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DEFINITIONS, ACRONYMS AND ABBREVIATIONS 
 
Term Definition 
ANM Active Network Management 
CAPEX Capital Expenditure (expressed in real terms based on the value in 2014) 
CHP Combined Heat and Power 
CIGRE Conseil International des Grands Réseaux Électriques or the International Council on 

Large Electric Systems. CIGRE is an international non-profit Association for promoting 
collaboration with experts from all around the world by sharing knowledge and joining 
forces to improve electric power systems of today and tomorrow. Detailed information 
can be found at www.cigre.org 

DG Distributed Generation 
DNO Distribution Network Operator 
DLR Dynamic Line Rating 
FPP Flexible Plug and Play 
GB Great Britain 
IEEE Institute of Electrical and Electronics Engineers is the world's largest professional 

association dedicated to advancing technological innovation and excellence for the 
benefit of humanity. Detailed information can be found at www.ieee.org 

LCNF Low Carbon Network Fund 
LIFO Last In First Out is one of the methods to curtail DG customers based on their 

commercial arrangement. 
LWR Least Worst Regret  
OHL Over Head Line 
OPF Optimal Power Flow 
Solar PV Photovoltaics 
SIM Strategic Investment Model 
Smart grid A modernised electrical grid that has been optimised using advanced computing, 

information and communication technologies to improve the economic efficiency, and 
reliability of the production and distribution of electricity  

Smart devices 
or smart grid 
technologies 

Quadrature-boosters, DLR technology, novel protection relays, intelligent tap changer 
relays for voltage control, and generator controllers for power output and voltage 

Smart 
applications 

The ANM applications of smart grid technologies on a distribution network.  

Smart/novel 
commercial 
arrangements 

Novel commercial approaches that set commercial incentives for DG (and demand 
customers) to participate in network constraint management. This includes network 
access arrangements and control arrangement of the generation output by the 
network operator. 

UK United Kingdom 
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EXECUTIVE SUMMARY 

Flexible Plug and Play (FPP) is a Second Tier Low Carbon Network Fund (LCNF) project to demonstrate 
faster and cheaper integration of distributed generation (DG), such as wind power or solar, into the 
electricity distribution network by trialling new technologies and novel commercial solutions. The 
increased penetration of DG being experienced due to the demand for low carbon generation often 
triggers network reinforcement. Instead of reinforcing the network using only traditional network solutions, 
the FPP project explored new smart technologies and control techniques that provide flexibility and 
release latent network capacity that has not been historically accessible, all without the need for network 
reinforcement. In order to support this project, the Strategic Investment Model (SIM), a novel desktop 
network planning tool, was developed by Imperial College London to analyse the benefits of smart 
technologies and smart commercial arrangements that were trialled and demonstrated in the project. The 
SIM supplements and automates traditional network planning practices based on load flow analysis, and 
for the first time, provides the capability of optimising and coordinating a portfolio of smart and traditional 
investment decisions across multi-year time horizon. The investment decisions are optimised 
simultaneously with optimising operational decisions related to the settings of smart devices (such as tap 
settings, real and reactive power output of generators) within equipment settings limits, network thermal 
limits and voltage constraints at the same time.  

This report describes the simulation approaches used in the SIM, its applications in optimising smart grid 
technology investment options and analysing the costs and benefits of alternative distribution network 
planning strategic decisions investigated by the FPP project. The studies, carried out on the 33 kV 
distribution network in the FPP trial area covering 700 km2 between Peterborough and March in the east 
of England, focus on a spectrum of applications of smart grid technologies including Dynamic Line Rating 
(DLR), a Quadrature-booster, novel protection relays, smart generator controllers, Active Network 
Management (ANM) – which acts as the ‘supervisor’ of the smart devices and generator controllers – and 
smart commercial arrangements in order to improve the economic and technical efficiency of DG 
integration into the UK Power Networks’ distribution network. The analysis carried out using the SIM 
demonstrates its unique capability to: 

a. Determine the optimal portfolio and location for implementing smart grid technologies within 
the FPP trial area, which can be extended to any part of the distribution network where FPP 
technologies are being considered; 

b. Evaluate the costs and benefits of alternative distribution network planning strategies 
considering both smart technologies and traditional network reinforcement, over multi-year 
time horizons and considering the uncertainty in future system development (e.g. uncertainty 
in the growth of DG); and 

c. Inform optimal operating strategies and investment policies.   

 

KEY LEARNING POINTS 

In the course of the FPP project the SIM was developed and then comprehensively tested, validated and 
applied in a spectrum of cases and future development scenarios, which generated a number of key 
learning points related to: 

• Capabilities of the SIM. The SIM was found to be an effective tool for addressing increasing 
complexity of future distribution network planning with smart technologies and novel commercial 
arrangements.  
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• Quantifying benefits of FPP solutions. The SIM was used to determine the smart grid investment 
decisions for a number of use cases in this project, and were found to be in line with those 
proposed in the use cases, formally demonstrating the cost-effectiveness of adopted FPP 
solutions. The results of the studies also demonstrate the superior carbon emissions and cost 
performance of the FPP solutions. 

• Strategic versus incremental distribution network planning. The studies undertaken demonstrate 
that the decisions taken using the incremental approach may be sub-optimal in the future system 
and the cost of these sub-optimal decisions tend to exceed the short-term benefits. Conversely, 
the strategic investment approach ensures that any investment or operating decisions taken will 
also be suitable in the future and therefore the overall long-term cost is minimised. 

• Network planning under uncertainty. The results of simulation studies show that having solutions 
that provide enhanced flexibility to deal with uncertainty in future system requirements may be 
justifiable even if the initial cost is higher. The results of the studies also demonstrate that the 
FPP investment in smart grid technologies is justified across all future development scenarios. 

• Network control to minimise network losses.  The settings of the smart devices are optimised by 
the SIM to minimise network losses while simultaneously increasing the network capacity 
headroom. 

• Optimisation of reactive compensation. The investment in reactive compensation is carried out in 
coordinated manner with the optimisation of tap changer set-points, active and reactive power 
output from DG and other investment decisions.  

• Minimising cost of DG connection The set of studies carried out demonstrate that the SIM 
determines the least cost connection point, including both shallow and deep connection costs, 
while considering all relevant factors including DG rating and technology, type of network 
access, characteristics of the system constraints at the candidate connection points, deep 
network reinforcement costs and the expected future changes in the system, e.g. DG and/or 
load growth. 

These are discussed in further detail below. 

Capabilities of the SIM 

The SIM was applied on the FPP trial area network to:  

a. Identify and quantify network constraints caused by DG connections in various future 
development scenarios; 

b. Develop alternative strategies, including consideration of smart technology investment 
portfolios, optimal operation practices and commercial arrangements, fully exploiting the 
flexibility and capability of the smart grid technologies and smart commercial arrangements 
used in the FPP project; 

c. Quantify the economic and carbon costs and benefits associated with various strategies 
combining the application of FPP smart grid technologies with or without network 
reinforcements; 

d. Analyse the strengths and weaknesses of individual network operation and planning 
strategies to facilitate identification of the most cost effective solutions for renewable 
generation connections; 
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e. Identify the optimal timing for future network reinforcements, including location, type and 
volume of different FPP smart grid technologies; 

f. Assess the cost performance differences between the incremental and strategic investment 
approaches. The former focuses on the short-term objectives while the latter ensures the 
long-term least cost development of the system, subject to increased uncertainty due to 
longer planning time horizon. An example of the SIM application in conducting risk analysis 
using the Least Worst Regret (LWR) approach is also presented and discussed in this report.   

Quantifying benefits of FPP solutions 

The SIM was used to determine the smart grid investment decisions for a number of use cases in this 
project, for example: the application of Quadrature-booster at Wissington, DLR along Peterborough 
Central Farcet 33 kV line, the application of advanced protection to enhance the reverse power flow 
capability at March Grid substation and the ANM application in combination with smart commercial 
arrangements. In each case the investment proposition by the SIM is in line with the one proposed in the 
use cases and therefore formally demonstrates the cost-effectiveness of adopted FPP solutions.  

The SIM was also used to evaluate the costs of different investment strategies as follows: 

Strategy 1. Traditional network reinforcement 

Strategy 2. Connect and Manage1 

Strategy 3. Smart grid with firm DG access 

Strategy 4. Smart grid with smart commercial arrangements (FPP solution) 

Strategy 5. Combination of smart grid, traditional, and smart commercial arrangements 

In terms of CAPEX, the FPP solution (strategy number 4) saves £3.35 million in comparison with the cost 
of traditional network solution. In this case, strategies 4 and 5 produce the same results as there is no 
need for traditional network reinforcements. In the more general case the combination of smart and 
traditional network solutions tends to produce the least cost solution. 

In this case, smart grid technologies and non-firm network access for DG provide more cost effective 
solutions when compared to traditional network reinforcement. As the FPP network area is dominated by 
DG connections with low capacity factors (i.e. renewable generators), leading to low levels of network 
utilisation (approximately 30%), this creates the opportunity to manage the output of DG via suitable 
commercial arrangements and ANM technology which reduces the need for network reinforcement. The 
analysis carried out demonstrates that the use of smart grid technologies such as a Quadrature-booster, 
DLR, and ANM which allows control of DG with non-firm access can provide lower cost solutions when 
compared to traditional network reinforcement, as further explained in detail in SDRC 9.72. For example, 
DLR and active control of DG output were proposed quite often in the studies. This indicates the potential 
of deploying DLR technology in distribution areas with considerable wind cooling effect. DLR is very 
suitable to upgrade the system with high wind penetration but less effective if the output of dominated DG 
technologies has low correlation with wind. In the context of controlling the output of DG actively, the 
potential lost revenue seen by the generator customers due to the curtailment of their generation output 
will be an important factor. The higher the lost revenue from DG curtailment, this type of solution 

1 “Connect and Manage” is the standard method of connection for transmission connected generators and is not a 
process which is currently available to distribution networks. 

2 FPP SDRC 9.7 Quicker and more cost effective connections of renewable generation to the distribution network 
using a flexible approach.  
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becomes less attractive.  With respect to Quadrature-booster, the FPP project was the global first to 
design and install one in the distribution network and current costs for their procurement are relatively 
high as they have not yet achieved the advantage of economies of scale. However, their application in 
suitable locations is effective and can release headroom in constrained circuits as demonstrated in both 
the SIM and the trial. 

The results of the studies also demonstrate the superior carbon emissions and cost performance of the 
FPP solution. For example, with the traditional network solution, the emissions are 12,730 tCO2 and the 
cost is £1.54 million. With the FPP solution, the emissions increase slightly to 12,876 tCO2 while the cost 
drops significantly to £0.54 million. It can be concluded that the carbon dioxide emissions benefits of the 
FPP solution, based on applying novel technical and commercial solutions, are nearly equal to those 
associated with traditional solutions that provide fully firm access to DG (no DG curtailment), but this is 
achieved at very significantly lower costs. This clearly demonstrates the superiority of the FPP paradigm 
over traditional network design and operation approaches. 

Strategic versus incremental distribution network planning 

The SIM has also been employed to analyse the cost performance difference between two investment 
approaches: 

a. Incremental investment approach and  
b. Strategic investment approach.  

The strategic investment approach ensures the least cost development of the system in the long term 
while the incremental investment approach minimises the short-term cost but may lead to higher long-
term cost as the short-term decisions may be sub-optimal. The studies demonstrate that the decisions 
taken using the first approach may be sub-optimal in the future system and the cost of these sub-optimal 
decisions tend to exceed the short-term benefits. Conversely, the strategic investment approach ensures 
that any investment or operating decisions taken will also be suitable in the future and therefore the 
overall long-term cost is minimised. For example, in order to plan the FPP area with the high DG growth 
scenario between 2014 and 2023, the total cost of the solution proposed by the incremental investment 
approach is £5.3 million while the cost of the strategic investment based solution is £5 million3. 

The incremental investment approach suffers from the lack of coordination with future investment 
decisions due to its short-term investment focus and may result in sub-optimal decisions by not utilising 
the economies of scale opportunities. The incremental approach selects the minimum cost reinforcement 
to meet the short-term requirement; but this increases the risk that the same part of the network may 
need to be reinforced again in the future which would consequently increase the capital expenditure 
overall.  

The strategic investment approach strikes the balance between the use of smart technologies and 
traditional network investment to reduce the level of DG curtailment, losses and emissions. Although 
smart grid technologies can defer traditional network reinforcement, the use of smart technologies may 
not always be the optimal first investment option. In some cases, it may be more economically efficient to 
anticipate the future needs by strategically reinforcing the network. The strategic investment approach 
also optimises the balance between having the benefits from the economies of scale and depreciation 
cost of the assets in order to maximise the net benefits. The “anticipatory” investment can be justified if 
the net benefit is positive, i.e. the benefit is greater than the cost. Considering the increased uncertainty 
with longer planning time horizon, it is appropriate to assess risks involved with alternative investment 
propositions. This clearly demonstrates that the most appropriate approach to future network planning is 

3 Details provided in Table 18, section 5.5.2, page 62. 
 
 

Page 9 of 97 

                                                      



Strategic Investment Model for  
Future Distribution Network Planning 
 

to consider simultaneously both smart and traditional network reinforcement.  Relying only on smart grid 
technologies and ANM in the short term may not be the most cost effective in all situations since the 
network may need to be reinforced in near future. Similarly, curtailing DG output may not be cost effective 
if it is required for long periods of time and there may be a limit to enhancing the utilisation of the existing 
capacity by using smart grid technologies. The results of the analysis demonstrate that best practice is to 
allow all investment options including both smart technologies and the traditional network reinforcement 
to be considered, so that the overall cost across the multi-year time horizon is minimised. This can be 
challenging under current regulation which requires that DNOs offer the ‘minimum cost’ scheme to the 
customers unless strategic investment that will lead to more sustainably and economically efficient 
network while maintaining appropriate levels of security of supply has been explicitly agreed with the 
regulator. 

Network planning under uncertainty  

The application of the SIM in assessing the appropriateness of alternative network investment 
propositions in the context of uncertainty in future development has also been demonstrated. The SIM 
enables quantification of the risk which can subsequently be analysed to determine the set of optimal 
network investment decisions. A set of simulation studies using the SIM was carried out and analysed in 
detail to illustrate the application of Least Worst Regret approach in deciding the network investment 
problem on the FPP network area taking into account four distinct projected levels of DG growth that 
drive the demand for network investment in the future. The results show that having solutions that provide 
enhanced flexibility to deal with uncertainty in future system requirements may be justifiable even if the 
initial cost is higher. The cost for enhancing flexibility is justified if it is lower than the regret cost of not 
investing in flexibility. The results of the studies also demonstrate that the FPP investment in smart grid 
technologies is justified across all future development scenarios. Details can be found in Chapter 7. 

Network control to minimise network losses 

The application of smart grid technologies aims at enhancing the utilisation of the existing network assets 
and therefore may lead to increase in network losses but the SIM also optimises the settings of the smart 
devices such as Quadrature-booster to minimise network losses while simultaneously increasing the 
network capacity headroom. If the cost of losses is significant, the SIM would propose operation and 
investment solutions that would reduce network losses. The incremental investment approach tends to 
exploit more the use of smart technologies to defer large-scale investment in order to minimise the short-
term cost. However, this may lead to increased losses.  

Optimisation of reactive compensation  

Beyond the original scope of the FPP project, the SIM was enhanced to optimise the timing, amount and 
location of investment in reactive compensation to enhance the voltage regulation capabilities of the 
network. The investment in reactive compensation and network voltage profile are optimised by 
controlling the settings of tap-changing transformers and reactive compensators in coordination with the 
control of active and reactive power dispatch from DG as well as through network reinforcement. 

Minimising cost of DG connection  

The application of the SIM to determine the least cost connection point for a new DG was demonstrated. 
Connecting a new DG to the nearest network point may not be the least cost solution in the long term as 
it may trigger deeper network reinforcement if the closest connection point is already in the constrained 
part of the network. A set of studies carried out and discussed in this report demonstrate that the SIM 
determines the least cost connection point, including both shallow and deep connection costs, while 
considering all relevant factors including DG rating and technology, type of network access, 
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characteristics of the system constraints at the candidate connection points, deep network reinforcement 
costs and the expected future changes in the system, e.g. DG and/or load growth.  

RECOMMENDATIONS AND FUTURE WORK  

The SIM has enabled a large number of studies to be carried out that provide unique insights regarding 
the value of emerging network technologies and innovative commercial frameworks for DG, and enables 
development of a strategic investment approach and quantification of risk of network planning under 
uncertainty. Specifically, with the SIM, distribution network planners will be able identify optimal operation 
and network planning strategies that will include investment in portfolios of smart and traditional network 
reinforcements which will enable connection of DG at lowest cost, and therefore contribute to the GB 
evolving cost-effectively to a lower carbon future. 

Based on the experiences gained during the course of the FPP project and the results of the simulation 
studies that were carried out, there are five key recommendations that will facilitate the adoption of a 
strategic network planning and operation approach and improve the efficiency of future GB distribution 
network planning and investment. These are summarised as follows: 

1. The studies clearly show that long-term strategic investment approach may be more cost effective in 
comparison to the traditional incremental investment methods. A strategic investment approach and 
the risk analysis presented in this report require pre-defined future DG and load growth scenarios and 
it would be appropriate to establish a process of defining the scenarios that can be used in such 
analyses and support the regulatory business plans of DNOs.  In this context, future growth scenarios 
could be developed through a wide consultation process and supported by the Smart Grid Forum.  

2. The application of SIM based novel strategic network planning approaches covering multi-year 
planning time horizons will require development of an appropriate commercial framework regarding 
the allocation of cost of strategic investments, taking into account costs/risks/benefits to DNOs, 
present and future customers and DG developers. This may require further development of the RIIO 
regulatory framework to consider strategic network investments.   

3. The studies conducted using the SIM demonstrate that smart grid technologies through active network 
control can improve the capacity headroom while at the same time reducing network losses. For 
example, the study showed that the settings of Quadrature-booster can be optimised to reduce the 
flows in the circuit with high resistance and hence reduce network losses. Although optimisation of 
network control devices to reduce network losses was not in the original scope of the FPP project, the 
analysis carried out by the SIM showed that it may be beneficial to further develop smart grid control 
strategies, where appropriate and feasible, that would minimise distribution network losses in addition 
to maximising the network headroom to accommodate DG or load growth.  

4. There would be value in evaluating the benefits of other smart grid technologies that have not been 
applied in this project such as energy storage, meshed operation, and demand side response 
(opposed to demand reduction, demand side response could be used by increasing demand to 
consume DG output generated locally), and enhancing the SIM formulation to explicitly address the 
uncertainty in future development through probabilistic formulations and taking into account aging of 
assets.  
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1 INTRODUCTION 

1.1 OBJECTIVE  

This document describes the network planning tool called the Strategic Investment Model (SIM) which 
was developed by Imperial College London, its functionalities, modelling approaches and assumptions. 
This report demonstrates its key applications to: 

• analyse and evaluate the impact and performance (costs, losses, and carbon dioxide emissions) of 
a range of network investment options including investment in smart grid technologies and 
traditional network reinforcement in combination with smart commercial arrangements and active 
network management; 

• evaluate different investment approaches; and 

• carry out risk analysis and impact assessment of alternative investment or operating policies. 

The results of validating the modelling in the SIM and the results of a set of case studies are presented 
and analysed in this report.  

1.2 SCOPE OF THE REPORT  

This document focuses on the SIM modelling and simulations of the applications of the innovative 
approaches such as Quadrature-boosters, Dynamic Line Rating (DLR), Active Network Management 
(ANM) to control Distributed Generation (DG) output, and advanced protection system to enhance 
reverse power flow capability trialled in the FPP project. A range of simulation studies were carried out 
using the SIM on the FPP trial zone, i.e. the 33 kV UK Power Networks' EPN distribution network 
between Peterborough and March. The scope and objective of the studies were to: 

• Validate the power system modelling in the SIM by comparing the load flow results from the SIM 
with the results from other commercial load flow packages; 

• Validate the modelling of DLR with the data from the trials; 

• Demonstrate various functionalities of the SIM which are to identify network constraints, and to 
develop and evaluate a set of technical and commercial solutions;  

• Demonstrate approaches to prioritise alternative solutions based on costs, emissions, and losses; 

• Evaluate different investment approaches such as the incremental investment approach that 
focuses on minimising the short term cost and the strategic investment approach that coordinates 
investment decisions in long term; 

• Demonstrate the applications of the SIM for DG connection studies and the use of the SIM in 
analysing the risk due to uncertainty in future development; and 

• Demonstrate the application of the SIM in assessing the impact of operating policies; in this 
context, a study is carried out to analyse the impact of capping DLR. 
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2 GENERAL OVERVIEW OF STRATEGIC INVESTMENT MODEL  

2.1 CONTEXT 

The FPP project investigated innovative network planning and operational strategies for distribution 
networks with high penetration of low carbon DG. The innovation focuses on a spectrum of applications 
of smart grid technologies and smart commercial arrangements in order to improve the economic and 
technical efficiency of DG integration into the present UK Power Networks’ distribution network. The 
applications of emerging technologies such as DLR, Quadrature-boosters, novel protection relays, tap 
changer relays for voltage control, and smart generator controllers are investigated and demonstrated in 
the FPP project. Active Network Management acts as the supervising controller over the various smart 
solutions. If the application of the FPP technologies can provide lower connection cost/network charges 
and reduce connection times for DG customers, this will facilitate and stimulate more intensive 
deployment of low carbon DG in the GB and therefore it will contribute to the GB evolving cost-effectively 
to a lower carbon future. 

Among other challenges, the absence of a suitable distribution network planning tool that can model and 
exploit the advantages of smart grid technologies and smart commercial arrangements may be a barrier 
for implementation. Traditional load flow analysis tools are not capable of optimising and coordinating a 
portfolio of investment decisions while optimising operational decisions related to the settings of smart 
devices (such as tap settings, real and reactive power output of generators) within equipment settings 
limits, network thermal limits and voltage constraints at the same time.  

In this context, the development of the SIM aims to bridge the gap and address the need for a novel 
distribution network planning tool with the capability of providing analysis of the benefits of smart 
applications and commercial arrangements that are trialled and demonstrated in the FPP project. 

2.2 OBJECTIVE  

The SIM developed by Imperial College London is a tool for optimising smart grid technology investment 
options and analysing the cost and benefit of alternative distribution network planning strategic decisions 
investigated in the LCNF FPP project.  The SIM developed by this project will inform the future network 
and business plans for UK Power Networks and other DNOs as the model can be employed by planners 
to evaluate and justify decision making in the areas of network reinforcement and utilisation. 

The specific objectives of the SIM are to enable:  

• Identification of network constraints caused by DG connections in various future development 
scenarios and to identify plausible solutions by coordinating and optimising the planning and 
operation of distribution networks; this information is used to develop various solutions exploiting 
the flexibility and capability of smart grid technologies and the use of smart commercial 
arrangements. 

• Quantification of the economic and carbon costs and benefits associated with various smart 
alternatives to network reinforcements; 

• Analysis of strengths and weaknesses of individual alternative solutions and identification of the 
most cost effective solutions for renewable generation connections; and 

• Identification of optimal timing for future network reinforcements. 

To summarise, the SIM may allow DNOs to quantify, for different demand and generation scenarios, the 
integrated value and benefits of different smart technologies, smart commercial arrangements and smart 
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network control. This model may determine, from both economic and carbon perspectives, the optimal 
portfolio of network reinforcements and application of smart network technologies. 

2.3 MODEL FUNCTIONALITIES  

The SIM has the following main functionalities: 

• Optimisation of operating decisions 

o Optimise the settings of smart devices (i.e. Quadrature-boosters, tap changers, reactive 
compensators (reactors/capacitors), power output and voltage control from a DG) in a 
coordinated fashion for real time network constraint management.  

o Consider the following operating limits:   
 Thermal limits without DLR technology: the SIM considers only static seasonal thermal 

limits. In this case, three thermal limits are modelled associated with the thermal limits during 
winter, autumn/spring, and summer. The thermal limits are static across the respective 
season. 

 Thermal limits with DLR technology: the SIM considers changes in thermal limits due to 
weather. The minimum requirement is to consider wind conditions and seasonal changes in 
thermal limits. 

 Operating voltage limits: the SIM considers static operating voltage limits.  
 

• Optimise investment in smart technologies and network capacity across various locations and 
time horizons. This includes optimisation in: 

o Timing, location and capacity of Quadrature-boosters; 
o Timing and location of DLR devices; 
o Timing, location and capacity of reactive compensators; 
o Timing, location and capacity of overhead lines, underground cables and transformers; 
o Timing of the improvement of substation reverse power flow capability by means of an advance 

protection system. 
The optimisation of investment decisions can be carried out for each predefined planning period or 
for multiple periods formulated as a multi-years security constrained Optimal Power Flow (OPF) 
problem. This enables benefits of strategic network investment versus incremental network 
reinforcement approaches to be assessed. The strategic investment approach anticipates the future 
network requirements and maximises the benefits of economies of scale of investment required to 
minimise the overall cost while the incremental investment approach responds only to short-term 
requirements. The latter gives more certainty of the system background but may be less efficient 
since the same part of networks may need to be reinforced again in the future. 
 

• Optimise DG connections across various locations and time horizons within the FPP trial area. 
This is obtained given a set of potential generation connections, assumptions on the type and 
capacity of each generator, the options for point of connection, different scenarios of firmness of 
connection and smart solution options and costs; 

 
• Quantify the total investment and operating costs and carbon performance of the proposed 

solutions. This allows the economic and carbon performance of different investment and operating 
strategies to be studied, compared and ranked according to their merit. 
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2.4 MODEL OUTLINE AND USER INTERFACE  

The SIM consists of 3 main parts: (i) the interface for input, (ii) the interface for the simulation and the 
engine, and (iii) the interface for the output.  The diagram below illustrates various stages of using the 
SIM.  

 
Figure 1 The model outline of the SIM 

The first part is the Microsoft Excel based interface for the users to input all the necessary data as 
follows: 

• Generation data including the rating of the generator, reactive power capability, its technology (e.g. 
wind, PV, CHP, etc.), the profile of its energy output for various conditions (discussed in more 
detail in section 3.4), operating cost (e.g. fuel cost), curtailment mode, lost revenue if curtailed, 
annual maximum curtailment that the customer is willing to accept, emissions, and the DG growth 
profile;  

• Load data for example the peak load, load profile, and the load growth for both active and reactive 
power load; 

• Network data including the seasonal rating of the circuit, type of circuit (e.g. line, transformer, 
Quadrature-booster), circuit impedance, operating limits, and the candidate network reinforcement 
options for both traditional network solutions and candidate smart devices with their associated 
costs and timescale of the earliest availability; 

• Reactive power compensators; and  

• Electricity cost of export/import electricity to/from the main transmission grid, and the estimated 
carbon performance of electricity from the main grid. 

It is important to note that the results from the SIM are sensitive to the data provided by the users 
especially the cost data. In the studies presented in this report, the real costs as seen in the FPP project 
have been used. This is described later in section 4.3.  
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Figure 2 shows a screen shot of the SIM Microsoft Excel-based input interface. In this figure, the network 
data from the Peterborough and March system were pre-loaded into the SIM input file; however, the 
network data are not hard coded and therefore the SIM can be used to carry out studies on different 
networks. All input data have to be manually transcribed into the input spreadsheet. 

 

 

Figure 2 A screen shot of the input interface of the SIM 

Details of the input interface can be found in the SIM Technical Documentation and User Guide 
document4. 

The second part is the simulation interface for the users to define the studies that would be carried out. 
The simulation interface has the functionality for the users to: 

• Select an input file including its directory; 

• Select an output file including its directory; 

• Set the parameters of the study; 

• Run the tool by calling the main engine and passing all the necessary parameters; 

• Access the output file. 

Details of the simulation interface can be found in the SIM user interface document. 

The third part of the SIM is the Microsoft Excel-based interface for users to access the selected output 
data extracted from the results of the simulation. The key results may consist of a set of network 
investment and/or smart applications, optimal settings of smart devices, load flow results for operating 

4 FFP Product P.0377 Strategic Investment Model User and Technical Documentation 
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snapshots under study, identified system constraints, annual energy curtailment of distributed generation, 
annual operating cost, and carbon emissions across the specified time horizon. The key parameters used 
in the studies are recorded.  

 

Figure 3 A screen shot of the excel based output interface of the SIM 

Figure 3 shows a screenshot of one of the worksheets of the SIM’s output interface. The worksheet is 
used to analyse the level of network constraints and network utilisation across all operating conditions 
that were simulated.  

Details of the output interface can be found in the SIM user interface document. The SIM has been 
designed, developed, validated and are available in an external and usable format. The hardware and 
software requirements for the SIM are provided in Appendix B. 
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3 MODELLING APPROACH 

3.1 MODELLING COORDINATED MULTI-YEAR NETWORK PLANNING PROBLEM  

3.1.1 Problem formulation 

In the SIM, the multi-year network-planning problem is formulated as a non-linear integer optimisation 
problem. The objective is to minimise the total cost of multi-year investment in both smart grid 
technologies and traditional network assets and the operating cost across the time horizon of the 
planning study. The SIM takes into account the following costs: 

• Investment cost: 

• Adding/replacing conductors or building new network corridors; 
• Quadrature-boosters; 
• Dynamic line rating capability; 
• Reactive compensation; 
• Advanced protection to improve reverse power capability in a substation. 

• Operating cost: 

• Electricity cost for supplying load; this includes cost of importing power from transmission grid 
and DG production cost; 

• Lost revenue from curtailment of DG. 
 
The optimisation is subject to the following constraints. 

• Power balance between supply and demand for active and reactive power; 

• Thermal capacity limits: 

• Bi-directional power flow limits; 
• With and without improvement from DLR. 

• Voltage limits; 

• Operating limits of:  

• Quadrature-boosters;  
• Tap-changing transformers; 
• Reactive compensators; 
• Distributed generators. 

The SIM uses the AC power flow model to solve the network planning and set-points optimisation 
problem. The AC power flow model allows active and reactive power flows to be calculated and thus 
enables appropriate power flows and voltage control to be determined through optimisation. 

The SIM is a multi-year network investment planning tool but it can be used to study network investment 
requirements in specific periods independently or to analyse a multi-period network planning problem 
considering the interaction between planning periods. This feature can be used to evaluate different 
network investment approaches, e.g. incremental and strategic investment. This is discussed in more 
detail in Chapter 5. 
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3.2 COST CALCULATIONS 

The SIM is a multi-year network investment planning tool. As it optimises various investment and 
operating decisions taking into account the future development of the system, it is imperative that all 
values (costs) in its objective function use the same time reference.  

 

Figure 4 Periodization in the SIM 

Where: 
 

• The time span (z.n) of the study is divided into z time-blocks. Epoch is an instant in time chosen as 
the beginning of a particular time-block. 

• Reference year is the year in which all cost data are referred to. All cost data are expressed in real 
terms. 

• The interval between epoch 1 and the reference year is m years (m ≥ 0). 

• For simplicity, the time interval between epochs is fixed (i.e. n years) and uniform.  For example, 
the interval between epoch z and epoch 3 is (z-3) times n years. 

 

3.2.1 Future cost calculation 

The increase in cost (future cost) due to inflation is considered in the SIM. For simplicity, the model 
assumes the same inflation rate per year across the time horizon of the study. 
 

 
Figure 5 Future cost calculation 

The model also assumes that the CAPEX of new investment is always paid at the epoch of the 
correspondent time-block where the new investment is proposed by the SIM. The future cost can be 
calculated using the following formula: 

𝜋𝑥=𝜋𝑅. (1 + 𝑖)𝑚+(𝑥−1)∙𝑛 
 

Where: 
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• 𝜋𝑥 is the price at epoch x. 

• 𝜋𝑅 is the price at the reference year. 

• 𝑖  is the inflation rate per year. 

• m  is the length of period between the reference year and the first epoch. 

• n  is the time interval (expressed in years) between the subsequent epochs. 

3.2.2 Aggregation of future operating cost  

For each time block, the SIM assesses the operating cost through simulating one year operating 
conditions in each time block.  

 
 

Figure 6 Aggregation of future operating cost 

In order to calculate the aggregated operating cost of n years operation within the respective time block 
at the respective epoch, as illustrated in Figure 5, the operating cost is aggregated using the following 
formula: 

𝑜𝑝. 𝑐𝑜𝑠𝑡𝑥 =  𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑝. 𝑐𝑜𝑠𝑡 ∙ 1−rn1−r   
 

Where: 
 

• 𝑜𝑝. 𝑐𝑜𝑠𝑡𝑥 is the aggregated operating cost of n years operation at epoch x. 

• 𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑝. 𝑐𝑜𝑠𝑡 is the yearly operating cost. 

• 𝑟 = 1+𝑖
1+�̂�

  

•  𝑖 is the inflation rate per year. 

• 𝚤̂ is the discount rate per year. 

3.2.3 Calculation of the relevant future investment cost 

The SIM balances the cost of investment and cost of operation within the timeframe of the study. As the 
lifespan of the assets can be longer than the timespan considered in the study, only the relevant 
investment cost will be considered. For example, if an investment is proposed at epoch x, then only the 
cost of investment in the timespan considered, i.e. (z-x).n years is taken into account. This is illustrated in 
Figure 7. 
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Figure 7 Calculation of the relevant future investment cost 

The following expression is used to calculate the relevant future investment cost. 

�̇�𝑥𝑘 = 𝐶𝑥𝑘 ∙
𝑊𝐴𝐶𝐶𝑘

1 − (1 + 𝑊𝐴𝐶𝐶𝑘)−𝑙𝑓𝑘
∙

1 − 𝑟𝑤

1 − 𝑟
 

Where: 
 

• �̇�𝑥𝑘 is part of the investment cost of network asset k decided at epoch x; 

• 𝐶𝑥𝑘 is the CAPEX of network asset k at epoch x; 

• 𝑊𝐴𝐶𝐶𝑘 is the Weighted Average Capital Cost of investment k; 

• 𝑙𝑓𝑘 is the lifetime of asset k; 

• 𝑟 = 1
1+�̂�

 ; 

• 𝚤̂ is the discount rate per year; 

• w = min{(z − x + 1). n , lfk} is a part of the asset’s lifespan that needs to be considered in the SIM. 

It is important to note that the lifetime of the assets is an important parameter. Assets that have a longer 
lifetime have smaller depreciation cost per year compared to assets with a shorter life time if all other 
parameters for both assets are the same. 

In addition, the calculation of all costs including the future investment cost is performed in real terms; the 
WACC was adjusted for inflation in order for the relevant future investment cost to be calculated in real 
terms.  
 
The scope of the SIM is to calculate present value of the investment decisions and the operating costs as 
proposed by the optimisation and for the planning horizon of the simulation. As a generic cost 
assessment, the SIM does not attempt to replicate the regulatory financing experienced by GB DNOs 
which differs in the following key ways: 

• There is no difference in financing CAPEX and OPEX5; 

• A proportion of the cost of the asset is funded in the first year (known as “fast money”). The exact 
proportion is DNO specific; 

• The remainder of each asset’s costs is funded over the lifetime of the asset (known as “slow 
money”); 

 

5 The OPEX in the SIM only includes the lost revenue from DG curtailment and the electricity cost for 
supplying load as mentioned in Section 3.1.1 and does not include other costs for the operation of the 
assets such as maintenance costs. 
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3.2.4 Present Value calculation 

The final step is to calculate the present value of all costs; the values are expressed in real terms in the 
reference year. The formula used to calculate the present value is given below: 
 

𝑃𝑉 = 𝐶𝑥 ∙ (1 + 𝚤)̂−(𝑚+(𝑥−1).𝑛) 
Where: 
 

• 𝐶𝑥 is the cost at epoch x; 

• 𝑃𝑉 is the present value of 𝐶𝑥 in the reference year; 

• 𝚤̂ is the interest rate; 

• m is the length of period between the reference year and the first epoch; 

• n is the time interval (expressed in years) between subsequent epochs; 

• x is the index of epoch. 

3.3 MODELLING NETWORK, SMART APPLICATIONS AND SMART DEVICES  

3.3.1 General network model 

Figure 8 shows the general model for distribution branches. It covers the modelling of distribution 
overhead lines, cables, transformers, and Quadrature-boosters. 

 

 

Figure 8 General distribution circuit model 

 
Where 

• T is the turn ratio of the tap changer at a transformer or a Quadrature-booster branch;  

• ϕ ij  is the phase shifter angle of a transformer  or  a Quadrature-booster branch; 
•  𝑦𝑡�  , Gt ,Bt and B denote the series admittance, series conductance, series and shunt susceptance 

of the distribution branch respectively;  
• Branches without Quadrature-boosters or transformers:   T= 1 ;   ϕ ij   = 0; 
• Tap-changing transformer:   Tmin ≤ T ≤ Tmax ;     ϕ ij   = fixed (typically 0); 
• Phase shifter: 
o With voltage control : Tmin ≤ T ≤ Tmax ;  ϕ ij   min ≤ ϕ ij  ≤ ϕ ij   max; 
o Without voltage control : same as above except T is fixed. 

Node jNode i

ttt jBGy +=
1:T ijϕ∠

2
Bj

2
Bj

Sij  Sji  
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The SIM can optimise the value of T and ϕ ij in order to control flows and voltages across the system in a 
coordinated manner. The value of T or ϕ ij  is modelled as a continuous variable; alternatively it can be 
modelled as a discrete variable without significant changes in the model.  

• Sij and Sji are the apparent power flows from bus i to bus j and from bus j to bus i respectively. 

In order to ensure that the flows do not exceed the thermal capacity of the circuit, the seasonal static 
thermal limits associated with the thermal capacity in winter, spring/autumn, and summer are modelled in 
the SIM.  

A reverse power flow limit is also modelled. This limit normally applies to a substation due to the thermal 
limit on the transformers in the reverse direction and which can be further limited by the ability of 
protection to discriminate reverse power flow. In different cases, a reverse power flow limit may also be 
applied to reflect the reverse power flow constraints at the upper stream of the network. 

3.3.2 Reactive power compensator model 

The SIM optimises the control position of reactive power compensator in order to optimise the voltage 
profiles across the system and to reduce losses. It is modelled as a continuous controllable reactor or 
capacitor.  

 

Figure 9 Reactive power compensator model 

3.3.3 Load flow validation 

The power flow results in the SIM were validated against the results from another commercial package, 
i.e. PowerWorld. The system depicted in Figure 10 was used for comparing the results.  

 
 

Figure 10 A network diagram of the system used for load flow validation 
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The system shows part of the Wissington network where the field trial for implementing the Quadrature-
booster was carried out. All network parameters are obtained from the UK Power Networks data. The 
load flow results (voltages, voltage angles and power flows) from the SIM and PowerWorld are presented 
in Table 1. 

Table 1 Comparison of network state variables (voltages and voltage angles) obtained from 
PowerWorld and the SIM 

Bus Records  Power World  SIM 
Name  Volt (per unit)  Angle (degree)  Volt (per unit)  Angle (degree) 

Northwold         0.943  4.40 0.944 4.42 
Wissington         0.973  10.02 0.973 10.05 

Tee         0.964  3.92 0.964 3.94 
Downham Market         0.961  1.25 0.962 1.27 

Southery         0.964  8.95 0.964 8.97 
Kings Lynn South         0.981  0.29 0.981 0.29 
Kings Lynn 132 kV         1.000  - 1.000 - 

 
Table 2 Comparison of active and reactive power flows obtained from PowerWorld and the SIM 

Line Records  PowerWorld  SIM 
From Name To Name MW MVAr MW MVAr 
Wissington Northwold 26.6 -1.2 26.7 -1.2 
Northwold Tee -1.5 -6 -1.5 -5.9 

Tee Wissington -18.3 -0.3 -18.4 -0.2 
Wissington Southery 9.5 0.8 9.5 0.8 

Tee Downham 16.7 -5.7 16.8 -5.6 
King Lynn South Downham -2.2 8.5 -2.2 8.5 
King Lynn 132 kV King Lynn South -2.2 8.7 -2.2 8.7 

The study demonstrates that the load flow results obtained from the SIM and PowerWorld are practically 
the same.   

3.3.4 Dynamic Line Rating  

The impact of increased convective cooling due to wind on the bare OHL conductor is modelled in the 
SIM as a function of normalised wind power output. The modelling approach is relatively conservative as 
it assumes that the system must be planned to cope with the maximum wind power output at rated wind 
speed ~14m/s. During the operational time scale, higher wind speed beyond the rated wind speed will 
provide higher cooling effect which increases further the dynamic capacity of the circuit. This is 
considered as additional operating margin. On the other hand, there may be limitations to the DLR 
application driven increase in the capacity of OHL conductors, due to constraints associated with ratings 
of circuit breakers, busbars or transformers in substations. Furthermore, sections of the OHL conductor 
may not be fully exposed to the wind cooling effect and limit the ability to increase loading.  

The increased thermal capacity is expressed as the ratio between the thermal capacity of the respective 
conductor with and without convective cooling due to wind. The ratio varies depending on many 
parameters, e.g. 

• wind speed; 
• angle between wind and conductor; 
• diameter of the conductor; and 
• ambient temperature. 
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The calculation of this ratio is based on the IEEE standard6 that specifies the steady state heat balance. 
The CIGRE model, which is in principle equivalent to the IEEE model has also been considered.  

The equation is written as follows: 

𝐼 = �
𝑞𝑐 + 𝑞𝑟 − 𝑞𝑠

𝑅(𝑇𝑐)
 

Where 
 𝐼: ampacity of the conductor; 
𝑇𝑐: conductor temperature; 
𝑞𝑐: convective cooling; 
𝑞𝑟: radiative cooling; 
𝑞𝑠 :solar heating. 

 
There are two types of convective cooling effects for a bare conductor. 
  

• Natural 
This is a cooling effect primarily caused by lower ambient temperature. However, if the ambient 
temperature is higher than the temperature of the conductor, it will contribute to increase of conductor 
temperature. The natural cooling effect can be formulated as follows: 
 

𝑞𝑐𝑛 = 0.0205𝜌𝑓0.5𝐷0.75(𝑇𝐶 − 𝑇𝑎)1.25 
 

• Forced 
This cooling effect is primarily due to wind. It is sensitive to the wind speed, wind direction to the 
conductor, the ambient and the conductor temperature. The forced cooling effect is calculated using 
following two equations: 
 

𝑞𝑐𝑙𝑜𝑤 = [1.01 + 0.0372�
𝐷𝜌𝑓𝑉𝑤
𝜇𝑓

�
0.52

]𝑘𝑓𝐾𝑎𝑛𝑔𝑙𝑒(𝑇𝑐 − 𝑇𝑎) 

𝑞𝑐ℎ𝑖𝑔ℎ = [0.0119�
𝐷𝜌𝑓𝑉𝑤
𝜇𝑓

�
0.6

]𝑘𝑓𝐾𝑎𝑛𝑔𝑙𝑒(𝑇𝑐 − 𝑇𝑎) 

where: 

𝜌𝑓: air density; 
𝑉𝑤 :wind speed; 
𝜇𝑓 : dynamic viscosity of air; 
𝑘𝑓 : thermal conductivity of air; 
𝐾𝑎𝑛𝑔𝑙𝑒  : wind direction factor; 
D :  conductor diameter; 
𝑇𝑎: ambient temperature; 
𝑇𝑐:  temperature of the conductor.  

The equations provide a low and high range of the forced cooling effect; in this study, the average value 
between these two is used. 

6 Source: IEEE Standard for Calculating the Current-Temperature of Bare Overhead Conductors, IEEE Std 738™-
2006 (Revision of IEEE Std 738-1993) 
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3.3.4.1 Sensitivity study on the DLR ratio for different wind directions 

The SIM needs to have an understanding of the line rating as a function of wind speed. The increase in 
rating with wind speed is the main appeal of using DLR with wind integration. This section tests the extent 
to which other interactions/environmental conditions should be included in the DLR calculation (such as 
the wind direction towards the conductor). 

Figure 11 shows the increased thermal capacity – presented as a ratio between the DLR ampacity and 
the static thermal capacity as a function of wind power output for different wind directions (0 degree to 90 
degree) towards the bare conductor. The other parameters used in the studies can be found in Appendix 
C. The study concludes that the lowest cooling factor is obtained when wind blows parallel to the 
conductor and the highest cooling factor is found when wind direction is perpendicular to the conductor. 

 

Figure 11 DLR ratio as a function of wind power output and wind direction (from 0 degree to 90 
degree towards the bare conductor) 

In practice, the wind direction changes over time and for planning purposes, it is prudent to assume 
(conservatively) that wind direction is zero unless the field-data show consistently otherwise. Even with 
wind direction assumed to be at 0 degree, the increased thermal capacity is significant, i.e. 100% of static 
thermal capacity at full wind speed and around 30% at cut-in wind speed (around 4 m/s).  

3.3.4.2 Sensitivity study on the DLR ratio for different ambient temperatures 

Figure 12 shows the increased thermal capacity – presented as a ratio between the DLR ampacity and 
the static thermal capacity7 – as a function of wind power output and the ambient temperature with wind 
angle direction at 0 and 90 degree.  

7 The referred static rating is not the equivalent seasonal rating from E/RP27 but the rating that is 
calculated based on the IEEE steady state formula in Section 3.3.4 considering static 0.5 m/s wind as 
suggested in E/R P27. 
 

Cut-in wind speed 
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Figure 12 DLR ratio as a function of wind power output and wind direction 

The results indicate that the impact of wind cooling effect to the capacity of the bare conductor is slightly 
larger when the ambient temperature is higher. For example, if the static capacity of the conductor during 
winter (measured at 0°C) is 443 A, the capacity of the conductor when wind blows at 14 m/s (wind power 
output at max, i.e. 1 p.u.) is 820 A (1.85 times 443 A). The static capacity of the same conductor during 
summer (measured at extreme temperature e.g. at 40°C) drops to 332 A, the capacity of the conductor 
when wind blows at 14 m/s (wind power output at max, i.e. 1 p.u.) during summer is 664 A (2 times 332 
A). It can be concluded that the impact of wind cooling effect during hot weather conditions is larger than 
the one in cold weather conditions. 

The study also concludes that the ratio between DLR capacity and static capacity is not very sensitive to 
the ambient temperature, as long as the static capacity is calculated with the same ambient temperature. 
For example, the difference in DLR between 0 °C and 40 °C is approximately 5% as shown in Figure 12.  
The results of this study allow the same DLR ratio function to be used for different seasons, which leads 
to a simpler implementation of the DLR function in the SIM. However, for accuracy reason modelling a 
different DLR ratio function for each different season is also possible. In the studies conducted for this 
report, the worst case scenario was used in terms of temperature and cooling effect; the 40°C line (see 
Figure 12) was used in which wind is considered to be parallel not perpendicular to the line. However, 
following the validation stage using real data from FPP trials and presented in further detail in Section 
3.3.4.5, the increase in rating was offset by 15%. 

3.3.4.3 Sensitivity study on the DLR ratio for different conductor sizes 

Figure 13 shows the increased thermal capacity – presented as a ratio between the DLR ampacity and 
the static thermal capacity for different conductor sizes as a function of wind power output. The studies 
were carried out with wind angle direction at 90 degree, other parameters are the same as the previous 
studies. The study investigates the DLR capacity for the typical 33 kV Aluminium Conductors Steel 
Reinforced (ACSR) with approximate diameter of 14 mm and 28 mm which correspond to the cable size 
of 150 mm2, and 620 mm2 respectively. 

Cut-in wind speed 
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Figure 13 DLR ratio as a function of wind power output and conductor sizes 

The study concludes that the larger the diameter of the conductor, the higher the DLR capacity that can 
be achieved due to a larger surface area which contributes to a higher cooling effect; however the DLR 
ratios of different conductors are not significantly different.  

3.3.4.4 Curve fitting 

In order to calculate the DLR capacity based on the wind power output, a curve fitting approach was 
employed to derive the polynomial function of the increased thermal capacity. Two 4th order polynomial 
functions are given in the graph below (Figure 14) to calculate the increased thermal capacity as a 
function of wind power output for a network circuit with DLR capability assuming wind direction of 0 and 
90 degree.  

 

Figure 14 Polynomial functions to calculate the increased thermal capacity  
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The polynomial functions fit well with the curves. The correlation factors are above 0.996. These 
functions are later used in calculating the dynamic capacity of a network circuit with DLR capability. A 
conservative approach was adopted in the studies (described later) assuming wind direction of 0 degree. 
This leads to the lowest enhanced capacity as shown in Figure 14. Consequently, if the actual wind 
direction is greater than 0 degree, the temporal capacity of the circuits with DLR is higher and therefore 
may reduce the amount of DG curtailment, if there is any. 

3.3.4.5 Validation 

The formulation used was validated using field trial data from four sites: Farcet 1A, Farcet 1B, Funtham’s 
Lane, and March Grid8. The field trial collects the variation of ampacity, wind velocity, wind direction, 
ambient temperature and solar radiation data between 12/11/2013 and 22/02/2014 with 1 minute time 
resolution. The wind power is calculated using the wind speed power curve and the wind speed data. A 
correlation analysis across those variables was carried out to identify the level of correlation between the 
average ampacity and all other variables. The results are summarised in Table 3.  

Table 3 shows an expected result, i.e. a strong correlation between the ampacity of the circuit and wind 
speed followed by wind power and the ambient temperature. This is consistent with the modelling of DLR 
that was described previously. A subset of the data is shown in Figure 15 below to demonstrate the 
correlation between the dynamic capacity of the conductor and the wind speed. 

The results indicate that the dynamic capacity of the conductor varies rapidly following the wind profile 
but taking into account the thermal inertia of the conductor which leads to smoother variation in the 
ampacity. By observation, one can conclude that the thermal inertia of the conductor is relatively short, 
i.e. minutes). At some instances, there are very short-term spikes in the capacity. The time frame of the 
spikes is likely to be too short for the system operator or network control to react and therefore may not 
be practical to rely on it.  

Table 3 Correlation analysis across different DLR parameters 

  Avg 
Ampacity 

(p.u.) 

Avg Wind 
Velocity 

(p.u.) 

Avg Wind 
Direction 

(p.u.) 

Avg Ambient 
Temperature 

(p.u.) 

Avg Solar 
Radiation 

(p.u.) 

Wind Power 
(p.u.) 

Avg Ampacity 1.00 0.94 0.08 0.48 0.01 0.59 

Avg Wind Velocity 0.94 1.00 0.09 0.58 0.01 0.72 

Avg Wind Direction  0.08 0.09 1.00 0.17 0.01 -   0.10 

Avg Ambient 
Temperature 

0.48 0.58 0.17 1.00 0.00 0.14 

Avg Solar Radiation 0.01 0.01 0.01 0.00 1.00 0.07 

Wind Power 0.59 0.72 -  0.10 0.14 0.07 1.00 

 

8 SDRC 9.6 Implementation of active voltage management and active power flow within FPP Trial area 
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Figure 15 The correlation between the dynamic capacity of the conductor and wind profile 
[Source: FPP trial data, Farcet 1A, from 22/01/2014 to 31/01/2014, 1 min resolution] 

Figure 15 also shows that the ampacity of the conductor varies from approximately 400 A at 0 m/s wind 
speed to approximately between 700 A and 750 A at 7-9 m/s wind speed that suggests an increased 
capacity by around 80%. This is consistent with the expected increased capacity calculated by the DLR 
model used in the SIM.  

The time series of the ampacity obtained from the field trial have also been compared with the values 
obtained from the DLR formulation described previously. The results are shown in Figure 16.  
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Figure 16 Comparison between DLR trial data and the DLR estimation for the following sites: 
Farcet 1A, Farcet 1B, Funtham’s Lane, and March Grid. 

While the approach in the model uses a steady state heat balance equation and therefore it does not 
capture the thermal inertia of the conductor, the results of the study comparing the two sets of data are 
very promising. The mean error is relatively small, i.e. between 2% and 6% and the standard deviation of 
the mismatches between the two sets of data is within the range of 5%-7%.  

However, at some instances, the level of error is significantly higher, i.e. 10%-15% and given that the 
value obtained from the proposed formulation tends to over-estimate the capacity of the conductor, the 
DLR function should be offset down by 15% or more to address this issue. For the simulation studies 
carried out by the SIM in the later section, the DLR function was offset down following the findings in this 
analysis.  

The histograms of the probability distribution function of the DLR estimation error – obtained by 
comparing the estimated DLR value using the IEEE formulation and the field trial data obtained from 
these following sites: Farcet 1A, Farcet 1B, Funtham’s Lane – are presented in Figure 17. 

The analysis demonstrates that in most cases, offsetting down the DLR estimation by 15% will be 
adequate since it covers around 99% of the cases. Offsetting down further the DLR estimation may 
increase safety by reducing the risk of overestimating the real capacity at the expense of underutilising 
the dynamic capacity of the circuit.  
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Figure 17 Probability distribution function (pdf) of DLR estimation error for the following sites: 
Farcet 1A, Farcet 1B, Funtham’s Lane, and March Grid. 

It is important to note that the DLR function in the SIM is an input data given by the user. The function 
can be improved further in the future, if necessary, without affecting the core of the SIM formulation itself. 
The incorporation of DLR into a network planning process is novel and there would be a benefit of 
establishing standard practice to guide its application and validation in network planning. 

3.3.5 Network access for DG  

There are four levels of network access for DG that reflects the ability of the network to accommodate the 
dynamic output of DG across time. The SIM models the firmness of DG connection as follows:  

• Mode 0: No DG curtailment (“firm network access”)  

In this mode, the SIM is not allowed to curtail DG. This may be infeasible in practice since the system 
may not be able to absorb the predefined output of DG without violating any constraints or investing in 
network reinforcement. 

• Mode 1: Pro-rata curtailment  

DG in the same DG zone will be curtailed pro-rata. DG in different zones may be curtailed at different 
levels. 

• Mode 2: Priority curtailment (also known in FPP as Last in First Off (LIFO) 

Each DG is allocated a priority curtailment index. DG with index=1 is curtailed first, followed by DG index 
no 2 and so on. 

• Mode 3: Optimal DG curtailment 
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DG is curtailed, if necessary, such that the cost of DG curtailment is minimised. 

In addition, there is a parameter for each DG that specifies the level of annual curtailment that is 
considered acceptable for each generator. 

It is important to note that modes 1-3 require investment in the DG control and communication which 
needs to be integrated with the Active Network Management (ANM) control. It is also assumed that the 
output of DG can be curtailed linearly. 

Cost of curtailing DG may be expressed explicitly by having a direct cost of curtailment in addition to the 
cost of increased import from the grid/reduced export.  

More detailed discussions can be found in the FPP Principles of Access report9. 

3.4 MODELLING OPERATING CONDITIONS – CAPTURING DEMAND AND DG VARIATIONS 

One of the key unique features of the SIM is its ability to optimise across a relatively large number 
(hundreds) of operating conditions, which is essential to capture the temporal (diurnal, hourly, seasonal) 
variation of DG output and loads. The traditional approach, analysing two key operating conditions such 
as maximum load minimum generation and maximum generation minimum load conditions are useful 
only to identify network constraints but less informative for calculating the potential cost or curtailed 
output from DG as it requires the duration and the level of constraints in each section of the network.  

In order to provide the SIM with the relevant operating conditions, an approach was developed focusing 
on the output characteristics of wind and solar PV and loads. The approach can be summarised as 
follows: 

1. First is to define a set of demand levels. It is important to capture the maximum and minimum 
demand. Given that the SIM is used to analyse a system that has seasonal characteristics, e.g. 
thermal limit of the network, a set of maximum and minimum demands per season need to be 
obtained.  

2. For each demand level, a set of wind output levels is determined. This is also carried out on a 
seasonal basis. 

3. Finally, a set of solar output levels is determined for each combination of wind power and 
demand levels. At this point, the duration for each operating condition that comprises different 
solar-wind-demand levels needs to be determined.  

An example is shown as follows (Figure 18) taking into account 3 seasonal division (winter, 
spring/autumn, summer), 3 different demand levels, 3 wind output levels, and 3 solar PV output levels. 
Load (Peterborough and March Grid), wind and solar power output profiles were used for this exercise. 

It is important to note, that the magnitude of each level should be calculated in order to preserve the load 
factor or capacity factor of loads or generation in question. In total, there are 3x3x3x3 = 81 operation 
conditions that will be used for year-round studies. 

9 http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Flexible-Plug-and-Play-
(FPP)/Project-Documents/FPP_Principles_of_Access_report_final.pdf 
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Figure 18 Profiling the variation of DG output and loads for year round studies 

Figure 18 (top) shows the combination of loads and DG outputs (wind and solar PV) for three seasons. 
For practicality, normalised values are used in this approach. The real value is obtained by multiplying the 
profiles with the respective peak demand/rating of the generator in question. In order to capture more 
accurate quantification of cost, the number of demand/wind/solar PV output levels can be added. 

Figure 18 (bottom) shows the total length of time that each combination of loads and DG output occur in 
a year expressed in hours/year. The total duration of all combinations is 8,760 hours.   
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4 TEST, VALIDATION AND DEMONSTRATION OF THE SIM’S FUNCTIONALITIES 

4.1 DESCRIPTION OF FPP AREA NETWORK AND FPP GENERATORS AS PER 2014  

The main test system used for the studies is the 33 kV EPN distribution network between Peterborough 
and March (Figure 19). This is the FPP trial zone which serves an area of approx. 30km diameter (700 
km2) and is particularly well suited to renewable generation. Over recent years UK Power Networks has 
experienced increased activity in renewable generation development activity in this area and a rapid rise 
in connection applications. Approximately 160 MW of renewable generation (and 72 MW of CHP – 
Wissington) were already connected and it is expected to increase further in future. The connection of 
this anticipated level of renewable generation is expected to require significant network reinforcement to 
mitigate network thermal and voltage constraints and reverse power flow issues. The system peak load is 
approximately 240 MW and 80 MVAr. 

 

Figure 19 Flexible Plug and Play network10 

At the time of writing this report, the installed generating capacity is 211 MW including the FPP 
generators (34.5 MW – see Table 4) and micro PV generators (4.35 MW). Different DG technologies are 
connected to the system including wind power (92 MW), solar power (47 MW) and CHP (72 MW).  

10 The abbreviations for buses and a larger network diagram are provided in Appendix A. 
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Table 4 List of FPP generators as per July 2014 

Name Connection area Rating MW Lost Revenue from Curtailment 
(£/MWh)11 

Wind1 Peterborough 7.2 86.24 
Wind2 March 10.25 86.24 
Wind3 March 1.5 130.37 
CHP1 March 0.5 49.97 
Wind4 March 0.45 198.17 
PV1 March 4.75 116.07 
PV2 Peterborough 0.25 138.97 
PV3 March 6.927 116.07 

Wind5 March 1 130.37 
PV4 March 1.2 116.07 

Wind6 March 0.5 198.17 

The lost revenue of individual FPP generator is also presented in Table 4. The cost reflects the 
opportunity loss of the DG operator due to the reduction of their DG energy output. This may include the 
loss of carbon related incentives obtained by renewable generators or carbon prices. It is important to 
note that the lost revenue from curtailment is generator specific, even for the same technologies the lost 
revenue from curtailment can be different. 

The system is supplied by four grid substations: Peterborough Central, March Grid, Kings Lynn South 
(via Downham Market), and Swaffham. Only the 132/33 kV substation at March Grid is modelled in this 
system.  

It is important to note that only the constraints in the FPP area network were considered. The network 
upstream from the 33 kV has not been modelled and consequently constraints that may were triggered in 
the 132 kV part of the network have not been considered. However, the level of reinforcement around the 
Peterborough and March Grid Substation can indicate the amount of additional flows that need to flow 
upstream from these two substations. 

4.2 LOAD FLOW VALIDATION 

In Table 5, the voltages and voltage angles from the load flow study carried out by the SIM and 
PowerWorld are presented. Two operating conditions were used for the study: (i) maximum load and zero 
generation output, and (ii) minimum load and maximum generation output conditions. All tap-changing 
transformer positions, reactive power output from generators are set the same in both tools. The results 
show that the results from both tools are in agreement and the differences are relatively small or 
negligible.    

Table 5 Comparison between the voltages and voltage angles from the SIM and PowerWorld (PW) 

System Peterborough - March   System Peterborough-March 
Condition Max load , zero generation output   Condition Min load , max generation output 
 Voltage (p.u.) Voltage Angle 

(degree0 
   Voltage (p.u.) Voltage Angle (degree) 

Bus TH PW Diff. THE PW Diff.   Bus THE PW Diff. THE PW Diff. 

11 The lost revenue from curtailment considers the appropriate support scheme for each generator (i.e. 
Feed-in Tariff or Renewable Obligation in £/MWh using prices from Ofgem for 2014: 
https://www.ofgem.gov.uk/ofgem-publications/87074/rpiadjustedtariffsnon-pvapril2014.pdf), a fixed 
electricity price of £42.35/MWh, Levy Exemption Certificate price of £4.33/MWh and explicit embedded 
benefits of £3.29/MWh assuming that all generators are connected to the HV network for Line Loss 
Factors and Distribution Use of System costs calculation. The full methodology is provided in the report: 
Flexible Plug and Play: Capacity quota calculation for March Grid, UK Power Networks, Baringa Partners 
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System Peterborough - March   System Peterborough-March 
Condition Max load , zero generation output   Condition Min load , max generation output 
 Voltage (p.u.) Voltage Angle 

(degree0 
   Voltage (p.u.) Voltage Angle (degree) 

E 
SIM 

SIM SIM SIM 

PETC 1.00  1.00  0.00  0.00  0.00  0.00    PETC 1.00  1.00  0.00  0.00  0.00  0.00  
FARC_1 0.99  0.99  -0.00  -0.80  -0.80  0.00    FARC_1 1.01  1.01  0.00  0.96  0.96  -0.00  
FARC_2 0.99  0.99  0.00  -0.31  -0.31  -0.00    FARC_2 1.01  1.01  0.00  0.74  0.74  0.00  
GLAS_1 0.97  0.97  -0.00  -2.35  -2.35  -0.00    GLAS_1 1.04  1.04  -0.00  3.99  3.99  -0.00  
REDTT_1 0.97  0.97  -0.00  -3.17  -3.17  -0.00    REDTT_1 1.04  1.04  -0.00  4.33  4.33  0.00  
FUNT_T1 1.00  1.00  0.00  -0.28  -0.28  -0.00    FUNT_T1 1.00  1.00  -0.00  0.54  0.54  -0.00  
FUNT_T2 1.00  1.00  -0.00  -0.26  -0.26  0.00    FUNT_T2 1.00  1.00  -0.00  0.19  0.19  0.00  
WHIT_T1 1.00  1.00  0.00  -0.52  -0.52  -0.00    WHIT_T1 1.01  1.01  -0.00  1.05  1.04  0.01  
WHIT_2 0.99  0.99  0.00  -0.44  -0.44  -0.00    WHIT_2 1.00  1.00  -0.00  0.23  0.23  0.00  
WHIT_T2 0.99  0.99  0.00  -0.60  -0.60  0.00    WHIT_T2 1.00  1.00  -0.00  0.29  0.28  0.01  
B11 0.99  0.99  0.00  -0.45  -0.45  0.00    B11 1.00  1.00  -0.00  0.23  0.23  -0.00  
GLAS2 0.99  0.99  0.00  -0.47  -0.47  -0.00    GLAS2 1.00  1.00  -0.00  0.21  0.20  0.01  
BHWS 1.04  1.04  0.00  -0.27  -0.27  0.00    BHWS 1.01  1.02  -0.00  1.37  1.35  0.02  
B14 1.04  1.04  0.00  -0.27  -0.27  0.00    B14 1.01  1.02  -0.00  1.37  1.35  0.02  
CHAT_2 1.04  1.04  0.00  -0.27  -0.27  0.00    CHAT_2 1.01  1.01  -0.00  1.08  1.06  0.02  
MARCH_TEE 1.04  1.04  0.00  -0.26  -0.26  0.00    MARCH_TEE 1.01  1.01  -0.00  1.26  1.23  0.03  
MARCH 1.05  1.05  0.00  0.15  0.15  -0.00    MARCH 1.00  1.01  -0.00  -0.11  -0.13  0.02  
RANWT 1.03  1.03  0.00  -0.64  -0.64  0.00    RANWT 1.01  1.02  -0.00  2.00  1.97  0.03  
CHAT_T1 1.02  1.02  0.00  -1.41  -1.41  -0.00    CHAT_T1 1.02  1.02  -0.00  2.75  2.71  0.04  
CHAT_T2 1.02  1.02  0.00  -1.33  -1.33  -0.00    CHAT_T2 1.02  1.02  -0.00  2.29  2.26  0.03  
UPWL_1 1.00  1.00  0.00  -3.01  -3.01  0.00    UPWL_1 1.01  1.01  -0.01  6.96  6.87  0.09  
LITT 0.97  0.97  0.00  -5.40  -5.40  0.00    LITT 1.02  1.03  -0.01  12.30  12.13  0.17  
SOPR 0.96  0.96  0.00  -6.17  -6.18  0.01    SOPR 1.04  1.05  -0.01  17.78  17.49  0.29  
WISS 0.96  0.96  0.00  -6.34  -6.34  0.00    WISS 1.06  1.07  -0.01  20.55  20.20  0.35  
NOWNT 0.96  0.96  0.00  -6.59  -6.59  0.00    NOWNT 1.05  1.06  -0.01  19.33  19.01  0.32  
NOWN_2 0.97  0.97  0.00  -5.85  -5.85  0.00    NOWN_2 1.03  1.04  -0.01  17.60  17.33  0.27  
NOWN 0.98  0.98  0.00  -5.57  -5.57  -0.00    NOWN 1.01  1.03  -0.01  15.38  15.17  0.21  
DOWN_1 0.94  0.94  0.00  -7.97  -7.97  -0.00    DOWN_1 1.05  1.06  -0.01  19.15  18.84  0.31  
SWAFT_1 0.99  0.99  0.00  -5.09  -5.09  0.00    SWAFT_1 1.00  1.02  -0.01  14.21  14.03  0.18  
SWAF 1.06  1.06  0.00  -0.60  -0.60  0.00    SWAF 0.96  0.98  -0.02  1.69  1.90  -0.21  
REDT 0.97  0.97  -0.00  -3.18  -3.18  -0.00    REDT 1.05  1.05  -0.00  4.66  4.66  -0.00  
BURY 0.96  0.96  -0.00  -3.34  -3.34  -0.00    BURY 1.04  1.04  -0.00  4.13  4.13  0.00  
FARC 0.97  0.97  0.00  -4.97  -4.97  -0.00    FARC 1.01  1.01  0.00  0.30  0.30  0.00  
GLAS 0.97  0.97  -0.00  -2.36  -2.36  0.00    GLAS 1.04  1.04  -0.00  4.28  4.28  -0.00  
FUNT 0.98  0.98  -0.00  -2.95  -2.95  -0.00    FUNT 1.01  1.01  -0.00  3.69  3.69  0.00  
WHIT 0.97  0.97  0.00  -4.55  -4.55  0.00    WHIT 1.00  1.00  -0.00  1.32  1.32  0.00  
CHAT 1.00  1.00  0.00  -5.60  -5.60  0.00    CHAT 1.01  1.02  -0.00  5.97  5.91  0.06  
WOODT 1.01  1.01  -0.00  -1.56  -1.56  -0.00    WOODT 1.01  1.01  -0.00  1.59  1.59  0.00  
RAMSEY 0.97  0.97  -0.00  -3.17  -3.17  -0.00    RAMSEY 1.04  1.04  -0.00  4.39  4.39  0.00  
REDT_2 0.96  0.96  -0.00  -3.36  -3.36  0.00    REDT_2 1.05  1.05  -0.00  4.70  4.70  -0.00  
BOAR_1 1.05  1.05  0.00  -0.12  -0.12  0.00    BOAR_1 1.01  1.01  -0.00  0.79  0.77  0.02  
BOAR 1.05  1.05  0.00  -0.13  -0.13  0.00    BOAR 1.01  1.02  -0.00  1.02  1.00  0.02  
MARCH_T1 1.05  1.05  0.00  0.12  0.12  0.00    MARCH_T1 1.00  1.01  -0.00  -0.12  -0.13  0.01  
MARCH_T2 1.05  1.05  0.00  0.11  0.11  0.00    MARCH_T2 1.00  1.01  -0.00  -0.12  -0.13  0.01  
MARCH_P 1.03  1.03  0.00  -3.29  -3.30  0.01    MARCH_P 1.00  1.00  -0.00  -0.46  -0.47  0.01  
AF_1 1.02  1.02  0.00  -0.40  -0.40  -0.00    AF_1 1.02  1.02  -0.00  2.01  1.99  0.02  
AF 1.02  1.02  0.00  -0.41  -0.41  -0.00    AF 1.02  1.03  -0.00  2.43  2.41  0.02  
STAG 1.05  1.05  0.00  0.14  0.14  -0.00    STAG 1.01  1.02  -0.00  0.63  0.61  0.02  
MARCH_FM 1.03  1.03  0.00  -1.39  -1.39  -0.00    MARCH_FM 1.00  1.01  -0.01  3.73  3.68  0.05  
BANK_FM 1.04  1.04  0.00  -0.18  -0.18  -0.00    BANK_FM 1.01  1.01  -0.00  1.07  1.05  0.02  
 

4.3 COST ASSUMPTIONS  

The following cost assumptions are used in the studies with the main objective of demonstrating the 
functionalities of the SIM.  The figures are used only for illustrative studies and may not reflect the actual 
cost of a specific project.  

It is important to note that all cost data used in the SIM are a user input into the model; therefore, the user 
is the one responsible for the accuracy of the data. It is also important to note that the solution from the 
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SIM is very sensitive to cost, as the SIM tries to minimise the overall investment and operating cost. The 
impact of the uncertainty in the cost data on the SIM solution can be analysed by running sensitivity 
studies with different cost data. 

Table 6 shows the list of generic costs those are used in the study. The lost revenue from curtailment of 
FPP generator is already given in Table 4. All costs are expressed in real terms based on their values in 
2014. The fuel cost of DG and the cost of electricity production from the upstream grid is £1/MWh. This 
cost is artificial and is applied to reduce losses in the system; it is not a realistic value (e.g. £40/MWh) 
due to the fact that the actual grid import cost is included in the lost revenue from curtailment for each 
generator (see Table 4). 

Table 6 List of smart devices and their associated costs 

Item Cost  
DG control and communication for ANM £50,000/generator 
Dynamic Line Rating  £100,000/corridor 
quadrature-booster 31 MVA, 33 kV £3,500,000 
Advanced protection for March Grid £130,000 
20 km of 33 kV Overhead circuit 31 MVA  £3,000,000 
33 kV SVC £100,000/MVAr 

In addition, the investment cost of individual overhead circuit reinforcement is calculated proportionally 
based on its length and the cost of OHL circuit presented in Table 6. The investment decision is discrete, 
or in other words, the additional capacity in the system is lumpy and not continuous. This requires the 
users to include all possible investment options to reinforce the system in the SIM.  

In this study, it is assumed that the inflation rate is 2%, the discount rate is 3% and the Weighted Average 
Capital Cost (WACC) for distribution network is 5.7%12. The WACC was adjusted to include the inflation 
rate. The lifetime of each asset has been assumed to be 40 years. As these parameters influence the 
cost of investment and operating decisions taken by the SIM, it should be expected that the results may 
be sensitive to the changes in the assumptions taken.   

4.4 TRIGGERS FOR NETWORK REINFORCEMENT AND IDENTIFICATION OF NETWORK 
CONSTRAINTS  

4.4.1 Thermal constraints 

In order to identify network constraints and network assets that may require reinforcement, a year round 
simulation study was carried out using the SIM. The study simulated 81 operating conditions obtained 
from characterising the combination of electricity load profile, wind and solar PV output profiles with the 
method discussed in section 3.4. In order to investigate the level of thermal constraints, the thermal limit 
was relaxed in this study with no network investment is allowed and no DGs are allowed to be curtailed.  

The identified thermal constraints are shown in Figure 20 (from the SIM’s user output interface) and 
Figure 21. The overloaded circuits are circled in red and the circuits which have reached their thermal 
limits are circled in orange.   

12 The WACC considered by UK Power Networks in the business plan for 2015-2023 is estimated to be 
3.79% to 3.21% (excluding inflation rate) 
http://library.ukpowernetworks.co.uk/library/en/RIIO/Main_Business_Plan_Documents_and_Annexes/UK
PN_Overall_Executive_Summary.pdf.  
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Figure 20 Variation of network flows per circuit across all year round operating conditions 

Figure 20 shows the maximum, annual average, and minimum value of power flows for each circuit. It is 
demonstrated here that although the thermal limit in a number of circuit was reached or exceeded (in the 
case of PETC-FARC_1, FARC_1-GLAS_1, WISS-NOWNT, and NOWNT-DOWN_1), in most of the 
circuits its utilisation factor is relatively low, e.g. less than 50%. This indicates that the peak load of the 
circuit occurs only in relatively short period of time which opens the opportunity to manage this output to 
minimise network reinforcement requirements. 

 

Figure 21 Identified thermal constraints in the base case 

All of the identified constraints shown in Figure 21 are associated with the low demand, high DG output 
operating conditions. It can therefore be concluded that the constraints are triggered by generators in this 
area. The constraints are discussed as follows: 

• First, it can be observed from Figure 20 and Figure 21 that the network between PETC 
(Peterborough Central) and GLAS (Glassmoor) was overloaded, although its average utilisation is 
less than 40%.  

• The second constraint is associated with the reverse power flow limit at the March Grid 132/33 kV 
substation. Due to high increase in the connected DG capacity in March area, the maximum level 
of the reverse power flow is now closer to the limit.  
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• The third constrained area is the Wissington (WISS)-Northwold tee (NOWNT) and between the 
Northwold tee (NOWNT) and Downham Market (DOWN_1). Moreover, the circuits from Northwold 
to Swaffham are also constrained. All of these constraints are primarily driven by a CHP plant in 
Wissington with the total capacity of 80MW and a 5.3 MW solar PV at NOWN_2. It is assumed that 
the CHP is operated such that the net export of Wissington reaches the maximum limits, i.e. 54 
MW in winter, 49 MW in spring/autumn, and 46 MW in summer. The output of the solar PV varies 
according to the PV output profile.  

The thermal constraints will need to be addressed as it will limit further deployment of renewable DG in 
these parts of the network. 

4.4.2 Voltage constraints 

Figure 22 shows the voltage variation that can be analysed by using the SIM. There is no active voltage 
constraint in this case. The voltage at some busbars may have reached the upper limit (6%) and only one 
node (MARCH132) where the voltage also reaches the lower operating limit (-6%). However, this is likely 
due to the optimisation of voltages in the SIM with the aim to accommodate as much as possible the DG 
output and electricity loads while at the same time reducing system losses.  

 

Figure 22 Voltage variation across all year round operating conditions 

It is observed that the parts of network with high capacity of DG that are distant from the grid substations 
have relatively higher voltages, indicating the voltage rise effect issue. This can be observed for example 
in the following nodes: GLAS_1 and RAMSEY. 

4.5 TRADITIONAL NETWORK SOLUTIONS 

In order to solve the thermal constraint problem described previously, the relevant part of the network 
needs to be reinforced. One possible reinforcement plan is as follows: 

- To install a parallel circuit between PETC and GLAS_1 through FARC_1 which would cost £2.1 
million. 
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- To install a new 31 MVA overhead circuit as a direct connection between WISS and SWAFFHAM 
grid to relieve the loading of the circuits from WISS towards DOWN_1. This will cost £3 million, 
and if it is an underground circuit the cost will be more than double. 

- To reinforce March Grid substation transformers. This can be carried out by replacing the 
transformers with a higher capacity, or to install an additional transformer working in parallel. 
Reinforcing the March Grid transformers to 2 x 90 MVA costs £4.5 million. 

The above reinforcement options were applied to the SIM and a year round simulation study was carried 
out to analyse the reinforcement proposition from the SIM. The results are shown in Figure 23.   

 

Figure 23 A traditional network solution for the base case 

The model proposes to reinforce the PETC-GLAS_1 via FARC_1. The loading of each circuit after the 
reinforcement is shown in the following graph (Figure 24). 

All circuit loading is now below the respective limit; however the peak loading of some circuits, e.g. 
WHIT_T1- FUNT_T1, WISS-NOWNT and even the new WISS-SWAF is reaching the maximum limit.  

It is important to highlight that the average utilisation factor of most of the circuits is relatively low; this 
indicates that the peak load of the circuit occurs relatively short period of time. This opens an opportunity 
for managing the loading of the circuit by adjusting the relevant DG output. 

Additional key information that can be provided by this type of analysis is the capacity margin that each 
circuit has, which allows additional DG capacity to be connected to the system. As the topology of the 
system is primarily radial, it is possible to identify the capacity margin by observing the results. In the 
more complex system, a more precise analysis is required.  
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Figure 24 Variation of network flows per circuit across all year round operating conditions after 
network reinforcement  

The cost of traditional network solution is presented in Table 7. It summarises the reinforcements those 
were proposed by the SIM (type of reinforcements, locations, capacity required, and their timing), and the 
costs presented as real term in 2014 (as the reference year in this study) and the CAPEX. It should be 
noted that the Present Value of Cost only consists of operating cost and the cost of the investment within 
the time frame of the study, i.e. 2014-2018 (5 years) and therefore the latter covers partially the CAPEX 
as the lifetime of the investment is typically longer than the time horizon of the study.  

The SIM studies carried out focus on the trade-off between the lost revenue from curtailment of DG, and 
the investment cost of the network. However, the SIM can also optimise losses13 in both operational and 
planning timeframes, which would require inputs for cost of electricity production associated with both 
imports from the transmission network and local production by DGs. In this particular exercise, that 
balances network investment and DG curtailment lost revenue, fuel cost of DG and the grid import are set 
at £1/MWh only to ensure that losses are also minimised in the optimisation of the network operation.  

 Table 7 The cost of the traditional network solution for the base case (period: 2014/18) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Line WISS-SWAF 31  MVA 1 905,193  3,000,000  
  2 Line PETC-FARC_1 25  MVA 1 211,212  700,000  
  

3 Line 
FARC_1-
GLAS_1 31  MVA 1 422,423  1,400,000  

  4 DG output All gen14 3,968,430  MWh 1     3,892,110  
   5 Loads System 4,335,720  MWh 1 

    6 Grid Import All gen 451,841  MWh 1 443,152  
   7 Losses System 84,551 

2.0  
MWh 
% 

1     

13 Losses in the FPP area modelled in the SIM. This does not include losses at the upper or lower voltage 
networks. 
14 This includes not only the FPP generators but also existing generators that were installed prior to the 
FPP project. 
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8 Emissions System 12,730  tCO2 1 
      Sub Total        1     5,874,090 5,100,000 

  Total       All      5,874,090 5,100,000 

It is important to emphasise that in this study, the cost of curtailment already includes the loss of 
opportunity of selling the electricity to the grid which takes into account the cost of electricity production 
from the grid and carbon prices. 

4.6 CONNECT AND MANAGE SOLUTIONS WITH NO NETWORK INVESTMENT 

As an alternative approach, the loading of the circuits can be managed by curtailing the output of DG 
temporarily. This requires a new type of commercial arrangement with the DG operator as the present 
arrangement generally grants a firm access to DG. The latter may incur high connection cost which 
covers the cost of reinforcement necessary to accommodate the full output of DG. A study was carried 
out by using the SIM to quantify the amount of DG output that would need to be curtailed and the 
corresponding lost revenue from DG curtailment, in case that network reinforcement is not considered. 
The results of the study are shown in Table 8. 

The results suggest that the output of most of FPP generators needs to be controlled. The total amount of 
DG curtailment within 2014-2018 is 94.2 GWh which would cost circa £9.6 million. In addition, the cost of 
installing ANM control and communication is £50,000 per generating unit. The Present Value of the total 
cost of this solution is £14,109,316, which is much higher than the cost of traditional network solution 
(£5,874,090).As some DG needs to be curtailed, the amount of electricity that needs to be imported from 
the grid also increases from 452 GWh to 622 GWh. This leads to the increase in the carbon emissions 
from 12,730 tCO2 to 13,693 tCO2.  
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Table 8 Cost of ANM – Connect and Manage solution (period:2014/18) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 DG Con&Comm Wind1 
 

  1 15,087 50,000 
  2 DG Con&Comm Wind2 

 
  1 15,087 50,000 

  3 DG Con&Comm Wind3 
 

  1 15,087 50,000 
  4 DG Con&Comm CHP1 

 
  1 15,087 50,000 

  5 DG Con&Comm Wind4 
 

  1 15,087 50,000 
  6 DG Con&Comm PV1 

 
  1 15,087 50,000 

  7 DG Con&Comm PV3 
 

  1 15,087 50,000 
  8 DG Con&Comm Wind5 

 
  1 15,087 50,000 

  9 DG Con&Comm PV4 
 

  1 15,087 50,000 
  10 DG Con&Comm Wind6 

 
  1 15,087 50,000 

  11 DG Curtailment Wind1                     4,485  MWh 1 379,378 
   12 DG Curtailment Wind2                  35,968  MWh 1 3,042,270 
   13 DG Curtailment Wind3                     5,032  MWh 1 643,376 
   14 DG Curtailment CHP1                     5,248  MWh 1 257,175 
   15 DG Curtailment Wind4                     1,510  MWh 1 293,391 
   16 DG Curtailment PV1                  13,830  MWh 1 1,574,380 
   17 DG Curtailment PV3                  19,619  MWh 1 2,233,380 
   18 DG Curtailment Wind5                     3,355  MWh 1 428,917 
   19 DG Curtailment PV4                     3,494  MWh 1 397,738 
   20 DG Curtailment Wind6                     1,677  MWh 1 325,990 
   21 DG output All gen            3,846,280  MWh 1 3,772,320 
   22 Loads System            4,335,720  MWh 1 

    23 Grid Import All gen                622,099  MWh 1 610,136 
   24 Losses System                132,656 

 3.1 
MWh 
% 

1     

25 Emissions System                  13,693   tCO2 1 
      Sub Total        1     14,109,316 500,000 

  Total       All      14,109,316 500,000 
 

The SIM can also be used to analyse the impact of investment and operating strategies not only on the 
carbon emissions but also on the loss performance of the system. As shown in Table 8, the total losses in 
the case with ANM solution (133 GWh) are larger than the total losses in the case with traditional network 
solution (85 GWh). This is expected since in the ANM case, there is no additional circuit and the existing 
circuit is utilised more which increases the losses. 

4.7 SMART SOLUTION WITH FIRM DG ACCESS 

Another alternative approach is to employ the smart grid technologies such as DLR, Quadrature-booster, 
and advanced protection while maintaining all DGs to have a firm access. This approach is analysed by 
using the SIM. The proposed smart grid technologies to solve the network problems are shown in Figure 
25. 
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Figure 25 Smart solution with firm access for DG 

The solution proposed by the SIM is to: 

• Install DLR along PETC-GLAS_1 via FARC_1 to enable high utilisation of the real dynamic 
capacity of the lines; 

• Install advanced protection at March Grid substation to improve the reverse power flow capability, 
and; 

• Install Quadrature-booster at the Wissington to Northwold tee circuit to control and balance the 
flows across all three Wissington circuits. 

No DG needs to be curtailed and therefore, all DG have firm access. 

Figure 26 demonstrates that the proposed solution is successful to keep the power flows within the 
respective limit of each circuit.  

 
Figure 26 Variation of network flows per circuit across all year round operating conditions after 

the implementation of smart grid technologies.  

Figure 27 shows the power flows and the dynamic capacity of line PETC-FARC_1 across all considered 
operating conditions. The static capacity of the line is 25.3 MVA in winter, 21.5 MVA in spring/autumn, 
and 19 MVA in summer. It is observed that the static line capacity was exceeded at some occasions, 
especially during low capacity in summer. Taking advantage of the wind cooling effect, the dynamic line 
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capacity is actually larger and able to accommodate the power flows across all operating conditions. The 
ability to consider the application of DLR in the distribution network planning tool such as the SIM 
broadens the range of alternative solutions that can be evaluated by distribution planning engineers in 
order to address thermal constraint issues in the overhead network.  

 

Figure 27 Power flows and the dynamic rating of line PETC-FARC_1  

Through the use of the SIM, the network planner and operator can also study the characteristics of 
optimal network operation. An example on how the SIM optimises the Quadrature-booster control setting 
is demonstrated in this case. It is shown in Figure 28 that the setting of Quadrature-booster is used to 
maximise the flows along WISS-NOWNT.   

 
Figure 28 Optimised operating settings of the Quadrature-booster and its impact on the flows 

around Wissington  

The results show that the flows along that line are most of the times at maximum level, reaching its static 
seasonal capacity limit. While the flows at the other corridor, WISS-NOWN_2 fluctuates following the 

Static capacity 
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changes in the Quadrature-booster position. Considering that the WISS-NOWN_2 is three times more 
resistive than WISS-NOWNT, it can be concluded that this control strategy is used to minimise losses. 

It is observed that not every time the flows at WISS-NOWNT are at upper limit, e.g. in the operating 
condition 9. In this operating condition, the load at Wissington is at maximum (see Figure 18). This 
reduces the flows at Wissington circuits and there is less demand to push the flows at WISS-NOWNT to 
its maximum limit. 

The proposed solution and the associated cost are summarised in Table 9. The cost is around £1 million 
lower compared to the cost of the traditional solution (£5.9 million).  

Table 9 Smart grid with firm DG access proposition and the associated costs (period: 2014/18) 

ID Item Location Amount Unit Epoch 
Present 
Value of 

Costs  
(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub total  

(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 452,597 1,500,000   

2 DLR PETC-FARC_1     
 

1 30,173 100,000   
3 DLR FARC_1-GLAS_1     

 
1 30,173 100,000   

4 Protection 
MARCH132-
MARCH 

                          
47  % 1 

39,225 130,000   

5 DG output All gen 3,940,500  MWh 1 3,864,720    
6 Loads System 4,335,720  MWh 1     
7 Grid Import All gen 494,359  MWh 1 484,852    
8 Losses System 99,132 

 2.3 
MWh 
% 

1     

9 CO2 System 12,873   tCO2 1     
  Sub Total        1     4,901,741 1,830,000 
  Total       All      4,901,741 1,830,000 

4.8 SMART NETWORK SOLUTION WITH SMART COMMERCIAL ARRANGEMENTS 

Another alternative approach is to combine the solution enabled by smart grid technologies and the smart 
commercial arrangements that allow temporary curtailment of DG output via ANM. The solution from the 
SIM can be summarised as follows: 

The first two solutions from the SIM are the same as in the previous study; that is to install DLR at the 
corridor between PETC and GLAS_1 via FARC_1 and a Quadrature-booster at WISS-NOWNT. In 
contrast to the previous solution that installs the advanced protection to improve the reverse power flow 
capability of March Grid substation; in this case, the SIM proposes to curtail the output of WIND2 to 
reduce the reverse power flow and therefore mitigates the need of reinforcing the March Grid substation. 
The amount of curtailment is relatively low and therefore the cost of curtailing the DG is lower than 
upgrading the protection system in March Grid to enhance its reverse power flow capability. The cost of 
the smart solution is presented in Table 10 and the location of the proposed smart grid technologies and 
the location of DG that needs to be managed by ANM are shown in Figure 29. 
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Figure 29 Smart grid with smart commercial arrangement 

 
Table 10 Smart grid and smart commercial arrangement proposition and the associated costs 

(period: 2014/18) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs 

Sub total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-
NOWNT 

31  MVA 1 452,597 1,500,000   

2 DLR PETC-
FARC_1 

     1 30,173 100,000   

3 DLR FARC_1-
GLAS_1 

     1 30,173 100,000   

4 DG Con&Comm Wind2    1 15,087 50,000   
5 DG Curtailment Wind2 52  MWh 1 4,425    
6 DG output All gen 3,940,450  MWh 1 3,864,670    
7 Loads System 4,335,720  MWh 1     
8 Grid Import All gen 494,889  MWh 1 485,372    
9 Losses System 99,610 

 2.3 
MWh 
% 

1     

10 CO2 System 12,876   tCO2 1     
  Sub Total        1     4,882,497 1,750,000 
  Total       All      4,882,497 1,750,000 
 

It is demonstrated in Table 10 that the cost of this alternative solution is £19,244 lower than the cost of 
the previous solution (£4,901,741). The CAPEX of this alternative solution is also £80,000 lower than the 
one in the previous solution. Thus, the value of having smart commercial arrangement in this case is 
£19,244. The value of having smart commercial arrangement is greater when the arrangement can 
mitigate high investment cost especially from the traditional network investment. 

  

 
 

Page 48 of 97 



Strategic Investment Model for  
Future Distribution Network Planning 
 

4.9 COMBINATION OF SMART GRID, NETWORK, AND SMART COMMERCIAL ARRANGEMENT 

The study was carried out by allowing the SIM to choose not only the smart grid technologies but also 
traditional network assets to solve network problems. The results are exactly the same as the previous 
case study described in section 4.8. This is expected since the network still has adequate capacity that 
can be released, e.g. by using DLR and Quadrature-booster therefore it does not require additional 
lines/cables which are relatively costly. 

4.10 PERFORMANCE COMPARISON ACROSS DIFFERENT SOLUTIONS 

From all proposed solutions that have been discussed so far, the cost of combining smart grid solution 
with smart commercial arrangement (and traditional network solution when necessary) is the lowest one, 
this is demonstrated in Table 11. The investment proposition by the SIM is in agreement with the one 
proposed in the use cases, which formally demonstrates the cost-effectiveness of adopted FPP solutions 
which include the application of Quadrature-booster in Wissington, DLR along Peterborough Central and 
Farcet, the application of advanced protection to enhance the reverse power flow capability at March Grid 
substation and the ANM application in combination with smart commercial arrangement. 

The traditional network solution requires the largest investment cost up front and the present value of its 
cost is approximately £1 million higher than the cost of optimal solution. In CAPEX terms, the FPP 
solutions save £3.35 million in comparison with the cost of traditional network solution. The cost of the 
solution (Connect and Manage) in the second case is the highest one, it is £9.2 million higher than the 
cost of optimal solution indicating that the solution is impractical and inefficient despite the upfront cost 
(CAPEX) is the lowest one. The level of curtailment is too high as the network is already congested and 
therefore some parts of the network require to be upgraded. The cost of the third solution is relatively 
similar to the cost of optimal solution; this solution does not require DG output to be controlled actively in 
order to manage the network constraints. 

Table 11 Cost comparison across different solutions (period: 2014/18) 

 Present Value  in £m (2014) CAPEX (£m) 

Strategy 
Lost 

revenue 
from DG 

curtailment 

Smart 
investment 

Traditional 
investment Total cost Smart 

investment 
Traditional 
investment Total cost 

1. Traditional 
network 
solution 

 -     -     1.54   1.54   -     5.10   5.10  

2. Connect and 
Manage 

 9.58   0.15   -     9.73   0.50   -     0.50  

3. Smart grid 
with firm DG 
access 

 -     0.55   -     0.55   1.83   -     1.83  

4. Smart grid 
with smart 
commercial 
arrangement 

 0.00   0.53   -     0.54   1.75   -     1.75  

5. Combination 
of smart grid, 
network, and 
smart 
commercial 
arrangement 

 0.00   0.53   -     0.54   1.75   -     1.75  

The SIM also provides information about the losses and emissions derived from the load flow calculations 
and the optimisation of DG output that can be used to analyse the loss and emissions performance of 
each solution. The losses and emissions from all proposed solutions are shown in Table 12. The losses 
are expressed in both MWh and the percentage of annual electricity demand. The traditional network 
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solution produces the minimum losses as it adds physical assets that reduce the overall network 
impedances and therefore it reduces losses. Consequently, the level of emissions is the lowest as it does 
not constrain the output of low carbon technology and requires the minimum amount of electricity 
production or grid import. 

Table 12 Losses and emissions comparison across different solutions (period: 2014/18) 

Strategy Losses Emissions 
(tCO2) MWh % 

1. Traditional network solution 84,551 2.0% 12,730 
2. Connect and Manage 132,656 3.1% 13,693 
3. Smart grid with firm DG access 99,132 2.3% 12,873 
4. Smart grid with smart commercial 

arrangement 99,610 2.3% 12,876 

5. Combination of smart grid, traditional, and 
smart commercial arrangement 99,610 2.3% 12,876 

The second solution (Connect and Manage) has the highest losses and emissions considering that it 
curtails significantly the output of renewables which consequently needs to be offset by increasing 
electricity import from the grid. Assuming that the marginal generator at the transmission system is likely 
to be a fossil fuel based plant, it is therefore expected that the emissions increase.  

The losses and emissions performances of the third, fourth and fifth solutions are similar. It is 
demonstrated in this case, that the optimal cost solution may be different with the solution that produces 
the smallest losses and emissions.  

Besides cost, the level of losses and emissions has to be considered to determine the best solution that 
will be taken. For example, the difference in losses between the first and the optimal solution is 15,059 
MWh while the difference in cost between those two solutions is £1 million. If the reduction of 1 MWh 
losses is worth £66.54 then both solutions will be optimal. The higher the incentive to reduce losses, the 
optimal solution will tend towards the investment option which produces the lowest losses.   

The results of the studies presented in Table 11 and Table 12 also demonstrate that the superior 
emission and cost performance of the FPP solutions. It is observed that the emissions benefits of the 
FPP approach, based on applying novel technical and commercial solutions, are significantly higher 
when compared with connect and manage approach, and are nearly equal to those associated with 
traditional solutions that provide fully firm access to DG (no DG curtailment), but this is achieved at very 
significantly lower costs. This clearly demonstrates the superiority of the FPP solutions over traditional 
network design and operation paradigm.  

4.11 CONCLUSIONS 

The applications of the SIM to identify network constraints and to evaluate the cost and benefits of a 
range of investment portfolios which consider the use of innovative network technologies such as DLR, 
Quadrature-booster ANM, advanced protection systems as well as traditional network solutions were 
demonstrated through a set of developed case studies. The load flow results of the SIM have also been 
validated by comparing the results from the model with the results from commercial load-flow software. 

The SIM was used to study and determine the smart grid investment decisions and solve a number of 
use cases in the FPP project, for example: the application of Quadrature-booster in Wissington, DLR 
along Peterborough Central and Farcet, the application of advanced protection to enhance the reverse 
power flow capability at March Grid substation and the ANM application in combination with smart 
commercial arrangements. The investment proposition by the SIM is in agreement with the one proposed 
in the use cases, which formally demonstrates the cost-effectiveness of adopted FPP solutions. 
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The SIM can also be used to evaluate the impact of different investment and operating decisions on 
losses. It can be concluded from the studies that the traditional network investment will generally produce 
the lowest losses as the utilisation factor is relatively low and the use of additional circuits to improve the 
system capacity generally reduces the network impedance. The embodied emissions associated with the 
materials are insignificant and the operational conductor losses are dominant15.  On the other hand, the 
use of smart technologies aims at enhancing the utilisation of the existing assets and therefore may 
increase the level of losses. The settings of the smart devices such as Quadrature-booster can be 
optimised to minimise losses at certain extent. If the value of losses reduction is relatively high, the 
optimal decisions may change towards the decisions that produce fewer losses.  

5 STRATEGIC NETWORK INVESTMENT VERSUS INCREMENTAL NETWORK 
REINFORCEMENT 

5.1 CONTEXT 

Another challenge that distribution network planners face today is to make efficient investment and 
operating decisions that not only address the network needs effectively but also produces the maximum 
benefits to the customers. As the lifetime of network investment is typically long – more than 20-40 years 
– in considering the investment decisions, the network planner has to take into account not only the 
present but also at a certain extent the future need of the system. It requires a decision making process 
that evaluates the impact of the investment decision on the future system. Traditionally, this process is 
carried out by a large set of trial and error studies using a standard network analysis tool. However, the 
process is time consuming, prone to human error, and may produce non-optimal results. The complexity 
of the investment and operational optimisation problems has also increased significantly as results of the 
introduction of smart grid applications and alternative commercial arrangements. The spectrum of the 
options has widened significantly and the number of possible combination of options that has to be 
considered is large. As the SIM was designed as a multi period (year) distribution network planning tool, 
the capability of the SIM to evaluate, coordinate, and optimise the investment decisions at every planning 
period provides the required information for the distribution planning engineer to take the optimal 
investment decisions. 

In this context, the studies were designed to demonstrate the ability of the SIM to optimise and coordinate 
the investment and operating decisions which address not only the present system needs but also the 
future needs of the system. The studies also aim to evaluate the cost performance of different network 
investment approaches. The first approach only focuses on the short-term/current network needs and 
does not consider the long term requirements. This reflects the approach which fundamentally is 
incentivised by the current regulatory approach and short-term business models. And the second 
approach focuses on the development of long term strategic investment which tries to maximise the 
efficiency of the investment not only on the present system but also on the future system. 

5.1.1 Incremental investment approach 

The incremental investment approach focuses on solving the short-term/current network problems. The 
solutions may include different investment portfolios and operational strategies taking into account the 
adoption of smart grid technologies in combination with traditional network investment. The solution then 
will be brought forward in the future. The network problems in the future will be dealt with additional 
investment if needed.  Figure 30 illustrates the decision making process of the incremental investment 
approach. 

15 Craig I Jones, Marcelle C.McManus, “Life-cycle assessment of 11 kV electrical overhead lines and underground 
cables”, Journal of Cleaner Production, Vol.18, 2010, pp. 1464-1477 
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Figure 30 Incremental investment approach 

The limitations of this approach can be summarised as follows: 

• The past decisions may not be optimal for the future network; 

• There is less opportunity to get the economies of scale benefit from investment that addresses 
continuous increased demand of capacity at particular location. Given that significant proportion of 
the investment cost is installation cost which does not correlate strongly with the capacity of the 
new circuit, having to reinforce the same part of network in a relatively short period is economically 
inefficient. 

In brief, the approach may lead to solutions those are optimal in the short-term but not in the long-term. 
The increased uncertainty on how the system will be developed and to a certain extent the regulatory 
uncertainty with inadequate incentive to have long term investment drives the implementation of this 
approach.  

On the other hand, the approach is relatively simple and based on information with less uncertainty. 

5.1.2 Strategic investment approach 

As an alternative, the strategic investment approach considers much longer time horizon in planning the 
network taking into account development and changes in the system in long term. The solutions include a 
set of coordinated investment portfolios for different periods of implementation. The decisions associated 
with the future systems can always be revised taking into account the latest information.  

Figure 30 illustrates the decision making process of the strategic investment approach. 

 
 
 

 
 
 
 
 
 
 

Figure 31 Strategic investment approach 

The strategic investment approach overcomes the limitations of the incremental investment approach; 
however its implementation will raise questions on the assumptions taken to develop the future scenarios 
and their uncertainty and even that the investment can be optimal in the long-term; it may not be optimal 
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for the short-term. This can be challenging in the business and regulatory environment that focuses on 
the short-term. 

5.2 DESCRIPTION OF THE STUDIES 

A set of studies was developed to demonstrate the performance differences between the application of 
incremental and strategic investment approaches on the FPP system (section 4.1). The planning time 
horizon between 2014 and 2023 is divided into 5 planning periods (epochs) each of 2 years . The load in 
2023 is 5% higher than the 2014 load; this scenario is based on the UK Power Networks load forecast. 
The increased installed capacity of the HV connected wind and solar PV generation is based on the high 
growth scenario from the Smart Grid Forum while the projected growth of micro PV is based on the UK 
Power Networks forecast. In this scenario, the installed capacity of CHP is kept the same across all 
planning periods. The total installed capacity of various DG technologies used in the studies is 
summarised in Table 13. 

Table 13 Installed DG capacities for each planning period 

Technology Installed capacity (MW) 
14/15 16/17 18/19 20/21 22/23 

Wind (MW)           91.7          133.1          145.2          149.8          150.8  
PV (MW)           42.2            84.5          112.6          136.2          147.0  
CHP (MW)           74.5            75.5            75.8            75.9            75.9  
uPV (MW)             4.4              8.6            11.4            13.9            16.2  
Total(MW)         212.8         301.7         345.0         375.9         390.0 

In these studies, the installed capacity of FPP generators and micro generators are scaled up while the 
capacity of non-FPP generators (i.e. the incumbent generators) is kept the same. 

Based on this system background, two studies were carried out. The first one is based on the incremental 
investment approach where the investment requirement for each epoch is assessed sequentially. The 
second study is based on the strategic investment approach where all epochs are considered 
simultaneously to determine the investment decision in each epoch. In all scenarios, the combination of 
smart grid technologies, traditional network solution, and smart commercial arrangements is optimised. 
The results of the studies by the SIM are as follows. 

5.3 INCREMENTAL INVESTMENT PROPOSITION 

The following table lists the investment proposition for each epoch based on the incremental investment 
approach. The table provides information regarding the type of investment needed, location, the 
proposed capacity, the timing of investment, and the cost expressed both in the present value and 
CAPEX. Both are in real terms in 2014. The total loads, grid import, losses, and emissions are also 
presented. 

Table 14 Incremental investment portfolio  

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs  

Sub total  
(£) 

CAPEX Sub 
total (£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010  1,500,000    

2 DLR PETC-FARC_1    1 56,201  100,000    
3 DLR FARC_1-

GLAS_1 
   1 56,201  100,000    

4 DG Con&Comm Wind2    1 28,101 50,000   
5 DG Curtailment Wind2 5  MWh 1 428     
6 DG output All gen 1,576,190  MWh 1 1,568,540     
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ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs  

Sub total  
(£) 

CAPEX Sub 
total (£) 

7 Loads System 1,734,290  MWh 1     
8 Grid Import All gen 196,944  MWh 1 195,988     
9 Losses System 38,844 

2.2  
MWh 
% 

1     

10 Emissions System 5,144  tCO2 1     
  Sub Total        1     2,748,469  1,750,000  

11 DLR BOAR_1-
MARCH 

   2 45,355  100,000    

12 DLR BOAR_1-BOAR    2 45,355  100,000    
13 Protection MARCH132-

MARCH 
47  % 2 58,962  130,000    

14 DG Con&Comm Wind1    2 22,678 50,000   
15 DG Con&Comm PV1    2 22,678 50,000   
16 DG Curtailment Wind1 2,121  MWh 2 178,468     
17 DG Curtailment Wind2 3,203  MWh 2 269,597     
18 DG Curtailment PV1 146  MWh 2 16,584     
19 DG output All gen 1,902,480  MWh 2 1,856,660     
20 Loads System 1,756,320  MWh 2     
21 Grid Import All gen -95,051  MWh 2 -92,762     
22 Losses System 51,109 

2.9  
MWh 
% 

2     

23 Emissions System 3,462  tCO2 2     
  Sub Total        2     2,423,574  430,000  

24 Line BOAR_1-
MARCH 

15  MVA 3 102,974  300,000    

25 Tx MARCH132-
MARCH 

90  MVA 3 858,120  2,500,000    

26 DLR GLAS_1-
REDTT_1 

   3 34,325  100,000    

27 DLR B14-CHAT_2    3 34,325  100,000    
28 DLR BANK_FM-

MARCH 
   3 34,325  100,000    

29 DLR BOAR_1-
MARCH 

   3 34,325  100,000    

30 Protection MARCH132-
MARCH 

47  % 3 44,622  130,000    

31 DG Curtailment Wind1 4,734  MWh 3 390,739     
32 DG Curtailment Wind2 322  MWh 3 26,596     
33 DG Curtailment PV1 918  MWh 3 101,960     
34 DG output All gen 2,032,770  MWh 3 1,945,480     
35 Loads System 1,778,350  MWh 3     
36 Grid Import All gen -200,004  MWh 3 -191,415     
37 Losses System 54,416 

3.1  
MWh 
% 

3     

38 Emissions System 2,852  tCO2 3     
  Sub Total        3     3,416,380  3,330,000  

39 SVC RAMSEY 2  MVAr 4 92,390  400,000    
40 Line B14-CHAT_2 19  MVA 4 115,487  500,000    
41 Line BHWS-B14 30  MVA 4 23,097  100,000    
42 DLR CHAT_2-

BOAR_1 
   4 23,097  100,000    

43 DG Con&Comm CHP1    4 11,549 50,000   
44 DG Con&Comm PV3    4 11,549 50,000   
45 DG Curtailment Wind1 5,786  MWh 4 468,331     
46 DG Curtailment Wind2 1,738  MWh 4 140,698     
47 DG Curtailment CHP1 234  MWh 4 10,997     
48 DG Curtailment PV1 138  MWh 4 15,048     
49 DG Curtailment PV3 146  MWh 4 15,958     
50 DG output All gen 2,108,640  MWh 4 1,979,100     
51 Loads System 1,800,380  MWh 4     
52 Grid Import All gen -249,475  MWh 4 -234,149     
53 Losses System 58,791 

3.3  
MWh 
% 

4     

54 Emissions System 2,562  tCO2 4     
  Sub Total        4     2,673,151  1,200,000  

55 Line PETC-FARC_1 13  MVA 5 69,961  600,000    
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ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs  

Sub total  
(£) 

CAPEX Sub 
total (£) 

56 Line FARC_1-
GLAS_1 

15  MVA 5 139,923  1,200,000    

57 Line CHAT_2-
BOAR_1 

31  MVA 5 29,151  250,000    

58 Line BOAR_1-
MARCH 

31  MVA 5 46,641  400,000    

59 Line BANK_FM-
MARCH 

31  MVA 5 46,641  400,000    

60 Tx MARCH132-
MARCH 

180  MVA 5 524,711  4,500,000    

61 DLR PETC-FARC_1    5 11,660  100,000    
62 DLR FARC_1-

GLAS_1 
   5 11,660  100,000    

63 DLR B14-CHAT_2    5 11,660  100,000    
64 DLR BOAR_1-

MARCH 
   5 11,660  100,000    

65 DG Curtailment Wind1 1,951  MWh 5 154,845     
66 DG Curtailment Wind2 487  MWh 5 38,681     
67 DG output All gen 2,145,690  MWh 5 1,974,950     
68 Loads System 1,822,410  MWh 5     
69 Grid Import All gen -271,329  MWh 5 -249,739     
70 Losses System 51,951 

2.9  
MWh 
% 

5     

71 Emissions System 2,434  tCO2 5     
  Sub Total        5     2,822,410  7,750,000  
  Total       All      14,083,984  14,460,000  

These solutions solve all network problems caused by the increased capacity of DG. Solutions comprise 
different smart technologies (e.g. Quadrature-booster, DLR, advanced protection system, SVC, ANM 
based DG control) and traditional network assets (e.g. lines, transformers).  All voltages and power flows 
are kept within the operating limits. The thermal and voltage problems are solved in a coordinated 
manner and the SIM proposes the least cost solution for the particular epoch in question. The results are 
analysed and compared with the alternative approach in section 5.5. 

5.4 STRATEGIC INVESTMENT PROPOSITION 
Table 15 lists the strategic investment portfolio for each epoch.  
 

Table 15 Strategic investment portfolio  

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub total  

(£) 

CAPEX 
Sub 

total (£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010  1,500,000    

2 DLR PETC-FARC_1    1 56,201  100,000    
3 DLR FARC_1-GLAS_1    1 56,201  100,000    
4 DLR BOAR_1-MARCH    1 56,201  100,000    
5 Protection MARCH132-

MARCH 
47  % 1 73,061  130,000    

6 DG output All gen 1,576,200  MWh 1 1,568,550     
7 Loads System 1,734,290  MWh 1     
8 Grid Import All gen 197,167  MWh 1 196,210     
9 Losses System 39,077 

2.3  
MWh 
% 

1     

10 Emissions System 5,146   tCO2 1     
  Sub Total        1     2,849,433  1,930,000  

11 DLR BOAR_1-BOAR    2 45,355  100,000    
12 DG Con&Comm Wind1    2 22,678 50,000   
13 DG Con&Comm Wind2    2 22,678 50,000   
14 DG Con&Comm PV1    1 22,678 50,000   
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ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub total  

(£) 

CAPEX 
Sub 

total (£) 

15 DG Curtailment Wind1 2,120  MWh 2 178,467     
16 DG Curtailment Wind2 3,203  MWh 2 269,596     
17 DG Curtailment PV1 146  MWh 2 16,584     
18 DG output All gen 1,902,480  MWh 2 1,856,660     
19 Loads System 1,756,320  MWh 2     
20 Grid Import All gen -94,965  MWh 2 -92,678     
21 Losses System 51,195 

2.9 
MWh 
% 

2     

22 Emissions System 3,462   tCO2 2     
  Sub Total        2     2,342,017 250,000 

23 Line PETC-FARC_1 13  MVA 3 205,949  600,000    
24 Line B14-CHAT_2 19  MVA 3 171,624  500,000    
25 Line BOAR_1-MARCH 31  MVA 3 137,299  400,000    
26 Tx MARCH132-

MARCH 
180  MVA 3 1,544,620  4,500,000    

27 DLR GLAS_1-
REDTT_1 

   3 34,325  100,000    

28 DLR BANK_FM-
MARCH 

   3 34,325  100,000    

29 DLR PETC-FARC_1    3 34,325  100,000    
30 DLR BOAR_1-MARCH    3 34,325  100,000    
31 Protection MARCH132-

MARCH 
47  % 3 44,622  130,000    

32 DG Curtailment Wind1 4,597  MWh 3 379,446     
33 DG Curtailment PV1 97  MWh 3 10,749     
34 DG output All gen 2,034,050  MWh 3 1,946,700     
35 Loads System 1,778,350  MWh 3     
36 Grid Import All gen -204,527  MWh 3 -195,744     
37 Losses System 51,173 

2.9  
MWh 
% 

3     

38 Emissions System 2,825   tCO2 3     
  Sub Total        3     4,382,570  6,530,000  

39 Line FARC_1-GLAS_1 15  MVA 4 277,169  1,200,000    
40 Line CHAT_2-

BOAR_1 
31  MVA 4 57,744  250,000    

41 Line BANK_FM-
MARCH 

31  MVA 4 92,390  400,000    

42 Line BHWS-B14 30  MVA 4 23,097  100,000    
43 DLR FARC_1-GLAS_1    4 23,097  100,000    
44 DG Curtailment Wind1 1,632  MWh 4 132,096     
45 DG Curtailment Wind2 320  MWh 4 25,901     
46 DG Curtailment PV1 8  MWh 4 832     
47 DG output All gen 2,114,730  MWh 4 1,984,810     
48 Loads System 1,800,380  MWh 4     
49 Grid Import All gen -262,709  MWh 4 -246,569     
50 Losses System 51,641 

2.9  
MWh 
% 

4     

51 Emissions System 2,484   tCO2 4     
  Sub Total        4     2,370,570  2,050,000  

52 DLR REDTT_1-
RAMSEY 

   5 11,660  100,000    

53 DG Curtailment Wind2 664  MWh 5 52,744     
54 DG Curtailment PV1 145  MWh 5 15,524     
55 DG output All gen 2,147,320  MWh 5 1,976,450     
56 Loads System 1,822,410  MWh 5     
57 Grid Import All gen -271,999  MWh 5 -250,356     
58 Losses System 52,911 

2.9  
MWh 
% 

5     

59 Emissions System 2,430   tCO2 5     
  Sub Total        5     1,806,020  100,000  
  Total       All      13,750,610 10,860,000 

With the proposed investment propositions, all network problems caused primarily by the increased DG 
penetration can be solved. These alternative solutions also comprise different smart technologies (e.g. 
Quadrature-booster, DLR, advanced protection system, SVC, ANM based DG control) and traditional 
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network assets (e.g. lines, transformers).  All voltages and power flows are kept within the operating 
limits. The thermal and voltage problems are solved in a coordinated manner and the SIM proposes the 
least cost solution for the planning horizon in question, i.e. 2014-2023.  

5.5 COMPARISON BETWEEN TWO INVESTMENT PROPOSITIONS 

In order to understand the differences between the solutions proposed by the incremental and strategic 
investment approaches, the investment propositions between the two approaches are compared and 
analysed in Table 16. The red/blue arrows show the investment propositions from the first approach 
which were deferred/brought forward in the second approach. Dash and solid lines are used to help 
readers to trace the lines more easily.  
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Table 16 Comparison of the investment portfolios   
Incremental investment approach             Strategic investment approach 

ID Item Location Amount Unit Ep. 
 

ID Item Location Amount   Unit  Ep. 
1 Quadrature-booster WISS-NOWNT 31  MVA 1  1 Quadrature-booste  WISS-NOWNT 31  MVA 1 
2 DLR PETC-

FARC_1 
   1  2 DLR PETC-FARC_1    1 

3 DLR FARC_1-
GLAS_1 

   1  3 DLR FARC_1-GLAS_1    1 

4 DG Con&Comm Wind2 
 

 

   1  4 DLR BOAR_1-MARCH    1 

5 DG Curtailment Wind2 5  MWh 1  5 Protection MARCH132-
MARCH 

47  % 1 

                         
11 DLR BOAR_1-

MARCH 
   2  11 DLR BOAR_1-BOAR    2 

12 DLR BOAR_1-
BOAR 

   2  12 DG Con&Comm Wind1    2 

13 Protection MARCH132-
MARCH 

47  % 2  13 DG Con&Comm Wind2    2 

14 DG Con&Comm Wind1    2  14 DG Con&Comm PV1    2 
15 DG Con&Comm PV1    2  15 DG Curtailment Wind1 2,120  MWh 2 
16 DG Curtailment Wind1 2,121  MWh 2  16 DG Curtailment Wind2 3,203  MWh 2 
17 DG Curtailment Wind2 3,203  MWh 2  17 DG Curtailment PV1 146  MWh 2 
18 DG Curtailment PV1 146  MWh 2              

             23 Line PETC-FARC_1 13  MVA 3 
24 Line BOAR_1-

MARCH 
15  MVA 3  24 Line B14-CHAT_2 19  MVA 3 

25 Tx MARCH132-
MARCH 

90  MVA 3  25 Line BOAR_1-MARCH 31  MVA 3 

26 DLR GLAS_1-
REDTT_1 

   3  26 Tx MARCH132-
MARCH 

180  MVA 3 

27 DLR B14-CHAT_2    3  27 DLR GLAS_1-REDTT_1    3 
28 DLR BANK_FM-

MARCH 
   3  28 DLR BANK_FM-

MARCH 
   3 

29 DLR BOAR_1-
MARCH 

   3  29 DLR PETC-FARC_1    3 

30 Protection MARCH132-
MARCH 

47  % 3  30 DLR BOAR_1-MARCH    3 

31 DG Curtailment Wind1 4,734  MWh 3  31 Protection MARCH132-
MARCH 

47  % 3 

32 DG Curtailment Wind2 322  MWh 3  32 DG Curtailment Wind1 4,597  MWh 3 
33 DG Curtailment PV1 918  MWh 3  33 DG Curtailment PV1 97  MWh 3 

                         
39 SVC RAMSEY 2   MVAr 4  39 Line FARC_1-GLAS_1 15  MVA 4 
40 Line B14-CHAT_2 19  MVA 4  40 Line CHAT_2-BOAR_1 31  MVA 4 
41 Line BHWS-B14 30  MVA 4  41 Line BANK_FM-

MARCH 
31  MVA 4 

42 DLR CHAT_2-
BOAR_1 

   4  42 Line BHWS-B14 30  MVA 4 

43 DG Con&Comm CHP1    4  43 DLR FARC_1-GLAS_1    4 
44 DG Con&Comm PV3    4  44 DG Curtailment Wind1 1,632  MWh 4 
45 DG Curtailment Wind1 5,786  MWh 4  45 DG Curtailment Wind2 320  MWh 4 
46 DG Curtailment Wind2 1,738  MWh 4  46 DG Curtailment PV1 8  MWh 4 
47 DG Curtailment CHP1 234  MWh 4              
48 DG Curtailment PV1 138  MWh 4  52 DLR REDTT_1-

RAMSEY 
   5 

49 DG Curtailment PV3 146  MWh 4  53 DG Curtailment Wind2 664  MWh 5 
             54 DG Curtailment PV1 145  MWh 5 

55 Line PETC-
FARC_1 

13  MVA 5              

56 Line FARC_1-
GLAS_1 

15  MVA 5        

57 Line CHAT_2-
BOAR_1 

31  MVA 5        

58 Line BOAR_1-
MARCH 

31  MVA 5        

59 Line BANK_FM-
MARCH 

31  MVA 5        

60 Tx MARCH132-
MARCH 

180  MVA 5        

61 DLR PETC-
FARC_1 

   5        

62 DLR FARC_1-
GLAS_1 

   5        

63 DLR B14-CHAT_2    5        
64 DLR BOAR_1-

MARCH 
   5        

65 DG Curtailment Wind1 1,951  MWh 5        
66 DG Curtailment Wind2 487  MWh 5        
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5.5.1 Investment portfolios 

5.5.1.1 Timing of investment 

The results demonstrate that many reinforcements from the incremental approach were brought forward 
in the strategic investment approach. For example, new lines between Peterborough Central, Farcet, and 
Glassmoor (PETC-FARC_1, FARC_1- GLAS_1) that are proposed in epoch 5 (2022/23) in the first 
approach are proposed earlier (epoch 3, 2018/19) in the second approach. There are many more 
investment propositions that were brought forward such as the application of DLR between BOAR_1 and 
MARCH, application of advanced protection system in March Grid substation, etc. These can be found in 
Table 16. The id of each decision is maintained according to the originals shown in Table 14 and Table 
15. 

However, since some investments were brought forward as results of the strategic investment approach,   
other investment decisions proposed by the incremental investment approach may be postponed for 
example, the application of DG control for WIND2 generator (left table, id:4), or may not be parts of the 
solution proposed by the second approach, for example: the SVC (left table, id: 39)  

5.5.1.2 Smart grid technologies defer traditional network reinforcement 

The results of the studies demonstrate clearly that the applications of smart grid technologies can defer 
the need of reinforcing the networks using traditional network assets. For example, the applications of 
DLR between Peterborough Central, Farcet, and Glassmoor (PETC-FARC_1 id: 2 and FARC_1-GLAS id: 
3) are able to improve the utilisation of the real time capacity of those lines and therefore defer the need 
to reinforce the network. But once the limit was reached, the only option is to reinforce the corridor by 
installing new lines as shown by the results in epoch 5 (id:55-56). 

5.5.1.3 Smart grid technologies may not always be the first option 

The results of the studies also show that the applications of smart grid technologies may not be always 
be the first option. For example, the application of DLR along B14-CHAT_2 (left table, id: 27) in the first 
approach is substituted by a new 19MVA line (right table, id:24) in the second approach. Considering the 
high growth scenario, it may be more cost efficient to reinforce a certain corridor using network assets 
and avoid the need to pay twice (smart grid technologies and network assets) in the short-term as shown 
as in the results of the first approach, decisions id: 27 and 40.  

5.5.1.4 Smart grid technologies defer traditional network reinforcement 

The results of the studies demonstrate clearly that the applications of smart grid technologies can defer 
the need of reinforcing the networks using traditional network assets. For example, the applications of 
DLR between Peterborough Central, Farcet, and Glassmoor (PETC-FARC_1 id: 2 and FARC_1-GLAS id: 
3) are able to improve the utilisation of the real time capacity of those lines and therefore defer the need 
to reinforce the network. But once the limit was reached, the only option is to reinforce the corridor by 
installing new lines as shown by the results in epoch 5 (id: 55-56). 

5.5.1.5 Smart grid technologies may not always be the first option 

The results of the studies also show that the applications of smart grid technologies may not be always 
be the first option. For example, the application of DLR along B14-CHAT_2 (left table, id: 27) in the first 
approach is substituted by a new 19 MVA line (right table, id: 24) in the second approach. Considering 
the high growth scenario, it may be more cost efficient to reinforce a certain corridor using network assets 
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and avoid the need to pay twice (smart grid technologies and network assets) in the short-term as shown 
as in the results of the first approach, decisions id: 27 and 40.  

5.5.1.6 Coordinated solutions for thermal-voltage problems 

In these studies, the SIM has demonstrated its capability in solving voltage and thermal problems in a 
coordinated manner. Unlike traditional approaches that evaluate the voltage and thermal problems 
separately, the SIM optimises the solution for all thermal-voltage problems concurrently. This can be 
demonstrated by the SIM proposition based on the incremental investment approach to install a new 2 
MVAR SVC in the epoch 3 (left table, id: 39) at Ramsey (shown by the arrow in Figure 32). 

 

Figure 32 Location of SVC 

The SVC is located at the end of a long HV corridor between Peterborough Central (PETC) and Ramsey 
with a number of relatively large wind farms connected to it. Therefore a voltage rise problem can be 
expected from this situation and the increased capacity of wind farms connected in this area will amplify 
the problem. Thus, reactive compensation is required to be installed here to help regulate the voltage. 

Figure 33 shows the range of voltage variation across the system in the first planning period (2014/15) 
and the last period (2022/23) obtained from the SIM. The results suggest that the voltage variation is 
wider in the future as the amount of DG connected to the system increases. This variation is recorded 
across a large number of operating conditions taking into account various demand levels and DG output 
levels as described previously in section 3.4. 

The voltage regulation can be obtained by optimising the tap settings of the transformers, the use of 
reactive compensation and voltage regulation from DG as well as the changing the generation dispatch 
and flows in the system. This can be optimised concurrently by the SIM in a coordinated manner. 
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Figure 33 Expected increased voltage regulation problem in the future driven by high DG 
penetration  

On the other hand, the second solution which is proposed by the strategic investment approach does not 
include SVC in epoch 3 instead the SIM proposes to install a new line along the Peterborough Central 
and Farcet (Table 16, right table, id: 23). This reduces the impedance and subsequently subdues the 
voltage issue problem in the subsequent nodes including Ramsey. The investment also at the same 
solves the thermal problem along the same corridor.  

5.5.1.7 Economies of scale 

The lack of coordinated investment decisions in the incremental investment approach due to its short-
term investment focus may result in sub-optimal decisions by not utilising the economies of scale 
opportunities. This can be observed from the results of the first approach. 

For example, in the results of the first approach, the corridor BOAR_1-MARCH has to be reinforced 
twice. The first reinforcement is in epoch 3 (id:24) where a new 15 MVA line is installed. The capacity of 
the new line is further reinforced by the application of DLR (id:29). Although these are sufficient in epoch 
3, further reinforcement is required in epoch 5. A new 31 MVA line (id: 58) equipped with DLR (id: 64) is 
required.  

In the results of the second approach, the corridor BOAR_1-MARCH is reinforced only once (id: 25), 
which is in epoch 3. Instead of installing a 15 MVA line, the second approach decides to install the larger 
option (31MVA) although it is slightly more expensive. In this case, the second approach gains the 
benefits from the economies of scale of the investment. 

Period: 2014/15 

Period: 2022/23 

Max 
Average
Min 
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Another example is the reinforcement of the March Grid substation. In the results of the first approach, 
the substation is reinforced twice. The first one is in epoch 3 with a 90 MVA transformer (id: 25) equipped 
with advanced protection system (id: 30). The second one occurs in epoch 5 with another installation of 
2x90 MVA transformers (id: 60).   

The solution proposed by the strategic investment approach only reinforces the MARCH Grid substation 
once, which occurs in epoch 3. Instead of installing a 90 MVA transformer, the solution proposes to install 
directly a new 2x90 MVA transformers equipped with advanced protection system to improve its reverse 
power flow capability. Again, the second approach gains the benefits from the economies of scale of the 
investment. 

Bringing forward investment (or anticipatory investment strategy) due to the benefits in the economies of 
scale also incurs cost due to depreciation and the fact that the utilisation of the asset in question will not 
be optimal in the short-term. Thus, the balance between the cost and the benefit of bringing forward the 
investment should be optimised in order to maximise the benefits. The key parameters that influence the 
decision will be the level of economies of scale and the depreciation cost which is a function of time. The 
SIM can help planners to optimise such decisions. 

5.5.2 Costs 

As discussed previously, the first approach may require more investment due to the lack of long-term 
vision in the development of the system and lack of ability to gain the benefits of the economies of scale. 
The second approach requires a lower number of distribution circuits, less DLR and a smaller number of 
DG to be controlled. It is also observed that the first approach curtails more DG as results of the short-
term solution to solve the network problems due to DG while the second approach may reduce the DG 
curtailment as it may bring the network reinforcement forward. However, the results also demonstrate 
that in both cases, controlling the output of DG is essential to reduce the overall system costs. This is 
demonstrated in Table 17.  

Table 18 summarises the costs of the solution proposed by both approaches as presented in Table 14 
and Table 15. The costs of both solutions are similar in the first two planning periods. As the DG capacity 
continues to grow, the investment decisions in period 2018/19 are significantly different. As the strategic 
investment approach decides to reinforce the network by installing new lines and transformers, the cost is 
significantly higher than the one proposed in the first (“incremental”) approach. However, these 
investments are paid off in the last planning period where there is no further large investment needed. On 
the other hand, as the incremental approach minimises the short-term cost, the CAPEX in the first four 
periods are smaller compared to the other solution; however, this needs to be compensated by large 
investments in the last period. At the end, the total CAPEX from the strategic investment approach is £3.7 
million lower than the one proposed by the incremental approach.  

 
Table 17 Number of investments and DG curtailment from both approaches 

Investment (no of circuits) Incremental  Strategic 
Reactive compensators 1 0 
New distribution circuits 11 9 
Dynamic Line Rating  13 10 
Advanced protection 2 2 
DG control and comm. 5 3 
DG curtailment (MWh) 21,930 12,934 
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Table 18 Costs of the solution proposed by incremental and strategic investment approaches 

  Incremental (£m) Strategic (£m) 
Period Present 

Value of 
lost 

revenue 
from DG 

curtailment 

Present Value 
of CAPEX 

CAPEX  
Smart 

CAPEX 
Traditional 

Present 
Value of 

lost 
revenue 
from DG 

curtailment 

Present 
Value of 
CAPEX 

CAPEX  
Smart 

CAPEX 
Traditional 

2014/15           0.00            0.98            1.75                 -                   -              1.08  1.93                 -    

2016/17           0.46            0.20            0.43                 -              0.46            0.11  0.25                 -    

2018/19           0.52            1.14            0.53            2.80            0.39            2.24  0.53            6.00  

2020/21           0.65            0.28            0.60            0.60            0.16            0.47  0.10            1.95  

2022/23           0.19            0.90            0.40            7.35            0.07            0.01  0.10                 -    

Total           1.83            3.50            3.71          10.75            1.08            3.92  2.91            7.95  

As discussed earlier, the cost of DG curtailment in the first solution is higher than the cost of the 
alternative solution, primarily driven by the lower number of network investment in the first four planning 
periods. The lost revenue from DG curtailment drops significantly when the network was reinforced in the 
fifth period. 

It is important to note that while the CAPEX of the strategic investment approach is £3.6 million lower 
than the CAPEX of the other approach, the present value of the real cost considered in this planning time 
horizon is slightly higher, i.e. £3.9 million than the one proposed in the other approach (£3.5 million). This 
is due to the depreciation cost of the assets that were invested earlier. However the total present value 
cost of the strategic investment approach, i.e. £5 million (£1.08 million plus £3.92 million), is still lower 
than the present value cost of the incremental investment approach, i.e. £5.3 million (£1.83 million plus 
£3.50 million) due to the benefits in reducing the cost of DG curtailment. 

In these studies, the SIM has demonstrated its capability in optimising the investment decisions 
considering the cost and benefits of each decision. As the problem is complex, as shown in these 
studies, the use of the SIM will help planners to carry out studies in more cost effective and efficient 
ways.  

5.5.3 Losses and emissions 

The losses and CO2 emissions as results of the decisions from both investment approaches are 
presented in Table 19.  

 
Table 19 Losses and emissions from the incremental and strategic investment approaches 

 
Losses (MWh) Losses (%) Emissions (tCO2) 

 
Incremental Strategic Incremental Strategic Incremental Strategic 

2014/15 38,844 39,077 2.2% 2.3% 5,144 5,146 
2016/17 51,109 51,195 2.9% 2.9% 3,462 3,462 
2018/19 54,416 51,173 3.1% 2.9% 2,852 2,825 
2020/21 58,791 51,641 3.3% 2.9% 2,562 2,484 
2022/23 51,951 52,911 2.9% 2.9% 2,434 2,430 

Total 255,111 245,997 2.9% 2.8% 16,455 16,347 
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It can be concluded that the losses from the results of the first (“incremental”) approach are 3.7% higher 
(9,114 MWh) than the one from the second (“strategic”) approach. This is driven by the characteristic of 
the first approach that tends to defer large capital network investment by improving the utilisation of the 
existing assets with the support from smart technologies. 

With respect to the emissions, the strategic investment approach also produces lower emissions than the 
alternative solution but the difference is not significant, i.e. 0.6%. 

5.6 IMPACT ASSESSMENT STUDY    

5.6.1 INTRODUCTION 

The applications of innovative distribution network solutions require time and trial to gain experience and 
knowledge on how actually the technologies and the control system respond in the real environment. This 
is essential to build the user confidence on the reliability and the capability of the respective system. In 
order to ensure the safety of the system operation, the learning process is often carried out by increasing 
by a small margin the work-load of the new system until its real full capability can be determined with 
sufficient confidence.  

The concrete example of this issue is the application of DLR technology. Figure 34 shows that the 
dynamic capacity of the conductor at Farcet 1A changes quite rapidly and at some instances, some 
spikes occur. Since these spikes in capacity are ephemeral, these data may be discarded or capped.  

 

Figure 34 Dynamic capacity of the conductor and wind profile at Farcet 1A [Source: FPP trial data 
from 22/01/2014 to 31/01/2014, 1 min resolution] 

In addition, there may be limitations to DLR application driven increase in the capacity of OHLs, due to 
constraints associated with ratings of circuit breakers, busbars or transformers in substations. 
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Furthermore, sections of the OHL conductor may not be fully exposed to wind cooling effect and limit the 
ability to increase loading. As the applications of DLR technologies in the GB distribution network are 
new, there is a reasonable suggestion to limit the improvement of the capacity to 30% of the nominal 
capacity of the circuit in addition to the 15% offset for adjustment reasons described previously in section 
3.3.4.5. 

In this context, the SIM can be used to evaluate the impact of implementing the DLR limit on the 
investment decisions, and subsequently the system performances (costs, losses, emissions). An 
example is given as follows: 

5.6.2 DESCRIPTION OF THE STUDY 

The case study is based on the scenario described in section 5.2. The study uses the strategic 
investment approach and the enhanced capacity of a circuit with the DLR technology is capped to 130% 
of the respective static seasonal capacity. The results of the study are compared with the results 
described in section 5.4 when the DLR is not capped. 

5.6.3 IMPACT ASSESSMENT 

5.6.3.1 Impact of capping the DLR 

Figure 35 illustrates the impact of capping the dynamic capacity of line PETC-FARC_1. The dynamic 
capacity of the line is capped at 30% above the seasonal static capacity. The x-axis denotes the 
operating conditions used in this study. There are 5 epochs and each epoch considers 81 operating 
conditions derived from the combination of loads, and output of wind farms and solar PV as described in 
section 3.4. In Figure 35, the actual dynamic capacity of the line is compared with the capped DLR limit. 
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Figure 35 The dynamic line rating of the circuit between Peterborough Central and Farcet with 
and without the cap   

Due to the DLR constraint the released network capacity that can be utilised is lower. This will have 
impact on the planning and timing of the system reinforcements and may increase the amount of DG 
curtailment to manage the network congestion.    

5.6.3.2 Comparison between the investment portfolios with and without capped DLR limit 

Due to the constraint in the DLR limit the investment portfolio has changed from the one shown in the left 
hand side of Table 20 to the other one shown in the right hand side. It is demonstrated that capping the 
DLR limit will bring forward the network reinforcement and may trigger additional reinforcement. For 
example, the line between Peterborough Central and Farcet (PETC-FARC_1, left table, id:23) which is 
invested in epoch 3 (2018/19) in the case without DLR constraint, should be move forward to epoch 2 
(2016/17) in the case with DLR constraint (right table, id:15). A new circuit along Boarding House and 
B14 (BHWS-B14, left table, id: 42) needs to be invested much earlier, from epoch 4 (2020/21) to epoch 
1(2014/15) due to the DLR constraint.  

Table 20 Comparison between the investment portfolios with (right) and without (left) capped DLR 
limit 

Without constraint on DLR 
 

Capped DLR 
ID Item Location Amount Unit Ep. 

 
ID Item Location Amount Unit Ep. 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 

 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 

2 DLR PETC-FARC_1    1 
 

2 Line BHWS-B14 30  MVA 1 
3 DLR FARC_1-GLAS_1    1 

 
3 DLR PETC-FARC_1    1 

4 DLR BOAR_1-MARCH    1 
 

4 DLR FARC_1-GLAS_1    1 
5 Protection MARCH132-

MARCH 
47  % 1 

 

5 Protection MARCH132-
MARCH 

47  % 1 

            
 

6 DG Con&Comm Wind1    1 
11 DLR BOAR_1-BOAR    2 

 
7 DG Con&Comm PV1    1 

12 DG Con&Comm Wind1    2 
 

8 DG Curtailment PV1 5  MWh 1 
13 DG Con&Comm Wind2    2 

 
            

14 DG Con&Comm PV1    2 
 

14 Line FARC_1-GLAS_1 15  MVA 2 
15 DG Curtailment ind1 2,120  MWh 2 

 
15 Line PETC-FARC_1 25  MVA 2 

16 DG Curtailment Wind2 3,203  MWh 2 

 

16 DLR GLAS_1-
REDTT_1 

   2 

17 DG Curtailment PV1 146  MWh 2 
 

17 DLR BOAR_1-MARCH    2 
            

 
18 DLR BOAR_1-BOAR    2 

23 Line PETC-FARC_1 13  MVA 3 
 

19 DLR FARC_1-GLAS_1    2 
24 Line B14-CHAT_2 19  MVA 3 

 
20 DLR BOAR_1-MARCH    2 

25 Line BOAR_1-MARCH 31  MVA 3 
 

21 DG Con&Comm Wind2    2 
26 Tx MARCH132-

MARCH 
180  MVA 3 

 

22 DG Curtailment Wind2 3,203  MWh 2 

27 DLR GLAS_1-REDTT_1    3 
 

23 DG Curtailment PV1 146  MWh 2 
28 DLR BANK_FM-

MARCH 
   3 

 

            

29 DLR PETC-FARC_1    3 
 

29 Line BOAR_1-MARCH 31  MVA 3 
30 DLR BOAR_1-MARCH    3 

 

30 Line BANK_FM-
MARCH 

31  MVA 3 

31 Protection MARCH132-
MARCH 

47  % 3 

 

31 Line B14-CHAT_2 19  MVA 3 

32 DG Curtailment Wind1 4,597  MWh 3 

 

32 Tx MARCH132-
MARCH 

180  MVA 3 

33 DG Curtailment PV1 97  MWh 3 

 

33 Protection MARCH132-
MARCH 

47  % 3 

            
 

34 DG Curtailment Wind1 484  MWh 3 
39 Line FARC_1-GLAS_1 15  MVA 4 

 
35 DG Curtailment Wind2 2,821  MWh 3 

40 Line CHAT_2-BOAR_1 31  MVA 4 
 

36 DG Curtailment PV1 75  MWh 3 
41 Line BANK_FM-

MARCH 
31  MVA 4 

 

            

42 Line BHWS-B14 30  MVA 4 
 

42 Line BOAR_1-BOAR 28  MVA 4 
43 DLR FARC_1-GLAS_1    4 

 

43 DLR CHAT_2-
BOAR_1 

   4 

44 DG Curtailment Wind1 1,632  MWh 4 

 

44 DLR REDTT_1-
RAMSEY 

   4 

45 DG Curtailment Wind2 320  MWh 4 
 

45 DG Curtailment Wind1 332  MWh 4 
46 DG Curtailment PV1 8  MWh 4 

 
46 DG Curtailment Wind2 16  MWh 4 
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Without constraint on DLR 
 

Capped DLR 
ID Item Location Amount Unit Ep. 

 
ID Item Location Amount Unit Ep. 

            
 

47 DG Curtailment PV1 177  MWh 4 
52 DLR REDTT_1-

RAMSEY 
   5 

 

      

53 DG Curtailment Wind2 664  MWh 5 

 

53 Line CHAT_2-
BOAR_1 

31  MVA 5 

54 DG Curtailment PV1 145  MWh 5 
 

54 DLR B14-CHAT_2    5 
            

 
55 DG Curtailment Wind1 469  MWh 5 

   
    

56 DG Curtailment Wind2 252  MWh 5 
   

    
57 DG Curtailment PV1 145  MWh 5 

 
  

    
      

Similar logic applies to the new circuit between Farcet and Glassmoor (FARC_1- GLAS_1) of which the 
investment needs to be brought forward from epoch 4 (2020/21) to epoch 2 (2016/17). These three 
examples are depicted by the blue arrows in Table 20, there are other investments that also need to be 
brought forward. 

The DLR constraint also increases the number of circuits that need to be invested to reinforce the 
system. An additional circuit (BOAR_1-BOAR, right Table 20, id:42) is used to reinforce the network that 
connects the wind farms at BOAR to the system. This is demonstrated in Table 21.  

On the positive side, as some reinforcements were brought forward, the amount of DG output curtailment 
decreases. In this study, the total curtailment during the period 2014-2023 decreases from 12,934 MWh 
in the first case (“No cap”) to 8,126 MWh in the second case (“Capped”). 

Table 21 Number of investments and DG curtailment from the case without and with DLR 
constraint 

Investment (no of circuits) No cap Capped 
Reactive compensators 0                 -    
New distribution circuits 9                10  
Dynamic Line Rating  10                10  
Advanced protection 2                  2  
DG control and comm. 3                  3  
DG curtailment (MWh)          12,934           8,126  

Additional constraints tend to increase cost. The Present Value of lost revenue from DG curtailment, the 
present value of the CAPEX and the CAPEX for both cases – without and with DLR constraints – are 
compared in Table 22.   

 Table 22 Cost comparison between the case without and with DLR constraint 

 
No cap(£) Capped (£) 

Period PV of lost 
revenue from 

DG 
curtailment 

Present Value 
CAPEX CAPEX 

PV of lost 
revenue from 

DG curtailment 

Present 
Value 

CAPEX 
CAPEX 

2014/15                -              1.08            1.93            0.00            1.14            2.03  
2016/17           0.46            0.11            0.25            0.29            1.17            2.58  
2018/19           0.39            2.24            6.53            0.28            1.99            5.80  
2020/21           0.16            0.47            2.05            0.05            0.22            0.95  
2022/23           0.07            0.01            0.10            0.07            0.04            0.35  

Total           1.08            3.92          10.86            0.69            4.56          11.71  

 

CAPEX of the case with DLR constraint is £0.85 million higher than the cost of the other case primarily 
due to a higher number of circuits that needs to be invested in case the DLR is constrained. Furthermore, 
because some of the investments are carried out earlier, the present value of the CAPEX in the second 
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case (“Capped”) is also higher.  The increase in cost is offset partially by the reduction in the cost of 
curtailment. The cost decreases from £1.08 million in the first case to £0.69 million in the second case. 
However, the total present value cost of the second case is £0.24 million higher than the first case. This 
is the cost of capping the DLR to 130% of seasonal static capacity of the respective circuit.  

Table 23 compares the losses and emissions in the case with and without the DLR constraint between 
2014 and 2023 with 2 year time interval as described in section 5.2. 

 
Table 23 Losses and emissions in the case without and with DLR constraint 

  Losses (MWh) Losses (%) Emissions (tCO2) 
  No cap Capped No cap Capped No cap Capped 
2014/15 39,077 38,951 2.3% 2.2% 5,146 5,145 
2016/17 51,195 48,796 2.9% 2.8% 3,462 3,435 
2018/19 51,173 49,462 2.9% 2.8% 2,825 2,807 
2020/21 51,641 50,586 2.9% 2.8% 2,484 2,469 
2022/23 52,911 51,240 2.9% 2.8% 2,430 2,420 

Total 245,997 239,035 2.8% 2.7% 16,347 16,276 

As the operating policy to cap DLR tends to bring more network reinforcement in the future, the losses 
are smaller. Similarly, the emissions are also smaller due to the fact that the curtailment level in the case 
with DLR being cap is smaller. 

It is important to note that some results are case specifics and therefore the interpretation of the results 
should be aligned with the context and scope of the studies. 

5.7 CONCLUSIONS 

The ability of the SIM to optimise and coordinate the investment and operating decisions across multiple 
planning periods was demonstrated through a set of simulation studies. In these studies, the SIM was 
applied to evaluate the cost performance of two approaches. The first approach only focuses on the 
short-term/current network needs and does not consider the long term requirements. This reflects the 
approach which fundamentally is incentivised by the current regulatory regime and short-term business 
models. The second approach focuses on the development of long term strategic investment which tries 
to maximise the efficiency of the investment not only on the present system but also on the future system. 

From the analysis of the results of the studies, it can be concluded that the long-term investment and 
short-term operating decisions should be coordinated across multiple planning periods and consider not 
only the present system needs but also the future needs of the system. The strategic investment 
approach ensures that in the long term the total cost of the system is minimum although in short term it 
can be larger than the one proposed by the alternative approach.  

There are a number of interesting findings from the studies, which can be summarised as follows: 

• Smart grid technologies defer traditional network reinforcement; 

• Smart grid technologies may not always be the first investment option. In some cases, it might be 
more economically efficient to anticipate the future need by installing new circuits that can mitigate 
the need to reinforce the same part again in the short-term; 

• Voltage problems will be amplified in the systems with high DG penetration and the thermal-
voltage problems require coordinated solutions;  
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• The lack of coordinated investment decisions in the incremental investment approach due to its 
short-term investment focus may result in sub-optimal decisions by not utilising the economies of 
scale opportunities; 

• The balance between having the benefits from the economies of scale and depreciation cost of the 
assets has to be optimised to maximise the net benefits. The “anticipatory” investment can be 
justified if the net benefit is positive, i.e. the benefit is greater than the cost; 

• The incremental approach tends to exploit more the use of smart technologies to defer large scale 
investment in order to minimise the short-term cost. However, this may lead to higher DG 
curtailment, losses, and consequently the emissions.  On the other hand, the strategic investment 
approach strikes the balance between the use of smart technologies and traditional network 
investment and therefore optimises the level of DG curtailment, losses and emissions.  

Another key application of the SIM is to use the model to facilitate impact assessment studies on certain 
operating policies. In this context, the SIM was applied to evaluate the impact of constraining the DLR 
limit. The capacity of the circuit equipped with DLR is capped up to 130% of its seasonal static capacity. 
The impacts of this constraint can be summarised as follows: 

- It triggers earlier network reinforcement programme and may require larger system reinforcement 
in comparison to the investment solution for the case without the DLR constraint. 

It also has impact on the amount of DG curtailment, and other parameters such as costs, losses and 
emissions. All of these impacts can be evaluated using the SIM. 
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6 DG CONNECTION STUDIES 

6.1 CONTEXT 

With the expected high level of DG uptake in the future, one of the key challenges for the distribution 
network planners and the DG investors is to find the least cost connection to the existing system. 
Connecting the new DG to the closest connection point approach may not be always the optimal solution 
as the connected node may already be in the constrained area. A range of studies considering different 
alternative connection points has to be carried out since the constraints may not be directly visible and 
occur only at particular operating conditions. In this context, the SIM can be applied to carry out such 
studies and hence helps to reduce the cost and time needed to analyse different alternative connection 
points for the DG and its associated connection cost. 

6.2 DESCRIPTION OF THE STUDIES 

The studies are mainly based on the scenario described in Chapter 4 with the addition of one new 12 MW 
wind power generator located between Glassmoor and Farcet. There are two connection points 
considered: (i) Glassmoor (GLAS) and (ii) Farcet 2 (FARC_2). The connection to GLAS is shorter (1.1 
km) and the cost of a 33 kV 25 MVA OHL from the new generator to GLAS is £200,000. The second 
option is to connect the new generator to FARC_2 by installing a 4.6 km 33 kV OHL conductor that costs 
£700,000. This hypothetical scenario is developed intentionally for the objective of this study which is to 
identify the key factors that need to be considered for connecting a new DG to the existing system.  

 

Figure 36 New DG connection problem 

A range of scenarios was used to provide the sensitivity of the results. The focus of the sensitivity study is 
to investigate whether the optimal result is sensitive to the type of new DG and the type of network 
access it would like to have. 

6.3 OPTIMAL CONNECTION POINT 

6.3.1 The shortest connection point option 

It seems that the solution of this case is trivial. Without understanding in-depth the loading characteristics 
of the relevant part of the network, the first option would be chosen as it connects to the nearest 
connection point. However, even though there is no active constraint between GLAS and GLAS_1, power 
from the new generator will need to go through PETC – GLAS_1 via FARC_1 circuits which are already 
constrained based on their seasonal static thermal capacity. Thus, it becomes not clear whether the 
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additional capacity margin created by the application of DLR on those circuits can accommodate the 
flows from the new generator. The solution proposed by the SIM is shown in Table 24. 

Table 24 DG connection proposition from the SIM: case 1 (wind power with no firm access) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Line NEW-
GLAS 

25  MVA 1 60,346 200,000    

2 DG Con&Comm NEW    1 15,087 50,000    
3 DG Curtailment NEW 395  MWh 1 33,424    

  Total       All      108,857 250,000 

The SIM proposes to build the 25 MVA line between NEW- GLAS with a condition that the new DG can 
be curtailed when the corridor PETC-FARC_1 reaches its thermal capacity limit. It is shown in Table 24 
that within period 2014-2018, the lost revenue from DG curtailment is relatively low, i.e. 395 MWh which 
costs £33,424. The connection cost is £75,433 within the same period; the cost has included the cost of 
DG control and communication with the ANM control. The upfront cost in terms of CAPEX is £250,000.  

6.3.2 Impact of non-firm and firm access to the DG connection point 

In the case that the new DG wants to have firm access or the DNO does not offer the option to have a 
smart commercial arrangement, the optimal solution changes. The SIM now proposes to connect the new 
DG to FARC_2 as shown in Table 25. The connection cost of this solution is £211,212 for the period of 
2014-2018 with the upfront cost of £700,000. Thus the value of smart commercial arrangement for the 
DG is £211,212 – £108,857 = £102,355 for the same period. The value is not insignificant especially for a 
relatively small DG project.  

Table 25 DG connection proposition from the SIM: case 2 (wind power with firm access) 

ID Item Location Amount Unit Epoch 
Present 
Value of 

Costs  
(£) 

CAPEX 
(£) 

Present 
Value of 
Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Line NEW-FARC_2 25 MVA 1 211,212 700,000 
  

  Total       All      211,212 700,000 

If the DG is forced to connect to GLAS, then the DNO needs to reinforce PETC-FARC_1 as it requires 35 
MVA across all seasons to accommodate the additional loading contributed by the new DG. Currently, 
the static winter capacity PETC-FARC_1 is around 26 MVA (see Figure 27). The reinforcement costs 
£700,000 in order to allow firm access for the new DG. The cost of this solution is higher than the cost of 
the previous solution and therefore it should not be considered. 

The solution is sensitive to the size of DG that would like to be connected. If the new DG is relatively 
small and therefore does not trigger further reinforcement in the corridor PETC-GLAS_1, then the 
solution (Table 26) is to connect to the closest connection point (GLAS) and the DG can have firm access 
without incurring additional cost. In this case the solution is not sensitive to the application of a smart 
commercial agreement.  
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The solution is also sensitive to the type of new DG. If the new DG is a CHP plant instead of a wind farm 
and assuming, for the purpose of this study, the CHP runs at a high capacity factor across a year– the 
solution is to connect to FARC_2 and in addition, the PETC-FARC_2 will also need to be reinforced with 
DLR. The cost of connection then increases to £241,385 with the upfront cost of £800,000. The results 
are presented in Table 27. 

Table 26 DG connection proposition from the SIM: case 3 (small wind) 

ID Item Location Amount Unit Epoch 
Present Value 

of Costs  
(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub 

total (£) 

2 Line NEW-GLAS                   25  MVA 1             60,346                      200,000  
    Total       All      60,346 200,000 

 

Table 27 DG connection proposition from the SIM: case 4 (CHP with firm access) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Line NEW-FARC_2 25.3 MVA 1 211,212 700,000 
  2 DLR PETC-FARC_2   

 
1 30,173 100,000 

    Total       All      241,385 800,000 

If the CHP is offered a non-firm access option, the solution will be to curtail the CHP when it is necessary 
in order to reduce the cost by mitigating the reinforcement at PETC-FARC_2. The proposed solution for 
this case is summarised in Table 28. 

Table 28 DG connection proposition from the SIM: case 5 (CHP with non-firm access) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Line NEW-
FARC_2 

25.3 MVA 1 211,212 700,000   

2 DG Con&Comm NEW    1 15,087 50,000   
3 DG Curtailment NEW 104.2 MWh 1 8,811    

  Total       All      235,110 750,000 

The cost of the solution is £235,110 for the period of 2014-2018 with the upfront cost of £750,000. The 
present value of the total cost in this case is £6,275 lower than the previous case. The savings (£6,275) 
reflect the value of offering the non-firm access in this case.  

6.3.3 Strategic DG connection approach 

The study looks into two periods: (i) 2014-2018 and (ii) 2019-2023. For the first period, the system 
described in section 6.2 is used. The system has a new 12 MW new wind farm located between 
Glassmoor and Farcet that needs to be connected as described previously in section 6.2. For the second 
period, the load and generation capacity were revised according to the projected load and DG growth in 
2023 [source: UK Power Networks EPN Planning Load Estimates 2012-2024]. The load in the second 
period has increased by 5.08% from the load in the first period and the installed capacity of micro 
generators in the second period has increased by 273%, from 4.4 MW in the first period to 16.2 MW in 
the second period. The installed capacity of wind generation and solar PV has increased by 34% and 
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82% respectively. The total installed capacity of wind generation in the second period is 153 MW and the 
solar PV is 85 MW. The increase in the capacity is distributed proportionally to the locations where the 
FPP generators are connected as described in section 4.1.   

In this study, the SIM is used to solve the problems using both incremental (first case) and strategic 
(second case) investment approaches. The results will be compared to see the performance differences 
between the two approaches. Table 29 and Table 30 show the proposed investment and operating 
decisions for both incremental and strategic investment approaches respectively. The analysis focuses 
on the decision taken by the SIM addressing the connection requirement from the new generation and 
the impact of it on the future (second period) system requirements.  

Table 29 Results of the incremental investment approach 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs 

Sub total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-NOWNT 31 MVA 1 843,010 1,500,000   

2 Line NEW-GLAS 25 MVA 1 112,401 200,000   
3 DLR PETC-FARC_1      1 56,200 100,000   
4 DLR FARC_1-GLAS_1      1 56,200 100,000   
5 DG Con&Comm NEW    1 28,100 50,000   
6 DG Curtailment NEW 395 MWh 1 33,331    
  Sub Total        1     1,129,242 1,950,000 

7 Line PETC-FARC_1 25 MVA 2 201,156 700,000   
8 Line FARC_1-GLAS_1 31 MVA 2 402,312 1,400,000   
9 DLR GLAS_1-GLAS      2 28,737 100,000   

10 DLR BOAR_1-MARCH      2 28,737 100,000   
11 DLR PETC-FARC_1      2 28,737 100,000   
12 DLR FARC_1-GLAS_1      2 28,737 100,000   
13 DLR NEW-GLAS      2 28,737 100,000   
14 Protection MARCH132-

MARCH 
47 % 2 37,358 130,000   

15 DG Con&Comm Wind2    2 14,369 50,000   
16 DG Curtailment Wind2 308 MWh 2 24,777    

  Sub Total        2     823,657 2,780,000 
  Total       All      1,952,899 4,730,000 
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Table 30 Results of the strategic investment approach 

ID Item Location Amount Unit Epoch 
Present 
Value of 

Costs  
(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub 

total (£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010 1,500,000   

2 Line NEW-FARC_2 25  MVA 1 393,405 700,000   
3 DLR PETC-FARC_1      1 56,200 100,000   
4 DLR FARC_1-GLAS_1      1 56,200 100,000   
  Sub Total          1         1,348,815 2,400,000 

5 DLR PETC-FARC_2      2 28,737 100,000   
6 DLR BOAR_1-MARCH      2 28,737 100,000   
7 DLR NEW-FARC_2      2 28,737 100,000   
8 Protection MARCH132-

MARCH 
47  % 2 37,358 130,000   

9 DG Con&Comm Wind1    2 14,369 50,000   
10 DG Con&Comm Wind2    2 14,369 50,000   
11 DG Con&Comm NEW    2 14,369 50,000   
12 DG Curtailment Wind1 555  MWh 2 44,748    
13 DG Curtailment Wind2 308  MWh 2 24,777    
14 DG Curtailment NEW 207  MWh 2 16,674    

  Sub Total        2      252,875 580,000 
  Total       All          1,601,690 2,980,000 

In the first period (epoch 1), the SIM proposes a different connection point for the new generator. In case 
1 (incremental approach), the connection is to the closest node, i.e. GLAS (Figure 37) which leads to the 
lower connection cost. Furthermore, the application of DLR along PETC – GLAS_1 via FARC_1 
accommodates the additional power contributed by the new generator even if the new generator needs to 
be curtailed but the cost of curtailment in this period is relatively low, i.e. £33,331.  

 

Figure 37 Incremental investment approach solution 

On the contrary, the SIM proposes to connect the new generator to FARC_2 in case 2 (Figure 38).  Since 
FARC_2 is not in the constrained area in period 1, there is no need to curtail the new generator and 
therefore the Present Value of lost revenue from DG curtailment is zero in the first period. While the 
operational cost of the case 2 solution is lower, the investment cost in case 2 is £450,000 higher than 
case 1. The reason why the new generator is proposed to connect to FARC_2 in case 2, can be 
explained when the results for the second epoch are analysed.  

In the second period (epoch 2), in case 1, as a result of connecting the new generator to GLAS and the 
increased capacity of FPP generators in this area, a new line PETC-FARC_1 and FARC_1-GLAS must 
be installed and the additional capacity is further improved by the application of DLR along the new lines. 
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DLR also needs to be applied to line NEW-GLAS as the capacity of wind farm also grows by 34%.  With 
the network reinforcement, there is no need for curtailment in this area of network. The cost of this 
solution is high due to the need of reinforcing PETC-GLAS (via FARC_1). The total CAPEX cost needed 
in this period is £2,780,000. This is shown in Table 29. 

 

Figure 38 Strategic investment approach solution 

In case 2, the decision to connect the new wind farm directly to FARC_2 relieves the loading of the 
PETC-GLAS and therefore it mitigates the need of reinforcing the PETC – GLAS corridor although it 
needs to temporarily curtail the output of Wind1. Due to the increase in wind farm capacity, the SIM 
solution proposes to reinforce the NEW – FARC_2 – PETC corridor by installing DLR and to implement 
ANM to control the output of the wind farm connected at NEW. The CAPEX cost of this solution 
(£580,000) is much lower compared to the cost of solution proposed by the other approach (£2,780,000).  

The total CAPEX cost in both planning periods in case 1 is £4,730,000 while in case 2, it is £2,980,000.  
Thus, the savings obtained from implementing the strategic investment approach are £1,750,000 or 37% 
reduction in CAPEX with reference to the cost obtained from the incremental investment approach. The 
present value of the savings by implementing the strategic investment approach is £351,209 over the 
period of 2014-2023.  

Another possible investment option for case 1 is to reverse the decision in the first epoch by not using the 
line between NEW and GLAS and to install a new line between NEW and FARC_2 and applies the same 
solution set as proposed by the strategic investment approach. In this case, it avoids the need to build 
new lines between PETC-GLAS (via FARC_1) and can be more cost effective although it means that the 
connection of NEW-GLAS becomes less utilised. 

6.4 CONCLUSIONS 

The application of the SIM to find the least cost connection to the existing system for a new generator 
was demonstrated through a set of simulation studies. From the results of the studies, it can be 
concluded that connecting the new DG to the closest connection point approach may not be always the 
optimal solution as the connected node may already be in the constrained area. 

The studies also demonstrate that the optimal connection point may also be influenced by a number of 
factors such as: 

• The rating of the new DG; 

• The commercial arrangement offered to and accepted by the DG; 

slack

slack
slack

slack

2 Tx

PETC

FARC_1 FARC_2

GLAS_1

B11 B14

BURY

REDT

CHAT_T1CHAT_T2

DOWN_1

FUNT_T1FUNT_T2

BHWS

MARCH_TEE

CHAT_2

NOWN

NOWN_2

NOWNT

WISS

SOPR

W
HI

T_
T2

WHIT_2

SWAF

REDTT_1

FARC

GLAS2

LITT

RANWT

SWAFT_1UPWL_1

W
HI

T_
T1

GLAS

FUNT
WHIT

CHATWOODTW
1 

RAMSEY REDT_2

W2 

BOAR_1

BOAR

W
ind

3 

MARCH_T1 MARCH_T2

MARCH_P

CHP1 

PV
4 

W
ind

5 

W
in

d6
 

AF_1

AF

STAG

W
6 

W7 

Wind4 

Wind1 

C1 

S3 

MARCH_FM
S4 

BANK_FM

PV3 

MARCH

PV2 

W
5 

W
4 S2 

MARCH132

W3 

S1 

Wind2 
PV1 

uP
V1

 uPV2 

uPV3 
uPV4 

uPV5 

uPV6 

uPV7 

NEW

 
 

Page 75 of 97 



Strategic Investment Model for  
Future Distribution Network Planning 
 

• The characteristic output of the DG which is strongly correlated with the type of DG in question; 

• The needs of the future system to ensure that the decisions taken to address the current 
connection requirement will be optimal in the long term.  
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7 VALUE OF INVESTMENT IN FLEXIBILITY: LEAST WORST REGRET 
APPROACH 

7.1 CONTEXT 

The main challenge for adopting the strategic investment approach is to deal with the uncertainty 
associated with the future development of the system. The risk of taking sub-optimal decisions rises with 
the prediction horizon since the uncertainty increases. Risk analysis should be carried out to understand 
the spectrum of possible impacts of alternative network planning propositions so that an informed 
decision can made.  

Although the current model of the SIM is not formulated as a stochastic distribution network planning tool, 
the SIM could be used to quantify the impact of certain decisions on the future system. Thus, it enables 
quantification of the risk and subsequently its post analysis to determine the optimal decisions. In this 
chapter, the SIM is applied to carry out the Least Worst Regret (LWR) analysis to identify a set of 
decisions that minimises the maximum regret in the future. A number of studies were carried to illustrate 
how the SIM can be applied for this particular purpose. 

7.2 DESCRIPTION OF THE STUDIES 

Two planning periods are used in these studies. The first period (epoch) is 2014-2018 and the second 
period is 2019-2023. One system is used to reflect the current network condition in the first planning 
period and four other systems are used as the possible systems in the second period. The differences 
across each projected future scenario are mainly on the level of DG growth. In all four scenarios, the 
residential PV growth is 273%; the capacity of residential PV is proportionally increased to reflect the 
growth. The increased capacity of wind farms and solar PV farms in the four scenarios are shown in 
Table 31. 

Table 31 Projected growth levels of wind and solar PV farms in 2023 

Scenario Growth Capacity (MW) 
Wind Commercial 

Solar PV 
Wind Commercial 

Solar PV 
1. Zero 0% 0% 104 47 
2. Low 34% 82% 139 85 
3. Medium 47% 173% 152 127 
4. High 65% 251% 170 163 

 

In the scenario “Zero” the DG growth only occurs at residential PV while the capacity of wind and solar 
PV farms remains as in the first epoch. This scenario is designed specifically for these studies and should 
not be used for other purposes.  

The scenario “Low”, “Medium” and “High” use the projected “Low”, “Medium”, and “High” DG growth from 
the Smart Grid Forum respectively. The DG growth in this case study was distributed proportionally 
based on the current distribution of FPP generators as described in section 4.1 to capture the clustering 
effect and for simplifying the study. Also the additional generator was used to show the applicability of a 
Least Worst Regret approach as enabled by the SIM to study the sensitivity to a DG connection. 
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The peak demand in the first and second planning period is 237 MW and 249 MW respectively. The 
increase in demand may improve the local consumption of the DG output and hence reduces the loading 
in the network. 

7.2.1 Least Worst Regret approach  

The “Least Worst Regret” approach used in these studies can be explained as follows: 

1. To determine the optimal investment and operating decisions for all three scenarios independently. 
The costs of those solutions are used later as reference values. 

2. Based on the investment and operating decisions associated with the first epoch, the decisions made 
for one scenario are applied to the other scenarios and the SIM is run again to optimise the decisions 
for the second epoch taking into account the decisions that were made for the first epoch. For 
example, the network designed to meet scenario 1 in epoch 1 is measured based on the lifetime it 
needs to accommodate scenario 2 in epoch 2. 

3. As the decisions in the first epoch (considered in a different scenario) may not be optimal for the 
scenario in question, the total cost will increase. The difference between the cost obtained in step 2 
and the optimal cost obtained in step 1 is the opportunity loss and the regret value. 

4. For each scenario, the maximum regret value is determined by taking the largest regret value 
obtained from analysing the two other scenarios. 

5. The last step is to determine the set of decisions in the first epoch that produces the minimum across 
the maximum regret costs across all three scenarios as obtained in step 3.    

7.3 KEY FINDINGS AND ANALYSIS 

7.3.1 Step 1: The SIM optimises the investment and operating decisions for all three scenarios 
independently.  

The results are presented and analysed in the following sections. 

7.3.1.1 2023 Zero growth scenario 
 
The results for the Zero growth scenario are summarised in Table 32. 
 

Table 32 Investment and operating decisions for the Zero scenario 

ID 
 Item Location Amount Unit Epoch 

Present 
Value of 

Costs  
(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-
NOWNT 

31  MVA 1 843,010 1,500,000   

2 Line NEW-GLAS 25  MVA 1 112,401 200,000   
3 DLR PETC-

FARC_1 
     1 56,200 100,000   

4 DLR FARC_1-
GLAS_1 

     1 56,200 100,000   

5 DG Con&Comm NEW    1 28,100 50,000   
6 DG Curtailment NEW  395  MWh 1 33,331    
  Sub Total        1     1,129,242 1,950,000 

7 DG Curtailment NEW 364  MWh 2 29,264    
  Sub Total        2     29,264 0 
  Total       All      1,158,506 1,950,000 
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The results for epoch 1 are the same as the results for epoch 1 obtained by implementing the incremental 
investment approach discussed in section 6.3.3, Table 29. The focus of the analysis for this scenario is 
the decision to connect the new wind farm to the closest connection point at Glassmoor (GLAS). As the 
installed capacity of DG in the second planning period does not increase considerably in the zero growth 
scenario therefore it does not increase substantially the loading of circuit PETC-GLAS_1, the investment 
decisions taken in the first epoch are optimal and produce the minimum cost. 

7.3.1.2 2023 Low growth scenario 
 
The results for the Low growth scenario are summarised in Table 33. 
 

Table 33 Investment and operating decisions for the Low scenario 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub total  

(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010 1,500,000   

2 Line NEW-FARC_2 25  MVA 1 393,405 700,000   
3 DLR PETC-FARC_1      1 56,200 100,000   
4 DLR FARC_1-GLAS_1      1 56,200 100,000   
  Sub Total          1         1,348,815 2,400,000 

5 DLR PETC-FARC_2      2 28,737 100,000   
6 DLR BOAR_1-MARCH      2 28,737 100,000   
7 DLR NEW-FARC_2      2 28,737 100,000   
8 Protection MARCH132-

MARCH 
47  % 2 37,358 130,000   

9 DG Con&Comm Wind1    2 14,369 50,000   
10 DG Con&Comm Wind2    2 14,369 50,000   
11 DG Con&Comm NEW    2 14,369 50,000   
12 DG Curtailment Wind1 555  MWh 2 44,748    
13 DG Curtailment Wind2 308  MWh 2 24,777    
14 DG Curtailment NEW 207  MWh 2 16,674    

  Sub Total        2      252,875 580,000 
  Total       All          1,601,690 2,980,000 

 

Considering the growth of the DG capacity in the second epoch, the results for the first epoch are the 
same as obtained in the strategic investment study described in section 6.3.3, Table 30 .The important 
difference between the results of this scenario and the results of scenario 1, is the connection point of the 
new wind farm. While the results of scenario 1 suggest a connection to GLAS, the results of scenario 2 
suggest a connection to FARC_2 as it takes into account the projection that in the short-term future, the 
corridor between PETC-FARC1 will need to be further reinforced if the new wind farm is connected to 
GLAS as discussed previously.  
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7.3.1.3 2023 Medium growth scenario 
 
The results for the Medium growth scenario are summarised in Table 34. 
 

Table 34 Investment and operating decisions for the Medium scenario 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub total  

(£) 

CAPEX 
Sub 

total (£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010 1,500,000   

2 Line NEW-FARC_2 25  MVA 1 393,405 700,000   
3 DLR PETC-FARC_1      1 56,200 100,000   
4 DLR FARC_1-GLAS_1      1 56,200 100,000   
  Sub Total          1         1,348,815 2,400,000 

5 Line B14-CHAT_2 19  MVA 2 143,683 500,000   
6 DLR PETC-FARC_2      2 28,737 100,000   
7 DLR WHIT_T1-

FUNT_T1 
     2 28,737 100,000   

8 DLR BOAR_1-MARCH      2 28,737 100,000   
9 DLR NEW-FARC_2      2 28,737 100,000   

10 Protection MARCH132-
MARCH 

47  % 2 37,358 130,000   

11 DG Con&Comm Wind1    2 14,369 50,000   
12 DG Con&Comm Wind2    2 14,369 50,000   
13 DG Con&Comm CHP1    2 14,369 50,000   
14 DG Con&Comm PV1    2 14,369 50,000   
15 DG Con&Comm NEW    2 14,369 50,000   
16 DG Curtailment Wind1 501  MWh 2 40,323    
17 DG Curtailment Wind2 5,400  MWh 2 434,968    
18 DG Curtailment CHP1 677  MWh 2 31,578    
19 DG Curtailment PV1 644  MWh 2 69,802    
20 DG Curtailment NEW 186  MWh 2 14,925    

  Sub Total        2         959,430 1,280,000 
  Total       All          2,308,245 3,680,000 

Considering a higher level of DG growth, the decisions in epoch 1 in this scenario are the same as taken 
in the second scenario (“Low DG growth”). In epoch 2, there are more DLRs to be applied and B14-
CHAT_2 is also reinforced to accommodate higher installed capacities of DG. In this scenario, the 
amount of DG curtailment also increases. 
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7.3.1.4 2023 High growth scenario 
 
The results for the High growth scenario are summarised in Table 35. 
 

Table 35 Investment and operating decisions for the High scenario 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 
Costs 
Sub 
total  
(£) 

CAPEX 
Sub 

total (£) 

1 Quadrature-
booster 

WISS-NOWNT 31  MVA 1 843,010  1,500,000    

2 Line NEW-FARC_2 25  MVA 1 393,405  700,000    
3 DLR PETC-FARC_1      1 56,201  100,000    
4 DLR FARC_1-GLAS_1      1 56,201  100,000    
  Sub Total          1         1,348,816  2,400,000  

5 Line PETC-FARC_1 25  MVA 2 201,156  700,000    
6 Line B14-CHAT_2 19  MVA 2 143,683  500,000    
7 Line CHAT_2-BOAR_1 31  MVA 2 71,841  250,000    
8 Line BOAR_1-MARCH 31  MVA 2 114,946  400,000    
9 Tx MARCH132-

MARCH 
90  MVA 2 718,414  2,500,000    

10 Line BHWS-B14 30  MVA 2 28,737  100,000    
11 DLR PETC-FARC_2      2 28,737  100,000    
12 DLR GLAS_1-REDTT_1      2 28,737  100,000    
13 DLR WHIT_T1-FUNT_T1      2 28,737  100,000    
14 DLR BOAR_1-BOAR      2 28,737  100,000    
15 DLR BANK_FM-MARCH      2 28,737  100,000    
16 DLR NEW-FARC_2      2 28,737  100,000    
17 Protection MARCH132-

MARCH 
47  % 2 37,358  130,000    

18 Protection MARCH132-
MARCH 

47  % 2 37,358  130,000    

19 DG Con&Comm Wind1    2 14,368  50,000    
20 DG Con&Comm Wind2    2 14,368  50,000    
21 DG Con&Comm CHP1    2 14,368  50,000    
22 DG Con&Comm PV1    2 14,368  50,000    
23 DG Con&Comm PV3    2 14,368  50,000    
24 DG Con&Comm NEW    2 14,368  50,000    
25 DG Curtailment Wind1 161  MWh 2 12,969     
26 DG Curtailment Wind2 5,486  MWh 2 441,913     
27 DG Curtailment CHP1 759  MWh 2 35,411     
28 DG Curtailment PV1 789  MWh 2 85,537     
29 DG Curtailment PV3 853  MWh 2 92,440     
30 DG Curtailment NEW 1,579  MWh 2 126,839     

  Sub Total        2     2,407,228  5,610,000  
  Total       All      3,756,044  8,010,000  

Considering the highest level of DG growth, the SIM’s decisions in epoch 1 in this scenario are still the 
same as taken in the second and third scenario (“Low and Medium DG growth”). This indicates that the 
application of smart technologies which provides an alternative low cost solution is quite robust against 
the uncertainty across different future scenarios.  

In epoch 2, the SIM proposes a number of new circuits including a new transformer in March Grid 
substation in addition to DLR, novel protection system, and ANM applications to manage actively network 
operation. In this scenario, the amount of DG curtailment also increases. This demonstrates once again 
that when the system is already heavily constrained due to high DG penetration, the use of smart grid 
solutions should be combined with traditional network solutions in order to form the least cost solution.  

Based on the results, there are two sets of decisions in the first planning period which should be taken 
carefully considering the possibility of different DG growth in the future. The Least Worst Regret approach 
is then applied to evaluate the impacts of each set of decisions on the future systems.  
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7.3.2 Step 2: Impact assessment for each set of epoch 1 decisions 

Since the investment approaches for all of scenarios 2, 3 and 4 were the same, there are fewer 
combinations which need to be studied in this case than might be expected and would normally be 
twelve. The results of the studies are analysed as follows: 

7.3.2.1 Implementation of epoch 1 decisions from scenario 1 (“Zero growth”) to other scenarios 

Table 36 shows the impact of implementing the epoch 1 decisions to scenario 2. This is the same set of 
results obtained in the incremental investment approach. The decision to connect the new wind farms to 
GLAS leads to further high cost reinforcement of PETC-GLAS_1. This increases the cost of the solution. 
In terms of CAPEX, the regret cost is £1,750,000 (£4,730,000 minus £2,980,000). In terms of the PV of 
cost incurred within period 2014-2023, the regret cost is £351,199 (£1,952,899 minus £1,601,690).  

Table 36 shows the impact of implementing the epoch 1 decisions to scenario 3. With the projected 
growth of DG, the decision to connect the new wind farms to GLAS is also leading to further high cost 
reinforcement of PETC-GLAS_1 as found in the previous case. This also increases the cost of the 
solution. In terms of CAPEX, the regret cost is £1,750,000 (£5,430,000 minus £3,680,000). In terms of 
the PV of cost incurred within period 2014-2023, the regret cost is £357,383 (£2,665,628 minus 
£2,308,245). The impact of having epoch 1 decision from scenario 1 on the epoch 2 decisions in scenario 
2 and 3 is the same; thus the regret costs obtained from both cases are the same. The maximum regret 
cost for implementing epoch 1 decisions on the other epoch is £1,750,000 (in terms of CAPEX). 

Table 37 Implementation of epoch 1 decisions from scenario 1 (“Zero growth”) to scenario 2 
(“Low growth”) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-NOWNT 31 MVA 1 843,010 1,500,000   

2 Line NEW-GLAS 25 MVA 1 112,401 200,000   
3 DLR PETC-FARC_1      1 56,200 100,000   
4 DLR FARC_1-GLAS_1      1 56,200 100,000   
5 DG Con&Comm NEW    1 28,100 50,000   
6 DG Curtailment NEW 395 MWh 1 33,331    
  Sub Total        1     1,129,242 1,950,000 

7 Line PETC-FARC_1 25 MVA 2 201,156 700,000   
8 Line FARC_1-GLAS_1 31 MVA 2 402,312 1,400,000   
9 DLR GLAS_1-GLAS      2 28,737 100,000   

10 DLR BOAR_1-MARCH      2 28,737 100,000   
11 DLR PETC-FARC_1      2 28,737 100,000   
12 DLR FARC_1-GLAS_1      2 28,737 100,000   
13 DLR NEW-GLAS      2 28,737 100,000   
14 Protection MARCH132-

MARCH 
47 % 2 37,358 130,000   

15 DG Con&Comm Wind2    2 14,369 50,000   
16 DG Curtailment Wind2 308 MWh 2 24,777    

  Sub Total        2     823,657 2,780,000 
  Total       All      1,952,899 4,730,000 
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Table 38 Implementation of epoch 1 decisions from scenario 1 (“Zero growth”) to scenario 3 
(“Medium growth”) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-booster WISS-NOWNT 31 MVA 1 843,010 1,500,000 
  2 Line NEW-GLAS 25 MVA 1 112,401 200,000 
  3 DLR PETC-FARC_1     

 
1 56,200 100,000 

  4 DLR FARC_1-GLAS_1     
 

1 56,200 100,000 
  5 DG Con&Comm NEW 

 
  1 28,100 50,000 

  6 DG Curtailment NEW 395 MWh 1 33,331 
     Sub Total        1         1,129,242 1,950,000 

8 Line PETC-FARC_1 25 MVA 2 201,156 700,000 
  9 Line FARC_1-GLAS_1 31 MVA 2 402,312 1,400,000 
  10 Line B14-CHAT_2 19 MVA 2 143,683 500,000 
  11 DLR WHIT_T1-FUNT_T1     

 
2 28,737 100,000 

  12 DLR GLAS_1-GLAS     
 

2 28,737 100,000 
  13 DLR BOAR_1-MARCH     

 
2 28,737 100,000 

  14 DLR PETC-FARC_1     
 

2 28,737 100,000 
  15 DLR FARC_1-GLAS_1     

 
2 28,737 100,000 

  16 DLR NEW-GLAS     
 

2 28,737 100,000 
  17 Protection MARCH132-MARCH 47 % 2 37,358 130,000 
  18 DG Con&Comm Wind2 

 
  2 14,369 50,000 

  19 DG Con&Comm CHP1 
 

  2 14,369 50,000 
  20 DG Con&Comm PV1 

 
  2 14,369 50,000 

  21 DG Curtailment Wind2 5,400 MWh 2 434,968 
   22 DG Curtailment CHP1 677 MWh 2 31,578 
   23 DG Curtailment PV1 644 MWh 2 69,802 
     Sub Total        2         1,536,386 3,480,000 

  Total       All          2,665,628 5,430,000 
 

Table 38 shows the impact of implementing the epoch 1 decisions to scenario 4. Similar to the previous 
case, with the projected growth of DG, the decision to connect the new wind farms to GLAS is also 
leading to further high cost reinforcement of FARC_1-GLAS_1 while PETC-FARC_1 needs to be 
reinforced even in the previous case. This increases the cost of the solution. In terms of CAPEX, the 
regret cost is £1,500,000 (£9,510,000 minus £8,010,000). In terms of the PV of cost incurred within 
period 2014-2023, the regret cost is £332,244 (£4,088,288 minus £3,756,044). The impact of having 
epoch 1 decision from scenario 1 on the epoch 2 decisions in scenario 2, 3, and 4 is similar; thus it is 
expected that the regret costs obtained from both cases are similar. Based on the results, it can be 
concluded that the maximum regret cost for implementing epoch 1 decisions on the other epoch is 
£1,750,000 (in terms of CAPEX). 
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Table 39 Implementation of epoch 1 decisions from scenario 1 (“Zero growth”) to scenario 4 
(“High growth”) 

ID Item Location Amount Unit Epoch 
Present 
Value of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub total 

(£) 

1 Quadrature-
booster 

WISS-NOWNT 31   MVA  1  843,010  1,500,000    

2 Line NEW-GLAS 25   MVA  1  112,401  200,000    
3 DLR PETC-FARC_1      1  56,201  100,000    
4 DLR FARC_1-GLAS_1      1  56,201  100,000    
5 DG Con&Comm NEW      1  28,100  50,000    
6 DG Curtailment NEW 395  MWh  1  33,331     
  Sub Total            1          1,129,244  1,950,000  

12 Line PETC-FARC_1 25   MVA  2  201,156  700,000    
13 Line FARC_1-GLAS_1 31   MVA  2  402,312  1,400,000    
14 Line WHIT_T1-

FUNT_T1 
21   MVA  2  158,051  550,000    

15 Line CHAT_2-
BOAR_1 

31   MVA  2  71,841  250,000    

16 Line BOAR_1-MARCH 31   MVA  2  114,946  400,000    
17 Tx MARCH132-

MARCH 
90   MVA  2  718,414  2,500,000    

18 Line BHWS-B14 30   MVA  2  28,737  100,000    
19 Line B14-CHAT_2 19   MVA  2  143,683  500,000    
20 DLR GLAS_1-

REDTT_1 
     2  28,737  100,000    

21 DLR GLAS_1-GLAS      2  28,737  100,000    
22 DLR BOAR_1-BOAR      2  28,737  100,000    
23 DLR BANK_FM-

MARCH 
     2  28,737  100,000    

24 DLR PETC-FARC_1      2  28,737  100,000    
25 DLR FARC_1-GLAS_1      2  28,737  100,000    
26 DLR NEW-GLAS      2  28,737  100,000    
27 Protection MARCH132-

MARCH 
47   %  2  37,358  130,000    

28 Protection MARCH132-
MARCH 

47   %  2  37,358  130,000    

29 DG Con&Comm Wind2      2  14,368  50,000    
30 DG Con&Comm CHP1      2  14,368  50,000    
31 DG Con&Comm PV1      2  14,368  50,000    
32 DG Con&Comm PV3      2  14,368  50,000    
33 DG Curtailment Wind2 4,836  MWh  2  389,527     
34 DG Curtailment CHP1 759  MWh  2  35,411     
35 DG Curtailment PV1 687  MWh  2  74,504     
36 DG Curtailment PV3 478  MWh  2  51,840     
37 DG Curtailment NEW 2,929  MWh  2  235,279     

  Sub Total            2          2,959,044  7,560,000  
  Total            All           4,088,288  9,510,000  

If the connection NEW-GLAS in epoch 1 is disconnected, and a line NEW-FARC_2 is installed in epoch 
2, the regret cost is reduced to the cost of NEW-FARC_2. In terms of CAPEX, the regret cost is 
£700,000. By reversing the decision, the regret cost can be minimised. 

7.3.2.2 Implementation of epoch 1 decisions from scenario 2, 3, and 4 to scenario 1 

Table 39 shows the impact of implementing the epoch 1 decisions from scenario 2 and 3 to scenario 1. 
Since the new wind farm is connected to FARC_2 directly, it mitigates completely the need to curtail DG 
in epoch 1 and 2. However, since the cost of connecting the wind farm to FARC_2 is higher, the regret 
cost in this example is £350,000 (£2,400,000 minus £1,950,000) in terms of CAPEX or £190,309 
(£1,348,815 minus £1,158,506) if it is expressed in terms of the present value of the costs. 
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Table 40 Implementation of epoch 1 decisions from scenario 2 (“Medium growth) and 3 (“High 
growth”) to scenario 1 (“Low growth”) 

ID Item Location Amount Unit Epoch 

Present 
Value 

of 
Costs  

(£) 

CAPEX 
(£) 

Present 
Value of 

Costs 
Sub 
total  
(£) 

CAPEX 
Sub 

total (£) 

1 Quadrature-booster WISS-NOWNT 31 MVA 1 843,010 1,500,000 
  2 Line NEW-FARC_2 25 MVA 1 393,405 700,000 
  3 DLR PETC-FARC_1     

 
1 56,200 100,000 

  4 DLR FARC_1-GLAS_1     
 

1 56,200 100,000 
    Sub Total          1         1,348,815 2,400,000 

  Sub Total        2         -    -    
  Total       All          1,348,815 2,400,000 
 

7.3.3 Step 3 Maximum regret cost of each scenario 

The maximum regret cost of each option (expressed in CAPEX) is summarised in Table 40.   

Table 41 Maximum regret of each option 

Option Maximum regret cost  (£) 
Solution for epoch 1 from scenario 1 1,750,000 
Solution for epoch 1 from scenario 2, 3, and 4 350,000 

It can be concluded that all decisions may not be optimal if the future scenarios are different with the one 
used in the optimisation. In these studies, the option which yields the lowest regret cost is the investment 
solution of epoch 1 from scenario Low, Medium or High, which include the connection of the new wind 
farm (NEW) to Farcet (FARC_2).  

7.4 CONCLUSIONS 

In this section the application of the SIM in assessing the appropriateness of alternative network 
investment propositions in the context of uncertainty in future development was demonstrated. The SIM 
enables quantification of the risk and subsequently it facilitates its post analysis to determine set of 
optimal network investment decisions. A set of simulation studies using the SIM was carried out and 
analysed in detail to illustrate the application of Least Worst Regret approach in deciding the investment 
problem on the FPP test system taking into account four distinct projected levels of DG growth that drive 
the demand for network investment in the future. The results show that having solutions that provide 
enhanced flexibility to deal with uncertainty in future system requirements may be justifiable even if the 
initial cost is higher. The results of the studies also demonstrate that the FPP investment in smart grid 
technologies is justified across all future development scenarios. 
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8 CONCLUSIONS AND RECOMMENDATIONS 

The applications of the Strategic Investment Model as a tool for optimising smart grid technology 
investment options and analysing the cost and benefit of alternative distribution network planning 
strategic decisions investigated in the LCNF FPP project were presented in this report.  A number of 
simulation studies were carried out and analysed to demonstrate the key benefits of the SIM: 

• Identification of network problems caused by DG connections in various future development 
scenarios and selection of alternative solutions by coordinating and optimising the planning and 
operation of distribution networks; this information can then be used to develop alternative planning 
proposition while exploiting the flexibility and capability of smart grid technologies and smart 
commercial arrangements. 

• Quantification of the economic and carbon costs and benefits of different smart technologies as 
alternatives to traditional network reinforcement; 

• Comparison of strengths and weaknesses of alternative network development propositions and to 
identify the most flexible and cost effective solutions for connecting renewable generation; 

• Identification of optimal timing for future network reinforcements. 

The SIM would allow UK Power Networks and other DNOs to quantify, for different demand and 
generation scenarios, the integrated value and benefits of different smart technologies, smart commercial 
arrangements and ANM. This model may determine, from both economic and carbon perspectives, the 
optimal portfolio of network reinforcements and application of smart network technologies. The input and 
output interfaces of the SIM are based on the Microsoft Excel spreadsheets; this allows flexibility for the 
users to use different networks for various the SIM applications, not only the FPP trial area. The SIM is 
ready for delivery in fully usable and user-friendly format. 

8.1 KEY LESSONS LEARNT 

During the course of the project where the SIM was developed, tested, validated, and used in a spectrum 
of simulation studies to demonstrate its applications, a set of lessons was learnt which can be 
summarised as follows: 

1. Optimisation of smart network investment requires a large number of operating conditions to 
be modelled accurately. 

• In a system with high penetration of DG, the network reinforcement will be driven by DG output 
patterns. Considering the temporal (diurnal, seasonal) characteristics of DG outputs, a large 
number of operating conditions need to be captured accurately to optimise the required network 
investment and commercial arrangements. 

• The traditional approach that uses a limited number of extreme operating conditions, i.e. minimum 
load maximum generation and maximum load minimum generation conditions is no longer fit for 
designing a “Plug and Play” distribution system as it will not be able to optimise the investment 
requirements across all spectrum of operating decisions and therefore it is unable to balance the 
cost of investment with the operating cost. The use of extreme conditions may overestimate the 
investment requirements if the duration of the conditions that drive the investment is 
overestimated. Conversely, if it is underestimated, the network will not have adequate capacity and 
therefore DG curtailment will be excessive. In both cases, the cost to the customers increases. 

• The application of smart commercial arrangement that enables the DG output to be temporarily 
curtailed to relieve network constraints requires accurate estimation of the amount of DG 
curtailment. Such information is essential in establishing the commercial contract between the 
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Distribution Network Operator and the DG customers. A tool, like the SIM, which is able to evaluate 
the DG curtailment requirements across a large number of operating conditions is needed. These 
operating conditions can be derived based on the combination of DG output profiles and electricity 
demand. 

2. Validation of the models with the field trial especially for smart technologies is essential. 

• The application of DLR may be very useful as it allows full exploitation of real time dynamic 
capacity of the network assets; thus it was demonstrated in the studies that such solutions may 
become alternatives to the traditional network reinforcement. In fact, if it is feasible and considering 
that it is a low cost solution, it may be appropriate to be applied before network is reinforced.  

• The application of DLR in distribution network planning optimisation is relatively new. Although the 
applied model tends to mimic accurately the characteristics of DLR, the results of comparing the 
model and the field trial data show that the IEEE steady-state heat balance formulation used in the 
SIM tends to overestimate slightly the thermal capacity improvement. This was offset by reducing 
the DLR capacity improvement in the SIM by 15%-30%. It demonstrates that data from the trial are 
very useful for validating the SIM. 

• As a new tool, the load flow results from the SIM were validated against other established 
commercial load flow engines.  

3. The level of network utilisation in a system with high penetration of wind and solar PV is 
relatively low. 

• It is observed that in many parts of the network where the critical loading has occurred, the 
utilisation factor is actually relatively low (30% on average). This provides insight that the full 
capacity of those assets is used only for relatively short period of time. This opens opportunity to 
manage the output of the DG in order to reduce demand for network reinforcement. 

4. Smart grid technologies and non-firm network access for DG can provide more cost effective 
solutions compared with traditional network reinforcement. 

• The use of smart grid technologies improves the utilisation of network assets and defers network 
reinforcement. 

• The analysis carried out has demonstrated that the use of smart grid technologies such as 
Quadrature-booster, DLR, and ANM which allows control of DG with non-firm access can provide 
lower cost solutions compared with traditional network solutions.  

5. The most appropriate approach to future network planning is to consider simultaneously both 
smart and traditional network reinforcement.   

• Relying only on smart grid and ANM may not be the most cost effective in all situations since the 
network may need to be reinforced at some point. Curtailing the DG output may not be cost 
effective if it is required for long periods of time and there may be a limit to enhancing the utilisation 
of the existing capacity by using smart grid technologies. The results of our analysis demonstrate 
that best practice is to allow all investment options including both smart technologies and the 
traditional network reinforcement to be considered.   
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6. The SIM optimises the control positions of smart devices including Quadrature-booster to 
manage the system while reducing losses. 

• It was demonstrated that the control position of the smart devices such as Quadrature-booster can 
be optimised to manage network constraints and reduce network losses concurrently.  

7. Another application of the SIM is to find the optimal DG connection and the associated 
network connection and reinforcement costs.  

• The application of the SIM to determine the least cost connection point for a new DG was 
demonstrated. Connecting a new DG to the closest network point may not be the least cost 
solution as it may trigger demand for network reinforcement if the closest connection point is 
already in the constrained part of the network. A set of studies carried out in this project and 
discussed in this report demonstrates that the least cost connection point is determined by the SIM 
considering many factors including DG technology, rating of DG, type of network access, 
characteristics of the system constraints at the candidate connection points, costs and the 
expected changes in the system in the future, e.g. DG and load growth.  

8. Strategic investment approach ensures the least cost development of the system in the long 
term while the incremental investment approach minimises the short-term cost but may lead 
to higher long term cost as the short-term decisions may be sub-optimal. 

The SIM has also been employed to analyse the cost performance difference between two investment 
approaches: (i) incremental investment and (ii) strategic investment approaches. The studies 
demonstrate that the decisions taken using the first approach may be sub-optimal in the future system 
and the cost of these sub-optimal decisions tend to exceed the short-term benefits. On the other hand, 
the strategic investment approach ensures that any investment or operating decisions taken will also be 
suitable in the future and therefore the overall long-term cost is minimal. However, the short-term cost in 
the second approach may exceed the short-term cost in the first approach. The results of both 
approaches for each planning period are compared in Table 41 below. The duration of each planning 
period is 2 years. 

Table 42 Costs of the solution proposed by incremental and strategic investment approaches 

 Incremental (£m) Strategic (£m) 

Period 
 

Present 
Value of 

lost 
revenue 
from DG 

curtailment 

Present Value of 
CAPEX 

CAPEX  
Smart 

CAPEX 
Traditional 

Present 
Value of lost 

revenue 
from DG 

curtailment 

Present 
Value of 
CAPEX 

CAPEX  
Smart 

CAPEX 
Traditional 

14/15           0.00            0.98            1.75                 -                   -              1.08  1.93                 -    

16/17           0.46            0.20            0.43                 -              0.46            0.11  0.25                 -    

18/19           0.52            1.14            0.53            2.80            0.39            2.24  0.53            6.00  

20/21           0.65            0.28            0.60            0.60            0.16            0.47  0.10            1.95  

22/23           0.19            0.90            0.40            7.35            0.07            0.01  0.10                 -    

Total           1.83            3.50            3.71          10.75            1.08            3.92  2.91            7.95  
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• The incremental investment approach tends to exploit more the use of smart technologies to defer 
large-scale investment in order to minimise the short-term cost. However, this may leads to higher 
DG curtailment, and losses. This is demonstrated in Table 42.   

• The incremental investment approach also suffers from the lack of coordination with future 
investment decisions due to its short-term investment focus may result in sub-optimal decisions by 
not utilising the economies of scale opportunities. The incremental approach selects the minimum 
cost  reinforcement to meet the short-term requirement; but this increases the risk that the same 
part of the network may need to be reinforced again in the future which would consequently 
increase the capital expenditure overall. This is demonstrated in Table 41 where the CAPEX of 
traditional network reinforcement in the incremental approach is lower than the reinforcement cost 
in the strategic investment approach in period 2014 – 2021 but significantly higher in period 22/23 
due to the reason mentioned previously; 

Table 43 Losses and emissions from the incremental and strategic investment approaches 

Period Losses (MWh) Losses (%) 

 
Incremental Strategic Incremental Strategic 

14/15 38,844 39,077 2.2% 2.3% 
16/17 51,109 51,195 2.9% 2.9% 
18/19 54,416 51,173 3.1% 2.9% 
20/21 58,791 51,641 3.3% 2.9% 
22/23 51,951 52,911 2.9% 2.9% 
Total 255,111 245,997 2.9% 2.8% 

 

• On the other hand, the strategic investment approach strikes the balance between the use of smart 
technologies and traditional network investment and therefore optimises the level of DG 
curtailment, losses and emissions. Although smart grid technologies can defer traditional network 
reinforcement; the use of smart technologies may not always be the optimal first investment option. 
In some cases, it may be more economically efficient to anticipate the future needs by strategically 
reinforcing the network; 

• The strategic investment approach also optimises the balance between having the benefits from 
the economies of scale and depreciation cost of the assets in order to maximise the net benefits. 
The “anticipatory” investment can be justified if the net benefit is positive, i.e. the benefit is greater 
than the cost; 

Considering the increased uncertainty with longer planning time horizon, it is appropriate to assess risks 
involved with alternative investment propositions. This can be facilitated by the SIM. 

A set of studies was developed to illustrate the application of the SIM carrying out risk analysis based on 
the Least Worst Regret approach. This approach is aimed at assessing the risk alternative investment 
proposition against different future development scenarios, and the SIM can be used for this purpose.  

9. Voltage and thermal problems will be amplified in the systems with high DG penetration and 
the SIM can coordinate network investment in both traditional assets and smart technologies 
that may solve both problems concurrently. 

Beyond the scope of the FPP, the SIM is able to optimise the timing of investment, determine the location 
and the capacity of required reactive compensation to enhance the voltage regulation capabilities of the 
network. The voltage is also optimised by controlling the settings of tap-changing transformers, reactive 
compensators as well as active and reactive power dispatch from DG, and network reinforcement to 
maximise DG output and minimise losses. 
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10. With respect to losses, the traditional network investment will generally produce the lowest 
losses as the utilisation factor would be relatively low and the use of additional circuits to 
enhance system capacity would generally lead to reduction in losses. On the other hand, the 
use of smart technologies aims at enhancing the utilisation of the existing network assets and 
therefore may increase the level of losses.  

The settings of the smart devices such as Quadrature-booster can be optimised to minimise losses while 
simultaneously increasing the network capacity headroom. If the cost of losses is significant, the optimal 
decisions may involve solutions that reduce network losses.  

11. The applications of innovative distribution network solutions require time and trial to gain 
experience and knowledge on how actually the technologies and the control system respond 
in the real environment.  

This is essential to earn the system operators confidence regarding the capability of the emerging 
smarter network, which may involve a stage approach to implementation. In this context, the SIM was 
successfully applied to evaluate the impact of constraining the dynamic rating of the circuit equipped with 
DLR below is nominal capacity.  

12. The investment proposition by the SIM is in agreement with the one proposed in the use 
cases, which formally demonstrates the cost-effectiveness of adopted FPP solutions. 

The SIM has also been used to determine the smart grid investment decisions and solve a number of use 
cases in this project, for example: the application of Quadrature-booster in Wissington, DLR along 
Peterborough Central and Farcet, the application of advanced protection to enhance the reverse power 
flow capability at March grid substation and the ANM application in combination with smart commercial 
arrangement.  

The costs of various alternative solutions are compared in Table 43.  

Table 44 Cost comparison across different solutions (period: 2014/18) 

 Present Value  in £m (2014) CAPEX (£m) 

Strategy 
Lost 

revenue 
from DG 

curtailment 

Smart 
investment 

Traditional 
investment 

Total 
cost 

Smart 
investment 

Traditional 
investment 

Total 
cost 

1. Traditional network 
solution 

 -     -     1.54   1.54   -     5.10   5.10  

2. Connect and Manage  9.58   0.15   -     9.73   0.50   -     0.50  
3. Smart grid with firm 

DG access 
 -     0.55   -     0.55   1.83   -     1.83  

4. Smart grid with smart 
commercial 
arrangement 

 0.00   0.53   -     0.54   1.75   -     1.75  

5. Combination of smart 
grid, network, and 
smart commercial 
arrangement 

 0.00   0.53   -     0.54   1.75   -     1.75  

 

In terms of CAPEX, the FPP solutions (strategy no 4) save £3.3 million in comparison with the cost of 
traditional network solution. In this case, strategy no 4 and 5 produce the same results as there is no 
need for traditional network reinforcements. In general, the combination of smart and traditional network 
solutions produce the least cost solution. The results of the studies also demonstrate that the superior 
emission and cost performance of the FPP solutions, as presented in Table 44.  
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Table 45 Comparison of emissions and cost performance of different solutions 

Solution Emissions (tCO2) Cost 
(£m) 

Traditional network 
with no DG curtailment  12,730 1.54 

Connect and Manage 13,693 9.73 

FPP approach  12,876 0.54 

It is observed that the emissions benefits of the FPP approach, based on applying novel technical and 
commercial solutions, are significantly higher when compared with connect and manage approach, and 
are nearly equal to those associated with traditional solutions that provide fully firm access to DG (no DG 
curtailment), but this is achieved at very significantly lower costs. This clearly demonstrates the 
superiority of the FPP paradigm over traditional network design and operation approaches. 

8.2 RECOMMENDATIONS 

Based on the experiences gained during the course of the project and the results of the simulation 
studies that were carried out, there are five recommendations that may facilitate the adoption of strategic 
network planning and operation approach and improve the efficiency of future GB distribution network 
planning and investment. These are summarised as follows: 

1. The studies clearly show that long-term strategic investment approach may be more cost effective in 
comparison to the traditional incremental investment methods. A strategic investment approach and 
the risk analysis presented in this report require pre-defined future DG and load growth scenarios and 
it would be appropriate to establish a process of defining the scenarios that can be used in such 
analyses and support the regulatory business plans of DNOs.  In this context, future growth scenarios 
could be developed through a wide consultation process and supported by the Smart Grid Forum.  

2. The application of SIM based novel strategic network planning approaches covering multi-year 
planning time horizons will require development of an appropriate commercial framework regarding 
the allocation of cost of strategic investments, taking into account costs/risks/benefits to DNOs, 
present and future customers and DG developers. This may require further development of the RIIO 
regulatory framework to consider strategic network investments. 

3. The studies conducted using the SIM demonstrate that smart grid technologies through active network 
control can improve the capacity headroom while at the same time reducing network losses. For 
example, the study showed that the settings of Quadrature-booster can be optimised to reduce the 
flows in the circuit with high resistance and hence reduce network losses. Although optimisation of 
network control devices to reduce network losses was not in the original scope of the FPP project, the 
analysis carried out by the SIM showed that it may be beneficial to further develop smart grid control 
strategies, where appropriate and feasible, that would minimise distribution network losses in addition 
to maximising the network headroom to accommodate DG or load growth.  

4. There would be value in evaluating the benefits of other smart grid technologies that have not been 
applied in this project such as energy storage, meshed operation, and demand side response 
(opposed to demand reduction, demand side response could be used by increasing demand to 
consume DG output generated locally), and enhancing the SIM formulation to explicitly address the 
uncertainty in future development through probabilistic formulations and taking into account aging of 
assets. 
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Appendix A 
 
 The name of each busbar is listed as follows: 
Node Name Node Name 
PETC Peterborough Central NOWN Northwold 
FARC_1 Farcet circuit 1 DOWN_1 Downham Market 
FARC_2 Farcet circuit 2 SWAFT_1 Swaffham 
GLAS_1 Glassmoor  (ND_795) SWAF Swaffham 
REDTT_1 Red Tile (ND_881) REDT Red Tile 
FUNT_T1 Funtham’s Lane Primary T1 BURY Bury 
FUNT_T2 Funtham’s Lane T2 FARC Farcet Primary 
WHIT_T1 Whittlesey T1 GLAS Glassmoor 
WHIT_2 Whittlesey (ND_444) FUNT Funthams Lane Primary 
WHIT_T2 Whittlesey T2 WHIT Whittlesey Primary 
B11 Tee point to Glassmoor Wind Farm 2 CHAT Chatteris Primary 
GLAS2 Glassmoor Wind Farm 2 WOODT Wood Walton 
BHWS Burnt House Wind and Solar RAMSEY Ramsey 
B14 Tee point to Burnt House Wind and Solar REDT_2 Red Tile 
CHAT_2 Chatteris BOAR_1 Boarding Tee 
MARCH_TEE Tee point to Ranson Moor BOAR Boarding House 
MARCH March Primary MARCH_T1 March T1 
RANWT Ranson Moor Tee MARCH_T2 March T2 
CHAT_T1 Chatteris T1 MARCH_P March Primary 
CHAT_T2 Chatteris T2 AF_1 Australian Farm Tee 
UPWL_1 UpWell Lakes AF Australian Farm 
LITT Littleport STAG Stags Holt 
SOPR Southery Primary MARCH_FM March FM 
WISS Wissington BANK_FM Bank FM 
NOWNT Northwold Tee MARCH132 March Grid 132 kV 
NOWN_2 Northwold   
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Appendix B 
 

B.1 Target user 

The SIM was designed to support distribution network planners to evaluate different investment options 
including the use of smart devices, smart applications and commercial arrangement as well as the 
traditional network reinforcement to address network problems driven by DG. 

The user of the SIM should have knowledge of the following: 

• Load flow analysis   

• Optimal power flow  

• Distribution network planning analysis 

B.2 Software requirements 
 
Component Minimum requirement 
Operating 
system 

Windows 7 – Professional edition 64 bit 
A 64 bit system is required to allow access to memory more than 4 GB. This is 
required as the optimisation problem is very large and requires significant memory.  

Optimisation 
software 

FICO Xpress 64 bit version 7.7 for Windows OS  
Module: Linear/Mixed Integer Linear Programming, Non-Linear Programming 

Microsoft office 64 bit Office 2010 with Microsoft Excel component is installed 
SIM user 
interfaces and 
DN-POMS 

Distribution Network Planning and Operation Models and Solvers Library (DN-
POMS). DN-POMS is a library containing a set of models and routines to solve 
distribution network planning and operation problems. DN-POMS is part of the SIM. 

 

B.3 Hardware requirements 

The SIM will require hardware with high computing performance and relatively large memory as they 
determine the computing speed and the size of optimisation problem that can be handled. With respect to 
the test system used in this project, we estimate that the developer will require the following hardware 
requirements: 

Component Minimum requirement 
Processor 64 bit multi-core 

A 64 bit system is required to allow access of memory more than 4 GB. This is 
required as the optimisation problem is very large and requires large memory.  
The SIM is able to use all CPU cores in order to speed up its computation process. A 
machine with 12 cores is recommended. 

RAM 24 GB (minimum), 96 GB (recommended) 
Hard disk 500 GB 

The space needed for the model itself is likely to be small (below tens of MB). 
However, large space is required for data. 

Back up hard 
disk 

500 GB 

Network 
connection 

Not needed if all required software licenses required by the SIM are provided within 
this machine. Otherwise, a standard internet connection is needed. 
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Appendix C 
 
Other parameters which were used in the studies described in section 3.3.4: 
 
Emissitivity 5.00E-01 
Solar absorptivity 5.00E-01 
Ambient air temperature (°C) 4.00E+01 
Max allowable conductor temperature (°C) 1.00E+02 
R(25°C) 7.28E-05 
R(75°C) 8.69E-05 
Clear atmosphere 

 Solar altitude 
 Uf (air density Pa-s ) 2.04E-05 

Pr (kg/m3) 1.03E+00 
Wind (m/s)     5.00E-01 

 

The parameters are based on the example given in the section 3.6.1.1 of the IEEE Standard for 
Calculating the Current-Temperature of Bare Overhead Conductors (IEEE Std 738-2006). 

The ambient temperature, wind speed and the direction of wind towards the conductor were varied in the 
studies. 
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APPENDIX D 
 
The table below lists the conductor data used in the studies. Data for the FPP network area were drawn 
by the Digsilent model of the EPN distribution network of UK Power Networks. 
 
  

Sending end  Receiving end Winter current (I) rated (kA) Conductor Material Type and Size 

PETC FARC_1 0.4430 Aluminium Conductor Steel 
Reinforced 150 mm2 DINGO 

PETC FARC_2 0.4430 Aluminium Conductor Steel 
Reinforced 150 mm2 DINGO 

FARC_1 GLAS_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

GLAS_1 REDTT_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

PETC FUNT_T1 0.8100 Aluminium Underground  
Conductor 630 mm2 

PETC FUNT_T2 0.6620 Copper Underground  
Conductor 300 mm2 

WHIT_T1 FUNT_T1 0.3750 Aluminium  
Conductor 0.35 in2 

WHIT_2 FUNT_T2 0.3270 Aluminium Conductor Steel 
Reinforced 100 mm2 DOG 

WHIT_2 WHIT_T2 0.3270 Aluminium Conductor Steel 
Reinforced 100 mm2 DOG 

WHIT_2 B11 0.3270 Aluminium Conductor Steel 
Reinforced 100 mm2 DOG 

B11 GLAS2 0.5310 Aluminium Single Core  
Conductor 300mm2 

BHWS B14 0.5310 Aluminium Single Core  
Conductor 300 mm2 

B14 CHAT_2 0.3270 Aluminium Conductor Steel 
Reinforced 100 mm2 DOG 

WHIT_T1 AF_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

MARCH_TEE BANK_FM 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

CHAT_2 BOAR_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

MARCH_TEE RANWT 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

RANWT CHAT_T1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

CHAT_2 CHAT_T2 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

MARCH MARCH_FM 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

UPWL_1 LITT 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

LITT SOPR 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

SOPR WISS 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

WISS NOWNT 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

WISS NOWN_2 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

NOWN_2 NOWN 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

NOWNT NOWN 0.3270 Aluminium Conductor Steel 
Reinforced 100 mm2 DOG 
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NOWNT DOWN_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

NOWN SWAFT_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

SWAFT_1 SWAF 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

REDTT_1 REDT 0.5700 Copper Underground  
Conductor 300 mm2 

REDTT_1 BURY 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

GLAS_1 GLAS 0.5700 Copper Underground  
Conductor 300 mm2 

REDTT_1 RAMSEY 0.4950 Aluminium  
Conductor 0.40 in2 

BURY REDT_2 0.5700 Copper Underground  
Conductor 300 mm2 

BOAR_1 MARCH 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

BOAR_1 BOAR 0.4950 Aluminium  
Conductor 0.40 in2 

MARCH MARCH_T1 0.2650 Aluminium Three Core  
Conductor 120 mm2 

MARCH MARCH_T2 0.4350 Aluminium Three Core  
Conductor 185 mm2 

AF_1 MARCH_TEE 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

AF_1 AF 0.4950 Aluminium  
Conductor 0.40 in2 

STAG MARCH 0.5700 Copper Underground  
Conductor 300 mm2 

MARCH_FM UPWL_1 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

BANK_FM MARCH 0.5340 Aluminium Conductor Steel 
Reinforced 200 mm2 JAGUAR 

  
 
Engineering Recommendation P27 suggests that the overhead line ratings should be calculated based 
on ambient temperature of 20C for winter and 90C or spring/autumn. Provided that that the winter high 
average temperature in Peterborough area is between 70C and 100C (as shown in the figure below16), the 
ratings shown in the table above for the overhead lines are the spring/autumn ratings. It should be noted 
that for power system application, strictly, the absolute high temperature should be considered instead of 
the average high temperature, hence the conservative approach used in the studies presented in this 
report was deemed appropriate. In this context, it may be appropriate to review P27, particularly 
in the context of the application of DLR.  
 
 
 
 
 
 
 
 
 
 
 
  

16 http://www.worldweatheronline.com/Peterborough-weather-averages/Cambridgeshire/GB.aspx 
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