 

management or traditional reinforcements. By looking at local constraints, an indication of 

the importance of generator location and severity of the constraint can be obtained by 

comparing the curtailment of those behind the constraint with those generators in other 

areas of the network which are not subjected to the same constraints.  

For this case study, there are two local constraints on the network. These are shown in Figure 

5-4. When a constraint occurs in one or both of these locations, the generators contributing 

to the constraint are curtailed.  
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Figure 5-4 Location of local constraints and Pro Rata curtailment zones.  

As explained in Chapter Four, the constraint equations are used to ensure that under the Pro 

Rata PoA, curtailment is applied based on the proportionate share of the generator output 

to the total output of all generators. The Pro Rata curtailment is applied within each zone. 

For example, when there is a constraint occurrence at Constraint 1, then only Generators B, 

D, E and H will be curtailed. Generator E is issued an instruction to reduce their output to 0.5 

MW. Generator B would therefore have an output of 1.25 MW, Generator D would have an 

output of 2.5 MW and Generator H would have output of 1 MW. A similar format applied to 

Constraint 2. Based on these local constraint locations, the constraint equations are as 

follows: 

Zone 1 

𝐺𝑒𝑛𝐵𝑜𝑢𝑡𝑝𝑢𝑡 =  2.56 × 𝐺𝑒𝑛𝐸𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.1) 

𝐺𝑒𝑛𝐷𝑜𝑢𝑡𝑝𝑢𝑡 =  5 × 𝐺𝑒𝑛𝐸𝑜𝑢𝑡𝑝𝑢𝑡    (eq. 5.2) 

𝐺𝑒𝑛𝐻𝑜𝑢𝑡𝑝𝑢𝑡 =  2 × 𝐺𝑒𝑛𝐸𝑜𝑢𝑡𝑝𝑢𝑡    (eq. 5.3) 
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Zone 2 

𝐺𝑒𝑛𝐶𝑜𝑢𝑡𝑝𝑢𝑡 =  2.72 × 𝐺𝑒𝑛𝐹𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.4) 

5.2.3.2 Additional Equations for Single Constraint Example 

This case study will look at a single constraint at the GSP. A diagram showing the location of 

the constraint is shown in Figure 5-5. The blue shaded area covers all the generators on the 

network, as they are all contributing to the constraint. This example will provide a case where 

all generators are subjected to the same constraint and give an overview of the impact of 

different PoA on a relatively large number of generators. This large group allows a wider 

range of sensitivity studies to be carried out and further conclusions to be made regarding 

alternative PoA to the LIFO arrangement.  

 

Figure 5-5 Figure to demonstrate the impact of a single constraint on the network.  

In order to create a single constraint on the network, changes were made to the network 

model. Firstly, the thermal ratings of the branches where the local constraints exist were 

increased in order to remove these constraints. Secondly, to create a new constraint, 14 MW 

of firm, always-on generation was added to the core of the network, indicated by the 

Generator symbol in Figure 5-5. 14 MW was the maximum amount of generation that could 
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be added to the network without the need to curtail any firm generation. The aim of adding 

this additional generation is to make the network more constrained than might typically be 

expected, and model the impact.   

As all generators are now behind a single constraint at the GSP, the constraint equations will 

change to reflect this i.e. all generators contribute to the same constraint. All generators will 

be curtailed based on output at the time of constraint. For example, Generator A is instructed 

to reduce output to 0.5 MW, Generators E, F, G, I ,J, K who are the same capacity as Generator 

A are also reduced to 0.5 MW. Generator H is reduced to 1 MW, Generator B, C, D are 

reduced to 1.28 MW, 1.36 MW and 2.5 MW respectively.   The constraint equations are as 

follows:  

𝐺𝑒𝑛𝐵𝑜𝑢𝑡𝑝𝑢𝑡 =  2.56 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.5) 

𝐺𝑒𝑛𝐶𝑜𝑢𝑡𝑝𝑢𝑡 =  2.72 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.6) 

𝐺𝑒𝑛𝐷𝑜𝑢𝑡𝑝𝑢𝑡 =  5 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.7) 

𝐺𝑒𝑛𝐸𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5 .8) 

𝐺𝑒𝑛𝐹𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡    (eq. 5.9) 

𝐺𝑒𝑛𝐺𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.10) 

𝐺𝑒𝑛𝐻𝑜𝑢𝑡𝑝𝑢𝑡 =  2 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.11) 

𝐺𝑒𝑛𝐼𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡    (eq. 5.12) 

𝐺𝑒𝑛𝐽𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡    (eq. 5.13) 

𝐺𝑒𝑛𝐾𝑜𝑢𝑡𝑝𝑢𝑡 =  1 × 𝐺𝑒𝑛𝐴𝑜𝑢𝑡𝑝𝑢𝑡   (eq. 5.14) 

5.2.4 Pre-curtailment Costs 

The pre-curtailment costs shown in Table 5-3 

Table 5-3 are used as the starting point for the market bid scenarios, and also to provide 

indicative costs of curtailment for the non-market arrangements which will later be used for 

comparative purposes.  These costs provide an idea of the potential lost revenue non-firm 

generators may be subjected to under different curtailment arrangements. These prices have 

been calculated following the methodology outlined in Chapter Four.  
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Table 5-3 Precurtailment revenue values for case study non-firm generation 

Gen ID Support 
Scheme 

Electricity 
 

(£/MWh) 

FIT tariff 
(£/MWh) 

LECs 
 

(£/MWh) 

Embedded 
benefits 

(£/MWh) 

Lost 
Revenue 
(£/MWh) 

A FIT 58.50 107.2 4.87 5.50 176 

B FIT 58.50 50.5 4.87 5.50 119 

C FIT 58.50 50.5 4.87 5.50 119 

D FIT 58.50 50.5 4.87 5.50 119 

E FIT 58.50 107.2 4.87 5.50 176 

F FIT 58.50 107.2 4.87 5.50 176 

G FIT 58.50 107.2 4.87 5.50 176 

H FIT 58.50 50.5 4.87 5.50 119 

I FIT 58.50 107.2 4.87 5.50 176 

J FIT 58.50 107.2 4.87 5.50 176 

K FIT 58.50 107.2 4.87 5.50 176 

 

5.3 Non-Market PoA Modelling 

The non-market models look at the impact of LIFO, Pro Rata and Rota PoA on a network with 

local constraints and a network with a single GSP constraint. Both these scenarios are 

presented in this subsection, and some further sensitivity studies presented. Indicative 

curtailment costs are based on the ‘pre-curtailment profit’ levels used to initiate the market 

modelling scenarios. These costs give an indication of the ‘value’ of the curtailment and can 

be used to compare the non-market results to the market arrangements later on in this 

chapter.  

5.3.1 Non-Market PoA Study of Local Constraints 

This study is based on the network configuration discussed in Section 5.2.3.1 and refers to 

Constraint 1 and Constraint 2 as presented in Figure 5-4.  

5.3.1.1 Number of Congested Periods in the Local Constraint Study 

The number of congested periods is shown in Figure 5-6 below. Each count of congestion 

represents a 30-minute time step. In real network operation, most constraint cases would be 

cleared within a matter of minutes and the generator returned to pre-curtailment output 
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levels when network conditions permit. There is a total of 6,634 constrained periods which 

accounts for 37.8% of the year or 3,317 hours.  

 

Figure 5-6 Number of congested periods when local constraints are active on the case study 
network. 

The majority of constraints occur at Constraint 1 to the west of the network. This will lead to 

generators B, D, E and H experiencing the most curtailment. Generator C and F will 

experience a small volume of curtailment across the year due to Constraint 2, but significantly 

less than generators who are behind Constraint 1.   

5.3.1.2 Total Curtailment in Local Constraint Study 

A comparison of curtailment across the three non-firm market arrangements is shown in 

Figure 5-7. The total curtailment volume is 15GWh, which equates to 6% of the uncurtailed 

volume, and 13% of the net demand/generation volume.  Generators B, D, E and H contribute 

towards Constraint 1 and Generators C and F contribute towards Constraint 2.  
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Figure 5-7 Total Curtailment for each of the non-market arrangements behind local constraints 

The average annual capacity factors are shown in Figure 5-8. This figure demonstrates the 

impact of the local constraints on particular generators behind the local constraints. As 

indicated in Figure 5-6, there are significantly more constraint occurrences at Constraint 1 

and therefore the curtailment of Generators B, D, E and H is higher than that of Generators 

C and F. The total curtailment in Figure 5-7 and capacity factors are presented in Figure 5-8.  

Under a LIFO arrangement, the lowest priority generator, Generator H, experiences a high 

volume of curtailment across the year dropping the annual capacity factor from 0.51 down 

to 0.17. Generators D and E experience moderate curtailment with capacity factors being 

reduced to 0.36 and 0.25 respectively. Generator B remains uncurtailed. Generator H is the 

only generator to experience curtailment well below the UK national average of 0.26 [168].  

For Generators C and F behind Constraint 2, they experience less curtailment compared to 

those generators behind Constraint 1, only dropping to 0.49 and 0.38 respectively.  

The Pro Rata arrangement gives an annual capacity factor of 0.35 for the four generators 

behind Constraint 1, and 0.46 behind Constraint 2. The capacity factor behind Constraint 2 is 

higher because the occurrence of this constraint is less when compared with Constraint 1. 

The capacity factor behind both constraints would decrease should the number of generators 

increase in the future.  
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Under a Rota arrangement, the capacity factors range from 0.47 to 0.26. While Generator E 

is the most curtailed generator under this arrangement, the capacity factor is equal to the 

national average.  

 

Figure 5-8 Average Annual Capacity Factor for generators on a network with local constraints 

Overall, generators who are at the bottom of the priority stack i.e. generators H and E fair 

significantly better under Pro Rata and Rota arrangements when compared with LIFO. 

Generator D has similar results under all three arrangements. The position of Generator D in 

the LIFO stack is such that the majority of the constraint is cleared before Generator D is 

called upon and therefore only experiences a fraction of curtailment experienced by 

Generators H and E under a LIFO arrangement. Generator B experiences a greater drop in 

capacity factor when the arrangement moves away from LIFO due to its top position in the 

priority stack. Generator B will suffer regardless of which other PoA is applied when 

compared with LIFO, as it has a high priority under LIFO.  

5.3.1.3 Cost of Curtailment in Local Constraint Study 

The total and average constraint costs are shown in Table 5-4 and are calculated using the 

pre-curtailment costs given in Table 5-3. These costs do not represent compensation paid to 

generators; they are intended to give an estimated value of lost revenue experienced by each 

non-firm generator when subjected to curtailment. The allocation of curtailment costs to 

each non-firm generator is given in Figure 5-9.  
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Table 5-4 Summary table of total and average constraint costs for non-firm arrangements 

 LIFO Pro Rata Rota 

Total Constraint 
Costs (£k) 

1,943 1,887 1,942 

Average Constraint 
Costs (£/MWh) 

131 125 129 

 

 

Figure 5-9 Indicative costs of non-market arrangements 

Total constraint costs do not vary drastically across the three arrangements. This can be 

explained by the calculation of pre-curtailment costs – the majority of the generators behind 

the local constraints have similar pre-curtailment costs and therefore similar compensation 

levels under this fixed price model. Only Generators E and F have a higher cost. The Pro Rata 

arrangement has the largest volume of total curtailed energy (See Figure 5-7), however the 

most expensive generator, Generator E is used less in this arrangement when compared with 

LIFO and Rota arrangements, and therefore the total curtailment costs are reduced.  The Pro 

Rata arrangement has the lowest total and average constraint costs out of the three non-

firm arrangements. The LIFO and Rota arrangements result in higher curtailment costs 

because of the higher curtailment of Generator E when compared with the Pro Rata 

arrangement. Generator E receives a higher subsidy level than Generators B, D and H because 

it is a smaller turbine. This will result in higher curtailment costs for the generation 

curtailment overall, based on the cost methodology used in this work. The next study will 

consider non-market PoA on a network with a single GSP constraint.  
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5.3.2 Non-Market PoA Study of a GSP Constraint 

This study is based on the network configuration outlined in Section 5.2.3.2. There is a single 

constraint located at the GSP and all non-firm generators will contributed to this single 

constraint, as shown in the diagram in Figure 5-5.  

5.3.2.1 Number of Congested Periods in GSP Constraint Study 

The number of congested periods is shown in Figure 5-10 below. There is a total of 3,332 

constrained periods which accounts for 19% of the year or 1,666 hours. The months with the 

highest curtailment are May, September and November due to high wind output of all 

generating units as the same wind profile is assumed for all generators on the system. 

 

Figure 5-10 Number of constrained periods occurring during one year on the case study network. 
Each constraint period represents a 30 minute time step 

5.3.2.2 Total Curtailment in GSP Constraint Study 

A comparison of curtailment across the three non-firm market arrangements is given in 

Figure 5-11. All 11 non-firm generators are curtailed at one of more periods during the year, 

and the total curtailment shown in Figure 5-11.The total curtailed volume ranges from 

9.4GWh to 10.7GWh depending on the arrangement. This accounts for around 2.5% of the 

uncurtailed output and 4% of net demand/generation.  
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Figure 5-11 Total curtailment for each of the non-market arrangements behind a single GSP 
constraint 

The difference in total curtailment volume is due to network losses. The losses under each 

arrangement are shown in Figure 5-12. The LIFO arrangement experiences the highest 

network losses overall because the generators that are curtailed for the majority of the time 

(Generators I, J and K) are situated relatively close to the constraint location. Therefore, other 

generators which are further away from the constraint continue to generate and create 

higher losses. The losses equate to 6% of energy generated across the year. This high loss 

percentage is likely the result of having to operate the network at a level beyond which it 

was first designed for. 
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Figure 5-12 Diagram of losses on a network with a single constraint at GSP under different 
arrangements  

The average annual capacity factors are shown in Figure 5-13. In contrast to the results 

presented in the previous section (see Figure 5-8), all generators are now subjected to 

curtailment. It should also be highlighted, that there are around 50% less curtailed periods 

for this example and therefore figures should not be directly compared to the local constraint 

example. 

 

Figure 5-13 Average annual capacity factor for generators on a network with a single GSP 
constraint 
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Under a LIFO arrangement, Generators J and K, located at the bottom of the priority stack 

have their capacity factor reduced down to 0.33 from an uncurtailed capacity factor of 0.51. 

Generators A, B and C remain uncurtailed.  

The capacity factor experienced under Pro Rata and Rota arrangements are similar. For the 

Pro Rata arrangement, all Generators experience a capacity factor of 0.44 and for a Rota 

arrangement the capacity factor ranges from 0.46 to 0.43. While initially it appears that Pro 

Rata and Rota arrangements are undesirable given that they result in a larger total volume 

of curtailment, the individual impact on each generator is not as high as the LIFO 

arrangement because the curtailed energy is more evenly distributed between all non-firm 

generators. This result raises the issue that what is best for individual generators, is not 

necessarily the optimal solution for the network overall. The network operator is incentivised 

to minimise network losses. However, they must still attract connections from renewable 

generators by providing an economically viable capacity factor for non-firm generation.  

5.3.2.3 Cost of Curtailment in GSP Constraint Study 

The total and average constraint costs are show in Table 5-5. The indicative costs associated 

with this example are shown in Figure 5-14. Pro Rata and Rota have similar average constraint 

costs due to the distribution of total curtailment across all generators under each 

arrangement. Pro Rata has a higher total cost, but the total energy curtailed is also slightly 

higher.  

Table 5-5 Summary of total and average constraint costs for non-firm arrangements on a network 
with a single GSP constraint 

 LIFO Pro Rata Rota 

Total Constraint 
Costs (£k) 

1,465 1,496 1,463 

Average Constraint 
Costs (£/MWh) 

155 140 140 
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Figure 5-14 Indicative costs of non-market arrangements on a network with a single GSP constraint 

Total costs are similar under all arrangements, with the LIFO arrangement having the higher 

average cost. This is due to the curtailment of multiple small, high cost generators who are 

located at the bottom of the priority stack i.e. Generators I, J and K.  

Overall, the GSP constraint results have demonstrated the change non-firm generators can 

expect under different PoA and in particular, the contrast between LIFO and the other two 

non-firm arrangements. Those generators who are at the bottom of the priority stack would 

prefer an alternative to LIFO, while those with a high priority stack position would strongly 

oppose a move away from a LIFO arrangement.   

5.3.3 Sensitivity Studies of Non-Market PoA 

In order to appreciate the impact of a number of different factors on the operation of the 

OPF model and the resulting generator capacity factors, some sensitivity studies were carried 

out. These studies look at three different impacts in order to provide a broad view of 

potential curtailment behaviours. The first study will reverse the curtailment order of the 

LIFO priority stack. The second study considers a ‘technical best’ approach and finally, a third 

study looks at the impact of changing the number and capacity of generators.   

5.3.3.1 Non-Market Sensitivity Study #1: Reversing the LIFO order 

The base case LIFO stack has smaller generators at the bottom of the stack and larger 

generators at the top. By reversing this order, i.e. Generator A is now at the bottom of the 
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priority stack and will be the first to curtail and Generator K is now at the top of the priority 

stack and is last to curtail,  the impact on the overall curtailment and individual capacity factor 

is shown in Figure 5-15 and Figure 5-16.  

There is a higher volume of overall curtailment for the reversed order. The generators that 

are subjected to the most curtailment i.e. Generators A, B and C, are located further from 

the constraint when compared with the original LIFO example when Generators I, J and K 

were the most curtailed.   

 

Figure 5-15 Total curtailed energy for LIFO and the reverse LIFO case 
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Figure 5-16 The average annual capacity factors for a LIFO arrangement, and a second LIFO 
arrangement where the curtailment order has been reversed 

In terms of average annual capacity factor, in the ‘reverse LIFO’ case there are fewer 

generators affected by curtailment. Generators B, C and D are 2.3 MW, 2.45 MW and 4.5 

MW. This is 2-5 times greater than Generators I, J and K which are curtailed first under the 

original LIFO curtailment order. In the reversed LIFO case, Generators H, I, J and K remain 

uncurtailed. In both cases, the minimum capacity factor is 0.33.  

This study has demonstrated the impact of having large or small generators at each end of 

the priority stack. When larger generators are curtailed first, there is less of an impact on the 

rest of the stack. When there are smaller generators curtailed first, the curtailment is 

distributed further up the priority stack and more generators are affected by curtailment.  

5.3.3.2 Non-Market Sensitivity Study #2: Technical Best 

This study allows the OPF solver to choose the best generator to curtail by setting all non-

firm generators to have the same OPF cost i.e. of equal priority. Similar to the results 

demonstrated by the simple example in Chapter Four, the OPF curtails the generators which 

create the most losses on the system i.e. the objective function of the OPF is to provide a 

solution with the lowest volume of losses on the network. The losses are compared in Figure 

5-17 and the capacity factors compared in Figure 5-18.  
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The definition of technical best in this case refers the minimisation of losses on the network. 

However, in other cases the priority may be to minimise the curtailment of generators 

(certainly this would be the preference of the generators).  

In terms of losses, the results are as expected; the losses are reduced by 2GWh across the 

year. Generators located furthest away from the constraint are curtailed more than those 

located nearer to the constraint. In particular, the larger generators, B, C and D experience 

the most curtailment. These generators are located far from the constraint and have the 

capacity available to clear the constraints.  

 

Figure 5-17 Comparison of the losses experience on the network under a LIFO arrangement and a 
'Technical Best' arrangement which is designed to minimise losses 
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Figure 5-18 Average annual capacity factor for non-firm generators subjected to a ‘technical best’ 
curtailment strategy and compared with the original LIFO arrangement  

 

The minimum capacity factor under the technical best arrangement is 0.35 compared with a 

minimum of 0.33 under the LIFO arrangement. Even though the Technical Best arrangement 

has a higher overall curtailment when compared with the LIFO base case, larger generators 
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presented by the results in Figure 5-19, and the results match those presented in Chapter 

Four.  
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Figure 5-19 Percentage of time spent fully curtailed across one year of operation 

 

5.3.3.3 Non-Market Sensitivity Study #3: Changing the generation mix  

In the base case network, the generation mix on the case study network is composed of two 
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market behaviour, variations of the generation mix are presented.  

Generator C which is 2.45 MW, is removed, and in its place, four 500 kW machines and a 
single 450 kW machine are added to the bottom of the priority stack. The total non-firm 
capacity remains the same, but the new mix introduces a larger number of small generation 
on to the network. The new priority order is provided in Table 5-6  
Table 5-6. The new generators are connected to the same bus as Generator C. This ensures 

the same volume of curtailment in this sensitivity study as presented in the base case 

examples.  
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Table 5-6 Generator information with additional 500 kW wind generators added to curtailment stack  

Gen ID Capacity (MW) Priority Order 

A 0.9 1 

B 2.3 2 

D 4.5 3 

E 0.9 4 

F 0.9 5 

G 0.9 6 

H 1.8 7 

I 0.9 8 

J 0.9 9 

K 0.9 10 

X1 0.5 11 

X2 0.5 12 

X3 0.5 13 

X4 0.5 14 

X5 0.45 15 

 

The results of the applying non-firm curtailment arrangements to the new generator mix are 

shown in Figure 5-20 and Figure 5-21. 

The total curtailed energy ranges from 10GWh to 11.1 GWh, which equates to 2.7% of the 

uncurtailed volume and 4.5% of the net demand/generation. The small generators which are 

now first to curtail under a LIFO curtailment strategy are located relatively far away from the 

constraint and this reduces losses on the network. The LIFO arrangement has the lowest total 

volume of energy curtailed.   
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Figure 5-20 Total curtailed energy for sensitivity study #3 

The total volume of non-firm generators has not changed, only the number of generators 

across which it is distributed and therefore the results are similar to the base case example. 

Generators X1 – X5 are used to relieve the majority of network constraints across the year 

and therefore have the minimum capacity factor of 0.33. Under a Pro Rata arrangement, the 

capacity factor is 0.44 as it is under the base case generator mix. While the number of 

generators has increased, the capacity remains the same and therefore the proportion of 

curtailment is the same. 

The Rota capacity factors range from 0.42 to 0.47. This is a slightly larger range than in the 

previous example; however this can be explained by the increased number of generators. 

Now each generator will spend less time at the bottom of the curtailment stack. For example, 

when there are 11 generators, the time spent in each position is 9.09%, however when there 

are 15 generators, the time spent in each curtailment position is 6.67%.  
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Figure 5-21 Average annual capacity factor for non-firm generators in study #3 

5.3.3.4 Non-Market Sensitivity Study Conclusions 

The sensitivity studies presented in this section have demonstrated the impact of varying a 

number of different factors on the curtailment of wind generators. A summary of the results 

is presented in Table 5-7.  

Table 5-7 Comparison table of non-market sensitivity study results compared to the LIFO base case 

 
Generation 

(MWh) 
Demand 
(MWh) 

Losses 
(MWh) 

Energy 
Curtailed 
(MWh) 

 Pre Post  Pre Post  

Base Case 388,345 378,910 149,295 51,991 45,868 9,429 

Study #1 388,345 377,015 149,295 51,991 44,093 11,327 

Study #2 388,345 376,887 149,295 51,991 43,917 11,458 

Study #3 
LIFO 

388,345 378,323 149,295 51,991 45,308 10,017 

Study #3 
Pro Rata 

388,345 377,637 149,295 51,991 44,651 10,707 

Study #3 
Rota 

388,345 377,220 149,295 51,991 44,455 11,120 

 

Study #1 demonstrates that the position of generators in the LIFO stack is not only important 

in terms of order of curtailment, but also in terms of capacity i.e. how much curtailment is 

required and the size of generation that will be curtailed first. In Study #2, technical best 
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arrangements highlight the impact of network losses and the impact this has on overall 

curtailment. The optimal network configuration doesn’t necessarily lead to the best scenario 

for individual generators. Generators B, C and D would claim unfair discrimination in this 

case, as they are selected to clear constraints during the ‘technical best’ arrangement.  

The properties of each individual network will vary and curtailment results will vary under 

each arrangement depending on size of constraint, branch topology and location of 

generation in relation to the constraint. The addition of more generators to the generation 

mix in Study #3 further highlights the impact of the LIFO curtailment order by changing the 

size and position of generators in the stack. The impact of having larger or smaller generators 

at the bottom of the curtailment stack shows the influence this has over total curtailment, 

and how many generators are impacted by curtailment.   

5.4 Market PoA Modelling 

The market models base case uses the case study presented in Figure 5-5 with a single GSP 

constraint. There are three market arrangements proposed in Chapter Three: Pay-as-Bid 

(PAB), Curtailment Market Clearing Price (CMCP) and Fixed Price. This section will focus on 

the characteristics of PAB and CMCP arrangements and the impact certain bid behaviour has 

on the curtailment of wind generators. The non-firm arrangement results i.e. LIFO, Pro Rata 

and Rota will be used in place of a ‘Fixed Price’ market arrangement to compare the possible 

variations of curtailment costs in the final comparison of all arrangements.  

Similar to those explored for non-market arrangements, a sensitivity analysis of the market 

models will look at the impact of change in pre-curtailment profit levels, the size of bid 

intervals, game playing and changes to generation mix.  

5.4.1 Market PoA Study Base Case  

The bid behaviour is demonstrated in Figure 5-22 below. This CMCP model uses the same bid 

methodology as the PAB model. The curtailment results will be the same, however the cost 

of curtailment differs, as explained in Chapter Four. The model curtails generation in 30min 

intervals therefore the system price is given for each 30 minute interval. A daily system price 

value could over estimate costs by assigning a high clearing price to all 48 constraint periods 

when this was not necessarily the case in practice. For this reason, a daily system price is not 

considered in this analysis. The system price is determined by calculating the maximum price 
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paid for an accepted bid during each 30 minute period. The system price for each period 

across the year is shown in Figure 5-23.  

 

Figure 5-22 An example of typical bid behaviour for non-firm generators under a market PoA 

The larger generators receive a lower FIT subsidy when compared with the smaller 

generators who receive up to double the amount of payment per MWh. This results in two 

distinct groups of bids. The lower priced bids will be selected to resolve network constraints, 

so when the system price is calculated it spends the majority of time between £120 - 

£130/MWh but during periods of high constraints i.e. when more generators must be 

curtailed in order to relieve the constraint, the system price jumps to higher bid levels i.e. in 

the region of £176/MWh. This is indicated by the spikes in Figure 5-23.  
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Figure 5-23 System price for the base case market model 

Total curtailment volumes for the base case market based PoA are shown in Figure 5-24. The 

total volume of curtailment is 11.7GWh. This accounts for 3% of the uncurtailed output, and 

5% of net demand/generation. Larger generators have a lower bid price, as they receive 

lower subsidy payments per MWh. This results in the market PoA selecting the larger 

generators for the majority of the curtailment instructions because they have submitted the 

lowest bids in to the market i.e. Generators B, C, D and H.  

 

Figure 5-24 Total curtailment (MWh) for market arrangements 
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Figure 5-25 Average annual capacity factor for a market arrangement 

The average annual capacity factors are shown in Figure 5-25. Generators B, C, D and H are 

curtailed across the year as they submit the lowest cost bids. The other generators do not 

experience a reduction in capacity factor. While they are constrained during the analysis 

period, the volume of curtailment is very low when compared with Generators B, C, D and H 

and does not have an impact on average annual curtailment.  

 The lowest capacity factor is 0.37 experienced by Generator B. More detailed analysis of the 

curtailment shows that of the 3,332 constrained periods, Generator B is fully curtailed i.e. 

has an output of zero, for 72% of those constrained periods. While this seems like a high 

percentage of time for Generator B to not be operating, the generator is still receiving 

curtailment payment commensurate with revenue from energy and subsidy certificates. The 

reduced operating time could also benefit the generator in terms of O&M costs and asset 

degradations although there is an argument that the increased curtailment instructions may 

have a negative effect on the turbine operationally due to additional stop/start actions.   

Generators B, C and D are the largest generators connected to the network and are therefore 

able to clear the majority of the constraints. Large generators receive a lower subsidy rate 

through the FIT mechanism. The impact of this on the cost of curtailment is shown in Table 

5-8 and the total curtailment costs for each Generator shown in Figure 5-26.  
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Table 5-8 Summary of total and average constraint costs for market arrangements on a network 
with a single GSP constraint 

 PAB CMCP 

Total Constraint Costs (£k) 1,448 1,581 

Average Constraint Costs 
(£/MWh) 

124 135 

 

 

Figure 5-26 Total curtailment costs for the base case market examples 

As demonstrated by the total curtailment graph in Figure 5-24, Generators B, C, D and H 

account for the majority of constraint payments. The curtailment costs for the CMCP 

arrangement are higher when compared with the PAB arrangement. This can be explained 

by the market using the highest price at which constraints are cleared to pay compensation 

to all generators. The difference between PAB and CMCP is not greater, as the main 

generators used to clear the constraint are closely related in terms of bid costs. The 

difference in cost is made during periods of high constraints when the system price increases. 

The advantage of using the PAB method for compensation is that it brings down the cost of 

curtailment during high constraint periods because generators who submit lower bids, and 

still paid than lower levels of compensation.  

5.4.2 Sensitivity Studies of Market PoA  

Similar to those studies explored for non-market arrangements in Section 5.3.3, this section 

will look at the impact of changing a number of aspects regarding the market arrangements.  
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There are four sensitivity studies analysed in this section. Firstly, the pre-curtailment levels 

are varied to assess the impact on curtailment cost and capacity factor of the generators. The 

second sensitivity study will look at the size of the bid step change in each 24 hour period. 

The base case assumes a step change of £5/MWh, the sensitivity study will vary this firstly 

between £0-5/MWh and then £0-10/MWh. The third study will assess the impact of game 

playing on market behaviour. One or more generators will submit bids much higher than 

calculated pre-curtailment values. Finally the fourth sensitivity study will look at the impact 

a change of generation mix will have on a curtailment market.  

5.4.2.1 Market Sensitivity Study #1: Changing Pre-curtailment Cost Values 

The pre-curtailment profit is the profit level which all generators are seeking, however if the 

opportunity arises, generators will seek to gain more. The pre-curtailment bid levels have a 

key influence on the bid behaviour of generators and therefore, the application of 

curtailment in the markets. Currently there are only two pre-curtailment profit levels. To 

analyse the impact of this, the pre-curtailment profit levels will be varied.  

There are 13 variations on the base pre-curtailment profit levels. Details of the changes made 

to pre-curtailment profit levels are given in Table 5-9 . Where changes to the base case values 

have been made, the value is highlight in red. Models I – VI are based on increases in FIT 

levels. Models I-III apply a 5% increase to one or more generators, and Models III – VI apply 

a 10% increase to FIT level for one or more generators. Models VII – XII demonstrate 

decreases on FIT levels. Models VII – IX apply a 5% decrease to one or more generators. 

Models X-XII applies a 10% decrease to FIT levels for one or more generators. The final model, 

Model XIII selected pre-curtailment levels using a random number function in Matlab.  
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Table 5-9 Pre-curtailment bid prices used in sensitivity study of market arrangements for each 
generator (A to K) and each sensitivity case I-XIII) 

 A B C D E F G H I J K 

BASE 176 119 119 119 176 176 176 119 176 176 176 

I 176 119 119 122 176 176 176 119 176 176 176 

II 176 119 119 119 176 176 176 119 181 176 176 

III 176 119 119 122 176 176 176 122 181 176 176 

IV 176 119 119 124 176 176 176 119 176 176 176 

v 176 119 119 119 176 176 176 119 187 176 176 

VI 176 119 119 124 176 176 176 124 187 176 176 

VII 176 119 119 117 176 176 176 119 176 176 176 

VIII 176 119 119 119 176 176 176 119 171 176 176 

IX 176 119 119 117 176 176 176 117 171 176 176 

X 176 119 119 114 176 176 176 119 176 176 176 

XI 176 119 119 119 176 176 176 119 165 176 176 

XII 176 119 119 114 176 176 176 114 165 176 176 

XIII 162 121 123 136 156 87 139 88 89 146 122 

 

The bid behaviour of Models I – XII is similar to that demonstrated in Figure 5-22 for the base 

case example. An example of bid behaviour of Model XIII is given in Figure 5-27. 

 

Figure 5-27 Bid behaviour for market sensitivity model XIII where random pre-curtailment values 
are used 

When the starting bids are random, there is a wider range of prices than those presented in 

Figure 5-23. The prices range from £87/MWh up to £162/MWh. This spread of bids will result 
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other models. For models I – XII, the CMCP varies in a similar manner across the year for the 

different pre-curtailment levels. The spikes in the graph reflect half hour periods where high 

volumes of curtailment are required. Smaller generators with higher bid prices are required 

to clear the constraint and this will therefore increase the system price.  

 

Figure 5-28 System price changes for each of the sensitivity studies 

The total curtailed volume is given in Figure 5-29. The value varies slightly due to network 

losses, but not significantly. For Models I – XII, the same four generators, B, C, D and H, are 

used in all arrangements to clear the constraints. While prices are varied, the larger 

generators still have the lowest cost bids and are therefore by the OPF to relieve the 
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Figure 5-29 Total volume of curtailed energy for market sensitivity study #1 

The average annual capacity factor of generators in Model I is compared with capacity factors 

in Model XIII in Figure 5-30. The minimum capacity factor for Model I is 0.37, which is greater 

than the minimum capacity factor for Model XIII of 0.33. This is due to the size of the 

generators used to clear the constraints first – using larger generators results in a higher 

minimum capacity factor. This result was also demonstrated in the non-market arrangement 

sensitivity study where the LIFO order was reversed (as shown in Figure 5-15).  

 

Figure 5-30 Average annual capacity factor for Model I and Model XIII for the market arrangement 
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 The total curtailment costs for both PAB and CMCP market arrangements are shown in 

Figure 5-31 and Figure 5-32 respectively. The CMCP arrangement results in an increase in 

total and average constraint costs for all models. From the CMCP chart in Figure 5-28, it is 

clear that the system price is typically in the range of the lowest priced generators as they 

clear the majority of constraints across the year however there are instances where the 

clearing price jumps to the higher group of pre-curtailment prices because the constraint 

requires larger volumes of curtailment than the initial group of lower priced generators can 

provide.  

If all 11 non-firm generators had a similar bid price, the impact of using a system price would 

not be so significant. The distinct split between generators greater than or less than 1 MW 

i.e. the high cost generators, results in the jump in compensation payments during periods 

of high constraint. This observation is partially artificial due to the costs assumptions made 

in the definition of the problem i.e. all costs are equal with the exception of the subsidy level. 

The curtailment behaviour does reflect the increased need for curtailment on the network 

and possibly, the need for further improvements to the system. This would be the decision 

of the network owner and operator whether the cost of curtailment was justified when 

compared with traditional network reinforcements.   

The impact of changing the pre-curtailment price is not significant for Models I to XII because 

it does not have a substantial impact on the bid behaviour, and the total costs and system 

price are only shifted higher or lower by a small factor. The small volume of curtailment and 

small number of generators may factor in this outcome. Should there be higher levels of 

curtailment required, this could result in more of the generators required to clear the 

constraint more frequently, which would also increase the curtailment market clearing price.  

For Model XIII, the costs are lower for both arrangements when compared with Model I – XII. 

. The lowest priced generator is £87/MWh, which compares with a price of £114-119/MWh 

for Model I – XII. It is also evident from the results graph that the average cost of curtailment 

is significantly lower. While the curtailment is the same in all cases, the cost to the system 

operator could be very different depending on the compensation method used. This issue 

will be discussed in more detail in Chapter Six with the presentation of a business model of 

how network operators may seek to recover the costs of operating a curtailment market at 

distribution level.  
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Figure 5-31 Total constraint costs for a one year study of PAB market arrangement on case study 
network  

 

 

Figure 5-32 Total constraint costs for a CMCP market arrangement 
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5.4.2.2 Market Sensitivity Study #2: Randomise Bid Changes 

In previous studies, the bid has increased or decreased by £5/MWh, or stayed the same 

depending on the curtailment result from the previous time step. In this sensitivity study, 

random bid changes will be applied to test the impact of varying bid step changes. There are 

two scenarios considered in this sensitivity study:  

 Allow bids to increase/decrease by a whole number between 0 and £5/MWh 

 Allow bids to increase/decrease by a whole number between 0 and £10/MWh 

The bid behaviour of each scenario is shown below. The pattern is similar to that 

demonstrated for previous examples, but the jump between values is no longer uniform. The 

maximum bid values are increased in the 0-10 bid scenario. Comparing the two graphs in 

Figure 5-33 and Figure 5-34 it is clear that the 0-10 scenario gives a more volatile bidding 

pattern with a wider range of bids in each of the two bid groups. However, there remains no 

crossover of bid prices between the two subsidy group levels.  

 

Figure 5-33 Bid behaviour when bids are changed by a value between 0 and 5 during each time 
period 
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Figure 5-34 Bid behaviour when bids are changed by a value between 0 and 10 during each time 
period 

The system price for both bid scenarios is shown in Figure 5-35 below. A similar pattern to 

that shown in previous examples (Figure 5-23 demonstrates there is no real deviation from 

the base case example.) 

 

Figure 5-35 System price for each bid change scenario 
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Figure 5-36 Total curtailed energy for each scenario 
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scenarios. The average costs for the £0-£5/MWh are lower than those experienced in the 

base case. This can be explained by the size of the bid change being less than £5/MWh. This 

also brings the total costs down lower than when compared with the base case.  

Table 5-10 Total and average curtailment costs 

 £0 - £5/MWh £0-£10/MWh 

 PAB CMCP PAB CMCP 

Total Constraint 
Costs (£k) 

1,415 1,528 1,409 1,554 

Average 
Constraint Costs 

(£/MWh) 
121 131 121 133 
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Figure 5-37 Total curtailment costs for market PoA when bid changes are randomised 

The impact of randomising the bid changes has little effect on the overall curtailment 

outcome. The result are similar to the base case results. By allowing generators to select a 

number between 0 and 5, or 0 and 10 to increase or decrease a bid by, this lowers the overall 

costs slightly but not significantly. The CMCP and bid behaviour is also similar to the base 

case. 
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 Two generators bid at a higher than expected pre-curtailment profit level 

 Four generators bid at a higher than expected pre-curtailment profit level 

The starting bids for each gaming sensitivity study are provided in Table 5-11. 
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Table 5-11 Starting bid level for market sensitivity study #3 which looks at generators ‘gaming’ the 
market  

 A B C D E F G H I J K 

BASE 176 119 119 119 176 176 176 119 176 176 176 

GAME I 176 119 119 300 176 176 176 119 176 176 176 

GAME 
II 

176 119 119 300 176 176 176 119 300 176 176 

GAME 
III 

176 119 119 300 300 176 176 119 176 250 225 

 

In the first scenario, Generator D initiates the bid price at £300/MWh. The bid behaviour is 

shown in Figure 5-38. As before, the bids are spaced far enough apart that the price groups 

do not cross over due to the difference between subsidy payments. Generator D is an outlier 

to the other generators.  

 

Figure 5-38 Bid behaviour in a market arrangement when one generator bids at a high price level 
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from generators A, E, F, G and I. These changes are apparent when comparing the gaming 
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Figure 5-39 Total curtailed energy for market arrangements with generator gaming scenarios 

In terms of costs, the outlying generator does result in peaks for the CMCP. Generator D is 

used to resolve constraints during periods of high constraints when the network has no other 

option but to curtail all available non-firm generators. This can be compared with balancing 

during extreme cases at transmission level. When the system operator has curtailed the 

lower cost generation and still a network issue remains, the system operator must ask the 

more expensive generator to curtail. The CMCP for each of the three Gaming scenarios is 

shown in Figure 5-40. The maximum CMCP in all three scenarios is £305/MWh. Similar to the 

pattern presented in the base case scenario (see Figure 5-23) the spikes occur during the high 

constraint periods however because the price of the last generator is much higher than the 

base case scenario, the maximum peak is increased.  

 

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

BASE GameD GameDI GameDEJK

To
ta

l C
u

rt
ai

le
d

 E
n

e
rg

y 
(M

W
h

)

A

B

C

D

E

F

G

H

I

J

K



Chapter Six: Commercial Aspects of applying Principles of Access to Business As Usual  

187 
 

 

Figure 5-40 CMCP levels for the three gaming scenarios 

The overall costs and average costs for the three scenarios are given in Table 5-12. In keeping 

with the results of the previous market studies presented in this chapter, the CMCP 

arrangement results in high total and average costs when compared with a PAB arrangement. 

The more generators bidding at high levels, the higher costs increase with a sharper increase 

under the CMCP arrangement.  

Table 5-12 Total and average curtailment costs for three gaming scenarios 

 Game D Game DI Game DEJK 
 PAB CMCP PAB CMCP PAB CMCP 

Total 
Constraint 
Costs (£k) 

1,484 1,883 1,490 1,921 1,510 1,991 

Average 
Constraint 

Costs 
(£/MWh) 

135 171 136 175 137 181 
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Figure 5-41 Total curtailment costs for PAB market arrangement. The results of the gaming 
scenarios are compared with the base case results 

 

Figure 5-42 Total curtailment costs of a CMCP market arrangement. The results of the game 
playing scenarios are compared with the base case results 

The total curtailment cost results in Figure 5-41 and Figure 5-42 demonstrate that as more 

generators decide to ‘game’ the system, curtailment costs could increase sharply. Should all 

11 generators decide to bid at ‘false’ pre-curtailment levels, the network operator could soon 

find itself paying high compensation costs that are far higher than the costs of network 

reinforcements. This could in turn increase costs for end users if the network choses to 

continue with the curtailment market in place of more traditional reinforcements.  
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5.4.2.4 Market Sensitivity Study #4: Changing the generation mix  

This study will analyse the impact of changing the size of generators in the generation mix. 

Additional small generators will be added in place of a single large generator. This will create 

a new pricing group and alter the bid behaviour. The study uses the same generation mix as 

described in Section 5.3.3.3 for the non-market sensitivity study. Generator C is removed and 

four 500 kW and a single 450 kW machine are added to the network. They are placed at the 

bottom of the priority stack. The new pre-curtailment prices are given in Table 5-13 below.  

Table 5-13 Generation mix used in market PoA sensitivity study #3 

Gen ID Capacity (MW) Priority Order Pre-curtailment Profit 

A 0.9 1 176 

B 2.3 2 119 

D 4.5 3 119 

E 0.9 4 176 

F 0.9 5 176 

G 0.9 6 176 

H 1.8 7 119 

I 0.9 8 176 

J 0.9 9 176 

K 0.9 10 176 

X1 0.5 11 281 

X2 0.5 12 281 

X3 0.5 13 281 

X4 0.5 14 281 

X5 0.45 15 281 

 

The small size of generators means that the pre-curtailment profit price is higher than the 

other two groups due to the high FIT subsidy level. This is shown in Figure 5-43. Now there 

are three distinct bid groups. The system price is shown in Figure 5-44. As with previous 

examples, the major spikes in the system price represent periods of high curtailment when 

the smaller, high priced generators are required to clear the constraints. The volume of 

curtailment required is the same, but because the larger, lower priced generators are used 

first the smaller, higher priced generators are not required as often. The CMCP graph 

demonstrates that this scenario results in more curtailment of the second group of 

generators i.e. those which bid at £176/MWh.  
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Figure 5-43 Bid behaviour of a market arrangement with additional small generators added to the 
generation mix 

 

 

Figure 5-44 The CMCP for a scenario with additional small generators in the generation mix 
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The total curtailed energy results 7are shown in Figure 5-45. Generators B, D and H are still 

used to clear the majority of the constraints with generators A, E, F, G and I filling the gap left 

by the absence of Generator C in the market curtailment stack. Generators X1 to X5 are only 

used on a very small number of occasions due to their high bid price.  

 

Figure 5-45 Total curtailed energy for the small generator scenario compared with the base case 
market arrangement 

The total costs and average costs for this scenario are given in Table 5-14 and Figure 5-46. 

The cost of the CMCP arrangement is significantly higher than the PAB arrangement. With 

the system price more frequently placed at £176/MWh and above, the overall system costs 

have grown when compared with the base case results. This is reflected in the average 

constraint cost of the CMCP arrangement which is now £152/MWh compared with a base 

case value of £135/MWh.  
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Table 5-14 Total and average curtailment costs for the small generator sensitivity study 

 PAB CMCP 

Total Constraint Costs (£k) 1,663 1,961 

Average Constraint Costs 
(£/MWh) 

129 152 

 

 

Figure 5-46 Total curtailment costs for market scenarios with additional small generators 

Overall, the impact of having an increased number of small generators on the system is to 

increase the overall cost of curtailment and increase the system price. Smaller generators 

receive higher subsidy payments which results in higher bid prices submitted for 

compensation. It should be noted that there are further comparisons to be made with varying 

generation mix, and comparing dispatchable versus non-dispatchable generation. The 

behaviour of wind generator would almost certainly be different to that of a PV generator, 

or a hydro scheme. Dispatchable generation would have greater flexibility in terms of timing 

and on price.  
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5.5 Comparison of Market and Non-Market Base Case Models 

A summary of all results is given in the figures and tables below. This section will compare 

the results of the non-market arrangements to the market arrangements using the base case 

model.  These results are for the single GSP constraint example and in all cases there are 

3,332 instances of constraint on the network. Table 5-15 gives a summary of results for each 

arrangement. It is worth noting at this point, that while non-market and market 

arrangements are compared side by side, compensation is granted to the wind farms under 

the market arrangements. The energy curtailed is therefore not directly comparable with the 

curtailment experience under non-market PoA.   

Table 5-15 Summary of results for all market and non-market arrangements 

 
Losses 
(MWh) 

Total 
Energy 

Curtailed 
(MWh) 

As % of 
Uncurtailed 

Output 

As % of net 
demand/ 

generation 

Average Cost 
of 

Curtailment 
(£/MWh) 

 Pre Post     

LIFO 51,991 45,868 9,429 2.43% 4% £155.36 

Pro 
Rata 

51,991 44,651 10,707 2.76% 4% £139.71 

Rota 51,991 44,922 10,422 2.68% 4% £140.35 

Market 
PAB 

51,991 43,729 11,723 3.02% 5% £123.49 

Market 
CMCP 

51,991 43,729 11,723 3.02% 5% £134.83 

 

Due to certain network topology and branch properties there is a varying degree of losses on 

the network under different arrangements. This is a result of curtailing different generators 

in different locations on the network. When generators close to the constraint are curtailed, 

the losses on the network are high because the large generators located further away from 

the constraint are allowed to continue generating and therefore contribute to higher 

network losses. This also has an impact on the total volume of energy curtailed. The total 

energy curtailed ranges from 9.5GWh under a LIFO arrangement to 11.7GWh under the 

market arrangements. This equates to between 2.4% and 3% of the total uncurtailed output, 

or 4-5% of the net demand/generation values. The total energy curtailed is shown in Figure 

5-47. This figure demonstrates the share of curtailment between the non-firm generators 

under the different arrangements. There is a stark contrast in the generators selected for 
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curtailment between the LIFO and the two market arrangements. Under a LIFO arrangement, 

the generators located at the bottom of the priority stack are smaller generators i.e. 

Generators I, J and K. When a market arrangement is then applied to the generators, the 

smaller generators submit higher bid prices as they are entitled to higher subsidy payments 

under the FIT scheme and therefore the market arrangement will curtail larger generators 

i.e. Generators B, C and D who are higher up the priority stack under the LIFO arrangement.  

The Rota and Pro Rata arrangement give similar results. Both arrangements ensure a 

relatively even distribution of curtailment across the year. While the Pro Rata arrangement 

constrains all generators during each constrained period, the Rota arrangement curtails 

generators using a similar method to LIFO arrangement with the order changing every 24 

hours. The distribution of the Rota arrangement curtailment would very much depend on the 

frequency of the changing of the order and the volume of constraints.  

 

Figure 5-47 Total curtailment levels for all PoA 

The average annual capacity factors for each arrangement are shown in Figure 5-48. The 

uncurtailed capacity factor is 0.51 and the minimum capacity factor is 0.33 under a LIFO 

arrangement. The capacity factor for the Pro Rata arrangement is 0.44 and the Rota capacity 

factors range from 0.43 to 0.46. The minimum capacity factor for the market arrangements 

is 0.37. 

The LIFO arrangement results in the most curtailment of all the arrangements as this is the 

only arrangement where a single generator is always asked to curtail during any constraint 
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event. The other arrangements do not always ask the same generator to curtail first and 

therefore the minimum capacity factors under these arrangements are higher than the LIFO 

arrangement.  

 

Figure 5-48 Average annual capacity factors for all PoA 

Costs for each arrangement are given in Figure 5-49. As discussed previously, the costs shown 

for the LIFO, Pro Rata and Rota arrangements are based on the initial pre-curtailment costs 

and are proposed as ‘fixed cost’ compensation for curtailment. The CMCP market 

arrangement has the largest total cost of curtailment, and therefore the largest average cost 

of curtailment. This is as a result of paying all generators the system price for curtailment. 

The PAB market model gives the lowest total cost of curtailment. In this arrangement the 

larger generators with lower costs are used to clear most constraints. When smaller high 

costs generators are required to clear constraints, they will be paid their own bid values 

which happen to be higher than the larger generators. The three ‘fixed price’ options offer 

similar total curtailment costs for each of the non-market arrangement upon which the 

pricing is based. The fixed price arrangements fall in-between the PAB and CMCP total 

curtailment costs. The total costs of a fixed price arrangement could vary dramatically based 

on the choice of compensation price. An assumption was made in this case of what the 

estimated lost revenue would be to each generator during periods of constraint, however 

the network operator may choose to offer a much lower price that those calculated for this 

example, such as a percentage of the wholesale market price at the time of curtailment. 
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Figure 5-49 Total curtailment costs 

5.5.1 Comparison of Market and Non-Market Sensitivity Studies 

There are some similarities between elements of the sensitivity analysis studied under 

market and Non-market arrangements which will allow some comparison to be made. The 

results of changing the generation mix are summarised in Figure 5-50.  

The market results offer an almost opposite result to the LIFO arrangement for the 

generators at either end of the stack. Generators B, D, and H are used to clear the majority 

of the constraints under the market arrangement, and the new smaller generators, who have 

a high FIT tariff and therefore will bid high in to the curtailment market do not suffer any 

reduction in average annual capacity factor.   
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Figure 5-50 Comparison of generator capacity factors when the generation mix is changed, under 
both market and non-market PoA 

The Pro Rata and Rota arrangements offer a similar distribution of capacity factors as 

experienced in other studies in this chapter. The LIFO arrangement heavily curtails the 

smaller generators X1 - X5 to clear the constraints throughout the year, with Generators J 

and K also utilised to clear constraints. These results are similar to those presented in the 

base case study (See Figure 5-48). This result supports the conclusion that the market 

arrangement will select large, lower cost generators (based on the cost methodology used in 

this study) to clear constraints regardless of number of other generators. The impact of 

including a higher number of smaller sized generators on the LIFO arrangement is to utilise 

more generators in curtailment activity. The Pro Rata and Rota arrangements provide a 

balance of curtailment across all generators involved. The important factor in the Pro Rata 

and Rota arrangements is likely to be total installed capacity rather than number of 

generators. The total capacity in this study has remained the same, even though the number 

of generators has increased. In both the base case and the small generator sensitivity study, 

the average capacity factor for Pro Rata and Rota studies is 0.44. Should the capacity 

increase, then constraints will increase and therefore, so will curtailment.  

The second comparison in this section, will look at the Technical Best study and the market 

arrangements. The average annual capacity factors are shown in Figure 5-51 below.  
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Figure 5-51 Comparison of average annual capacity factor of generators under a LIFO, Technical 
Best and market arrangement 

The technical best study favours the generators located further away from the constraint to 

minimise the losses on the network. Similarly, the market scenario will select larger 

generators due to the costs assumed in this study i.e. larger generators have lower FIT and 

ROC subsidies and therefore submit lower bids in to the curtailment market. The results of 

the Technical Best and market scenarios are similar. Generators B, C, D and H are used to 

clear the constraints in both Technical Best and Market arrangements. In this study, the 

results suggest that the market arrangement also offers the best curtailment scenario for the 

network operator, as the losses are minimised when compared with other non-market 

arrangements like LIFO. This conclusion is based on the assumption that generators would 

always submit true costs to the market – should game playing or un-true bids be submitted, 

then the cost to the network operator will increase, both in terms of monetary value and 

network losses. The annual system losses under each base case arrangement are shown in 

Figure 5-52.  
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Figure 5-52 Annual system losses under LIFO, Technical Best and market arrangements 

5.6 Conclusions 

This chapter has demonstrated the impact that different PoA have on non-firm generators 

connected to a real network case study. The results are similar to those demonstrated by the 

simple case study example in Chapter Four, which provides support for the modelling 

methodology used to compare the PoA.  

An overview of capacity factors under different PoA is given in Table 5-16 below. The market 

scenarios give the best overall average capacity factors across the 11 non-firm generators. 

The LIFO scenario gives the lowest minimum capacity factor because the same generator is 

always selected to clear the constraint for each occurrence of a constraint on the network. 

Overall the capacity factors remain in the region of the UK average for onshore wind of 0.26. 

It should be noted that the case study upon which these results are based has a particularly 

high wind resource and therefore the capacity factors are likely to be higher than might be 

experienced in a location in other areas of GB mainland.  

Table 5-16 Comparison of Capacity Factors under different PoA studied in this chapter 

 A B C D E F G H I J K AVG 

LIFO 0.51 0.51 0.51 0.48 0.45 0.43 0.41 0.38 0.36 0.33 0.33 0.43 

Pro 
Rata 

0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 

Rota 0.46 0.46 0.46 0.44 0.43 0.43 0.44 0.44 0.45 0.45 0.45 0.44 

PAB 0.51 0.37 0.38 0.40 0.51 0.51 0.51 0.43 0.51 0.51 0.51 0.47 

CMCP 0.51 0.37 0.38 0.40 0.51 0.51 0.51 0.43 0.51 0.51 0.51 0.47 
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This chapter has highlighted the impact of curtailment arrangements on network losses and 

therefore the overall curtailment required. While the capacity factors and losses presented 

in this chapter are particular to this network study, the overarching conclusions will apply to 

any network applying PoA. The key results from the study of non-market arrangements are 

as follows:  

 Applying a LIFO arrangement will result in smaller capacity factors for those 

generators are the bottom of the priority stack when compared with arrangements 

such as Pro Rata and Rota.  

 The losses on the network are linked to the size and location of generation in relation 

to the constraint. Neither LIFO, Pro Rata nor Rota arrangements can guarantee the 

minimisation of losses on the network. 

 A Rota arrangement can give a balance of curtailment across a long time period e.g. 

upwards of a year, however this will depend on the levels of constraint on the 

network and the frequency of rotation.  

 A Pro Rata arrangement ensures a fair share of the curtailment across all generation 

connected to the network. The Pro Rata arrangement led to a higher minimum 

capacity factor when compared with LIFO, leading to the conclusions that the DNO 

could connect more generation under a Pro Rata arrangement than under a LIFO 

arrangement while ensuring an economically viable capacity factor.   

Comparison of market arrangements has provided an initial study of distribution network 

markets. The simple method proposed in this thesis gives an indication of behaviours and 

expected outcomes. The key results are as follows: 

 When basing compensation on lost revenue, smaller generators are entitled to 

higher FIT subsidies and will initially place higher bids when compared with larger 

generators.  

 When basing bids on assumed lost revenue, the bidding behaviour will be divided 

into groups based on the level of subsidies each generation size is entitled to. 

Depending on size these groups may be distinctly separate.  

 The CMCP arrangement will result in higher overall costs of curtailment in networks 

where many generators are required to clear the constraint, perhaps during highly 

constrained periods – as the highest bid price will then be paid to all generation.  
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The market designs considered in this study are fairly standard designs, and are based on 

examples from literature. The method used to model the market PoA is relatively simple 

when compared to more in depth methods such as Agent Based Modelling or Swarm 

Optimization. The method allows the market PoA to be compared to non-market PoA using 

the same methodology however the behaviour of the generators, and the costs associated 

with curtailment is simplified and lacks some depth in terms of simulating realistic bid 

behaviour.  

The average annual capacity factors for each of the sensitivity studies are presented in Table 

5-17, Table 5-18 and Table 5-19 below. The results of the sensitivity studies which looked at 

changing the generation mix have been collated in to a single table (Table 5-19) for ease of 

comparison.  

Table 5-17 Non-market Sensitivity Study #1 and #2 Results 

 

Table 5-18 Market Sensitivity Study Results 

 

Table 5-19 Small Generator sensitivity study results
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The sensitivity studies performed on the case studies have demonstrated the importance of 

generation mix, namely in terms of capacity factor. For the LIFO arrangement, the position 

of both large and small generators can have an impact on overall curtailment. Larger 

generators at the bottom of the priority stack will result in fewer generators being affected 

by curtailment. The technical best arrangement results in similar outputs to the market 

studies. The larger generators are used to clear the constraints due to their location on the 

network and losses sensitivity. This result supports the conclusion that for this network case 

study, a market scenario will provide a more efficient network operation when compared 

with a LIFO arrangement.  

Sensitivity studies of the market arrangements help to better investigate the impact of 

market behaviours. The capacity factors from each of the market sensitivity studies is 

presented in Table 5-18. Changing pre-curtailment profit levels does not have a significant 

impact on the curtailment behaviour of the market. The average capacity factor across each 

of the Pre-curtailment studies remains at 0.47. Costs do vary slightly, but are still within a 

similar range to the initial cost change. This is because only part of the total cost figure is 

changed in the sensitivity study (i.e. the subsidy level). Should other parts of the cost 

calculation vary then a wider range of results may be achieved, as demonstrated by the final 

pre-curtailment level study (study XIII) when the average curtailment value drops to 0.44.  

The effect of changing the bid step change (from a set value of 0 or 5, to a random value 

between 0 and 10) does not have a significant impact on the curtailment behaviour over a 

period of time. As with the other market studies, the average capacity factor across all non-

firm generators remains at 0.47. When gaming occurs in the market i.e. one or more 

generators submit bids much higher than the assumed pre-curtailment profit level, this has 

an impact on system costs and in particular, when there are instances of high curtailment 

and all generation is required to curtail. This affect is seen more significantly in the CMCP 

market model with larger spikes for the system price.  

Changing the generation mix can result in a number of changes to the base case behaviour. 

The results of the sensitivity studies which assess the impact of a changing generation mix 

are shown in Table 5-19. 

 For the non-market scenarios, the additional small generators result in an increase in overall 

curtailment. The average annual capacity factor across all non-firm generators has now 

dropped to 0.41 when compared with 0.43 for the base case scenario. The Pro Rata and Rota 
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arrangements provide similar overall curtailment to that experienced in the base case 

scenario. Both studies give the same average annual capacity factor across all non-firm 

generators in the sensitivity study of 0.44. In the market studies, the costs and system prices 

are affected due to the change in bid groups i.e. swapping a large generator with a low pre-

curtailment cost for multiple small generators with higher pre-curtailment costs. This 

changes the behaviour of the system price and the total costs of curtailment.  

All of the results presented in this chapter have provided evidence to support alternative PoA 

to the LIFO arrangement which has been the arrangement selected by most DNOs to date. 

Pro Rata and Rota arrangements present an option to allow increased capacity factors for 

those generators who might experience unattractive low capacity factors under a LIFO 

arrangement.  

The market arrangements present an option for distribution curtailment in the future. While 

the establishment of a market at distribution level would be a lengthy process that would 

not only require changes to the grid codes but also an investment of time and money from 

the DNO. The market arrangement may reflect a more accurate description of curtailment 

and ANM schemes in the future. Fixed price compensation would be a suitable stepping 

stone between non-market arrangements such as LIFO, towards a full curtailment market at 

distribution level and this fixed price could be in some way linked to system prices at 

transmission level in a bid to link activity of generators at distribution level better to wider 

transmission system operation. A similar model to the fixed price model presented in this 

chapter was proposed in a recent study for Elexon [169], suggesting that this type of 

curtailment arrangement could realistically be implemented in industry within the coming 

decades.  

Some of the issues raised here will be followed up in the next chapter which will focus on the 

commercial aspects associated with different PoA, the costs of these new methods of 

network management when compared with traditional reinforcement methods and present 

two business models. These business models will propose a method of cost recovery by 

network operators who chose to apply a market or non-market curtailment scheme on their 

networks as part of a Business as Usual process.  
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6 Commercial Aspects of applying Principles of Access 

to Business As Usual  

 

 

 

 

 

 

6.1 Chapter Summary 

This chapter focuses on the commercial aspects of PoA in ANM schemes and discusses the 

cost of ANM schemes when compared with traditional reinforcements. The results in Chapter 

Five have demonstrated that there are viable alternatives to LIFO in terms of improving the 

output of non-firm connected wind farms. The assessment criteria, as defined in Chapter 

Three, reminds us that there is more to consider with regards to PoA, such as ease of 

application, grid codes and the flexibility for future network developments.  

This chapter begins by discussing how traditional costs of network operation are recovered 

in GB market. This focuses on an explanation of Transmission and Distribution Network Use 

of System charging methodologies. By explaining the current methods, it is then possible to 

identify ways in which network operators may recover the costs of ANM schemes in the 

future when funding bodies no longer contribute toward all or part of these costs.  

The discussion follows on to a further explanation of the Business as Usual (BaU) model for 

distribution networks. In this case, BaU refers to the standard business model which DNOs 

will follow to connect a new generator to a network.  BaU will soon mean that non-firm 

connections will be offered as standard alongside firm connections in certain areas of the 

network, as a result of successful innovation trials. The lessons learned during these trials are 

currently being transferred in to everyday business practices within the DNO. Business 

models are proposed based on a method developed by the Oxford Environmental Change 
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Institute [12]. Visual aids are used to demonstrate the flow of costs and services between 

stakeholders in an ANM scheme.  

The costs of traditional reinforcements are compared to the cost of ANM schemes using a 

number of examples – all of which were discussed at length in Chapter Two. This discussion 

highlights the benefits of utilising ANM over traditional reinforcements to enable faster 

connection of renewables.  

The chapter concludes with a discussion regarding the impact of ANM schemes on the wider 

electricity system. 

6.2 Traditional System and Reinforcement Costs 

In order to understand the costs associated with traditional network reinforcements, it is first 

necessary to understand how the network operation and infrastructure is paid for by all users 

of the electricity system. The total reinforcement costs are composed of Connection Charges 

and Use of System (UoS) Charges. These charges are applied at both transmission and 

distribution level, and user costs will depend on the geographical location of the connection. 

In addition to this, there are also costs for system balancing, known as Balancing Service Use 

of System (BSUoS) charges. The following subsections describe these costs in order to provide 

a background to potential methods of recovering the cost of ANM systems.  

6.2.1 Transmission Connection and Use of System Charges 

Connection charges cover the costs of installing and maintaining each user’s connection 

assets. At transmission level these charges are made up of capital and non-capital 

components. Capital components will cover the cost of construction, engineering works, 

interest accumulated during construction, return element and liquidated damages premium 

where relevant.  

The non-capital components include Site Specific Charges (SSF) and Transmission Running 

Costs (TC) which are calculated as a percentage of the Gross Asset Value (GAV).  For the 

period 2010/11, the percentage value of SSF was 0.52% and TC was equal to 1.45% of capital 

costs for GB. Connection charges are paid on a monthly basis, and are one-twelfth of the 

annual charge. 

Transmission Network Use of System (TNUoS) charges cover the cost of installing and 

maintaining the National Electricity Transmission System (NETS). The Maximum Allowed 
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Revenue (MAR) is set by Ofgem during the pricing control review for each TNO. The 

application of TNUoS revenue is split between generation and demand, 27% to 73% 

respectively.  

Investment Cost Related Pricing (ICRP) is the model used to determine TNUoS marginal 

investment prices. This method is explained in detail in Section 6.2 of [104]. ICRP is used to 

provide an indication to developers of areas where more generation is needed. It assumes 

that the impact on transmission cost of an extra generator or demand at a particular 

connection point can be represented by an average reinforcement cost e.g. the marginal cost 

is estimated in terms of increases or decreases in units of kilometres (km) of transmission 

system for a 1 MW increase in generation on the system. 

The current TNUoS tariff is made up of two separate parts. The first is a locational varying 

element derived from the DC Load Flow Investment Cost Related Pricing (DCLF ICRP) 

transport model. DC Load Flow is used as it enables a load flow calculation to be performed 

on a network with a large number of buses. This reflects the costs of capital investment, 

operation and maintenance of the transmission system. This’ zonal’ price is based on the 

average nodal price in the area at peak time. The cost to the generator is based on maximum 

power generated or consumed over a year, and the charges are based on the long-run costs 

of electricity transmission infrastructure and notional reinforcements. The charges do not 

distinguish between different types of generation. The second part of the TNUoS tariff is a 

non-locational element related to the delivery of outstanding revenue recovery. The 

components which come together to make up the TNUoS charge are shown in Figure 6-1. 

Other charges included in TNUoS are one-off works charges, rental costs, and metering costs.  

 

Figure 6-1 TNUoS charging schematic identifying the main components of the charges – locational, 
non-location and other. 
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For the period 2014/15, the TNUoS Charges [170]  for generation connections in the North 

of Scotland – where renewable potential is at its greatest is £28/kW which compares to a 

charge of £10/kW in the North East of England, and a payment of £4/kW in Central London. 

The cost of connections in the west coast of Scotland, where many islands exist (Skye and 

Lochalsh region) is greatest, at £34/kW.  

A recent review of Island Connections was produced by Xero Energy for the Scottish 

Government and DECC [171]. The document uses Orkney, Shetland and the Western Island 

as case study examples. Due to the nature of the connections i.e. lengthy, subsea cables the 

cost of connection is often difficult to forecast. The Scottish Government has promised a 

higher strike price for onshore wind projects connected in an Island region (£115/MWh 

compared with £90/MWh on mainland GB) however these prices are only set until 2018/19. 

The lengthy nature of building island connections can be in the region of four years, and the 

lack of long term price certainty is likely to discourage renewable investment where the 

resource is greatest. This is important as ANM schemes can have a significant impact on 

Island system as demonstrated by the Orkney and Shetland ANM schemes. It allows 

connections to be granted quicker when compared with timescales of traditional 

reinforcement. 

6.2.2 Distribution Network Use of System (DNUoS) and Connection Charges 

Each DNO has its own individual connection charging methodology, but they all follow a 

standard outline. SP Energy Networks has been used as a reference case [172] in this section 

to demonstrate the typical charges imposed at distribution level.  

The Connection Charge can be split into three categories: 

 Costs for providing the connection paid by connectees 

 Costs for providing the connection split between DNO and connectees 

 Costs to be paid by connectees in respect of work that has previously been 

constructed or are committed and are used to provide the connection 

Costs paid by the connectee include shallow connection costs e.g. any additional assets which 

are required in order for a generator to connect into the network. If there is any 

reinforcement required on the shared distribution network, the cost of this reinforcements 

split between the DNO and the connectee. Reinforcement costs in excess of £200/kW will be 

charged to the connectee in full.  
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Costs which are shared between the connectee and DNO are calculated using Cost 

Apportionment Factors (CAFs). There are two variations of CAFs calculations, Security CAF 

and Fault Level CAF. The choice depends on the need for reinforcement.  

Costs paid in full by the DNO include the costs of network reinforcements which are at a 

voltage level higher than the point of connection.  

Similar to connection charges, each DNO has its own Use of System tariffs which follows the 

Common Distribution Charging Methodology. Tables which outline the individual DNUoS 

tariffs are available from respective DNO websites. An example of Scottish Power DNUoS 

charging table is shown in Figure 6-2. These tables include the list of all tariffs available for 

connection to the DNO and the charges applicable under these tariffs. The charges are split 

into two main categories – Non Half-Hourly (NHH) metered and Half Hourly (HH) metered 

users.  

 

 

Figure 6-2 Example of Distribution Charging Methodology – Scottish Power Distribution [173] 
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The charges for NHH are applied on the basis of Line Loss Factor Classes (LLFCs) and the units 

of power consumed within the time periods specified. The charges can be split into the 

following components: 

 A fixed charge (pence/MPAN/day) – there is only one fixed charged applied to each 

Metering Point Administration Number (MPAN) 

 Unit charges (p/kWh) based on active consumption or production provided through 

Settlement. More than one kWh charge may be applied 

Charges for HH metered users is composed of the following components: 

 Fixed charge (p/MPAN/day) 

 Capacity charge (p/kVA/day) for an agreed Maximum Import/Export Capacity  

 Excess capacity charge (p/kVA/day) if Maximum Import or Export is exceeded 

 Unit charges (p/kWh) for the transport of electricity over the system 

 Excess reactive power charge (p/kVAr/h) – applies when reactive power exceeds 33% 

of total active power (equivalent of 0.95 power factor) 

6.2.3 Balancing Service Use of System (BSUoS) 

The principle of BSUoS charging is to allow the National Grid to recover the costs incurred in 

balancing the transmission system i.e. ensuring safe and secure supply to end users. National 

Grid is incentivised by Ofgem to accrue these balancing services in a cost effective manner. 

Figure 6-3 shows the external system operation costs since 2006. In recent years the cost of 

balancing the system has increased sharply. This can be explained by the increase in 

renewable generation and the work being carried out to upgrade the transmission 

infrastructure. The constraints caused by upgrade work will lead to an increase in balancing 

services required.  
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Figure 6-3 External system operation costs from 2006 to 2014 [174] 

BSUoS charges include the following costs: 

 The total costs of the balancing mechanism (BM) 

 Total balancing services contract costs 

 Payments/receipts from National Grid incentive schemes 

 Internal costs of operating the system 

 Costs associated with contracting and developing balancing services 

The Daily BSUoS charge for each party consists of the sum of BM Unit Metered Volume for 

all BM Units owned and summed over all the settlement periods on a particular settlement 

day. Transmission losses are taken into account in this calculation. The Total BSUoS Charge 

applicable for each settlement period is composed of two parts: an External and Internal 

Charge.  

The external charge is calculated by taking the cash flow and variable costs for each 

settlement period and is allocated on a per MWh basis for each settlement period in a day. 

The external charge also considers the external incentive payment which is calculated as the 

difference between the new total incentive payment and the incentive payment that has 

been made to date for previous days.  

The internal charge for each settlement period is calculated by taking the incentives and non-

incentivised system operator internal costs for each settlement day allocated on a MWh basis 

across each settlement period in a day. Similarly to the external charge, an internal incentive 
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payment is included in this calculation. There is further inclusion of a daily cost of Manifest 

errors and Special Provisions which accounts for any compensation which National Grid must 

pay to balancing service participants.  

6.2.4 Consumer Energy Bill 

In order to explain how the network and system charges described above are transferred to 

a domestic energy customer, a breakdown of a standard electricity bill is shown in Figure 6-4. 

The network charges discussed in Section 6.2 equates to around one fifth of a domestic 

energy customers energy bill. All decisions network owners make regarding transmission 

upgrades and reinforcements must be justified to Ofgem to ensure consumers get a fair deal.  

 

Figure 6-4 Breakdown of customer energy bill [175] 

Energy suppliers are responsible for meeting the demand of domestic consumers by 

purchasing electricity on the energy market. In doing so, energy suppliers make use of the 

transmission and distribution network in order to ‘transport’ this electricity to customers 

homes and are therefore required to pay ‘Use of System’ charging.  

The consumer pays the energy supplier e.g. N-Power, Scottish Power, E-On etc. according to 

a tariff agreed between the consumer and energy supplier. The tariff may include pass-

through costs, e.g. a cost that is charged to the energy supplier, but is then 'passed through' 

directly to the consumer. The elements in a typical consumer electricity bill are explained 

below. Transmission and distribution charging has already been explained in previous 
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sections of this chapter, this section focuses on the calculation of the remaining charges for 

domestic customers.  

6.2.4.1  Half Hourly and Non Half Hourly Customers 

Consumers of electricity are split into two categories: half-hourly metered (HH) and non-half-

hourly metered (NHH). Customers whose peak demand is 100kW or greater in any single half 

hour period are obliged to have a HH meter, which takes a meter reading every 30 minutes. 

This is typically industrial customers.  

Domestic energy customers typically have NHH meters, although the option to install a HH 

meter is possible. Under a standard NHH customer model, a representative from the supply 

company is required to visit each property to read the meter and determine the energy use. 

The energy bill is then an estimate of energy use. Currently, the UK Government is overseeing 

a UK wide roll-out of Smart Meters [176]. This will improve billing accuracy for domestic 

energy customers when compared with typically NHH customers. Giving customers the 

power to monitor their own energy use, and be aware of the price of energy at certain times 

of the day. The roll out is scheduled to take place between 2015 and 2020. 

The TNUoS charges for HH customers is their demand during the triad periods multiplied by 

the tariff for their zone. The Triad refers to three half-hour settlement periods with the 

highest system demand between November and February separated by at least 10 days. 

TNUoS charges levied on NHH metered customers is the sum of their total consumption 

between 16:00 and 19:00 every day over a year multiplied by the relevant tariff linked to the 

geographical zone they are connected in. The following charges make up the remainder of 

the customer bill: 

 A Climate Change Levy is a p/kWh tax on certain electricity use. Exempt suppliers 

include domestic supplies and suppliers using less than the De Minimis threshold of 

1,000 kWh / month 

 Settlement charge 

 A data collection charge is paid to the Data Collector for determining the energy 

consumption of the supply 

 A meter operation charge - The fee paid to the meter operator for installing and 

maintaining the meter 
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 VAT is payable at the standard rate unless the supply meets certain conditions (e.g. 

domestic supplies, or supplies that use less than 1000 kWh per month) in which case 

they are charged at the reduced rate 

6.2.4.2 Retail Market Review 

At the time of writing, Energy Suppliers are undergoing a retail market review by Ofgem 

[177]. Due to rising energy prices in recent years, and the domination of the energy market 

by ‘The Big Six’ energy suppliers it has been requested that a formal review of the energy 

market is carried out in order to determine if charges for energy customers are fair. Solutions 

already implemented include the removal of complex tariffs from the market and an 

obligation for suppliers to ensure customers are on the lowest priced tariff to suit their needs. 

This review is currently on going.  

6.3 Summary of Charges within the Electricity Market 

The schematic in Figure 6-5 illustrates how these charges are organised within the electricity 

market and how the flow of money and electricity is passed between different stakeholders. 

A description to accompany the diagram is given below.  

1. Generators pay the transmission network owner in exchange for connection to the 

network. Generators can then transfer energy to the transmission network. 

Generators who wish to connect at distribution level can apply directly to the DNO 

for connection.  

2. The DNO pays the transmission network UoS charges in exchange for transferring 

energy from the generators via the transmission system and into the distribution 

network.  

3. Energy suppliers pay TNUoS and DNUoS for the transport of energy through both 

network systems.  

4. Energy is then passed on to Domestic and Industrial customers who pay the energy 

supplier for this. This payment is made up of the price of the energy, taxes, TNUoS 

and DNUoS changes, the cost of balancing the system. 

5. The system operator balances the system and can request help from generators at 

any time.  
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6. Generators can also enter in to ‘bilateral contracts’ with energy suppliers where a 

long term agreement is made. A price is set in advance of delivery for a total volume 

of energy. This is how the majority of energy on the system is contracted.  

 

Figure 6-5 Schematic diagram of electricity industry stakeholders 

6.4 The Cost of ANM Schemes vs Traditional Reinforcements 

Section 6.2 has illustrated the method of cost recovery for the traditional means of 

maintaining and upgrading the transmission and distribution infrastructure, and also how 

these costs are passed on to users of the system. ANM presents a new method of not only 

operating the distribution network, but also a new set of costs and maintenance routines. 

This section compares the costs of traditional reinforcements (i.e. increase existing capacity 

of transmission lines, creating new transmission lines etc.) against the cost of ANM schemes.  

Similar to traditional reinforcements, when installing an ANM scheme, the DNO may be 

required to invest in additional network management equipment. This may include: 

 Communications 

 Controllers -  for individual users of the network – both generator and demand, and 

at domestic and commercial level 

 Additional Operation and Maintenance costs 

 Staff – either additional staff, or training existing staff 
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Using some of the case studies presented in Chapter Two, the funding received for the 

development and installation of the ANM schemes in those cases are presented below in 

comparison with the traditional reinforcements. The DNO must justify any expenditure to 

the regulator as the costs of reinforcements are passed on to customers. The generators will 

benefit from the lower shallow charges for connections, and all users of the network should 

benefit from lower charges for deeper reinforcement costs. A summary of the funding 

granted for ANM schemes is given in Table 6-1. 

Table 6-1 Summary of ANM vs traditional reinforcement costs 

 Additional Wind ANM Funding 
Traditional 

Reinforcement costs 

Orkney 25 MW £500k £30million 

Shetland NINES 10-15 MW* £33.54million £300million 

FPP 24.2 MW £6.7million £15.3million 

ARC  £3 million £20 million 

*The NINES scheme also includes a battery, a district heating system and domestic demand 

side management scheme. 

 

The funding of the Orkney ANM scheme was £500k [80] compared with the £30 million cost 

of an additional subsea cable to increase network capacity. Orkney is already connected to 

the mainland GB grid via two subsea cables; however the firm capacity of generation on the 

network had already been reached. With the creation of an ANM scheme, an additional 25 

MW of wind was connected. In 2012, the network reached maximum capacity and SHEPD 

issued a moratorium on the connection of renewables to the distribution network. At the 

time of writing, a consultation is in progress as to whether to increase the capacity of the 

network [178], with three options proposed:  

1. A new transmission connection at the cost of £300 million 

2. A new distribution connection at an estimated cost of £30 million 

3. Maintaining the status quo until the increase in more developed renewable 

technologies such as onshore wind increases significantly enough to justify the 

expenditure of options 1 or 2 

The funding of the NINES scheme in Shetland is approximately £33.5 million. This funding 

includes the ANM scheme, a large battery, a district heating system and a domestic demand 

side management scheme. All of these proposed solutions will work together to ensure 
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reduced reliance on conventional generation and increased facilitation of wind generation 

connections. The alternative solution is to install a £300 million subsea cable to connect 

Shetland to mainland GB network. The installation of the subsea cable is currently subject to 

discussion [179].  Regardless of the outcome, there is still the need for Shetland to be able to 

operate as an islanded network, as a failure in the subsea cable could lead to lengthy outages.  

The cost of the FPP ANM scheme is approx. £6.7 million (total funding awarded by Ofgem) 

which compares to reinforcement costs i.e. upgrading the transformer, of £15.3 million [90]. 

The difference in individual generator connection costs is shown in Table 6-2.  

The connection cost savings are in the region of 50%-90%. The high traditional reinforcement 

costs are a result of generators having to pay to connect to a grid supply point at a location 

further away from the preferred GSP which is currently at capacity.  

Table 6-2 Table of FPP connection costs vs. typical connection costs [10] 

Project Capacity Typical Connection Offer FPP Budget 
Estimate 

Savings (%) 

Gen A 5 MW £1.2 m £570 k 53% 

Gen B 0.5 MW £1.9 m £400 k 79% 

Gen C 10 MW £4.8 m £500 k 90% 

Gen D 7.2 MW £3.5 m £700 k 80% 

Gen E 2.5 MW £1.9 m £170 k 91% 

Gen F 1 MW £2 m £300 k 85% 

 

The ARC project is estimated to cost £3 million for the installation of the ANM scheme and 

new connections for renewables will be granted by March 2015. An alternative option is £20 

million of upgrades to the GSP causing constraints, with delays to connections until 2020 

[180]. There is no current information available regarding the capacity that the ANM 

solutions will enable. Without ANM or other alternatives, there is no more available capacity 

on the ARC networks for new generators to connect. Stakeholder engagement as part of the 

consultation suggested that ANM should only be used as a short term solution and that the 

necessary upgrades to the network infrastructure should be carried out in future to assure 

firm capacity [181]. This raises the question as to how the firm capacity upgrades should be 

paid for and will be discussed later in this chapter.  

It is clear from the values presented in Table 6-1 and Table 6-2 that ANM offers a solution to 

facilitating large volumes of renewable connections to distribution networks. The costs are 

significantly lower than investing in traditional reinforcement strategies and ANM schemes 
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also take a shorter time to install and implement on the network. However there is an 

argument to suggest that ANM solutions are short term and that network owners will 

eventually invest in traditional reinforcement, as demonstrated by the Orkney example.  

During a meeting of the Smart Grid Forum in August 2014, the minutes of the meeting [182] 

note that  a framework was presented for DNOs to assess the costs of network reinforcement 

and identify alternative actions they could take. The presentation was with reference to 

energy efficiency measures and it was suggested that DNOs should make reinforcement 

choices based on the implications for customers in fuel poverty. Under current regulatory 

framework, DNOs are already incentivised to minimise reinforcement costs and therefore 

use alternative solutions, however the use of the framework could help DNOs to make the 

best choices for consumers. Further information regarding this framework was due 

September 2014, however at the time of writing there was no update as to the progress of 

this framework.  

While it is clear from these examples that the cost of ANM schemes are lower than traditional 

reinforcements, it is not clear through which of the typical cost recovery mechanisms the 

ANM scheme is paid for. Generators pay for connections to the network as sole use assets. 

Reinforcements are calculated on a per generator basis and the costs shared across all 

network users. This following section will discuss how it may be possible to recover the cost 

of an ANM scheme which essentially requires the network operator to pay for the 

reinforcement before it has connected any generators. Two business models are proposed 

as to how DNOs might recover the cost of ANM schemes in the UK.  

6.5 Business as Usual 

The success of ANM schemes in recent years has provided a drive for DNOs to offer ANM 

solutions alongside traditional connection agreements.  

As discussed in Section 6.4 the capital costs of ANM schemes have been shown to be lower 

than traditional network reinforcements. Currently, the costs of network reinforcements are 

recovered through a combination of connection and use of system charging depending on 

the voltage level of the connection [183]. To date, the cost of ANM schemes have received 

funding through network research and development funds, and schemes such as Registered 

Power Zone (RPZ) [184] and LCNF [185] as discussed in Chapter Two. As ANM schemes 

become a BaU option, a mechanism by which the network can recover the costs of installing, 
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operating and maintaining an ANM system must be established. This section will outline two 

potential business models for the BaU deployment of ANM schemes. 

SSEPD is the first company to propose ANM as BaU and has created a number of use cases 

and business process which describe the way in which the ANM system is both operated and 

maintained [186]. SSEPD propose that an annual subscription fee is paid by each non-firm 

generator to cover the costs of installing and maintaining an ANM system. This is paid to the 

DNO when the generator connects, and then each year on the anniversary of the connection. 

While the DNO pays for the majority of the ANM equipment, the non-firm generator is 

responsible for installing the communications link between the ANM system and the 

generation site.  

One way of demonstrating a complex business model is by using a visual aid. SSEPD have 

done this through the use of ‘Enterprise Architecture Models’ which uses the Business 

Process Modelling Notation [187], an example of which is shown in Figure 6-6 below. The 

model outlines the main process in each stage of the ANM business process and how these 

processes are carried out with the main stakeholders.  

 

Figure 6-6 SSEPD diagram explaining Orkney ANM maintenance use cases [186] 

Another form of visually representing business models was developed by The Environmental 

Change Institute [12]. The models demonstrate the flow of money, services, assets and 

information between actors in the business model, as well as highlight complexities and 

critical relationships. This format has been used in this thesis to create two business models, 
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one for a market PoA and one for a non-market PoA. These models propose how costs of 

ANM might be recovered as well as compare an ANM system to a standard distribution 

network that is not using ‘smart’ technologies or alternative management techniques. The 

models suggest one method of recovering the costs of an ANM scheme; however, there are 

many variations which could be determined as best practice for different DNO and ANM 

schemes. The models are compared to a base case scenario. In this base case scenario, there 

are no smart technologies in use and domestic electricity users obtain electricity via 

vertically-integrated suppliers and large decentralised generators. A version of this model 

and the related discussion is published in [188]. 

The legend for the business models is presented in Figure 6-7. The top half of the legend 

contains diagrams representing actors or stakeholders in the ANM process. Most of these 

actors are self-explanatory. The wind generator actor could be used to describe all renewable 

generation, however in this case the focus is on the curtailment of wind in particular. The 

‘outside of system’ actor represents those who are involved outside of the ANM/Distribution 

system. The ANM operator refers to the body in charge of operating and installing the ANM 

system. This could be split in to two separate entities but for simplification is left as a single 

stakeholder in this case.  

The bottom half of the legend is split in to two parts. The diagrams on the left are types of 

flow on the graph i.e. whether electricity, a physical object, money or non-monetary object 

is passed between ANM actors. The diagrams on the right are used to further describe the 

flows of goods are services. Recurring events are objects which are transferred more than 

once, i.e. a recurring payment such as a monthly or annual fee. In contrast, some objects are 

‘one-time’ events i.e. a single lump sum payment. The plus and minus signs indicate whether 

the object is more than or less than the base case scenario. For example, ANM allows a great 

volume of renewable electricity to flow when compared with a standard distribution network 

with no ANM technologies installed. This is because the ANM has facilitated the connection 

of more renewable generation on the distribution network.  

Finally, the shaded rectangles provide a comparison between flows in each strand of 

processes. If there are two or three flows of electricity side by side, these icons are used to 

rank them in order or magnitude.  
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Figure 6-7 Legend for business models in Figure 6-8 and Figure 6-10 

 

6.5.1 Business model proposed for a Non-Market PoA 

The model shown in Figure 6-8 demonstrates the flow of money and services between key 

stakeholders in an ANM scheme applying a non-market PoA. It proposes that the cost of ANM 

management and installation of shared network equipment be recovered through 

Distribution Network Use of System (DNUoS) charges, similar to the way in which network 

reinforcements are recovered. This is different from the method used by SSEPD, which will 

cover the cost of ANM via an ‘ANM Fee’ for the current ANM schemes.  
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Figure 6-8 Business model of ANM Scheme operating non-market PoA (Based on models 
developed by SuperGen HiDEF Distributed Energy Modelling project [12] 

There are three sections in each business model, referred to as ‘Strands’. Each Strand 

represents a different part of business processes, and makes it easier to read the diagram.  

Strand One of Figure 6-8 encapsulates the installation of the ANM system. The ANM 

equipment is provided and installed by the ANM operator. They are also responsible for the 

operation and maintenance (O&M) of the ANM tools. The generator pays for the equipment 

installed locally, and the DNO pays for any centralised ANM equipment.  The payment made 

by the non-firm generator for the connection to the network and ANM equipment is lower 

than the connection charge under a traditional arrangement, which would include both 

shallow and a proportion of deep connection upgrade work.  

Strand Two highlights the changes in electricity supply and how this is passed on to customers 

through DNUoS charging. The installation of an ANM scheme on the network allows more 
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generation to connect to the network under a non-firm connection. Use of System charges 

are still passed on to the DNO via the energy supplier.  

For example, the following steps will explain the activity in the ‘Electricity Supply’ of 

renewable electricity in Strand Two.  

 There is an increase in the electricity produced by the wind generator, which is 

passed to the DNO, and then on to the transmission network.  

 This leads to the energy user paying the supplier for the renewable energy.  

 ROCs or FIT subsidies are passed to the supplier, and then on to the generator.  

 Finally, this results in reputational benefits for the DNO and TNO who can report on 

carbon reduction for the network.  

The volume of renewable electricity on the system increases, more of the customer’s energy 

bill goes to paying for the renewables and there is more subsidies paid to renewables via the 

energy supplier. The social repercussions are also noted – in keeping to the UK carbon 

reduction targets, DNOs are keen to promote that they support renewable energy schemes. 

For example, a screen shot of SSEPD website in Figure 6-9, where reference is made to the 

number of renewable connections made by the DNO [189]  

 

Figure 6-9 SSEPD Project and Innovation website, showcasing the number of renewable generators 
connected [189] 

The volume of non-renewable electricity is reduced because it has been replaced by 

renewable sources. This reduces the amount consumers spend on non-renewable electricity, 

and the profits non-renewable generators receive.  

Finally, Strand Three deals with the curtailment of non-firm generators. This is managed by 

the ANM Operator. As a result of curtailment, there is a reduction in export of renewable 
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energy, and therefore a reduction in revenue and profit made by generators from ROCs or 

FITs when compared with firm connected generation.  

In summary, the BaU process for a DNO running an ANM scheme with a non-market PoA is 

as follows 

1. ANM equipment is installed and maintained by the ANM operator. The cost of any 

equipment is paid for by the non-firm generator and the DNO to the ANM operator, 

depending on where the equipment is installed. The architecture of the ANM system 

might lead to different shares of the equipment costs between the DNO and 

generator. 

2. ANM allows more renewable generation on the network, improving the customer 

service delivery and reputation of the DNO, not to mention meeting the DNO license 

conditions relating to offering least cost connections to customers. Customers now 

contribute a larger percentage of their energy bill towards renewables than when 

compared with conventional generation. Use of System charges are similar to the 

standard model, and are now used to cover the cost of ANM as opposed to the cost 

of traditional reinforcements. Generators contribute towards to cost of ANM 

through UoS charges, however the connection charge is lower to reflect the ‘non-

firm’ aspect.  

3. A non-market PoA is applied and the ANM operator issues to curtailment instructions 

to the non-firm generator. The generator is then required to reduce output which 

means a reduction in income.   

6.5.2 Business Model Proposed for a Market PoA 

Similar to Figure 6-8, the business model proposed in Figure 6-10 demonstrates the flow of 

money and services between stakeholders in an ANM scheme applying a market PoA e.g. 

where generators submit bids and are curtailed based on the value of the submitted bid. The 

first two strands of Figure 6-10 match those of Figure 6-8 therefore the same logic and 

processes apply.  
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Figure 6-10 Business model of ANM scheme operating a Market PoA (Based on models developed 
by ECI [12] 

In Strand Three of Figure 6-10, the diagram proposes a method of recovering the cost of 

running a curtailment market. The non-firm generators submit curtailment bids to the system 

on a regular basis, which could be hourly, daily, monthly or annually – depending on system 

operator preference. This model assumes that the ANM operator deals with individual non-

firm generators directly however, it is possible that an Aggregator may act as a ‘middle man’ 

between ANM Operator and non-firm generators. This is similar to the VPP examples 

discussed in Chapter Two, and could also incorporate the Demand Side Management (DSM) 

users. This would allow small wind farms who are perhaps not experienced enough, or 

capable of dealing directly with a market system to benefit from the market ANM scheme. 

The bid value (£/MWh) gives an indication of the desire to be curtailed. This value is likely to 
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reflect the value of lost ROCs or FITS and possibly additional running costs such as O&M and 

repayment interest. 

Use of System charging can still be used to cover the cost of ANM installations; however any 

compensation to be paid to generators for reducing output will come from the curtailment 

market fund. This will be funded by charging a market participation fee. The market 

participation fee may take a form similar to BSUoS charges applied at to participants in the 

wholesale market at Transmission level in GB. [190] 

It is unknown if the level of compensation received by the wind farms will be more, less or 

equal to that previously received through incentive schemes such as ROCs and FITs. This will 

depend on market competition, choice of compensation payment and will change over time.  

In addition to the basic recovery of costs for the construction, operation and maintenance of 

the ANM scheme, there is the option to create ancillary services by incentivising domestic 

Demand Side Management (DDSM). The installation of storage devices in the homes of 

domestic customers is being trialled by Scottish & Southern Energy (SSE) for the Northern 

Isles New Energy Solutions (NINES) project [2]. As part of this project, SSE are also required 

to develop a sustainable business model to incentivise the uptake of storage devices in the 

homes of domestic customers and a mechanism through which to distribute the incentive. 

6.6 The Wider Impacts of ANM 

A study by Baringa and Smarter Grid Solutions Ltd for Elexon [169]8 in June 2014 discussed 

some of the issues regarding the impact of Active Network Management on wider system 

operation.  

As the number of ANM schemes grow, so does the volume of distributed generation 

connected in each area. The current transmission system is built to facilitate flows from 

decentralised generation down through voltage levels to demand customers. As the number 

of centralised, local generation increases there is change in the pattern of electricity flows on 

the network. This may result in less demand at each GSP and even the potential for power to 

flow from distribution level up to transmission level.  

                                                           

8 This report is private to Elexon however a copy of the report can be requested by contacting Elexon 
directly.  
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The report acknowledges the growth of ANM schemes, and predicts a marked increase in the 

number of ANM schemes at the end of the coming RIIO ED1 price control period (April 2015 

– March 2023)  as they become a key part of DNO business plans.  

The issue with the growth of ANM schemes is that currently, the TSO is unaware of 

curtailment actions which take place at distribution level. While the volume of ANM 

connected DG is small, these imbalances have a low impact on wider system and market 

operation. As volumes of DG increase, accurate economic signals and local balancing 

becomes important for the efficiency of the whole system operation. A method of 

incorporating DG balancing into transmission balancing is required.  

Two methods are proposed by Elexon to manage the growth of DG. The first is ‘price based 

curtailment’ similar to the market based arrangements discussed in this thesis. This method 

would see the Generator paying an ‘additional charge’ in return for curtailment 

compensation, and the compensation price would be capped. This value would be agreed 

during the connection application process. This can be compared to the ‘market fee’ 

proposed in Section 6.5.2.  

The second method is an Integrated Local Balancing system. In this arrangement, the 

generator submits bids and offers for curtailment. A location specific increment to the DNUoS 

is paid by the generator to account for the ANM/balancing mechanism (similar to that 

proposed in the business models in Section 6.5). The TSO interacts with the Distribution 

System Operator (DSO) and the DSO can submit its own bids to the National Balancing 

Mechanism. The Settlement process takes in to account both local and National balancing 

actions.  

The publication of this report highlights the importance of the topics addressed in this thesis, 

and the impact that ANM is having on the wider energy system. The number of distribution 

connected generation is growing and the industry has noticed that current non-market 

arrangements will not be suitable for long term network operation. A move towards market 

arrangements, and eventually a fully integrated balancing mechanism will allow safe and 

secure network operation while allowing further renewables to connect to the system.  

These models were presented to Work Stream 6 of the Smart Grid Forum in June 2014 [191]. 

The group proposed that the models should be added to their own report (working 

documents can be found [192]) and it was strongly recommended that these models would 
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need to be trialled as soon as possible in order to test the concepts and feasibility of proposed 

models. Baringa proposed a number of ‘Innovation’ options for these trials, including: 

 Improving existing ANM through data visibility and transparency 

 Simple market models to incentivise efficiency by creating a price for curtailment 

 Testing the concept of a local balancing mechanism 

All three of which will lead to further understanding of more complex management of 

distribution systems and how they can be better utilised to improve overall system 

operation. 

6.7 Conclusions 

This chapter has discussed the cost of traditional reinforcements and ANM schemes in the 

UK. As Ofgem encourages DNOs to move towards BAU for ANM schemes, there is a need to 

determine how network owners and operators will recover costs associated with ANM 

schemes. There are a number of different ways in which network operators could recover 

costs and a qualitative analysis of the options led to the development of the business models 

presented in Figure 6-8 and Figure 6-10. The development of new BAU cases will depend on 

a number of factors, including regulation changes, distribution code changes, market 

configurations, etc. The more changes required by any proposed business model, then the 

more difficult it may be to implement these within a reasonable time frame.  

In the long run, markets can result in improved return on investment for generators and a 

more efficient electricity system operation however there are still a large number of issues 

to consider with regards to curtailment markets and wider ANM roll out. The inclusion of 

such technical difficulties, mean that the initial benefits of market PoA are not always 

apparent.  

For centralised ANM equipment i.e. the central controller, there are uncertainties as to how 

the cost of such large, shared equipment will be recovered. One option is to charge the initial 

group of non-firm generators connecting to the scheme through cost apportionment i.e. the 

cost is distributed based on capacity of generators.  A second option, and the one which is 

proposed in Figure 6-8 and Figure 6-10, is to recover the cost of shared ANM equipment 

through DNUoS charging. This would result in some of the cost being passed on to demand 

customers and the DNO would have to justify this additional cost to the regulator.  
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Curtailment of wind generation will result in a reduced profit for the wind farm owners from 

ROCs or FITs – however this could be compensated through use of a market curtailment 

scheme. Depending on the size of market participants, and number of competitors, the level 

of compensation will vary. It is unknown if this will be higher or lower than ROC/FIT levels. A 

fixed price of compensation could be agreed in advance of the curtailment actions which 

would give developers a method of estimating the impact on income. 

The two business models proposed in Section 6.5.1 and 6.5.2 present just one method of 

recovering the costs of ANM schemes under a BaU practice. It is under the discretion of the 

DNO how they choose to fund their ANM schemes. In the future, questions may arise as to 

what should happen when network reinforcements are eventually required. These questions 

include who should pay for reinforcements and what might happen to existing non-firm 

connections that are currently in place.  

UKPN have raised this issue of future reinforcements as part of the FPP project [193] however 

there is no obvious solution to the problem of who pays for reinforcements. UKPN has set 

out two options: mandatory or voluntary reinforcements. Under mandatory reinforcements, 

an agreement would be placed in to the connection arrangement wereby generators would 

be obliged to fund reinforcements at a pre-agreed price. Under a voluntary reinforcement 

arrangement, generators would be given the option to fund reinforcements in exchange for 

a firm connection. If they declined this option, they would remain as non-firm generators and 

subject to potential curtailment. There is an uncertainty under the voluntary arrangement 

that none of the existing generators would be willing to fund reinforcements. In this case the 

cost would most likely fall to the new generators wishing to connect to the network, and the 

existing generators will still be subjected to the non-firm connection arrangements prior to 

reinforcements.  

In addition to the issues surrounding reinforcement, there could be a case for changing the 

PoA when a capacity cap is reached. FPP have proposed a pro rata arrangement up to 35 

MW, after which any new generation connecting to the scheme will be entered into a LIFO 

arrangement. This arrangement is agreed as part of the connection agreement however the 

method of curtailment could be changed, assuming the change would not have a negative 

impact on existing connection arrangements. An example of changes to connection 

agreement is demonstrated on the Irish transmission system [59], as discussed in Section 
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2.4.3.9. The decision to remove compensation payments from wind generators was viewed 

as controversial as this could have an impact on the return on investment for developers.  

PoA and non-firm connections are still very much in the early stages of development and 

there are many issues yet to be address by DNO and regulators. DNO innovation and trials 

are an essential part of developing this area of the industry and are required to move towards 

the best way of managing the energy system as a whole.  

The next, and final chapter will bring together all of the key arguments and knowledge 

contributions discussed in this thesis and discuss any further work which may be related to 

this thesis.  
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7 Conclusions 

 

 

 

 

 

 

7.1 Chapter Summary 

This chapter begins with a review of the main conclusions presented in this thesis. The 

contributions to knowledge are then identified and discussed and the chapter concludes with 

possible future work.   

7.2 Conclusions 

Each chapter of this thesis has contributed to the learning in the research field of Principles 

of Access (PoA) in Active Network Management (ANM) systems, and provided discussion on 

the topic of PoA and whether there are more suitable alternatives to the LIFO approach.  

Renewable Energy Grid Integration Issues 

The literature review highlighted the issues, described below, concerning network owners, 

operators and generation developers. There are three sets of issues which can result in delays 

to the connection of renewable generators: 

 Network issues which focus on local issues such as lack of capacity on the network 

to enable new connections, and also control of voltage and reactive power levels on 

the network.  

 System issues which can include security of supply, back up reserve and system 

balancing. Systems which are overloaded with new generation may have difficulty in 

balancing generation and demand.  

 Market issues such as subsidies, compensation for curtailment, use of system 

charging and electricity pricing. 
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These issues have been dealt with at transmission level by fast-tracking renewable 

connections ahead of transmission upgrades and paying compensation to generators when 

they are not able to export energy to the transmission network as a result of network 

constraints. The issues are also prevalent at distribution level however the method of 

management of constraints is different from that at transmission. The introduction of ANM 

schemes at distribution level has allowed distribution networks to operate in a manner 

similar to transmission networks – with active management of power flow and voltage levels. 

Current knowledge of renewable grid integration issues shows that network constraints are 

a real issue, with fewer options being promoted in distribution networks but with ANM being 

identified as a highly promising development. Utilising ANM schemes, the distribution 

network owner can now offer reduced cost connections to renewable generators in 

exchange for reduction in output during times when the network is at capacity.  

Conclusions from the review of Principles of Access 

PoA are used to define the rules and relationships between the generation, demand and 

network constraints. They define the order in which generation will be curtailed. The 

literature review has presented a number of PoA which have been utilised in ANM schemes 

in the UK, and others which have not yet been utilised but which have the potential for 

further study. PoA for distribution level has been discussed in the literature, but not to any 

significant detail. The majority of examples come from transmission level. 

To better assess PoA, methods were split into two categories; market and non-market PoA. 

Non-market PoA were defined as those which have rules defined by the DNO and which do 

not grant compensation to generators during each curtailment event. Market arrangements 

can be defined as those which have compensation arrangements defined by the DNOs, and 

which require the creation of a curtailment market at distribution level in order to determine 

the order of curtailment for generators on the network.  

Further assessment of curtailment market design was undertaken in order to better 

understand the implications of market PoA and to determine the way in which a market PoA 

might operate at distribution level. In order to critically assess the PoA, an assessment criteria 

was used to score each of the PoA. The highest scoring PoA when qualitatively assessed 

against the criteria were selected for further study and are:  

• Non-market PoA 
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o Last In First Off 

o Pro Rata 

o Rota 

• Market PoA 

o Market with pay-as-bid compensation mechanism 

o Market with system price compensation mechanism 

o Market with a fixed price compensation mechanism 

The review of PoA shows that this is an important area of network access arrangements in 

distribution networks and a key enabler for ANM. The literature yielded various options for 

PoA and these are used as the starting point for the research presented in this thesis. 

The Optimal Power Flow modelling approach 

The OPF approach to quantitatively asses PoA presented in Chapter Four demonstrates a 

method of applying curtailment scenarios to network case studies while ensuring safe and 

secure network operation is maintained during curtailment of generation.  

This method can be used to apply PoA to both non-market and market arrangements. To 

apply non-market principles of access, the cost function of the non-firm generator is set 

relative to the other firm and non-firm generators and a curtailment order is created. For 

example, the most expensive generator will be curtailed first. The key parameter is the cost 

gradient of each generation unit, as it is the rate of change which determines the curtailment 

order via the OPF solver. When a share of curtailment is required, e.g. under a Pro Rata PoA, 

additional constraint equations can be applied to the OPF to ensure the correct curtailment 

agenda is adhered to. 

While there are simplifications applied to the market modelling which does not necessarily 

capture all of the behavioural effects which might impact upon market bidding procedures, 

the curtailment of the generators is applied using the same OPF method and therefore 

capacity factors and network losses can be compared directly. 

Sensitivity studies presented in Chapter Four and Chapter Five highlight the impact of 

network losses on the curtailment of generation. When the costs of all generators are set 

equal, i.e. they have the same priority in the curtailment stack, the OPF will curtail the 

generator which will minimise the losses on the network. Based on the results presented in 

this thesis, it has been concluded that the OPF solver will select the generators located 
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furthest away from the constraint, to clear the constraint. In this particular example, these 

generators also have the largest capacity when compared with the other generators and so 

it is assumed by reducing their output, the losses on the network are significantly reduced 

without having to request curtailment from the other generators. 

Comparison of market and non-market Principles of Access 

The simple case study results presented in Chapter Four demonstrate some of the key 

characteristics of the PoA proposed in this thesis: 

 A LIFO PoA results in relatively low capacity factors for the last generator connected 

to the network 

 Pro Rata and Rota arrangements provide a fairer, more balanced range of capacity 

factors across all of the non-firm generators 

 Market arrangements demonstrate that costs of curtailment could be lowered if a 

market for curtailment were introduced, based on indicative costs for non-market 

arrangements which provides an indication of lost revenue 

Key results from the base case are presented in Table 7-1.  

Table 7-1 Capacity factor results from the base case model studied in Chapter Four 

 LIFO Pro Rata Rota PAB CMCP 

Gen A 0.59 0.42 0.5 0.59 0.59 

Gen B 0.59 0.42 0.45 0.18 0.18 

Gen C 0.47 0.42 0.36 0.59 0.59 

Gen D 0.18 0.42 0.33 0.59 0.59 

Gen E 0.11 0.42 0.41 0.59 0.59 

Avg. 0.39 0.42 0.41 0.51 0.51 

 

Using different network topologies has allowed these characteristics to be compared 

thoroughly and a validation of the model using spreadsheet calculations grants confidence in 

the model for use in more complex network topologies.  

The Orkney Case Study results presented in Chapter Five focus on the impact of PoA in a real 

network case study, and the first serious deployment of ANM in the UK. This study has 

highlighted the impact of curtailment arrangement on network losses and therefore overall 
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required curtailment. While the capacity factors and losses are particular to this network 

study, the key results will apply to any network utilising PoA. The key results from the study 

of non-market arrangements are as follows:  

 Applying a LIFO arrangement will result in smaller capacity factors for those 

generators at the bottom of the priority stack when compared with arrangements 

such as Pro Rata and Rota. For example, the last generator in the stack has a 

minimum capacity factor of 0.33 compared with a minimum of 0.44 under a Pro Rata 

arrangement, or 0.43 under a Rota arrangement.  

 The losses on the network are linked to the size and location of generation in relation 

to the constraint. Neither LIFO, Pro Rata nor Rota arrangements can guarantee the 

minimisation of losses on the network. The LIFO PoA results in a 2 GWh increase in 

annual system losses when compared with the Technical Best arrangement.  

 A Rota arrangement can give a balance of curtailment across a long time period e.g. 

upwards of a year, however this will depend on the levels of constraint on the 

network and the frequency of rotation. The capacity factors experience under a Rota 

PoA range of 0.43 to 0.46 which compares to a LIFO range of 0.33 to 0.51. 

 A Pro Rata arrangement ensures a fair share of the curtailment across all generation 

connected to the network. All generators have a capacity factor of 0.44. The Pro Rata 

arrangement leads to a higher minimum capacity factor when compared with LIFO, 

leading to the conclusions that the DNO could connect more generation under a Pro 

Rata arrangement than under a LIFO arrangement while ensuring an economically 

viable capacity factor.   

Comparison of market arrangements has provided an initial study of distribution network 

markets. The simple method proposed in this thesis gives an indication of behaviours and 

expected outcomes. The key results are as follows: 

 When basing bids on assumed lost revenue, smaller generators are entitled to more 

FIT subsidies and will initially place higher bids when compared with larger 

generators. Wind generators less than 1.5 MW are entitled to £107/MWh, wind 

generators between 1.5 MW and 5 MW only receive £50.5/MWh based on 2012 

prices. 
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 When basing bids on assumed lost revenue, the bidding behaviour will be divided 

into groups based on the level of subsidies each generation size is entitled to. 

Depending on size these groups may be distinctly separate.  

 The Curtailment Market Clearing Price (CMCP) arrangement will result in higher 

overall costs of curtailment in networks where many generators are required to clear 

the constraint, perhaps during highly constrained periods – as the highest bid price 

will then be paid to all generation. This is classical market behaviour of abnormal 

prices in a short market. This could guide investment decisions to resolve such high 

costs.  

 The design of the market PoA are fairly standard and are based on examples from 

the literature. The Pay-as-bid (PAB) market model is used in the GB electricity market 

currently and the Curtailment Market Clearing Price (CMCP) model is also used in the 

GB electricity market to determine the system buy and sell price as part of the 

balancing mechanism.  

 The methods used to model bid behaviour are simple logic commands. More in depth 

methods such as Agent Based Modelling or Swarm Optimization may provide an 

additional level of insight in to the behaviour of generators bidding in to curtailment 

markets.  

The sensitivity studies presented in Chapter Four and Chapter Five provide conclusions on 

alternative network configurations, curtailment stack configurations and market 

manipulation. The key conclusions from the sensitivity studies are as follows: 

 The sensitivity studies performed on the case studies have demonstrated the 

importance of generation mix, both in terms of technology and capacity. For the LIFO 

arrangement, larger generators at the bottom of the priority stack will result in fewer 

generators being affected by curtailment. This opens up a possible opportunity for 

larger generators being signed up for ANM in order to reduce the complexity and 

scale of the ANM system however this may only be feasible when there are suitable 

compensation mechanisms in place. In the technical best arrangement the 

generators further away from the constraint are used to solve the network 

constraints due to losses sensitivity. Similarly under a market PoA, the larger 

generators are used to clear the constraints due to low bid prices. In this particular 

case study, the generators located furthest from the constraint are also the largest 
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generators. Both PoA results in a reduction in system losses. This result supports the 

conclusion that a market scenario could provide a more efficient network operation 

when compared with a LIFO arrangement. This would depend on the particular 

network topology and generation mix and technology in question. 

 In the market studies, when more generators are added to the generation mix, the 

costs and system prices are affected due to the change in bid groups i.e. swapping a 

large generator with a low pre-curtailment cost for multiple small generators with 

higher pre-curtailment costs. A curtailment market with a large number of small 

generators would results in a high price curtailment market based on the cost 

methodology used in this thesis. This result suggests that DNOs would not be willing 

to facilitate a market on a network with multiple small generators. The cost of 

curtailment would be high, and it may also be an unattractive option for smaller 

generators who do not have the experience or capability to participate in a market 

environment.   

 Changing pre-curtailment profit levels does not have a significant impact on the 

curtailment behaviour of the market PoA due to the cost methodology used i.e. all 

generators have the same pre-curtailment profit levels, with the only variation being 

the FIT or ROC subsidy level each generator is entitled to. By applying 5-10% 

increases and decreases to the FIT or ROC subsidy level there is little impact on the 

curtailment behaviour because the bid levels do not vary significantly. Should other 

parts of the cost calculation vary in addition to varying the FIT or ROC subsidy 

payment, then a wider range of results may be achieved. This could also be 

influenced by a more diverse mix of generation which would almost certainly result 

in a wider range of pre-curtailment profit levels.  

 The effect of changing the bid step change (from a set value of 0 or 5, to a random 

value between 0 and 10) does not have a significant impact on the curtailment 

behaviour over a period of time.  

 When gaming occurs in the market i.e. one or more generators submit bids much 

higher than the assumed pre-curtailment profit level, this has an impact on total 

system costs and in particular, when there are instances of high curtailment and all 

generation is required to curtail. This affect is seen more significantly in the CMCP 

market model with larger spikes for the system price. Game theory is a major 

consideration for any market participant and this could result in adverse outcomes 
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for smaller generators if they do not anticipate all market bid strategies, or have the 

ability to learn and adapt bid techniques over time.  

The results of the modelling provide evidence to support alternative PoA to the LIFO 

arrangement which has been the arrangement selected by the majority of DNOs to date. 

Definitively there are other more attractive alternatives to LIFO on the basis of improved 

average capacity factors for generators connected to ANM system, and in terms of system 

efficiency and losses minimisation.  

Pro Rata and Rota arrangements present an option to allow increased capacity factors for 

those generators who might experience unattractive low capacity factors under a LIFO 

arrangement. The market arrangements present an option for distribution curtailment in the 

future. While the establishment of any such market at distribution level would be a lengthy 

process that would not only require changes to the grid and distribution codes but also time 

and supporting infrastructure investment from the DNO. The market arrangement may 

reflect a more accurate description of curtailment and ANM schemes in the future as the 

growth of ANM at distribution system operation starts to impact on transmission system 

balancing. Fixed price compensation would be a suitable stepping stone between non-market 

arrangements such as LIFO, towards a full curtailment market at distribution level and this 

fixed price could be in some way linked to system prices at Transmission level in a bid to link 

distribution better to transmission. 

Business As Usual application of Principles of Access in Active Network Management 

Schemes.  

As DNOs move towards BaU for ANM schemes, there is a need to determine how network 

owners and operators will recover costs associated with ANM schemes. There are a number 

of different ways in which network operators could recover costs and a qualitative analysis 

of the options led to the development of the business models presented in Figure 6-8 and 

Figure 6-10. These models provide a visual demonstration of the flow of goods and services 

between stakeholders involved in an ANM scheme. The cost recovery methodology is based 

on the current method of recovering traditional network reinforcement i.e. via Use of System 

charging.  

The development of new BAU cases will depend on a number of factors, including regulation 

changes, distribution code changes, market configurations, etc. The more changes required 
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by any proposed business model, then the more difficult it may be to implement these within 

a reasonable time frame.  

For centralised ANM equipment e.g. the central controller, there are uncertainties as to how 

the cost of such large, shared equipment will be recovered. The method for recovering costs 

of ANM proposed in this thesis is to recover the cost of shared ANM equipment through Use 

of System charging. This would require initial upfront investment from the DNO, and charges 

recovered through the standard Use of System charging methodologies as is current practice 

for standard reinforcement costs.  

Curtailment of wind generation will result in a reduced profit for the wind farm owners from 

ROCs or FITs – however this could be compensated through use of a market curtailment 

scheme. Depending on the size of market participants, and number of competitors, the level 

of compensation will vary. It is unknown if this will be higher or lower than ROC/FIT levels. A 

fixed price of compensation could be agreed in advance of the curtailment actions which 

would give developers a method of estimating the impact on income. 

Overall Conclusions 

Based on current UK distribution network activity, ANM is growing in importance. Different 

technologies have been trialled and are now beginning to be rolled out and international 

interest in ANM schemes is increasing. Commercial issues have always been evident in the 

field of Smart Grids but are now growing in interest and importance in parallel with 

technological advances. PoA have material implications for generator viability, network 

investment and charging, and overall system economic efficiency. This work has pointed the 

way towards adopting alternative PoA to the common LIFO method. Adoption of alternative 

PoA during network innovation trials will increase the knowledge and learning available to 

distribution network owners and operators. There is potential to increase the volume of 

generation which can connect to a network and still have a feasible return on investment by 

adopting alternative PoA.  

The results of the case studies show that using alternatives to a LIFO arrangement can result 

in an increase of capacity factor for wind generation under non-firm arrangements when 

connected to an ANM scheme. A Pro Rata or Rota arrangement can give a balance of 

curtailment between all generators connected to the ANM scheme however neither LIFO, 

Pro Rata nor Rota PoA can guarantee the minimisation of losses on the network.  
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Market arrangements grant more control to the generator with regards to when and how 

much they are curtailed by and compensation is paid thus reducing the loss of income. When 

basing compensation on lost revenue, smaller generators will place higher bids when 

compared with larger generators. This will also result in groups of bids determined by 

generator size. The CMCP arrangement results in high overall costs of curtailment due to high 

system prices during periods of high curtailment on the network.  

Non-market arrangements are better suited for application under current network codes and 

standards, however market arrangements may be better suited to future network scenarios. 

Fixed price compensation would be a suitable stepping stone between the two in a bid to 

better link transmission and distribution system operation better.  

The electricity system and market are both going through a period of change. The last five 

years have resulted in a large amount of innovation and new methods of system operation 

and commercial arrangements have been developed. However, the transfer from innovation 

to BaU is still to take place. This applies both to the network operators and to the regulatory 

framework. The next twenty years will involve a fundamental shift in the way network 

owners and operators run the system and it will move further away from the tradition passive 

model, in to a more integrated and active system. This will require the regulator to change 

and adapt accordingly in order to ensure that this process is incentivised in the right manner 

and to continue to encourage network owners and operators to manage the system in the 

best fashion while ensuring value for money for energy consumers.  

7.3  Contributions to Knowledge 

The conclusions presented in the previous section highlight the way in which this thesis has 

attempted to answer the research question “Are there suitable alternatives to LIFO for non-

firm wind generators connected to Active Network Management schemes?” The following 

statements provide details on the contributions to knowledge made in this research area 

throughout this thesis.   

Provide further definition of PoA 

Chapter Two provides an extensive background review of the motivation behind the growth 

of ANM schemes in the UK, the GB Electricity Market and Regulation within which DNOs must 

create and manage ANM schemes. This work identifies the key issues associated with the 
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implementation of PoA, which are similar to the general network access issues applicable to 

all generators operating at both distribution and transmission level.  

Provide a qualitative assessment of PoA based on PoA models in the literature 

In Chapter Three, an extensive review of PoA is provided. A selection criterion is used to 

compare different PoA and discuss the advantages and disadvantages of each. These criteria 

have been used in previous reviews of existing regulation and network codes and is therefore 

appropriate to apply this to the assessment of PoA.  This qualitative discussion identifies six 

PoA for further quantitative analysis, and the chapter provides a reference point for future 

studies and discussions regarding PoA.  

Provide a quantitative analysis of PoA based on wind power capacity factors under 

curtailment action 

A quantitative assessment of both market and non-market PoA is presented in Chapters Four 

and Five. The OPF method is first defined in Chapter Four. Generator cost functions are used 

to apply the curtailment order, additional constraint equations can be added as required and 

the method can also be adapted to apply market PoA through the application of simple logic 

controls to change the generator cost functions,  and therefore curtailment order.  Key 

aspects of different PoA are first demonstrated on a simple four bus network example. This 

then follows on to a more complex, real life network example based on the Orkney 

distribution network. A number of sensitivity studies are carried out to explore different 

factors which affect the outcome on capacity factors of different PoA. The novel contribution 

is the use of an OPF method to quantitatively assess both market and non-market PoA. The 

results include a comparison of the impact on curtailment, as well as the cost of curtailment 

under all six PoA proposed in this thesis.  This provides valuable reference material for future 

PoA studies and ANM scheme developments.  

Assessment of the potential for a curtailment market at distribution level 

Currently in the UK, non-market PoA have been adopted. This thesis presents a discussion on 

the move of distribution networks towards market curtailment scenarios in the future. This 

discussion is presented across a number of chapters. The design of curtailment markets is 

discussed in Chapter Three, the impacts of Market PoA are modelling in Chapters Four and 

Five using an OPF methodology, and the business model of a market PoA is presented in 

Chapter Six. This thesis provides a valuable starting point in to the research area of 
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curtailment markets at generation level. This is an area of research which is expected to 

become more prevalent as the number of ANM schemes, and therefore the capacity of 

generation connection at distribution levels, increases and begins to impact on wider 

transmission system balancing.   

Assess ANM Business As Usual implications for DNOs  

DNOs are beginning to offer non-firm connections alongside standard firm connections. This 

will require a change to DNOs BaU operations. This work proposes that DNOs might recover 

the costs of ANM schemes through the use of system charging methodologies that are 

currently used to recover the cost of traditional reinforcements. A visual aid to demonstrate 

the benefits and to illustrate the flows of goods and services within an ANM scheme is 

presented. This method can be used to demonstrate a number of alternative cost models for 

ANM schemes in the future.  

7.4 Further Work 

The main objective of this work was to explore alternative PoA in ANM schemes than those 

currently being utilised by DNOs. Whilst this thesis has demonstrated a number of alternative 

PoA, and compared the impact of each of these PoA on the curtailment of wind generation, 

there are several strands of further work which could be undertaken to better understand 

PoA and their implications.  

Different ways to assess market based PoA 

The market based PoA presented in this thesis were assessed using an OPF method, however 

a more detailed analysis of a curtailment market using agent based modelling or similar, 

would present further results on the behaviour of market participants and the effect a 

number of external factors may have on the bids and offers of generators. In relation to this, 

a more detailed analysis of curtailment market design could be carried out. 

Exploration of PoA and voltage constraints 

This work has focused on the curtailment of wind generation based on thermal constraints, 

but voltage constraints have equal bearing in terms of importance and concern for network 

operators. This will be particularly relevant in network areas with high volumes of PV 

generation connected to the network. Voltage constraints are more complex and further 
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thinking is required in terms of how to apply curtailment rules to generation in networks with 

single or multiple voltage constraints.  

Optimal ANM configurations based on technical/PoA considerations 

Further work could be done to determine a framework for designing the optimal ANM 

configuration and PoA for a particular network, based on certain characteristics. Factors 

which this work has shown to influence PoA performance includes generation mix, 

generation capacity, network topology and compensation levels. By developing decision 

making techniques and processes, this research would enable DNOs to consider all the 

factors which were particular to their network, and select the optimal ANM configuration 

and the PoA which would meet their desired aims. This could be to minimise network losses, 

to connect as much renewable generation as possible or to ensure a particular capacity factor 

for all non-firm generation.  

The wider impact of ANM on transmission operation 

The wider impact of ANM is discussed briefly in Chapter Six, however further studies could 

be presented on the impact of ANM growth on transmission behaviour. The growth of 

distributed connection generation is inevitable given the current market support, it would 

therefore be an important research area to consider how balancing at distribution level may 

in future, impact on the balancing actions at transmission level. This could lead to 

development of new ANM techniques and solutions, in addition to further study of PoA. 

Investment strategy 

As ANM becomes a standard option for DNOs, a further study in to the investment cost 

strategy would provide significant contribution to the research field. While the costs of 

traditional reinforcements are widely available, the costs of ANM systems are at present, tied 

up within incentive funding mechanisms. Standardisation of ANM systems will lead to fixed 

costs which can then be directly compared with traditional reinforcement costs. A 

methodology can then be developed to inform when DNOs should make the investment in 

traditional network assets, and when an ANM system would provide a suitable stop-gap to 

future reinforcements.  

Implications for PoA/ANM for non-wind renewables and non-renewable generation 
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This work has focused on the implications of alternative PoA on the capacity factor of wind 

generation. This is due to the high volume of wind connection to ANM schemes in the UK. 

However, there is value to be gained from addressing the impact of different PoA on the 

curtailment of other renewable generation, and non-renewable generation. The introduction 

in this thesis of a market PoA would allow non-renewable generation to feasibly participate 

in a curtailment scheme due to the compensation for reduced output during times of 

constraint. This type of study would also highlight the impact of ANM operation when there 

is a diverse mix of generation as opposed to a single dominant energy resource i.e. all wind 

or all PV.  

PoA applied to storage or demand response.  

There is currently a growth in the number of storage devices connected to ANM schemes in 

the UK. The use of battery and demand response is ideally suited to networks with a high 

percentage of intermittent generation. There storage devices and demand response could 

be contractually linked to other generators in the system and when said generator was 

curtailed, they could utilise the storage devices to prevent spilled energy. Alternatively, new 

PoA could be developed and applied to storage devices separately on the network. This could 

be expanded to look at the implications of whether a storage device is better utilised as a 

network asset to relieve constraints, or whether it is better connected to the network under 

a contract similar to the other non-firm generation on the system.  
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