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Abstract 

 

The current distribution network operation and planning framework is rather centralised. The 

distribution network operator (DNO) makes decisions on congestion management and network 

upgrades without communicating with the consumers and taking into account their actual 

valuation of electricity supply and flexibility. Customers’ valuation, reflecting their willingness 

to curtail or reschedule their loads, is based on their requirements, preferences and perceptions 

regarding energy use. This value is currently assumed identical 1) for all consumers of the same 

type (i.e., residential, commercial and industrial) and 2) for every unit of energy supplied, 

irrespective of the specific service it provides to the consumer. Furthermore, specific operations 

of time-coupling technologies, such as electric vehicles and wet appliances, are not integrated 

in the current framework. Therefore, their valuation of supply is disregarded in distribution 

network planning. The time-coupling technologies provide the opportunity for DNOs to 

redistribute the energy over the time instead of reducing the demand. Finally, the current 

distribution network charging schemes are based on the overall customers’ energy consumption 

or capacity and not the differentiated impacts of individual user preferences. Hence, they do 

not accurately reflect the contribution of each customer to the total network expenditure. 

Building on the advanced metering and control capabilities of the emerging smart grid, this 

work explores the impact of integrating the differentiated valuation of electricity supply for 

different customers and different levels of supplied energy in distribution network planning. 

To quantify customers’ valuation, their flexibilities are modelled based on their willingness to 

curtail and reschedule their loads to avoid additional network charges. Customer interruption 

costs are then reduced, since the supply interruption of customers with low supply valuation 

and the non-critical part of their demand is prioritised during network failures. As a result, the 

need for capital-intensive network reinforcements is limited and the total network expenditure 

is reduced. Finally, a cost-reflective network charging scheme based on the principles of 

locational marginal pricing is proposed. This scheme enables an equitable treatment of 

customers with differentiated supply valuation as well as full recovery of investment costs for 

DNOs. 
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𝑏,𝑡
𝑟𝑒𝑐 ∙  Apparent power flow reaching the reference receiving node on branch  and 

period  

𝑏,𝑡
𝑠𝑒𝑛 ∙  Apparent power flow leaving the reference sending node on branch  and 

period  

∙  Shifting Cost 

 

 



 

 

Chapter 1  

Introduction 

 

 

 

1.1 Thesis context  

Fundamental features of electrical power systems around the world are currently under 

revisions, since the number of key drivers necessitate deployment of new tools and 

technologies for operation and designs of these systems. The main driver is climate change 

concern, which is caused by those human activities that have led to increasing the concentration 

level of greenhouse gas emissions in the atmosphere. Various governments and organisations 

have taken significant actions to build the foundation to tackle these concerns. In the United 

Kingdom (UK), the 2008 Climate Change Act [1] has established the ambitious target of 

curbing greenhouse emissions by 80% (with respect to the 1990 level) by 2050, with the interim 

objective of 50% reduction by 2025. 

In addition to the environmental issues, there is also growing concern related to undesirable 

economic and social effects of energy security absence. This is due to the high reliance of the 

energy sector on fossil fuel availability and price. In view of climate change and energy security 

concerns, electricity power systems are facing the challenge of decarbonising the energy sector 

(both generation and demand side) while ensuring the critical energy policy objectives such as 

security of supply and affordability.  

Decarbonisation of electricity generations is currently in progress through wide deployment of 

renewable and low carbon energy sources. The 2009 Europeans Commission (EC) renewable 

energy directive [2] mandates fulfilment of at least 20% of the total energy requirements with 

renewables by 2020, attainable through individual targets set for each country inside the 
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European Union (EU). However, most of these sources are inherently characterised by lack of 

predictability and controllability, which risks the network security of supply. In the UK, for 

example, wind generation is the main renewable energy contributor with a significant estimated 

growth in the future [3]. 

In addition, the decarbonisation of energy demand side is anticipated to grow beyond 2020 

with the electrification of segments of transport and heat sectors [4]. Currently, transportation 

and heating requirements are mostly satisfied by Internal Combustion Engines (ICE) and 

gas/oil fired technologies, respectively. These technologies are based on fossil fuel 

consumptions and are a major cause in increasing greenhouse emissions [5]–[8]. Recent 

technological advances have enabled this transition with production of efficient and affordable 

Electric Vehicles (EV) [6]–[7] and Electric Heat Pumps (EHP) [8]. Although electrification of 

these sectors will assist to address the environmental and energy security concerns, it leads to 

emergence of a substantial amount of new demand in power networks, driven by intense energy 

consumption profile of EVs and EHPs. Moreover, analysis of the transport and heat 

consumption patterns foresees disproportionately higher demand peaks compared to the overall 

rise in energy consumption, leading to a significant decline in assets’ utilisation [4].  

Conventional power system solutions to address the aforementioned issues are increasing 

generation capacity and network redundancy level, attainable through massive capital-

intensive investments. To avoid this expensive option, network challenges can alternatively be 

tackled through generation and demand technologies as well as intelligent monitoring and 

control systems that are provided under smart grid concept. This concept facilitates a high 

deployment of various form of technologies, such as Demand Response (DR), Distributed 

Generation (DG) and storage.  

 

1.2 Thesis motivation 

1.2.1 Role of the demand side in the merging power system setting 

As discussed in the previous section, demand side can contribute massively in facilitating the 

decarbonisation of power systems. Firstly, the role of demand to address the environmental and 

security concerns can be viewed from the energy consumption point. In this context, numerous 

energy efficiency programmes are put forward to intensify adoption of energy efficient 
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practises and measures, such as improving building insulation and changing users’ 

consumption behaviours [9]. 

Secondly, in the context of smart grid, the role of demand side can be expressed through DR, 

where dynamic flexibility potentials of demand are taken into account to accomplish the 

realisation of the envisaged power systems. This flexibility includes the ability of customers to 

curtail or reschedule the use of certain loads in response to incentives provided by the system 

operator. Customers’ willingness to shift their demand in time can be implemented by 

integration of those demand technologies that exhibit storage characteristics, providing the 

temporal decoupling between the request of electrical energy and its consumption. These 

characteristics allow altering the temporal profile of demand without affecting the security of 

the supply delivered to customers. Technologies supporting electrification of transport and heat 

sectors are suitable illustrations of DR; an electrical battery and a heat storage are incorporated 

in EVs and EHPs, respectively. The flexibility exhibited by these two technologies constitutes 

an opportunity to reschedule the demand by controlling the timing and power usage of their 

energy consumption. On the other hand, Wet Appliances (WA) including Washing Machines 

(WM), Dish Washers (DW) and Tumble Dryers (TD), only exhibit the capability to shift the 

consumption in time, since the power usage profile is fixed. 

Exploiting these flexibilities ensures substantial economic, technical and environmental 

advantages for the future power systems. These advantages are comprised of the reduction of 

generation operation and investment costs, the growth of asset utilisation, the decline in 

investments in network assets, the reduction of system balancing costs, shaving of demand 

peaks generated by heat and transport sectors, the support of the system security of supply and 

quality of the service, and reduction of greenhouse emissions [10]–[12]. However, most of 

these works have rather focused on applications of these flexibilities in the context of 

transmission network and wholesale market than those in distribution networks, especially in 

planning and design stage. 

1.2.2 Role of demand flexibility in the distribution network planning  

Traditionally, distribution network planning is carried out based on prescriptive deterministic 

standards, defined by the network regulator. For example, in the UK, P2/6 Engineering 

Recommendations dictate the required security levels for different demand levels in the 

network [13]. DNOs are also incentivised to do investments in the network based on several 

targets measured by reliability indices, such as Customer Interruptions (CI) and Customer 
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Minutes Lost (CML) [14]. This practise does not necessarily provide the best economical 

outcome for the network operators and customers. It might also prevent the facilitating 

deployment of smart grid technologies and techniques, such as DGs and DR. Hence, DNOs 

can alternatively undertake planning and reinforcements in distribution networks according to 

value-based assessments, in which decisions are made to minimise the network total cost. 

The objective in this planning method lies in balancing the network investment cost against the 

Customer Interruption Cost (CIC) in order to minimise the total network expenditure [15]–

[18]. As the level of network capacity increases, reliability of supply is increased (i.e. CIC is 

decreased) at the expense of higher network investment costs. The optimal network capacity 

achieves the best trade-off between these two cost components. The required investment cost 

plus a regulated rate of return for the distribution network companies is then recovered from 

customers through distribution network charges. However, this planning framework does not 

take into account the demand flexibilities provided by customers’ actual valuation of electricity 

supply, which affects the interruption cost directly. This valuation includes the costs that 

customers experience when they curtail or shift certain loads during network failures.  

Although previous works ([15]–[18]) recognise that CIC varies per customer sector (e.g. 

residential, commercial, industrial) and quantify relevant values per sector, a single value is 

employed for all customers of the same sector. This assumption is clearly oversimplifying, as 

customers’ supply valuation does not depend only on the sector they belong to, but also on 

their special individual requirements, preferences and perceptions regarding energy use [19]–

[23].  

Moreover, the current distribution planning framework assumes that CIC remains constant for 

every unit of energy supplied to the customer, irrespective of the specific appliance it is 

consumed by and the specific service it provides to the customer [15]–[24]. However, 

according to microeconomic principles [25] and previous works on modelling electricity 

demand [26]–[30] , the customer’s marginal benefit or willingness to pay is captured by a 

decreasing function of the level of served demand. This expresses the fact that customers value 

the first units of energy serving critical loads (e.g. lighting) higher than additional units of 

energy serving non-critical loads (e.g. WAs).  

Although numerous works have considered the flexibility of time coupling technologies such 

as EVs and WAs in the distribution network operation [31]–[40], they have mostly failed in 
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quantifying their implications on the network planning. Additionally, rescheduling loads in 

time affects customers’ quality of service through discomfort caused by deferred consumption. 

This discomfort should be incorporated as part of customers’ valuation of supply, which 

potentially can alter network planning and operation. 

Finally, present distribution network charging schemes are based on the customer’s overall 

energy consumption or capacity [41]. In the UK, according to the Distribution Connection and 

Use of System Agreement (DCUSA) [42], DNOs charge consumers through total energy 

consumption bill based on Distribution Use of System (DUoS) tariffs. This charging 

mechanism enables DNOs to recover their allowed revenue to cover costs associated with 

network maintenance, repair and replacement of network assets, and reinforcement of some 

network assets. If these collected charges do not match the allowed revenue, the difference is 

passed on to the next year. However, most of network upgrades are carried out to prevent 

interruption of supply to customers, where their actual valuation of supply should be mainly 

taken into account to recover those upgrade costs. Hence, the current charging methodologies 

do not accurately reflect each customer’s contribution to the total network expenditure, as they 

are based on the customer’s overall energy consumption and not on the supplied demand during 

supply interruptions. In addition, as discussed, this methodology does not necessarily guarantee 

the exact recovery of the allowed revenue, forcing DNOs to pass the difference to the next year 

customers unfairly. 

 

1.3 Scope and contributions 

1.3.1 Thesis scope 

This research proposes, analyses and tests novel models describing customers’ differentiated 

supply valuation by reflecting costs imposed on them during network interruptions. The impact 

of these models on distribution network operation and planning are then investigated. In other 

words, the objective of this work is to develop a framework for distribution network planning 

by: 

-adopting a probabilistic approach based on Sequential Monte Carlo (SMC) simulations to 

capture inherent random behaviours of network failures, 
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-integrating differentiated valuation of supply per customers within the domestic sector and 

quantifying its impact on distribution network incremental and Greenfield planning, 

-integrating differentiated valuation per units of supplied energy and assessing its implications 

on distribution network incremental and Greenfield planning, 

-adopting a charging scheme that provides an equitable treatment of users, where those with a 

higher reliability (less flexibility) experience a better service at the expense of higher network 

charges as well as guaranteeing the full recovery of network costs for DNOs, and 

-integrating consumers’ valuation of supply associated with rescheduling time-coupling 

technologies including wet appliances and electric vehicles, and investigating the impact on 

distribution network planning. 

1.3.2 Thesis contributions 

In the context of the discussions in Section 1.3.1, the original contributions of this thesis are 

related to the development, analysis and assessments of appropriate models, methods, and case 

studies that affect operation and planning of distribution networks from the reliability 

standpoint. The thesis contributions are as follows: 

-An optimisation problem based on SMC simulations is proposed to take into account the 

random nature of failures in the network. Failures on both substation and feeder sections are 

modelled for 1000 years under three reliability scenarios (each identified by a specific failure 

rate and repair time for each asset). This optimisation also incorporates detailed models of 

customers’ preferences, technical and operation requirements of different appliances, and the 

network constraints. This problem facilitates quantifying the impact of proposed models and 

techniques on network operation and design, where both incremental and Greenfield planning 

are explored. Similar works [43]–[45] have also considered SMC techniques for distribution 

network planning, where customer interruption costs are taken into account. These researches 

have focused on assessing financial benefit of reinforcing specific network assets without 

considering technical requirements of different technologies and appliances. In this work, 

however, not only the technique is applied to decide the entire structure of the network, i.e., 

Greenfield planning, but it is also used to include detailed models of different appliances such 

as WAs and EVs. 
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-Modelling customers’ valuation of supply in domestic sector, where suitable models are 

proposed to represent reliability differentiation. As discussed, the current planning practice in 

the distribution network does not recognise actual customers’ reliability valuation. Instead, it 

is assumed that all customers within a sector have the same fixed valuation measured by Value 

of Lost Load (VoLL), which is an average value obtained through extensive surveys. This 

assumption disregards the individual user’s requirements, preferences and perceptions 

regarding energy use. To quantify implications of integrating this differentiation between 

customers, five different classes of customers each characterised by a specific VoLL are 

proposed. Results indicate that the network expenditure and customer interruption costs are 

highly dependent on VoLL of customers with low reliability valuation. Therefore, if valuation 

of these classes decreases, the network expenditure also declines. The changes are also evident 

in planning decisions where more reinforcements can be postponed and lower redundancy 

levels are required when there is higher disparity between these classes. 

-Modelling differentiated valuation of supply per unit of supplied energy. This modelling 

reflects the fact that customers do not value all units of supplied energy equally. This is in 

contrast to the traditional reliability valuation, where all loads are assumed to have the same 

value to customers. In reality, however, the first units of energy, serving critical loads such as 

lighting and heating, are valued more than additional units of energy serving non-critical loads, 

the operation of which can be cancelled or postponed, such as washing machines and 

dishwashers. In this work, this differentiation has been reflected by customers’ marginal benefit 

function, where it is reduced as the level of served demand increases. In another word, this 

function specifies distribution of loads within a household from reliability point of view. To 

obtain this function accurately, appropriate surveys and trial should be carried out, which is out 

of the scope of this work. Instead, different candidates for the marginal benefit function are 

proposed based on a generic quadratic formulation, each reflecting a specific distribution of 

supply valuation over all units of energy. These functions are then employed in planning stage 

to evaluate their impact on network upgrade and investment decisions. Results reveal that 

customer interruption costs are reduced substantially compared to the traditional assumption 

of uniform supply valuation, since supply interruption of the non-critical part of customers’ 

demand is prioritised during network failures, particularly for the function with considerable 

level of low valued loads. Consequently, the need for capital-intensive network reinforcements 

is limited and the total network expenditure is decreased. Additionally, in Greenfield planning, 
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it is shown that the flexibility provided by modelling differentiated reliability can replace 

network redundancy. 

-A charging scheme based on Locational Marginal Pricing (LMP) is proposed in distribution 

networks such that the entire allowed revenue of DNOs could be collected. In addition, this 

structure provides an equitable treatment of users, where those with a higher reliability 

experience a better service at the expense of higher network charges. The LMP is acquired 

through the optimisation problem and is based on Lagrangian multipliers associated with power 

balance constraint at each node of the network. In general, LMP has the advantage of reflecting 

the cost that customers impose on network development and operation. Similar schemes are 

widely used in literature [35], [46]–[48] and have also suggested for the distribution level [49]–

[51]. In this work, however, it is only employed during network failures to provide an equitable 

treatment of users and incentivise reliability investments.  

Although methods based on LMP send clear cost messages regarding timing and location of 

future network upgrades, they do not necessarily recover the entire cost of those upgrades [46]. 

Full recovery is only possible if firstly, optimal network investment is planned and, secondly, 

the investment cost does not include a fixed term. In case of under-investment (installing a 

capacity less than the optimal level), the network charges collected through LMP are more than 

the investment costs, since there are more contingency conditions in the network. In contrast, 

in the case of over-investment (installing more capacity than optimal level), collected charges 

are not adequate to reimburse the upgrade costs. Furthermore, there is typically a fixed cost 

associated with installation of assets. This term is disregarded in the optimisation problem, and 

consequently LMP does not reflect it. To address these issues, in this work, we have introduced 

a constant factor in network charges deployed during network failures. This factor increases/ 

decreases the actual price of each node in the network proportional to LMP obtained from the 

optimisation problem. The role of this factor is to ensure the full recovery of DNOs’ allowed 

revenue. Assuming there is no fixed term, the value is lower than one for under-investment and 

greater than one for over-investment conditions. 

-Integrating specific operation of time-coupling technologies and their valuation of supply in 

network planning. These technologies provide the opportunity for DNOs to redistribute energy 

in time instead of reducing the demand. These technologies are widely employed in operation 

of power systems [31]–[40], and have also considered specifically for outage management in 

distribution network [52]–[56]. However, their implications on reliability planning are not 
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quantified in the distribution network. Additionally, it is assumed that rescheduling these 

technologies are only bound to some technical and user-defined restrictions, with no 

consideration of discomfort imposed on customers. In this thesis, this discomfort is modelled 

as a cost based on timing and amount of shifted loads. To examine these time-coupling loads, 

WAs and EVs are considered due to their extent of use and projected high deployment, 

respectively. To model customers’ valuation of WAs precisely, necessary surveys and trial on 

customers should be undertaken, which is out of the scope of this work, as it constitutes a 

significant research area by itself. Instead, in this work, we have proposed variety of candidates 

for this cost to indicate their implications. The shifting cost is defined based on maximum 

deferrable time that a user is willing to accept, where initiating the load after that time is 

equivalent to losing that load. Different candidates for the cost function are proposed, each 

reflecting different level of user flexibility. These functions are derived from a generic 

quadratic function.  

For EVs, rescheduling the charging/ discharging pattern mostly does not affect customers’ 

experience, assuming there is sufficient stored energy for travel requirements. This is a 

reasonable considering the relative high capacity of batteries with respect to the travel 

requirements. Additionally, the use of batteries as storage devices could affect their life cycle. 

Nevertheless, the impact is negligible if this option is only taken advantage of during network 

failures and not normal network operation times. Because of these two considerations, it is 

assumed that consumers do not bear any cost due to exploiting EVs’ flexibility in this work. 

Models proposed for both WAs and EVs are then incorporated in the optimisation problem to 

quantify their impact on network upgrades and investment under different case studies. It is 

shown that considering these time-coupling technologies could postpone network 

reinforcements in incremental planning, and it could replace the network redundancy in 

Greenfield planning.   

 

1.4 Thesis outline 

The remainder of this thesis is organised as follows: 

Chapter 2 presents methodological framework and modelling tools that have been applied 

throughout the thesis. This includes the method applied to generate failures randomly based on 

SMC technique. The optimisation problem is laid out in this chapter, which determines the 
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operation of the network during outages along with decisions related to network planning and 

upgrades. The objective of this problem is the annual total expenditure including both customer 

and network investment costs. This problem incorporates both network and customer 

constraints. The proposed charging mechanism is provided afterward. This mechanism offers 

rational treatment of customers, where individual users are charged accordingly to their self-

declared reliability. The topologies, parameters and operation of the examined network in 

normal and failure conditions are further presented. Finally, to clarify the discussed framework 

in practice, operation of the network during two different types of failure is investigated. 

Chapter 3 proposes detailed models for representing valuation of supply for each customer 

and each unit of supplied energy. These models are expressed by customers’ interruption cost, 

where a high cost is associated to those customers/ units that have a high reliability value. These 

models are then applied in various case studies to examine the extent of their impacts on 

network operation and planning as well as customer charges.  

Chapter 4 analyses potential demand flexibilities offered by wet appliances (including 

dishwashers, washing machines, and tumble dryers). The discomfort imposed on customers 

due to deferral in operation of these appliances are then quantified through shifting costs. 

Different candidates for this cost are proposed. A complete modelling of wet appliances, which 

considers shifting cost and technical operation constraints, are also stated. Based on this 

modelling, different case studies are examined to evaluate the impact of WA flexibilities on 

network decisions. 

Chapter 5 assesses the potential benefits of EV flexibilities on the network operation and 

design. To do so, first, demand flexibilities provided by EVs are introduced. A detailed model 

of EVs’ operational characteristics are presented, where operation of EVs as inflexible, flexible 

with/ without Vehicle-to-Grid (V2G) capability are taken into account. This model is applied 

afterward to different case studies to value the potential impact of the flexibilities during 

outages on the network. 

Chapter 6 concludes findings of this thesis by reviewing the main contributions of this 

research and revealing potential directions for further work. 

 



 

 

 

Chapter 2  

Methodological Framework and Modelling Tools  

 

 

 

2.1 Introduction 

This chapter lays out methodological framework and tools that are employed in this thesis. 

First, the applied SMC technique to generate random failures on the network assets is discussed 

in the following section, which includes processes and assumptions in generating first order 

outages. Section 2.3 presents the generic formulation of the optimisation problem that has 

employed in this thesis, which includes all technical and economic aspects of network and 

customer constraints. The aims of network planning and operation are outlined in Section 2.4 

and 2.5. This consists of different methods of network planning and their context in this thesis. 

The proposed charging structure based on LMP is explored in Section 2.6. This scheme 

provides a rational treatment of customers as well as guaranteeing the full recovery of allowed 

revenue for DNOs. The topology and failure mechanism of the examined network is presented 

in Section 2.7. The summary of assumptions related to case studies are provided in Section 2.8. 

Finally, two illustrations of failures in the network are presented in Section 2.9. 

 

2.2 Failure modelling 

Most probabilistic approaches rely solely on average failure rate and repair time to represent 

power system outages. Therefore, these approaches are unable to capture true random 

behaviour of the network. Alternatively, stochastic methods based on SMC can more 

accurately represent random network behaviours including contingencies and failures. Thus, 
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Monte Carlo simulations have been extensively used in applications related to power network 

reliability assessments [44], [56]–[57].  

In modelling failures, the aim is to generate occurrence time and duration of failures for assets 

under study. To do so, probability distribution functions (pdf) describing the failure occurrence 

time and duration of the repair time of these assets should be determined. Exponential 

distribution is considered most widely used pdf to represent outage times and repair times [45]. 

These two distributions can be identified, respectively, as 

𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑓
−𝜆𝑓𝑡 	 (2.1) 

𝑟𝑒𝑝𝑎𝑖𝑟
1

𝜇𝑟

− 𝑡
𝜇𝑟 	 (2.2) 

where  𝑓 , 𝑟 are an asset failure rate and Mean Time to Repair (MTTR), respectively. These 

two parameters are employed to generate status of the substation and feeder sections of the 

examined network for a specific period. Table 2.1 provides first 10 outages for an asset with 

failure rate of 0.2 f/year and mean repair time of 5 days.  

Table 2.1: Samples of generated failures based on a SMC method (in hours) 

Order Start time End time duration Order Start time End time duration 

1 46381 46534 154 6 220814 
 

220878 65 

2 47592 47782 191 7 330665 330694 30 

3 56718 56735 18 8 344566 
 

344600 35 

4 86209 86402 194 9 368182 
 

368374 193 

5 195666 
 

195811 146 10 411623 
 

411742 120 

Three reliability scenarios are considered in this thesis for the test network. Each of these 

scenarios are characterised by a different combination of failure rate and repair time for the 

transformers and feeder sections, as depicted in Table 2.2. These parameters are in line with 

values considered in literature [45], [58]–[60]. The simulation time reflects the accuracy of the 

results but it is restricted by the available computational power (a server computer with 3.47 

GHz processor and 192 GB RAM). To that end, failures under these scenarios for 1000 years 

of simulation are generated using @RISK software by Palisade Corporation [61], and have 

been applied in various case studies in following chapters. Moreover, only first order failures 
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on all feeder sections and transformers are considered throughout this work. This means that 

the probability of overlapping between two failures on two different assets is assumed zero.  

Table 2.2: Characteristics of reliability scenarios examined in case studies 

Reliability scenario Asset Failure rate Repair time 

Low 
Transformer 0.2 f/year 5 days 

Feeder 0.2 f/year/km 10 hours 

Medium 
Transformer 0.2 f/year 1 day 

Feeder 0.1 f/year/km 5 hours 

High 
Transformer 0.02 f/year 1 day 

Feeder 0.05 f/year/km 3 hours 

 

2.3 Distribution network planning formulation 

The objective of distribution network planning is determining the optimal network 

reinforcements/ investments by minimising the total network expenditure, given by the sum of 

network investment costs and customer interruption costs. The customer interruption cost is 

comprised of the inconvenience costs caused by curtailing and shifting appliances. In that 

respect, demand can be divided into shiftable and non-shiftable loads, where the former can be 

redistributed in time, while the latter can only be curtailed. The shiftable loads are deferrable 

wet appliances and flexible EVs in the context of this work, where detailed models of them are 

provided in Chapter 4 and 5, respectively. Applying AC power flow, the decision variables are 

voltage magnitude and angles at each node of the network, each household supplied demand 

level, decision variables related to operation of time-coupling technologies and investment 

decisions related to each branch of the network. The solution should satisfy constraints 

associated with household baseline demand limit, voltage magnitude restrictions, nodal active/ 

reactive power equalities and finally thermal limits of each branch. In light of this, the planning 

procedure is formulated by the following optimisation problem: 

Objective function:      𝑏 𝑏𝑏 ∈𝐵
1
𝜏 𝑖,𝑡 𝑖,𝑡 𝑡

𝑠ℎ
𝑡∈𝑇𝑓𝑓∈𝐹𝑖∈𝐼

	 (2.3) 

Decision variables:     𝑏 𝑖,𝑡 𝑖,𝑡 𝑓

𝑛,𝑡 𝑛,𝑡 𝑓 𝑡
𝑠ℎ

𝑓  (2.4) 
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Constraints: 

𝑖,𝑡 𝑖,𝑡 𝑓 	 (2.5) 

𝑖,𝑡 𝑖,𝑡
−1

𝑖 𝑓 ,	 (2.6)	

𝑛,𝑡 𝑓 ,	 (2.7)	

𝑛,𝑡
′

𝒕 𝒕 𝑖,𝑡 𝑖,𝑡
𝑠ℎ

𝑖∈𝐼𝑛
𝑓 	 (2.8) 

𝑛,𝑡
′

𝒕 𝒕 𝑖,𝑡 𝑖,𝑡
𝑠ℎ

𝑖∈𝐼𝑛
𝑓 	 (2.9) 

𝑏,𝑡
𝑠𝑒𝑛

𝒕 𝒕 𝑏 𝑏 𝑏,𝑡 𝑓 	 (2.10)	

𝑏,𝑡
𝑟𝑒𝑐

𝒕 𝒕 𝑏 𝑏 𝑏,𝑡 𝑓 ,	 (2.11) 

𝒊 𝑖,𝑡
𝑠ℎ

𝑖,𝑡
𝑠ℎ

𝑡
𝑠ℎ

𝑓 	 (2.12) 

Definitions: 

𝑛,𝑡
′

𝒕 𝒕 𝑛,𝑡 𝑗,𝑡 𝑛,𝑗,𝑡 𝑛,𝑡 𝑗,𝑡 𝑛,𝑗,𝑡 𝑛,𝑡 𝑗,𝑡𝑗∈𝑁
,	 (2.13) 

𝑛,𝑡
′

𝒕 𝒕 𝑛,𝑡 𝑗,𝑡 𝑛,𝑗,𝑡 𝑛,𝑡 𝑗,𝑡 𝑛,𝑗,𝑡 𝑛,𝑡 𝑗,𝑡𝑗∈𝑁
	 (2.14) 

𝑏,𝑡
𝑠𝑒𝑛

𝒕 𝒕 𝑏,𝑡
𝑠𝑒𝑛2

𝒕 𝒕 𝑏,𝑡
𝑠𝑒𝑛2

𝒕 𝒕 	 (2.15) 

𝑏,𝑡
𝑠𝑒𝑛

𝒕 𝒕 𝑖,𝑡
2

𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡 𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡 𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡

 (2.16) 

𝑏,𝑡
𝑠𝑒𝑛

𝒕 𝒕 𝑖,𝑡
2

𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡 𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡 𝑖,𝑗,𝑡 𝑖,𝑡 𝑗,𝑡

 (2.17) 

where different parameters and variables are defined as, 
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: index and set of network nodes, 

: index and set of network branches, 

: index and set of network failures, 

: index of time periods, 

𝑓 : set of time periods starts by occurrence of failure  and finished sim after the failure 

: index and set of customers,	

𝑛: set of customers connected at node , 

𝑖,𝑡: baseline active demand of non-shiftable loads of customer  requested at normal operation 
of the network 

: minimum and maximum allowable voltage magnitude, 

𝑏,𝑡: integer parameter indicating the state(available capacity) of branch  at period , 

𝑖: power factor of customer , 

: time duration of simulated failures in years, 

𝑖,𝑗,𝑡: conductance of 𝑡ℎ 𝑡ℎ	element of the bus admittance matrix at time period , 

𝑖,𝑗,𝑡: susceptance of 𝑡ℎ 𝑡ℎ element of the bus admittance matrix at time period , 

𝑏: variable expressing whether branch  is reinforced in incremental planning ( 𝑏  if it is, 

𝑏  otherwise), or expressing the network security level in Greenfield planning 

𝑖,𝑡: supplied active demand of non-shiftable loads of customer  at period , 

𝑖,𝑡
𝑠ℎ: supplied active demand of shiftable loads of customer  at period , 

𝑖,𝑡: supplied reactive demand of non-shiftable loads of customer  at period , 

𝑖,𝑡
𝑠ℎ: supplied reactive demand of shiftable loads of customer  at period , 

𝒕: vector of voltage magnitudes 𝑛,𝑡 at node  and period , 

𝒕: vector of voltage angles 𝑛,𝑡 at node  and period , 

t
sh: vector of variables describing the operation of shiftable loads 

𝑏 ∙ : annuitized reinforcement/investment cost of branch , 
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𝑖,𝑡 ∙ :cost of customer  at period , 

𝑛,𝑡
′ ∙ : active power injection at node ݊ and period , 

𝑛,𝑡
′ ∙ : reactive power injection at node  and period , 

𝑏,𝑡
𝑠𝑒𝑛 ∙ : apparent power flow leaving the reference sending node on branch  and period , 

𝑏,𝑡
𝑟𝑒𝑐 ∙ : apparent power flow reaching the reference receiving node on branch  and period , 

𝑏 ∙ : thermal capacity of branch , 

𝑏,𝑡
𝑠𝑒𝑛 ∙ : active power flow leaving the reference sending node on branch  and period , 

𝑏,𝑡
𝑠𝑒𝑛 ∙ : reactive power flow leaving the reference sending node on branch  and period , 

𝒊: vector of local constraints of customer  related to operation of shiftable loads. 

The objective function (2.3) represents the annual network expenditure, given by the sum of the 

annuitized investments costs and the expected annual customer interruption costs. The latter is 

defined based on supply valuation of customers and includes both costs associated to curtailing 

and shifting loads during network outages. The customer active power of non-shiftable loads is 

limited to the requested baseline demand (demand level requested by the customer in normal 

operation time), as presented in (2.5), and its reactive power is defined by (2.6), assuming that 

each customer is characterised by a constant uncontrollable power factor. The voltage 

magnitude should be retained in the statutory limits defined by network standards (2.7). The 

power balance constraints are stated by (2.8)-(2.9), where net active and reactive powers can be 

derived from (2.13)-(2.14). The apparent power flow in each end of the network branches is 

subject to thermal constraints expressed by (2.10)-(2.11). The sending flow in each branch can 

be derived from (2.16)-(2.17), assuming node  is the reference sending and node  is the 

reference receiving node of branch . A similar formulation can be applied to calculate the 

receiving power.  

The aforementioned generic optimisation problem describes the operation and planning of the 

network in general, where local constraints of non-shiftable part of demand are accounted for. 

Since in chapter 3, only curtailment of the demand is modelled and not its ability to be 

redistributed in time, the formulation (2.3)-(2.11) is sufficient to represent the problem. 

However, in Chapter 4 and 5, the constraints describing operation of WAs and EVs, i.e., 

shiftable loads, are required to be incorporated in this formulation. Therefore, constraint (2.12) 
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is provided here to represent those constraints. The details of these constraints are presented in 

the Chapter 4 and 5. 

As explained in Section 2.2, failures of each network asset for a period of ߬ years are generated 

by employing SMC simulations, given probability distributions for failure occurrence and repair 

time corresponding to each asset. Only those time periods affected by failure (i.e. 

𝑓 ) are considered in the above optimisation problem. This is the periods that supplied 

demand does not follow the normal operation of the network. Each of these periods starts with 

occurrence of failure  and finishes simafter the failure to cover all implications of the outage. 

Selected value for sim depends on appliances that are modelled and the maximum time that 

they can be deferred by. For example, for wet appliances, cycles that are deferred to times after 

the failure should be considered. Details of these considerations are explained in each chapter 

later. Periods that are 𝑓  are considered normal operation times where no 

interruption or shifting costs are incurred. The integer parameters 𝑏,𝑡 determine the state of 

each network branch at each of these periods, according to the generated failures. In the case of 

substations, these parameters determine the number of transformers that operate normally, while 

in the case of feeders, these parameters determine whether the feeder operates normally ( 𝑏,𝑡

) or experiences a failure ( 𝑏,𝑡 ). 

This problem is considered Mix Integer Nonlinear Programming (MINP) due to nonlinear terms 

in the objective function and constraints as well as integer variables applied to model operation 

of wet appliances in Chapter 4. The optimal distribution network planning problem (2.3)-(2.12) 

is solved using the optimisation software FICO Xpress [62], where Successive Linear 

Programming and Branch and Bound methods are applied to deal with MINP nature of the 

problem. 

 

2.4 Security level 

The impact of demand flexibilities on network operation and planning depends on the network 

security level. Security level indicates the level of redundancy in which the network is able to 

supply the peak demand. For example, N-0 security level states that the network redundancy 

level is just sufficient to accommodate the peak at normal operation times (when there is no 

failures), while N-1 level is able to meet the peak completely even when one of the assets is out 
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due to an outage. Alternatively, these security levels can be interpreted based on the level of 

network redundancy with regard to demand, where in the notation N-y, y represents the 

proportion of redundant capacity with respect to the peak demand during normal operating 

conditions. This definition can be extended to y with real values. For instance for a network with 

peak demand of 10 MW supplied through two transformers, N-0 , N-0.25, N-0.5, N-0.75 and 

N-1 security levels state the capacity of 5 MW, 6.25 MW, 7.5 MW, 8.75 MW and 10 MW for 

each of those two transformers. 

 

2.5 Investigated studies 

Flexibility options, customers’ ability to shift or curtailed demand, can contribute on both 

operation and planning of power systems. For operation, these options reduce operational cost 

of networks including cost of generation and interruption. For planning they can affect both 

incremental and Greenfield studies. The former deals with optimal network reinforcement and 

upgrades, while, in the latter, the optimal capacity of assets, for first time installation, is 

explored. To that end, three categories of studies are adopted in this work, in order to assess 

impact of different types of flexibilities and parameters. The detailed structure of these studies 

are: 

 Existing network: in this set of studies, the impact of demand flexibility on operation cost of 

the distribution network is considered, where the annual customer cost is analysed when no 

reinforcement or planning is carried out. Hence, the investment cost is not taken into the 

account in the problem formulation. The studies are presented under four different security 

levels (network capacity level) to capture the effects of demand flexibilities with respect to 

the redundancy level. These levels are N-0, N-0.25, N-0.5 and N-0.75. Since only first order 

outages are considered in this work, in N-1 level, no interruption of customer supply is 

occurred. Therefore, the maximum redundancy level of N-0.75 is considered. 

 

 Incremental planning: in these studies, the aim is to decide which network asset should be 

upgraded in order to minimise the total network expenditure. Therefore, in the problem 

formulation both interruption cost and asset reinforcement costs are considered. The 33/11 

kV substation and 11 kV feeder sections are subject of the incremental planning in this thesis. 

The substation is assumed to be reinforced by adding a third transformer of the same size as 

the existing ones. Feeders can be reinforced by replacing all sections with cables of double 
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size. It should be noted that in reality, there are more methods to upgrades these assets. For 

example, transformers can be replaced by transformers with a larger size or the feeder can be 

connected to another supply point in the network. However, to avoid over complication of the 

problem, only one of these options for each asset is considered. The investment cost of these 

assets are presented in Table 2.3. The feeder investment is stated as a fixed cost, since the cost 

of Under-Ground (UG) cables is considerably lower than that of their installation. Moreover, 

the effect of flexibility on reinforcement decisions depends on the current redundancy level 

of the network. To address this, incremental planning studies are investigated for the same 

four different security levels that are used in existing network studies. 

Assessing which network upgrades should be agreed, depends on the valuation of the network 

reliability, where a higher VoLL justifies more reinforcements to avoid the higher interruption 

costs. However, different studies have recommended values with significant difference. 

Therefore, in most incremental studies, firstly, the minimum VoLL that justify either the 

substation or the feeder upgrades is presented. This value indicates the level of the network 

resilience towards failures, where a higher value specifies a higher network reliability. 

Secondly, the reinforcement decisions for the benchmark value of £16.94/kWh, as estimated 

by a recent report by London Economics [63], are provided to assess the impact of a certain 

flexibility on the network expenditure. 

 

 Greenfield planning: demand flexibility can play the same role as the network redundancy if 

the security standards are revised to consider their contributions. Therefore, it is expected that 

the high participation of demand flexibility reduces the requirement level of network 

redundancy. To evaluate the extent of this impact, in the planning problem, optimal 

redundancy level of the network is set as the objective. This optimal level guarantees the 

minimal network expenditure, including investment and interruption costs. The former is 

comprised of the substation and feeder costs at the optimal security level. For the substation, 

two transformers with same size are considered, while for feeders, it is assumed that all 

sections have the same size. The security level is optimised based on four different possible 

levels, N-0, N-0.25, N-0.5 and N-0.75, where each shows the level of redundancy in respect 

to the network peak demand. The investment costs in this case is also presented in Table 2.3. 
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Table 2.3: Investment costs  

Transformers Feeder sections 

£10,000/MVA/year £1,000/km/year 

 

2.6 Distribution network charging scheme 

Under traditional DUoS charging schemes, each customer is charged based on a fixed charge 

(per day) and possibly a unit charge (per total kWh consumed) and/or a capacity charge (per 

kVA) [41]. Due to lack of observability, this charging approach does not accurately reflect each 

customer’s contribution to the total network expenditure carried out for reliability purposes, 

since it does not explicitly account for the supplied demand during failure conditions. This 

means that there is currently no mechanism to charge customers based on their security of 

supply. In the UK, based on DCUSA [42] , DNOs charge consumers by total energy 

consumption bill. This charging mechanism enables DNOs to recover their allowed revenue to 

cover costs associated with network maintenance, repair and replacement of network assets, and 

reinforcement of some network assets. In case these collected charges do not match the allowed 

revenue, the difference is then passed on to the next year. 

In this section, instead of traditional pricing, we propose a cost-reflective charging approach 

based on the principles of LMP that guaranteed the exact recovery of the investment costs. The 

values of the Lagrangian multipliers 𝑛,𝑡 associated with the nodal active power balance 

constraints (2.8) at the optimal solution of problem (2.3)-(2.12) is employed to generate the 

nodal power prices for each node and time period. Each of these values represents the marginal 

contribution to the total network expenditure (2.3) brought by an increase of the customers’ 

demand by one unit at node ݊ and time period . Nonetheless, applying these values directly as 

prices does not necessarily recover the network investment costs; full recovery is attainable only 

if optimal network investment is planned and the investment cost does not include a fixed term 

[46]. In case of under-investment (installing a capacity less than the optimal level), the network 

charges collected through LMP are more than the investment costs, since there are more 

contingency conditions in the network. In contrast, in over-investment conditions (installing 

more capacity than the optimal level), collected charges are not adequate to compensate the 

upgrade costs. Moreover, fixed cost terms are ignored in the optimisation problem, and 

consequently LMP do not reflect them. As a result, we have introduced a constant factor  in 
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network charges deployed during network failures. This factor increases/ decreases the actual 

price of each node in the network proportional to LMP obtained from the optimisation problem. 

The role of this factor is to ensure the full recovery of DNOs’ allowed revenue. Assuming there 

is no fixed term, the value is lower than one for under-investment and greater than one for over-

investment conditions. 

𝑖
1
𝜏 𝑛,𝑡 𝑖,𝑡 𝑖,𝑡

𝑠ℎ
𝑡∈𝑇𝑓𝑓∈𝐹

	 (2.18) 

where value  is obtained based on DNOs’ allowed revenue: 

𝐴𝑙𝑙𝑜𝑤𝑒𝑑 𝑅𝑒𝑣𝑒𝑛𝑢𝑒
(1
𝜏)∑ ∑ (𝜆𝑛,𝑡×(𝑝𝑖,𝑡+𝑝𝑖,𝑡

𝑠ℎ))
𝑡∈𝑇𝑓𝑓∈𝐹

	 (2.19) 

 

2.7 Test network 

To examine the implications of the proposed distribution network planning and charging 

framework, a generic UK HV distribution network is chosen, which is composed of a primary 

substation with two 33/11kV transformers, and two 11kV UG cable feeders with the length of 

each feeder section assumed 1km (Figure 2.1). Under normal operation conditions, the network 

operates with a radial configuration. If a failure occurs at one of the feeders, the circuit breaker 

of the faulty section acts to break fault current that supplies load points. After isolating the 

fault, the Normally Open Switch (NOS) is closed to provide alternative infeed. However, 

required time to clear faults and to perform switching are relatively short compared to the 

outage durations [45]. Thus, we have assumed zero switching time to avoid unnecessary 

complication in the modelling. 

 
Figure 2.1: A generic HV network system 

T1

T2

Primary
(33kV/11kV)

Feeder 1

Feeder 2

F1 DT1 F1 DT2 F1 DT3 F1 DT4 F1 DT5

F2 DT1 F2 DT2 F2 DT3 F2 DT4 F2 DT5

F1 L1 F1 L2 F1 L3 F1 L4 F1 L5

F2 L1 F2 L2 F2 L3 F2 L4 F2 L5



Methodological Framework and Modelling Tools 50

 

Table 2.4 provides the impedance of transformers and feeder sections. The impedances of all 

lines are assumed equal. The same values are also considered for different security levels, asset 

capacities, in order to focus only on implication of capacity shortage in the network. However, 

in reality in contrast to impedance, there is a noticeable change in a cable resistance when its 

capacity changes. Although this change in resistance value does not affect the curtailments 

caused by capacity shortage, it has a slight impact on those resulting from voltage constraints. 

Furthermore, the impact of the change in resistance on network losses is more evident, which 

is out of scope of this work. 

Table 2.4: Impedance of the network assets in the examined network 

Assets Resistance Inductance 

Transformers 0 1.73 (Ohm) 

Feeder sections 0.398 (Ohm/km) 0.1 (Ohm/km) 

The network includes 10000 households with a total peak demand of 9.9 MW equally divided 

between the ten load points, as shown in Figure 2.2. The household demand shape follows 

average group demand reported in [64], based on measurements in Low Carbon London project 

[12]. The households are assumed to exhibit the same daily demand profile, and a power factor 

equal to 0.9.  

The voltage should be maintained in the limit, ± 6% of nominal value in the UK, for all network 

11 kV nodes. The substation taps enable real time voltage regulation in the range of ±10% of 

the nominal value. The tap changers are on the primary side of the substation, and are modelled 

into the network susceptance and conductance matrices. The modelling is based on [65] and is 

presented in Appendix A. 
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Figure 2.2: Daily demand profile of the test network 

Furthermore, as discussed in Section 2.3, throughout this work and in each case study, four 

different scenarios are considered regarding the level of network security (N-0, N-0.25, N-0.5 

and N-0.75). For the demand level of Figure 2.2, capacity of the substation, i.e., two 

transformers, and feeder sections under these security levels are expressed in Table 2.5. 

Table 2.5: Examined network security levels 

Security scenario Substation Feeders 

N-0 2 ൈ 6 MVA 5.8 MVA 

N-0.25 2 ൈ 7.25 MVA 7.25 MVA 

N-0.5 2 ൈ 9 MVA 8.7 MVA 

N-0.75 2 ൈ 10.5 MVA 10.15 MVA 

 

2.8 Assumptions 

In light of the previous discussions in this chapter, following assumptions regarding case 

studies have been made in this work: 

 Only first order outages are considered. Therefore, probability of overlapping between 

failures on two different assets is zero. 
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 Switching time is assumed zero. 

 Only failures on the primary substation and 11kV feeder sections are accounted for. 

 Primary substation and 11kV feeder sections are subject of the network planning. 

 All households have the same demand profile. This assumption makes comparison 

between different reliability classes of customers probable. 

 The substation can be reinforced by adding a third transformer with the same size as 

the existing ones. 

 The feeder sections can be reinforced by doubling the size of cables. 

 In Greenfield planning, the optimal security level is selected between four different 

levels of N-0, N-0.25, N-0.5 and N-0.75. 

 

2.9 Failure Study 

In this section, the results of two failure analyses on the Medium reliable network with security 

level of N-0 are demonstrated to express network operation during an outage. The 

characteristics of these two failures are presented in Table 2.6. 

Table 2.6: Characteristics of the examined failures 

Failed Asset Available capacity Failure start Repair time 

Transformer 6 MVA 64771 hour 20 hours 

Feeder 2, Section 3 5.8 MVA 8374 hour 16 hours 

2.9.1 Substation failure 

This outage occurs at hour 64771 equivalent to year 18th, day 149th, hour 19th, and lasts for 20 

hours. The simulation runs from five hours before until five hours after the failure; the first 

hour of the simulation is marked as the first time step. As a result, the outage starts from step 

6th of the simulation until 25th. 
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Figure 2.3: Sending and receiving power flow on the substation branch at the substation failure 

As the failure occurs on one of the transformers, the flow on this branch of the network becomes 

limited to the capacity provided by N-0 security level (6 MVA). The flows on both side of the 

branch are presented in Figure 2.3. 

 
Figure 2.4: Baseline and supplied demand at the substation failure 

Figure 2.4 illustrates the baseline and supplied demand during the simulation time. The 

maximum possible demand to meet through the failure times is 5.8 MW, restricted by the 

substation branch flow. This demand level corresponds to 6.5 MVA of apparent power. The 

network is able to accommodate more demand (in MVA) than the capacity of the substation. 

This is possible due to the tap changer ability in manipulating the flow, by varying the network 
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admittance matrix in real time.  

2.9.2 Feeder failure 

This failure takes place at hour 8374, corresponding to the first year, day 349th, hour 22nd, and 

lasts for 16 hours. The fault is located on the third section of the second feeder, between load 

point 2 and 3, as depicted in Figure 2.5. Simulation time steps are marked similar to the 

previous failure, where the outage is from time step 6 to 20. 

 
Figure 2.5: Network configuration during the feeder failure 

When the outage occurs, the network is reconfigured by closing the NOS to supply cut off load 

points on the second feeder. However, this act cannot supply the entire demand as the flow of 

all sections are restricted by their thermal constraints. Back feeding the second feeder, puts all 

sections on the first feeder under stress, specially the first section as demand of most load points 

on the second feeder, excluding the first two, needs to flow through this branch. The flows on 

both end of this line are presented in Figure 2.6. The graph indicates the stress on this line 

between periods 15 to 19, where the flow is equal to the line capacity (5.8 MVA). Because of 

this constraint, the demand needs to be curtailed, as shown in Figure 2.7. This graph indicates 

a slight demand curbing during this period. It is worth mentioning that since the peak demand 

times are out of the outage duration, the entire demand of those time periods are met. 

T1

T2

Primary
(33kV/11kV)

Feeder 1
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F1 DT1 F1 DT2 F1 DT3 F1 DT4 F1 DT5

F2 DT1 F2 DT2 F2 DT3 F2 DT4 F2 DT5

F1 L1 F1 L2 F1 L3 F1 L4 F1 L5

F2 L1 F2 L2 F2 L3 F2 L4 F2 L5
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Figure 2.6: Sending and receiving power flow on the first section of feeder 1 at the feeder failure 

 

 
Figure 2.7: Baseline and supplied demand at the feeder failure 

 

2.10 Conclusions 

Methodological framework and tools that are employed in this thesis are provided in this 

chapter. This includes the applied SMC technique to generate random failures on the network 

assets, the generic formulation of the optimisation problem describing operation and planning 

of the network, and the proposed charging structure that provides a rational treatment of 
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customers and guarantees the full recovery of the allowed revenue. Furthermore, the topology 

and failure mechanism of the examined network is presented in this chapter in addition to a 

summary of assumptions applied in case studies. 

 

 



 

 

Chapter 3  

Integrating Customers’ Differentiated Supply Valuation  

 

 

 

3.1 Introduction 

As discussed in Chapter 1, the network planners currently make the assumption of uniform 

supply valuation for every customer of the same sector and every unit of supplied energy. This 

assumption disregards special individual requirements, preferences and perceptions of users 

regarding the energy consumption. 

The main rationale behind the above shortcomings of the current distribution planning and 

charging framework is the lack of observability of customers’ supply valuation and the lack of 

real-time controllability of their demand. However, the emerging smart grid paradigm and the 

envisaged roll-out of smart metering [66] provides a unique opportunity for customers to 

communicate their individual supply valuation to the DNOs and the latter to automatically 

coordinate the customers’ demand and charge them accordingly. 

Building on this opportunity, this chapter explores the impact of integrating the differentiated 

valuation of electricity supply for different customers and levels of supplied energy in 

distribution network planning. The proposed models in Section 3.2 can capture both reliability 

differentiations. It should be noted that these models do not necessarily reflect the reality of 

customers’ supply valuation. To acquire accurate data regarding actual valuations, 

comprehensive surveys, interviews and trials should be undertaken, which are out of scope of 

this work. Nevertheless, the proposed models reveal the potential advantages of considering 

these reliability differentiations. The assumptions related to case studies are laid out in Section 

3.3. Impact of the proposed models of differentiated supply valuation is quantified in Section 
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3.4, through three different case studies. Moreover, in Section 3.5, customers’ charges 

according to the suggested scheme are provided.  

 

3.2 Modelling customers’ differentiated supply valuation 

The valuation of electricity supply by customers can be generally expressed in the form of a 

marginal benefit or willingness to pay function, which expresses the marginal value the 

customers place on an additional unit of supplied demand (y-axis) as a function of the level of 

supplied demand (x-axis). As mentioned previously, under the traditional distribution network 

planning framework, this function is assumed constant and equal to a value known as Value of 

Lost Load, regardless of demand supplied level. Additionally, this VoLL is assumed identical 

for all customers of the same sector (e.g. residential, commercial and industrial). Different 

studies have used different values for each sector of customers accordingly to the survey that 

they have taken into account [15]–[18], [24].  

To quantify the impact of differentiated reliability between both customers and units of 

supplied energy on network operation and planning, four cases of a, b, c and d are introduced 

in this section. Case a represents the current valuation of supply where there is no 

differentiation between customers and unit of supplied energy. Case b models only 

differentiation between customers by defining five reliability classes. Case c describes the 

differentiated valuation of supply for supplied units where three candidates are proposed. Both 

type of differentiation are finally characterised in Case d. 

3.2.1 Case a: no differentiation 

Marginal benefit for each customer sector under the traditional planning framework is depicted 

in Figure 3.1, where the intercept  is equal to the benchmark VoLL as estimated by relevant 

surveys [63] and 𝑖,𝑡 is assumed equal to the baseline demand, i.e., the level of supplied 

demand under normal operating conditions. If during a network failure the level of supplied 

demand is reduced to a lower value  𝑖,𝑡, then each customer experiences interruption cost 

which is equal to the shaded area in Figure 3.1 and given by: 

𝑖,𝑡 𝑖,𝑡 𝑖,𝑡 𝑖,𝑡 	 (3.1) 
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Figure 3.1: Case a: representations of customers’ supply valuation with no differentiation 

3.2.2 Case b: differentiation between customers 

A constant and identical supply valuation for all customers within a sector not only means that 

they all value their supply the same, but also indicates that they value all of the served load 

identically. For example, accordingly to Figure 3.1 and (3.1), the first and last unit of supplied 

energy have the same marginal benefit, equal to , to a customer. 

 
Figure 3.2: Case b: representation of customers’ supply valuation with the customer differentiation 

In reality, however, the supply valuation does not vary only among different customer sectors, 
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but also among different individual customers, due to their special requirements, preferences 

and perceptions. Users can be divided to different classes based on their valuation of the supply, 

where all customers of one class share the same marginal benefit function. A simple way of 

modelling these classes is to assign a specific level of supply valuation to each group. An 

illustrative example of this differentiation for five classes of customers is given in Figure 3.2; 

the VoLL of five different customers of the same sector, from customers with the lowest 

valuation to the highest ones, varies between 1 and 5. The interruption cost here depends on 

the user group as well as the level of served demand and is expressed by: 

𝑖,𝑡 𝑖,𝑡 𝑖 𝑖,𝑡 𝑖,𝑡 	 (3.2)	

3.2.3 Case c: differentiation between supplied units of energy 

According to microeconomic principles, the marginal benefit is not actually constant, but is 

reduced as the level of served demand increases. This concept expresses the fact that customers 

do not value every unit of supplied energy identically. The first units of energy, serving critical 

loads such as lighting and the broadband router, are valued more than additional units of energy 

serving non-critical loads, such as washing machines and dishwashers, the operation of which 

can be avoided. This provides an opportunity for customers to keep their essential appliances 

on, whereas their less important ones can be curtailed to avoid extra charges in failure times. 

In the simplest form, this decreasing nature of supply valuation can be expressed through a 

linear decreasing function illustrated in Figure 3.3; where  represents the value of the first 

supplied unit of energy. If during a network failure the level of supplied demand is reduced to 

𝑖,𝑡, then each customer experiences curtailment cost equal to the shaded area below the curve 

in Figure 3.3: 

𝑖,𝑡 𝑖,𝑡
𝛾

2𝑃𝑖,𝑡 𝑖,𝑡 𝑖,𝑡
2	 (3.3)	

The average supply valuation across the customer’s demand range 𝑖,𝑡  is given by: 

ଵ

௉೔,೟	
׬

ఊ

௉೔,೟
ሺ ௜ܲ,௧ െ ௜,௧ሻ݌

௉೔,೟
଴

௜,௧݌݀ ൌ
ఊ

ଶ
	 (3.4) 

Retaining the same average as the benchmark vale ܽ requires the value of  being equal to . 
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Figure 3.3: Case c: representation of customers’ supply valuation with the unit differentiation 

The shape of the marginal benefit function denotes how much a customer values each energy 

unit of its baseline. For example, in Figure 3.1, all units have the same reliability value, equal 

to ܽ,  representing a customer that does not differentiate its served kWh at all. Alternatively, in 

the line trend of Figure 3.3, units are valued differently, while the distribution of loads, from 

reliability point of view, is even with respect to the average, i.e., energy units valued above the 

average are equal to those below. However, the actual shape of the marginal benefit function 

could be more complex in reality, depending on the customers’ specific preferences and 

perceptions. In order to capture some of this complexity, a more generic quadratic form of the 

marginal benefit function is proposed: 

𝑖,𝑡 𝑖,𝑡 𝑡 𝑖,𝑡
2

𝑡 𝑖,𝑡 𝑡 (3.5) 

Different sets of values for the parameters 𝑡 𝑡 and 𝑡 result in different shapes for this 

function, expressing different customers’ supply valuation characteristics. The red curve in 

Figure 3.4, for example, corresponds to customers who perceive the largest amount of their 

energy demand as non-critical or differentiate more significantly the value of their critical and 

non-critical loads (referred to as customers with high flexibility in the remainder). On the other 

hand, the blue curve corresponds to customers who perceive the largest amount of their energy 

demand as critical or differentiate the value of their critical and non-critical loads less (referred 

to as customers with low flexibility in the remainder). In this context, the black (linear) curve 

𝑝𝑖,𝑡 𝑃𝑖,𝑡

Marginal benefit (£/kW) 

Demand (kW) 

𝛾 
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corresponds to customers with medium flexibility. 

 
Figure 3.4: Case c: representation of customers’ supply valuation with unit differentiation (according to data 

provided by Table 3.1) 

To determine 𝑡 𝑡 and 𝑡, parameters describing curves in Figure 3.4, constrains related to 

the marginal benefit function should be satisfied. First, an extra supplied unit of energy beyond 

the baseline demand has zero benefit to the customer. This requires a zero value for marginal 

benefit once the entire baseline is met: 

𝑖,𝑡 𝑖,𝑡 𝑡 𝑖,𝑡
2

𝑡 𝑖,𝑡 𝑡  (3.6) 

The benefit is always non-negative by definition (3.5). Furthermore, as supplied share of the 

baseline demand increases, the marginal benefit decrease; first served units of energy are more 

critical to consumers than later served units. As a result, the trend should be decreasing in 

demand range of 𝑖,𝑡 . 

𝑖,𝑡 𝑖,𝑡  (3.7) 

𝑑𝑀𝐵𝑖,𝑡

𝑑𝑝𝑖,𝑡 𝑖,𝑡 𝑡 𝑖,𝑡 𝑡  (3.8) 

While the mean value is subject to consumers’ valuation, for comparison purposes, the same 

average as the benchmark value ܽ is deployed here: 

high flexibility 

medium flexibility 

low flexibility

𝑃𝑖,𝑡

Marginal benefit (£/kW) 

Demand (kW) 

1.5𝑎 

3𝑎 

2𝑎 
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1

𝑃𝑖,𝑡 𝑖,𝑡 𝑖,𝑡 𝑖,𝑡
𝑃𝑖,𝑡

0
 (3.9) 

These constraints, (3.6)-(3.9), determine the range of acceptable values for parameters 𝑡, 𝑡 

and t. By substituting 𝑡 from (3.6) into (3.9),  𝑡 is obtained as: 

𝑡
6𝑎+4𝜎𝑡𝑃𝑖,𝑡

2

3𝑃𝑖,𝑡
 (3.10) 

Replacing 𝑡 from (3.10) in (3.6) determines the value of 𝑡: 

𝑡 𝑡 𝑖,𝑡
2  (3.11) 

By substituting (3.10)-(3.11) into (3.7)-(3.8), respectively, we get 

𝑡
3𝑎

𝑃𝑖,𝑡
2 𝑡  (3.12) 

𝑡
6𝑎

4𝑃𝑖,𝑡
2 𝑡  (3.13) 

Considering (3.12)-(3.13), the maximum and minimum attainable 𝑡 are used to describe the 

high flexibility and low flexibility curves, while 0 is used for medium flexibility, as shown in 

Table 3.1. It is also worth highlighting that in these cases, the marginal benefit of the first 

supplied unit of energy, i.e., 𝑡, is time-independent. In addition, interruption costs, i.e., loss of 

benefit, can be calculated based on the area below the marginal benefit, which corresponds to 

the curtailed demand level, forming a cubic cost function: 

𝑖,𝑡 𝑖,𝑡
𝜎𝑖,𝑡

3 𝑖,𝑡
3

𝑖,𝑡
3 𝜌𝑡

2 𝑖,𝑡
2

𝑖,𝑡
2

𝑡 𝑖,𝑡 𝑖,𝑡 	 (3.14) 

Table 3.1: Describing parameters of the quadratic benefit function 

Marginal benefit function 𝛔𝐭 𝛒𝐭 𝛄𝐭 

high flexibility (𝝈𝒎𝒂𝒙) 3𝑎/𝑃𝑖,𝑡
2 −6𝑎/𝑃𝑖,𝑡 3𝑎 

medium flexibility (𝝈𝟎) 0 −2𝑎/𝑃𝑖,𝑡 2𝑎 

low flexibility (𝝈𝒎𝒊𝒏) −1.5𝑎/𝑃𝑖,𝑡
2 0 1.5𝑎 
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3.2.4 Case d: differentiation for both customers and supplied units of energy 

In Case b, DNOs are only able to serve or shed customers entirely, based on their valuation of 

supply. However, as discussed in Case c, individual customers also have preferences between 

different appliances. Recognising both differentiations allows DNOs to maintain the critical 

loads of customers with lower supply valuation, while those with higher valuation are supplied 

with broader range of appliances. An illustrative example of where both differentiations are 

taken into account is given in Figure 3.5, where the supply valuation for five different customer 

classes of the same sector is captured by a different linear function. The average supply 

valuation across all customers and their demand range 𝑖,𝑡  remains equal to the benchmark 

value .  

 

Figure 3.5: Case d: representation of customers’ supply valuation with both customer and unit of supplied 
energy differentiations 

 

3.3 Implementation considerations 

The network under study, as depicted in Figure 2.1, consists of a substation with two 33/11 kV 

transformers, two feeders with 5 load points each and a normally open switch which is closed 

in failure events. The assumptions related to failure clearance procedure are expressed in details 

in Section 2.2. Furthermore, the network peak demand is 9.9 MW as illustrated in Figure 2.2. 

Planning of the network is examined according to both incremental and Greenfield approaches. 

In incremental one, network reinforcement is investigated under four different assumptions for 

the network security level (N-0, N-0.25, N-0.5 and N-0.75), as described in Section 2.4. In this 
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method, the aim is to find in which VoLL reinforcements are required for a fixed demand level. 

This help to understand the impact of VoLL on planning decisions. 

In Greenfield planning, however, the initial design of the network is under examination, where 

the optimal security of the network, capacity of the substation and feeder sections, should be 

decided. In this case, the investment cost is comprised of cost of two transformers and feeder 

sections, represented by the same costs as the incremental one, expressed by Table 2.3. 

All case studies are carried out under three different reliability scenarios, each characterised by 

specific failure rate and repair time for each asses’ type. These scenarios are provided in Section 

2.4. 

 

3.4 Case studies 

To examine the impact of different representation of customers’ supply valuation, three case 

studies are presented in this section, according to Figures 3.1 to 3.5 and the discussion in 

Section 3.2. In the first study, the effect of different deviations between customers’ supply 

valuation in Case b, Figure 3.2, is investigated. These deviations are presented in Table 3.2. 

Different forms of marginal benefit function based on Case c, depicted in Figure 3.4, are 

examined in the second study, and in the last one, different representation of Case a, b, c and 

d are compared. It is worth noting that since Case b and Case c reflect two different types of 

differentiation, and there is no common notion between them, their comparison is not covered 

in the discussions. 

In all of these studies, Case a is taken into account as the benchmark, as it reflects the current 

practice in the distribution network planning. The annual network interruption cost in all 

reliability and security levels of this case is provided in Figure 3.6. As expected, a higher level 

of redundancy, i.e., security level, as well as a higher reliability scenario (lower failure rate and 

repair time) lead to a lower annual interruption cost.  

Figure 3.7 shows the annual network expenditure, where optimal reinforcement decisions in 

the network are undertaken. These expenses include both interruption costs and reinforcement 

costs, expressed by (2.3). In N-0 security level, both substation and feeders should be 

reinforced. These reinforcements prevent any supply interruptions for customers, leading to 

zero interruption costs. Therefore, in N-0 level, the expenses for all reliability scenarios are 
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equal to the upgrade cost. In N-0.25 level, in Low and Medium reliable networks, both 

upgrades are also needed. However, as the required substation capacity is higher compared to 

N-0, the expenses are also higher. The same argument is also valid for Low reliable network 

and N-0.5 level. For most scenarios, one or both reinforcements can be delayed. The details of 

these decisions are presented further in the case studies. 

 
Figure 3.6: Annual interruption cost in benchmark Case a  

 

 
Figure 3.7: Annual network expenditure in benchmark Case a  
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3.4.1 Case study 1: deviation of customers’ supply valuation 

Most surveys and studies on customers’ valuation of the supply have focused on the average 

value of each sector of customers. However, deviation of these values from the average can 

potentially alter operation and investment decisions. For example, in Case b, as a failure 

happens, customers with higher reliability curtail only when all loads associated with lower 

classes have already shed completely. As a result, the valuation of the supply in these low 

reliable classes has a direct impact on the network interruption costs and reinforcement 

decisions. To assess this impact, four different range of deviations in Case b are investigated. 

As reported in Table 3.2, all of  these cases have the same average value of £16.94/kWh, while 

their ranges change from 0% to 90% of the mean; the deviation of zero is the same case as 

benchmark Case a. 

Table 3.2: Different deviations of the supply valuation between customer classes in Case b (£/kWh) 

Customer Class 0% deviation 10% deviation 50% deviation 90% deviation 

Lowest 16.94 15.25 8.47 1.69 

Low 16.94 16.09 12.70 9.32 

Medium 16.94 16.94 16.94 16.94 

High 16.94 17.79 21.17 24.56 

Highest 16.94 18.63 25.41 32.19 

Existing network: 

Reductions in the annual interruption costs with respect to Case a are presented in Figures 3.8 

to 3.10, when no reinforcement is done. As the deviation increases from 0% to 90%, the total 

interruption cost decreases in all reliability scenarios. Comparing 10% and 90% deviation 

scenarios, a substantial difference between them is noticeable, almost 10 times more reduction 

in 90% deviation. These declines are directly linked with the supply valuation of the customers 

in Lowest and Low classes. For example, this value for Lowest customer in 10% scenario is 

almost 10 times more than 90% deviation, i.e., 15.25 to 1.69 £/kWh. This confirms that 

customers’ supply valuation in lower reliability groups has direct effect on the interruption 

costs. This can also be observed by the fact that reduction in 50% deviation is numerically 

placed between 10% and 90% scenarios. 
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Figure 3.8: Expected reduction in annual interruption costs for different deviation ranges in High reliable 
network 

 

 

Figure 3.9: Expected reduction in annual interruption costs for different deviation ranges in Medium reliable 
network 
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Figure 3.10: Expected reduction in annual interruption costs for different deviation ranges in Low reliable 
network 

The amount of savings provided by these deviation levels is more considerable when the 

network reliability and security level are low, due to their extent of the curtailments. For 

example, the highest reduction is provided by 90% deviation scenario in Low reliable network 

and N-0 level, which is £864 thousand, whereas the least is achieved by 10% deviation in High 

reliable network and N-0.75 security level, i.e., £170.  

Incremental planning: 

Table 3.3 shows the minimum VoLL required to justify the network upgrades under different 

reliability scenarios and security levels. The interruption costs coincide with the reinforcement 

costs in this value. As expected, Low reliable network requires considerably lower VoLL to 

undertake the network upgrades with respect to Medium and High reliable networks. This is 

due to the extent of the interruption costs imposed by this scenario’s high failure rate and long 

repair time. 

A low security level is also obligated DNOs to reinforce the network for an insignificant 

reliability valuation; where the least VoLL is in N-0 level, while the highest is in N-0.75. This 

is expected because of the large load curtailment in low redundancy levels. 

It is also worth noting N-0.75 level in all reliability scenarios, where there is no need to upgrade 

the substation for all deviation scenarios. In this level and during substation outages, the peak 

demand, in MVA, is greater than available capacity when the tap changer remains at 1:1 per 

unit position. However, by adjusting the tap changer, curtailments caused by the thermal 
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constraint of the substation branch can be avoided. As a result, there is no interruption cost due 

to the substation failures in N-0.75 security level. The only change in decisions or expenditure 

here is related to the feeders. Furthermore, in both N-0.5 and N-0.75 levels, the minimum VoLL 

for feeder upgrades is the same. This is due to the fact that load are curtailed in these levels to 

retain the voltage in the acceptable range, and not due to capacity shortage. Hence, higher 

capacity offered in N-0.75 level does not reduce the load curtailment. These finding are 

consistent in all case studies in this chapter. 

Table 3.3: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

deviation ranges (in £/kWh) 

Reliability 
scenario 

Security 
level 

Substation Feeder 

0% 
 dev. 

10% 
 dev. 

50% 
 dev. 

90% 
 dev. 

0% 
 dev. 

10% 
 dev. 

50% 
dev. 

90% 
dev. 

High 

N-0 12.1 13.0 20.4 47.3 9.2 9.8 15.1 34.0 

N-0.25 35.2 38.3 65.0 216.0 21.1 22.6 36.4 96.2 

N-0.5 134.5 148.5 267.4 963.8 37.3 38.7 54.2 128.8 

N-0.75 NaN NaN NaN NaN 37.3 38.7 54.2 117.5 

Medium 

N-0 5.7 6.2 9.8 22.8 2.4 2.5 3.9 8.6 

N-0.25 17.1 18.6 31.5 104.6 5.3 5.6 9.0 23.8 

N-0.5 65.2 71.9 129.5 649.0 9.2 9.6 13.4 31.6 

N-0.75 NaN NaN NaN NaN 9.2 9.6 13.4 31.6 

Low 

N-0 1.1 1.2 1.9 4.5 0.6 0.7 1.0 2.2 

N-0.25 3.3 3.6 6.2 20.4 1.3 1.4 2.2 5.8 

N-0.5 12.7 14.1 25.3 126.8 2.2 2.3 3.2 7.5 

N-0.75 NaN NaN NaN NaN 2.2 2.3 3.2 7.5 

Regarding different deviation scenarios in Table 3.3, as deviation level increases the minimum 

VoLL rises. This rise is more considerable in a high security level, where applying 90% 

scenario could increase the minimum VoLL significantly (expect for the substation in N-0.75). 

However, in a low security level, the additional flexibility offered by low reliable customers 

might only cause a slight change in the reinforcement requirements. This is due to the 

substantial interruption cost, even for insignificant VoLLs, with respect to the reinforcement 

costs in these scenarios. 

To assess which network upgrades should be agreed to for the benchmark value of 

£16.94/kWh, this value should be compared to results presented in Table 3.3. If the value is 

greater than the minimum VoLL, the investment should then be carried out. These upgrades 

are presented in Table 3.4, where required reinforcements are indicated with dark red cells. The 
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network expenditure for these scenarios is also illustrated in Figure 3.11. 

Table 3.4: Reinforcement decisions for different deviation ranges when VoLL=£16.94/kWh 

(“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
level 

0% 
deviation 

10% 
deviation 

50% 
deviation 

90% 
deviation 

High 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Medium 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Low 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

In the extreme case of Low reliable network and N-0 security, increase in deviation level does 

not alter reinforcement decisions and total network expenditure (see Table 3.4 and Figure 3.11). 

This is caused by the considerable interruption cost of the existing network in all deviations. 

Upgrading both substation and feeders in such cases guarantees meeting demand in all failures, 

leading to zero interruption cost. These reinforcements obsolete the impact of the demand 

flexibility, in term of higher deviation, in reducing the expenditure. In contrast, in High reliable 

network and all security levels except N-0, no reinforcement is required, regardless of how 

disperse the valuation of supply is. This happens as the interruption costs in these scenarios are 

not sufficiently high to justify the investment costs. Nevertheless, a higher deviation decreases 

the expenditure owing to lower interruption costs in these cases. 

Aside from aforementioned extreme cases, a higher disparity in supply valuation among users 

may alter both reinforcement decisions and network expenditure. For example, for High 

reliable network and N-0 scenario, 0% and 10% deviations require reinforcing both substation 

and feeders. However, in 50% deviation, the substation investment can be postponed. Likewise, 

the deviation of 90% delays both investments, in addition to offering the most reduction in the 



Integrating Customers’ Differentiated Supply Valuation 72

 

expenditure. 

 
Figure 3.11: Annual network expenditure for different deviation ranges when VoLL=£16.94/kWh 

Greenfield planning: 

Optimal security level of the network for both substation and feeder sections, under all 

reliability scenarios is depicted in Table 3.5. The optimal level has the lowest network 

expenditure, derived from (2.3), between all possible security designs. In all scenarios, a higher 

deviation of supply valuation leads to a lower optimal security design. Taking Low reliable 

network as an example, in the benchmark case, the optimal design is N-0.75, whereas in 90% 

deviation is N-0.5, resulting in £70 thousand saving in the network expenditure. Similar trends 

are also evident in Medium and High reliable networks. 

It is worth noting that 10% and 50% deviation scenarios have no impact on the design of Low 

and High reliable networks. The former is caused by low reliability of the network to the extent 

that the high investment in security is essential regardless of the applied deviation, while in the 

latter, it is due to insignificant interruption costs of the network even in low security levels. 

3.4.2 Case study 2: marginal benefit function  

To investigate the impact of the distribution of the supply valuation over all units of baseline 

demand on network decisions, three marginal benefit functions that are presented in Figure 3.4. 

and Table 3.1 are examined in this section.  
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Table 3.5: Optimal security level and expected annual network expenditure for different deviation ranges  

Reliability 

scenario 
 

0% 

deviation 

10% 

deviation 

50% 

deviation 

90% 

deviation 

Low 
Optimal level (N-0.75) (N-0.75) (N-0.75) (N-0.5) 

Expenditure (£) 3.0E+05 2.9E+05 2.7E+05 2.3E+05 

Medium 
Optimal level (N-0.5) (N-0.5) (N-0.25) (N-0.25) 

Expenditure (£) 2.3E+05 2.3E+05 2.1E+05 1.8E+05 

High 
Optimal level (N-0.25) (N-0.25) (N-0.25) (N-0) 

Expenditure (£) 2.0E+05 2.0E+05 1.8E+05 1.6E+05 

Existing network: 

The extent of reductions in the interruption costs with respect to Case a in the existing network 

are presented in Figures 3.12 to 3.14. High flexibility function, as expressed in Figure 3.4, 

represents those customers that value most energy units of their baseline demand relatively 

low, while customers with the low flexibility function value most part of their baseline high. At 

times of failures, those loads with a lower value are curtailed first. This leads to a lower 

interruption cost for a network with high flexible customers with respect to a network with low 

flexible. Therefore, the former provides the highest reduction in all reliability and security 

levels compared to the other two functions. The extent of these reductions is more noticeable 

for a network with low reliability and security level. For example, for Low reliable network 

and N-0 level (see Figure 3.14) customers with high flexibility offer over £1 million decrease 

in interruption cost, whereas in High reliable network and N-0.75 level (see Figure 3.12) the 

decrease is less than £4 thousand. 
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Figure 3.12: Expected reduction in annual interruption costs for different marginal benefit functions in High 

reliable network 
 

 
Figure 3.13: Expected reduction in annual interruption costs for different marginal benefit functions in Medium 

reliable network 
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Figure 3.14: Expected reduction in annual interruption costs for different marginal benefit functions in Low 
reliable network 

Incremental planning: 

Table 3.6 expresses the minimum VoLL required to carry out both substation and feeder 

upgrades under proposed marginal benefit functions. Results indicate a substantial rise in these 

values when customers employed a higher flexibility function. 

Table 3.6: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

marginal benefit functions (in £/kWh) 
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scenario 
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Substation Feeder 
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medium

 flex. 
high 
 flex. 

Case a 
low 

 flex. 
medium 

 flex. 
high 
 flex. 

High 
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should be compared to the minimum VoLL. The planning decisions and their corresponding 

network expenditures are shown in Table 3.7 and Figure 3.15, respectively. Users with high 

flexibility endure considerably less interruption costs compared to those with the other two 

types of flexibility. This leads to a substantial reduction in annual network spending when high 

flexibility function is employed by customers. Therefore, in most reliability and security levels, 

the network expenditure decreases as flexibility increases, while in the remaining scenarios, it 

is unchanged. 

In Low reliable network and N-0 security level, the reinforcements are inevitable under all 

flexibilities. For the same reliability scenario, but N-0.25 security level, high flexibility scenario 

can only postpone reinforcing the substation, while in N-0.5 level, the substation 

reinforcements can be postponed under all marginal benefit functions. In all security levels of 

Low reliable network, the feeders needs to be upgraded.  

The impact of these examined functions in investment decisions is more noticeable in Medium 

reliable network, where all network upgrades can be avoided in high flexibility scenario. The 

impact on Reliable network is mostly limited to expenditure decline, where only for N-0 level, 

the investment decisions are altered. This results from the fact that the existing network is 

sufficiently reliable to cope with failures. 

 
Figure 3.15: Annual network expenditure for different marginal benefit functions when VoLL=£16.94/kWh 
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Table 3.7: Reinforcement decisions for different marginal benefit functions when VoLL=£16.94/kWh 

(“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
level Case a 

low 
flexibility 

medium 
flexibility 

high 
flexibility 

High 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Medium 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Low 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Greenfield planning: 

Table 3.8 indicates optimal security under all three reliability scenarios. In all of these 

scenarios, the low flexibility function leads to a lower optimal security level, while the medium 

flexibility provides more reduction in expenditure without offering any further change in 

design. high flexibility function leads to additional fall on both optimal security and network 

spending in all reliability scenarios. The extent of these changes in optimal design highlights 

the significance of modelling customer’s valuation per unit of energy.  

3.4.3 Case study 3: representation of customers’ supply valuation 

Existing network: 

Expected reduction in annual interruption costs for all representations of b, c and d are 

illustrated in Figures 3.16 to 3.18. For Case b and Case c, 50% deviation and medium flexibility 

scenarios are considered, respectively. For every reliability and security level, Case b and Case 

c lead to a significant decrease in the annual interruption costs. Case c not only provides energy 

to all customers, it also offers more reduction with respect to Case b, where customers in low 

reliable classes are shed completely. Differentiation of supply valuation per both customers 

and unit of supplied energy, i.e., Case d, results in even a higher fall in cost. This happens as 
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the differentiation of supply valuation enables DNOs to shed demand based on both customers’ 

reliability class and their valuation of each requested kWh. Similar to previous studies, the 

extent of reduction here is also higher in a network with lower reliability and security level. 

For example, the most decrease in interruption cost takes place in Low reliable network and N-

0 level, while the least is in High reliable network and N-0.75 level. 

Table 3.8: Optimal security level and expected annual network expenditure for different marginal benefit 

functions  

Reliability 
scenario 

 
Case a 

low 
flexibility 

medium 
flexibility 

high 
flexibility 

Low 
Optimal level (N-0.75) (N-0.5) (N-0.5) (N-0.25) 

Expenditure (£) 3.0E+05 2.5E+05 2.3E+05 1.9E+05 

Medium 
Optimal level (N-0.5) (N-0.25) (N-0.25) (N-0) 

Expenditure (£) 2.3E+05 2.0E+05 1.9E+05 1.6E+05 

High 
Optimal level (N-0.25) (N-0) (N-0) (N-0) 

Expenditure (£) 2.0E+05 1.7E+05 1.6E+05 1.4E+05 

It is worth noting that the difference in costs between Case c and d is relatively insignificant. 

However, Case d  has the advantage of providing differentiation between customers, where 

they can opt their desired level of reliability.  

 
Figure 3.16: Expected reduction in annual interruption costs for different representations in High reliable 

network 
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Figure 3.17: Expected reduction in annual interruption costs for different representations in Medium reliable 

network 

 

Figure 3.18: Expected reduction in annual interruption costs for different representations in Low reliable 
network 
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Table 3.9: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

representations (in £/kWh) 

Reliability  
scenario 

Security 
level 

Substation Feeder 

Case a Case b Case c Case d Case a Case b Case c Case d

High 

N-0 12.1 20.4 38.8 45.0 9.2 15.1 27.8 32.3 

N-0.25 35.2 65.0 157.8 183.1 21.1 36.4 74.8 86.7 

N-0.5 134.5 267.4 1245.5 1444.8 37.3 54.2 101.3 117.5 

N-0.75 NaN NaN NaN NaN 37.3 54.2 101.3 117.5 

Medium 

N-0 5.7 9.8 18.7 21.7 2.4 3.9 7.0 8.2 

N-0.25 17.1 31.5 76.5 88.7 5.3 9.0 18.5 21.5 

N-0.5 65.2 129.5 602.1 696.0 9.2 13.4 24.8 28.8 

N-0.75 NaN NaN NaN NaN 9.2 13.4 24.8 28.8 

Low 

N-0 1.1 1.9 3.7 4.3 0.6 1.0 1.8 2.1 

N-0.25 3.3 6.2 14.9 17.4 1.3 2.2 4.5 5.3 

N-0.5 12.7 25.3 117.8 136.6 2.2 3.2 5.9 6.9 

N-0.75 NaN NaN NaN NaN 2.2 3.2 5.9 6.9 

Table 3.10 and Figure 3.19 present the reinforcement requirements and their associated 

network expenditure for the benchmark VoLL. Because of the interruption cost reduction, the 

differentiation of supply valuation tends to avoid the need for network upgrades and decreases 

the total network expenditure. For example, in Low reliable network, similar to previous case 

studies, there is no difference between cases in N-0 and N-0.75 levels. However, in N-0.25 and 

N-0.5 levels, as more flexibility is introduced, one of the investment decisions, i.e., the 

substation, is avoided along with reduction in the network spending. For Medium reliable 

network, all upgrade decisions are postponed from Case a to Case d, except the feeders in N-

0 level. Reliable network has the least change, where there is only alteration in N-0 level. For 

all other security levels, the reinforcements are not essential, as the benchmark case is reliable 

enough. Nevertheless, there is still a decline in spending in all of these security levels. 
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Table 3.10: Reinforcement decisions for different representations when VoLL=£16.94/kWh 

(“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
level 

Case a Case b Case c Case d 

High 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Medium 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Low 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

 

 
Figure 3.19: Annual network expenditure different representations when VoLL=£16.94/kWh 
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in Case d, all customers decrease their loads, albeit with different scales, while in Case b only 

customers in lower classes are required to cut their consumptions. This is evident in Case b 

under all scenarios, where customers in High and Highest groups experience almost no cost, 

while in Case d all groups bear some costs.  

In both Case b and d, the difference in cost between customer classes decreases as the network 

reliability and security increases. For example, in Case b for Low reliable network with N-0 

security level, there is a substantial variation in costs between all classes, while this variation 

in High reliable network with N-0.75 security level is negligible. 

 
Figure 3.20: Expected annual interruption cost for different customer classes in Case b 
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Figure 3.21: Expected annual interruption cost for different customer classes in Case d 

It is also worth pointing out that although High reliable customers in Case b do not curtail in 

N-0 and N-0.25 levels, they need to lower their loads in N-0.5 and N-0.75 levels slightly. This 
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valuation but from more nodes in the network to avoid curtailing High reliable customers at 

the farthest nodes. However, this leads to higher interruption costs as more demand needs to 
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Greenfield planning: 

The impact of differentiation between customers and units of served energy on optimal network 

planning and expenditure is shown in Table 3.11. Similar to previous case studies, introducing 

more flexibility leads to alteration in optimal planning and reduction in network costs. 
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Table 3.11: Optimal security level and expected annual network expenditure different representations  

Reliability 
scenario 

 
Case a Case b Case c Case d 

Low 
Optimal level (N-0.75) (N-0.75) (N-0.5) (N-0.5) 

Expenditure (£) 3.0E+05 2.7E+05 2.3E+05 2.3E+05 

Medium 
Optimal level (N-0.5) (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.3E+05 2.1E+05 1.9E+05 1.8E+05 

High 
Optimal level (N-0.25) (N-0.25) (N-0) (N-0) 

Expenditure (£) 2.0E+05 1.8E+05 1.6E+05 1.6E+05 

 

3.5 Network charges 

The expected annual network charges, based on the proposed network charging scheme, 

expressed by (2.18), of each type of customers in Case b and Case d are presented in Figures 

3.22 and 3.23. These charges indicate individual customer’s contribution towards the network 

investments when optimal security level is planned. The proposed scheme enables an equitable 

treatment of customers with differentiated supply valuation: customers with higher supply 

valuation enjoy lower interruption costs at the expense of higher network charges, while 

customers with lower supply valuation are rewarded for their lower reliability of supply 

through lower network charges. 

 
Figure 3.22: Expected annual network charges per customer in each class in Case b 
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Figure 3.23: Expected annual network charges per customer in each class in Case d 
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resulting in less variation between customers.  
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non-critical part of their demand is prioritised during network failures. As a result, the need for 

capital-intensive network reinforcements is limited and the total network expenditure is 

decreased.  

In addition, this chapter has proposed a cost-reflective network charging scheme that enables 

DNOs to recover the entire network investment costs. This scheme guarantees an equitable 

treatment of customers, where those with higher reliability are charges more in respect with 

those with lower reliability. 

 



 

 

Chapter 4  

Integrating Time-Shiftable Wet Appliances  

 

 

 

4.1 Introduction 

This chapter focuses on impact of modelling and deploying wet appliances as an example of 

time coupling technologies during network outages. First, applications of wet appliances as a 

flexible load in the context of smart grid is explored in Section 4.2. Flexibility characteristics 

of these appliances are then elaborated in Section 4.3. This section explicates what WAs can 

offer as a flexible demand. Costs experience by customers when the operation of WAs are 

delayed are explained and modelled in Section 4.4. Technical constraints are then formulated 

in Section 4.5. Section 4.6 lays out the assumptions deployed in case studies, while Section 4.7 

clarifies the applied modelling and assumptions by two examples. Finally, three different case 

studies regarding the impact of different models and parameters on network costs and 

expenditures are probed in Section 4.8.  

 

4.2 Related work 

The roll-out of smart meters has paved the way to employ demand flexibility in operation and 

planning of power networks. This includes applications in reducing network generation cost, 

supporting intermittent renewable energy sources [67], outage management [32]–[33] and 

[66]–[67], and etc. 

Among household appliances, wet appliances are considered one of the most suitable loads for 

DR applications. This is due to their extent of energy consumptions as well as their flexible 

operation. Wet appliances including dishwashers, washing machines and tumble dryers, 
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account for a large percentage of the total energy consumption in the domestic sector, e.g. 

16.5% in the UK [70]. Furthermore, they are highly flexible due to the deferability of their 

cycles, an ability to interrupt the operation between different phases, and low shifting cost. This 

means that some consumers are willing to defer or interrupt the operation of these cycles 

subject to certain constraints. 

These characteristics of wet appliances have been exploited in various applications. These 

appliances are deployed to shave the network peak demand by introducing dynamic pricing 

mechanism [36], [70]–[71]. Reducing the green gas emission and daily network costs by 

managing wet loads are investigated in [31], where different scenarios related to maximum 

permissible deferral are examined. The potential of WA in reducing network peak, network 

losses and service reliability for a Finish network case study is quantified in [33]. WAs can 

also be rescheduled to support the network with wind generations [67]. This enables the 

network operators to reduce the demand curtailment when the wind generation is lower than 

expectation. 

This research focuses on quantifying the impact of these flexibilities on network operation 

during outages and its implications on network planning decisions. Similar works have also 

been done in [32]–[33], [35] and [67]. The potential impact of DR on network reliability is 

shown in [33]–[34], where interruption costs are reduced by exploiting wet appliance 

flexibility. In [68], the impact of demand response on network planning is investigated. In this 

study, network expenditure associated with design and management of the substation is 

reduced, by lowering the network outage costs. The implications of different DR deployment 

levels, including WAs, on network reliability indices such as CI, CML and Expected Energy 

Not Supplied (EENS) are investigated in [36], where it is concluded that network assets’ 

utilisation can be increased considerably with a moderate deployment of DR.  

This chapter has taken a step further towards investigating the impact of wet appliances 

flexibility on network planning decisions, where the users’ discomfort cost caused by delaying 

the appliances’ operation is also taken into account. This cost is derived from customer’s 

valuation of the supply, where customers with lower VoLL and longer maximum deferral time 

(in initiation of cycles) experience a lower shifting cost for a fixed delay. Moreover, exhaustive 

sensitivity analysis related to operation of these appliances are carried out. These analyses 

quantify impact of the deployment level, maximum deferral time and shifting cost on network 

decisions. 
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4.3 WA flexibility  

The operation of wet appliances consists of different phases and processes that need to be 

executed sequentially with no interruption. Having no flexibility, once a wet appliance is 

activated, loaded and powered on by the customer, its cycle is initiated instantly. For washing 

machines, this cycle is comprised of water heating, cleaning and rinsing processes. For a 

specific washing program, each of these processes has an exact power requirement and exact 

time duration, controlled by a step timer [72]. Since there is no interruption between these 

phases, starting a cycle leads to a predefined and fixed demand profile.  

In reality, initiation time and cycle interruptions could be subject to customers’ choices. To this 

end, the first phase may not necessarily be initiated at the activation time, or a cycle may 

experience interruptions between different operation phases. A flexible customer is willing to 

defer a cycle as long as it is terminated prior to a certain deadline, determined by the maximum 

allowable delay. Interrupting a cycle, however, may lead to serious consequences, namely, 

higher energy consumption, inefficient machine performance and textile damage. Taking a 

washing machine as an example, interrupting a cycle may require extra amount of energy to 

carry out that phase later on. For example, warming water in the heating phase may affect 

machine performance by prolonging cleaning phases, or may cause damages, such as colour 

fading, and moldiness to textile [72]–[73]. Because of these costly drawbacks, in this work, 

interrupting a cycle is not taken into account as a flexibility option. 

 

4.4 Shifting cost 

In addition to deferring the initiation time and the cycle interruption, flexibility can also be 

identified by discomfort cost of customers due to delay. This means that a customer with a 

higher flexibility associates a lower cost with a fixed delay time compared to the one with a 

lower flexibility. To model a customer’s discomfort cost precisely, related data should be 

captured through surveys, interviews, and trials. However, these tasks are out of the scope of 

this work, where we only investigate the potential implications of considering this cost.  

Illustrative models of this cost for different levels of customer flexibility are depicted in Figure 

4.1, where the shifting cost of each unit of supplied energy (y-axis) is expressed with respect 

to delay (x-axis). For a specific delay, the lesser flexible customer has the higher cost. For 

inflexible users, shifting a cycle is not considered an option, since deferring a cycle corresponds 
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to losing that cycle. Therefore, the shifting cost for inflexible cycles is fixed and equal to VoLL. 

For flexible users, however, postponing a cycle is acceptable as long as it is terminated in time. 

This means that the deferral in these cases should be less than the maximum allowable delay, 

defined by customers. Initiating cycles after the allowed time imposes the same cost as losing 

that cycle to customers. In this study, a generic quadratic function is applied to model shifting 

cost: 

2 	 (4.1)	

where  represents delay, and , ߚ and  are the parameters describing the form of the cost. 

The value of this function is zero when a cycle is executed immediately ( ), and is equal 

to VoLL when the cycle is initiated with maximum permissible delay ( 𝑚𝑎𝑥). Taking these 

two points into consideration, leads to zero value of , and value of  is obtained as 

𝑉𝑜𝐿𝐿
𝛿𝑚𝑎𝑥

𝑚𝑎𝑥	 (4.2)	

Furthermore, by considering that the function in (4.1) is non-negative and increasing, the 

admissible range for ߙ is yield as 

𝑉𝑜𝐿𝐿
𝛿𝑚𝑎𝑥2  (4.3) 

𝑉𝑜𝐿𝐿
𝛿𝑚𝑎𝑥2  (4.4) 

A negative value of  (Concave curve) means that first hours of deferral cause more discomfort 

to the customer that the last hours. The shifting cost becomes a linear curve for ߙ ൌ 0, where 

the user values every additional hour of delay the same. A positive value of  (Convex curve) 

describes those users that are more sensitive to delay at later hours of the deferral. This means 

their marginal discomfort cost is low at early hour of postponing the cycle. The extreme case 

of the concave curve, as depicted in Figure 4.1, is achieved when −𝑉𝑜𝐿𝐿
𝛿𝑚𝑎𝑥2 , whereas, the 

extreme case of convex curve is achieved by 𝑉𝑜𝐿𝐿
𝛿𝑚𝑎𝑥2. These two extreme cases are referred 

to as Concave and Convex shifting cost in the remainder of this chapter. 
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Figure 4.1: Different representations of the shifting cost 

 

4.5 Wet appliance modelling 

The network operation and planning formulation is provided in Section 2.3, where all network 

and demand constraints are presented. The formulation accounts for local constraints of loads 

that can be curtailed but not shifted in time. However, constraint (2.12) is representing local 

constraints that describe operation of shiftable loads. This section presents constraints that 

express the operation of deferrable wet appliances.  

As discussed in Section 4.3, the flexibility of WAs is determined by deferring cycles, with no 

interruption within cycles, and shifting cost. The latter, as expressed as in (4.1), represents the 

discomfort that customers bear for postponing their WA cycles throughout network failures. It 

has also been assumed that customers’ flexibility is only practiced in failure periods. This 

means all WAs are executed as inflexible appliances prior to an outage. Considering these 

assumptions, a single WA can be modelled as: 

Cost function:               𝑐𝑦𝑐𝑙𝑒 𝑐𝑦𝑐𝑙𝑒	 (4.5) 

Decision variables:      𝒔𝒉
𝑡 𝑓  (4.6) 

Constraints: 

Inflexible 

Concave 

Linear 

Convex 

𝛿𝑚𝑎𝑥 

VoLL 

Shifting cost (£/kWh) 

𝛿 (hour)
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𝑡𝑡∈𝑇𝑠𝑖𝑚
	 (4.7) 

𝑡
𝑎𝑐𝑡 𝑎𝑐𝑡 𝑚𝑎𝑥 	 (4.8) 

𝑡𝑎𝑐𝑡
𝑎𝑐𝑡

𝑓 	 (4.9) 

Definitions: 

𝑡𝑡∈𝑇𝑠𝑖𝑚

𝑎𝑐𝑡 	 (4.10) 

𝑡
𝑊𝐴

𝑡−𝜏−1 𝜏
𝑊𝐴𝑇𝑑𝑢𝑟

𝜏=1
	 (4.11) 

where different parameters and variables are defined as, 

 binary parameter indicating if the cycle is initiated, 

𝑐𝑦𝑐𝑙𝑒: energy required to finish the entire cycle, 

𝑡  binary variable equal to one when the cycle is initiated at time period , 

𝑓 : Set of time periods including the periods during which failure  occurs and the first max  

after,  

𝑎𝑐𝑡: time period in which the appliance is activated, 

𝑚𝑎𝑥  maximum allowable delay in initiating the cycle, determined by the user, 

 delay in initiating the cycle, 

𝑡
𝑊𝐴  active power consumed by the appliance at time period , 

𝜏
𝑊𝐴: power demand at step of the cycle. 

The objective function in (4.5), includes both shifting and cancellation cost, where the latter is 

measured as a lost load according to VoLL. The decision variable is the initiation time of the 

WA, stated by binary values in (4.6). Sum of these values, expressed by (4.7), equals to one 
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when the cycle is operated at some point, and is equal to zero when it is cancelled. The 

appliance cannot be initiated before the activation time, in which the user loads the machine 

and opts the program, or after passing the maximum allowable delay. These requirements are 

stated in (4.8). Constraint (4.9) reflects the assumption that cycles activated in normal operation 

of the network, before an outage, are treated as inflexible ones. This means that these loads are 

initiated immediately. These are taken into account because when a failure starts, there are 

some unfinished cycles that should not be interrupted. Formulations to calculate the delay and 

power demand of the appliance are expressed in (4.10) and (4.11), respectively. 

 

4.6 Implementation considerations 

Wet appliances considered in this work are washing machines, dishwashers and tumble dryers. 

However, the operation of TDs is coupled with WMs, since the drying cycle is immediately 

initiated after termination of the washing cycle. Therefore, TDs are not considered as 

independent appliances. Instead, TDs and their corresponding WMs are defined as integrated 

washer-dryers (WD), resultant of combining steps of both cycles. 

Each cycle of wet appliances has its own specific power demand profile, indicated by the 

number of the steps and their required power consumptions, based on a chosen program and 

the machine model. Nevertheless, due to data availability and simplicity, it is assumed that 

there is only one type of model with only one explicit program for each appliance type. The 

profile of these programs are derived from [72], and shown in Table 4.1. With regard to WMs 

and WDs, these profiles are based on the average load of 5kg and normal cotton program. 

Table 4.1: Electrical demand profile of wet appliances (in W) [72] 

Time steps 
(in ¼ h) 

WM DW TD 

Total Energy (Wh) 887.5 1192.5 2460 

1 100 80 2000 

2 2000 2000 2000 

3 900 80 2000 

4 100 80 1600 

5 100 80 1300 

6 300 2000 940 

7 50 300 0 

8 0 150 0 
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As shown in Table 4.1, the demand profiles are indicated in quarter-hourly periods. Thus, the 

time resolution of the optimisation problem, (2.3)-(2.12), and WA modelling, (4.5)-(4.11), 

should also be run quarter-hourly, or less, to model the appliances accurately. Since the 

problem is MINP with quarter-hourly resolution, the computation burden is substantial. To 

speed up the simulation time, therefore, voltage and reactive power constraints are relaxed in 

this chapter. 

The scale for penetration level of different appliances in UK households in 2025 are obtained 

from [71] and [73], and presented in Table 4.2. Considering these percentages, and total 

number of 10,000 households in the network of Figure 2.1, absolute number of each appliance 

type in the network can be obtained; these data are presented in Table 4.2. 

Table 4.2: Penetration of wet appliances in the examined network 

Appliance type Penetration (% households) Penetration (households) 

WM 35% 3,500 

DW 53% 5,300 

WD 60% 6,000 

Figure 4.2 illustrates the daily number of activated WA cycles at each load point of the 

examined network for all devices in 15 minute resolution, assuming execution of one cycle per 

day per appliance. A typical diversified demand profile of these appliances are taken from [72], 

and with processing procedure explained in [71] is transformed to quarter-hourly time steps 

presented in Figure 4.2. 
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Figure 4.2: Number of WA cycles activated in each quarter hour of the day at each network node 

Figures 4.3 and 4.4 show demand profile of the network and WAs for a normal operation day, 

respectively. According to Figure 4.3, the peak total demand, including both WA and non-

WAs appliances, is 10.3 MW. WA demand has two peaks, one in the early afternoon with the 

value of 1.6 MW, and one in the late evening with the value of 1.9 MW. Integrated washer-

dryers account for most of the WA peak, nearly 63% of the peak, as shown in Figure 4.4. This 

results from the high penetration of WDs (see Table 4.2), as well as high energy consumption 

of tumble dryers (see Table 4.1). 

 
Figure 4.3: Total network demand in a normal day 
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Figure 4.4: WA demand in a normal day 

4.7 Failure illustrations 

To examine the operation of flexible WAs, two failures (one on the substation and one on a 

feeder section) are looked at in this section. The characteristics of these two failures are 

presented in Table 4.3. 

Table 4.3: Characteristics of the examined failures 

Failed Asset Available capacity Failure start Repair time 

Transformer 5.15 MW 8284 h 21 hours 

Feeder1, Section 3 5.15 MW 58748 11 hours 

4.7.1 Substation failure 

The substation outage takes place at time 8281 hours, and lasts for 21 hours. The simulation 

runs from 4 hours before the event in order to account for unfinished cycles activated at those 

times, and finishes 8 hours after the fault recovery in order to consider those cycles that are 

postponed to these times. Quarter-hourly time steps are considered as discussed in the previous 

section. The transformer is, therefore, out between time step 17 to 100. Furthermore, in this 

example, it is assumed that all wet appliances are deferrable with the maximum allowable delay 

of 6 hours. 
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Figure 4.5: Network demand in the normal and substation outage scenarios 

Figure 4.5 depicts the total network demand in the normal operation condition as well as the 

failure. The difference between these two trends results from shifting and curtailing appliances 

in the failure scenario. The objective in this scenario is to first avoid curtailment due to its 

substantial associated cost, defined by VoLL. To do so, the flexibility of the wet appliances are 

exploited first. However, because of low security level of the network in this example, i.e., N-

0, demand still needs to be curtailed. This can be observed by comparing the supplied energy 

in the normal and failure events, equivalent to the area below the curve in Figure 4.5, where 

the area is substantially less in the outage event. 

Despite the outage occurrence at time step 17, it is not required to alter the demand profile until 

33rd step, in which the baseline demand is more than the available capacity of the substation. 

By clearance of the fault at time step 100, there is no further need to cut loads. However, there 

is a spike in the demand immediately after the clearance, caused by supplying the deferred wet 

appliances at that time. These loads need to be met as soon as enough capacity is available to 

avoid additional shifting cost. The demand trend of these wet appliances in the normal and 

substation outage scenarios are shown in Figure 4.6. Most appliances that are activated up to 6 

hours before the end of the outage are supplied later when the transformer is back to the 

network. Consequently, a peak in demand is produced at step 101 to supply these deferred 

cycles, mostly DWs. Nevertheless, not all cycles are met at step 101, since the total demand is 

already equal to the entire capacity of the substation. The remaining cycles are supplied 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

1 11 21 31 41 51 61 71 81 91 101 111 121 131

D
em

an
d 

 (
M

W
)

Time (quarter hour)

Failure Normal



Integrating Time-Shiftable Wet Appliances 98

 

afterward, generating another peak at time step 105. A similar trend can also be noted in each 

type of wet appliances, as depicted in Figure 4.7. 

 
Figure 4.6: WA demand in normal and substation outage scenarios 

 

 
Figure 4.7: Demand of all WA types in normal and substation outage scenarios 
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resolution of the simulation, the section is out between time step 17th to 60th, inclusive. At time 

step 17th, the circuit breaker of the third section acts immediately to break fault current that 

supplies load points F1L3 to F1L5. After isolating this section, the normally open switch at the 

end of the feeder is closed instantly to provide back-feeding to these load points. Nevertheless, 

the supplied demand of these load points is constrained by the capacity of the second feeder. 

 
Figure 4.8: Network demand in normal and feeder outage scenarios 

 
Figure 4.9: Demand of load points affected by the feeder failure in normal and outage scenarios 

Figure 4.8 highlights the difference between the baseline and supplied demand of the entire 

network, while, Figure 4.9 illustrates demand of households on the second feeder in addition 
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the outage. The supplied demand on these nodes is restricted by the capacity of the first line on 

the second feeder, which is equal to 5.15 MW. As the failure takes place at step 17, the demand 

needs to be curtailed on these load points to match the available capacity of the line. To do so, 

loads are partially shed, and are partially shifted, i.e., wet appliances, as shown by Figure 4.10. 

Since the baseline demand is lower than the capacity from step 29 onward, these shifted loads 

have the opportunity to be initiated, causing discrepancy between baseline and supplied 

demand, as illustrated in Figure 4.9. All of these cycles are finished by step 41, and from that 

to the end of the outage at step 61 no curtailment is imposed on the customers. 

 
Figure 4.10: Demand of WAs in normal and substation outage scenarios 

In contrast to the substation failure, where the peak generated by WAs is mostly due to DWs, 

here WDs account mainly for the peak at time step 37, as illustrated by Figure 4.11. In general, 
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Figure 4.11: Demand of all WA types in normal, and feeder outage scenarios 

 

4.8 Case studies 

As discussed in Section 2.5, the impact of the flexibility of WAs on distribution network 

operation and planning is examined in threefold: first, on the interruption cost of the existing 

test network, second, on the reinforcement decisions of the network, and third, on designing a 

network based on Greenfield planning. In the first two cases, the network of Figure 2.1 under 

different security scenarios is studied, while in the third one, we assume the security level is 

the subject of the optimisation, where the optimal capacity of the substation and feeder sections 

(redundancy level) are decided. The optimal capacity is selected between four possible choices 

of network redundancy levels including N-0, N-0.25, N-0.5 and N-0.75. 

To quantify the impact of WA shiftability, three case studies based on sensitivity analyses on 

penetration level of deferrable appliances, the maximum allowable delay and shifting cost are 
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of deferrable households are examined. These percentages and number of associated appliances 

in each of them are calculated based on Table 4.2 and are presented in Table 4.4. Zero 

penetration level indicates that all appliances are inflexible, and they should be initiated as 

activated. In contrast, in 100% scenario, all appliances are deferrable stating that consumers 

are willing to defer their cycles, albeit by taking their shifting cost and maximum delay into 

the account. In the second study, the maximum allowable deferring is subject of the study. 

Finally, in the third case study, three representations of shifting cost, as discussed in Section 
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4.4 and presented in Figure 4.1, are deployed to investigate impact of customers’ susceptibility 

to delay on the operation and planning of the network.  

Table 4.4: Number of deferrable appliances in each penetration scenarios (per day) 

Penetration scenario WM DW WD 

0% 0 0 0 

25% 875 1,325 1,500 

50% 1,750 2,650 3,000 

75% 2,625 3,975 4,500 

100% 3,500 5,300 6,000 

Current practice where all cycles are assumed inflexible is considered as the benchmark case. 

In this case, all cycles are initiated instantly, and if there is a capacity shortage the demand then 

needs to be cut. The interruption cost of the benchmark case based on VoLL of £16.94/kWh is 

presented in Figure 4.12, where the existing network without any reinforcement is considered. 

As expected, the cost is substantially higher in Low reliable network compared to the other two 

reliability scenarios in all security levels. Additionally, as the security level increases (higher 

redundancy), the cost decreases. Therefore, the highest cost is experienced in Low reliable 

network with security level of N-0, whereas, the least cost happens in High reliable network 

and N-0.75. It is also worth noting that the interruption cost depends on the network peak 

demand; a higher peak demand results in higher interruption cost.  

 
Figure 4.12: Annual interruption cost of the benchmark case 
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The interruption cost of the benchmark case, illustrated by Figure 4.12, is significant, and 

network planners need to reinforce the network to avoid these costs. To make reinforcement 

decisions, DNOs need to assess the investment cost and interruption cost of existing network 

to propose optimal network upgrade. To alleviate damages caused by the substation failures, a 

third transformer with the same size as the existing ones can be added, while for feeder sections, 

they can be replaced by double size cables.  

Table 4.5 states the required investments in the benchmark case, assuming the investments cost 

expressed in Table 2.3, where a dark red cell indicates necessitate of the reinforcement for the 

substation or feeder sections, while a light green one indicates the contrary. The total network 

expenditure for these scenarios is illustrated in Figure 4.13. In N-0 level, both reinforcements 

should be carried out regardless of the reliability scenario. Hence, all three networks have an 

equal expenditure. In N-0.75 level, however, different reinforcements are required for each 

network. For this level in High reliable and Medium reliable networks, no upgrade is required, 

leading to low expenditure, whereas, in Low reliable one, both assets should be reinforced. It 

is also worth noting that the investment cost of the substation rises as the security level 

increases. This is due to increase in the size of the third transformer. Taking Low reliable 

network as an example, the network expenditure is considerably higher in N-0.75 with respect 

to N-0 level. 

Table 4.5: Reinforcement decisions in the benchmark case 

Reliability scenario N-0 N-0.25 N-0.5 N-0.75 

High reliable 
Substation Substation Substation Substation 

Feeder Feeder Feeder Feeder 

Mid reliable 
Substation Substation Substation Substation 

Feeder Feeder Feeder Feeder 

Low reliable 
Substation Substation Substation Substation 

Feeder Feeder Feeder Feeder 
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Figure 4.13: Annual network expenditure of the benchmark case  

4.8.1 Case study 1: penetration of deferrable appliances 

The flexibility of wet appliances in a network relies on the number of customers with 

willingness to shift their cycles. These cycles can be initiated with an acceptable delay to the 

customer, while the remaining inflexible cycles are required to start upon activation. To assess 

the impact of the penetration level, five scenarios with different number of deferrable cycles 

are studies, as presented in Table 4.4. In all of these scenarios, the maximum acceptable delay 

of 6 hours and Linear shifting cost, as expressed by Figure 4.1, are considered. It is also worth 

noting that the scenario with zero penetration is the same as the benchmark case. 

Existing network: 

The reduction in annual interruption cost of the existing network for different penetration levels 

are depicted in Figures 4.14 to 4.16. These reductions are calculated with respect to the 

benchmark case, based on VoLL of £16.94/kWh, as provided in Figure 4.12. Figure 4.14 shows 

the decrease in the cost of High reliable network, where the benefit of the flexibility provided 

by a higher number of deferrable cycles is evident; higher penetration of these cycles leads to 

higher reduction in the network interruption cost. Nonetheless, the extent of this benefit 

decreases as the security level increases. This means in N-0 level, the highest decline is 

achievable by introducing more deferrable cycles, while the least is attainable in N-0.75. This 

indicates the substantial impact of the flexibility in networks with low redundancy levels. The 

same logic also holds for Medium and Low reliable network, as shown in Figures 4.15 to 4.16, 

respectively. However, the effect of number of flexible WAs is substantially more in these two 
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reliability scenarios, especially Low reliable, with respect to the High reliable network. For 

example, in Low reliable network and N-0 level, 100% penetration offers £88 thousand 

reduction per year. Considering that wet appliances only account for 16% of the peak demand, 

this achievement is significant. 

 
Figure 4.14: Expected reduction in annual interruption costs for different penetration levels of deferrable 

appliances in High reliable network 

 

 
Figure 4.15: Expected reduction in annual interruption costs for different penetration levels of deferrable 

appliances in Medium reliable network  
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Figure 4.16: Expected reduction in annual interruption costs for different penetration levels of deferrable 

appliances in Low reliable network 

Incremental planning: 

As described in the previous section, the existing network could be exposed to a substantial 

interruption cost, depending on its reliability and security scenarios. To avoid these costs, 

DNOs undertake reinforcements in the network to lessen demand curtailments in outage 

conditions. To decide which network upgrade should be carried out, the network planners 

should assess whether the advantage stemmed from reducing interruption cost overcomes the 

investment costs. Nevertheless, the interruption cost is highly dependent on a chosen VoLL, 

where higher value justifies more reinforcements in the network. To quantify the impact of the 

flexibility on network upgrade decision without considering a specific VoLL, we have changed 

the perspective of the problem. Instead of probing what reinforcements should be carried out 

with a certain VoLL, we are looking for the minimum VoLL to justify a specific reinforcement 

in the network. This value is achieved when the interruption cost coincides with the upgrade 

cost. Based on this minimum value, DNOs can then decide on planning decisions; if the actual 

VoLL is higher, the upgrade should be agreed to, otherwise it should be postponed. 

The minimum VoLL for different reliability scenarios and security levels for both substation 

and feeders sections are expressed in Figures 4.17 to 4.19. High reliable network, as depicted 

in Figure 4.17, requires higher VoLL to undertake reinforcements compared to Medium and 

Low reliability networks, as illustrated in Figures 4.18 and 4.19, respectively. This results from 

the fact that this network is reliable enough that only a relatively high VoLL might lead to 
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network upgrades, whereas in Low reliable network, due to the substantial interruption costs 

of the existing network, investments are essential even for relatively low VoLLs. 

 
Figure 4.17: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

penetration levels of deferrable appliances in High reliable network  

 

 
Figure 4.18: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

penetration levels of deferrable appliances in Medium reliable network 
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Figure 4.19: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

penetration levels of deferrable appliances in Low reliable network 

For all reliability scenarios, when network security level increases from N-0 to N-0.75, the 

minimum required VoLL to justify the investment rises. In high security levels, there is less 

urgency to upgrade assets due to the high redundancy of the network. This indicates that only 

a relatively high VoLL can lead to reinforcements in a network that is fairly reliable. Regarding 

different penetration levels, the impact is more considerable in high security levels, where 

higher number of deferrable cycles has a potential to reduce the interruption cost relatively 

substantial to the extent that significantly high VoLL is required to take an investment action. 

It is worth noting that in Figures 4.17 to 4.19, the minimum VoLL associated with feeders is 

greater than the equivalent of the substation in most cases. This relates to the difference 

between the repair time of the substation and feeders in all scenarios, where it takes days to 

bring back a transformer to the network, while for a feeder section, it only takes couple of 

hours. Therefore, postponing WA cycles for several hours, when there is failure on lines could 

potentially alleviate the failure implications dramatically, while its impact during the substation 

outages is much lower due to the longer repair time. 

To assess reinforcement decisions for the benchmark VoLL of 16.94 kWh, we need to compare 

the minimum VoLL to that value for each scenario. Table 4.6 shows the reinforcement 

decisions, where a dark red cell indicates necessitate of an upgrade, while a light green one 

means that it can be postponed. The total network expenditure when appropriate reinforcements 

are undertaken is illustrated by Figure 4.20. The expenditure consists of the both investment 
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costs and interruption costs of the reinforced network. In scenarios that both reinforcements 

are carried out, customers do not experience any interruption. Thus, in these scenarios, the 

annual expenditure only includes the reinforcement costs. As a result, when both upgrades are 

required under all penetration scenarios, the additional flexibility does not offer any reduction 

in the expenditure. These scenarios occur when the network reliability and security are 

relatively low, e.g. N-0 in Low reliable network. Nevertheless, in other scenarios, introduction 

of more flexibility leads to alteration in planning decisions or/ and decline in the network 

expenditure. Taking Low reliable network with N-0.75 level as an example, 25% and 50% 

scenarios enable postponing the feeder upgrades, while for 75% and 100% penetrations, both 

upgrades can be delayed. 

Table 4.6: Reinforcement decisions for different penetration levels of deferrable cycles when 

VoLL=£16.94/kWh (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

0% 25% 50% 75% 100% 

High 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Medium 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Low 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 
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Figure 4.20: Annual network expenditure for different penetration levels of deferrable appliances when 

VoLL=£16.94/kWh 

Greenfield planning: 

In Greenfield planning, the aim is to identify the optimal security level of the network. The 

optimal security offers the least network expenditure, comprised of both investment and 

interruption costs. The former includes the cost of the substation and feeder sections. For the 

substation, this means installing two transformers with the same capacity. 

Since WAs only account for 16% of the peak demand, the impact of their flexibility on the 

optimal security level is relatively low. For example for High reliable network, the optimal 

level is N-0.5 regardless of which penetration level is applied. For Medium and Low reliable 

networks, this level is N-0.75 for all penetration scenarios. Despite this, increase in number of 

deferrable cycles can still cut the interruption cost by shifting flexible cycles in time. 

Consequently, this leads to a lower network expenditure, which is illustrated in Figure 4.21. 

The extent of the reduction is more noticeable in Low reliable network, where extra flexibility 

can offer more benefits due to the higher frequency and longer duration of outages in this case. 

On the contrary, the expenditure reduction in Medium and High reliable networks when the 

number of flexible cycles increases is moderate. 
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Figure 4.21: Total network cost at the optimal security level for different penetration levels of deferrable 

appliances 

4.8.2 Case study 2: maximum allowable delay 

One of the factors that quantifies WA flexibility is the maximum deferral in cycles that users 

are willing to accept. This indicates the maximum possible delay in initiating a cycle that has 

been activated before. A consumer with a higher flexibility agrees to a longer delay compared 

to one with a lower. 

In this case study, the impact of different maximum acceptable delays on network planning and 

operation is investigated. To that end, five different scenarios for maximum allowable deferral 

are proposed including 0, 2, 4, 6, 8 and 10 hours. These values are in line with the surveys that 

carried out in the UK [72].  

In all scenarios, it is assumed that the penetration level of deferrable appliances is 50%, as 

provided in Table 4.4, and the shifting cost of all households is expressed by Linear function 

in Figure 4.1. Moreover, in each case, all WAs have the same maximum allowable delay.  

It is also worth noting that the maximum delay affects shifting cost, where for a fixed delay in 

a cycle operation, the shifting cost of a customer with higher allowable deferral is less that of 

the lower one. This means not only has that customer the ability to shift the cycle longer but 

also experiences a lower shifting cost. 
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Existing network: 

Figure 4.22 to 4.24 show decrease in the annual interruption costs for different maximum delay 

in High, Medium and Low reliable networks, respectively. In all reliability scenarios and 

security levels, a longer delay leads to more decline in cost. The extend of this reduction is 

disproportionate to the delay itself, where for example in High reliable network and N-0 level, 

10h scenario offers  eight times more reduction that 2h one. Similar trends can also be observed 

in other reliability scenarios and security levels. This highlights the effectiveness of this 

flexibility type in reducing network costs.  

The absolute value of the fall in cost varies according to the security level, where in a higher 

level less cost reduction is achieved. This is expected, since in high security scenarios, there is 

more capacity available to supply the network demand. Therefore, fewer numbers of cycles are 

required to be postponed. Because of this, the reduction achieved by a higher maximum delay 

scenario in these security levels are mostly caused by its lower shifting cost rather that the 

longer deferral option. 

The effect of a higher flexibility of wet appliances in reducing the network cost also depends 

on the level of network reliability, where in Low reliable network, a substantial benefit can be 

achieved by extending the maximum delay. In the extreme case of N-0 level, the 10 h scenario 

offers £113 thousand reduction in Low reliable network, while the same scenario only provides 

£13 thousand in High reliable network. This is a consequence of the higher frequency and 

longer repair time of outages in Low reliable case, in which demand flexibility can play a 

significant role in balancing demand and supply, and subsequently reducing the network costs.  

The effect of a long repair time can also be noticed in comparison of different maximum delay 

scenarios. For a short repair time, the change is insignificant for different delay scenarios. 

However, when a failure takes longer time, postponing cycles for a few more hours could 

reduce the cost significantly. This can be noticed by comparison of two cases with different 

maximum allowable delay between High and Low reliable networks; where Low reliable 

network experiences longer average outage duration on both substation and feeder sections. 

Taking N-0 security level, and 2 and 10 hours cases as an example, in High reliable network, 

10 hours offers almost eight times more reduction in costs (£13 thousand  to £1.5 thousand), 

while in Low reliable network the ratio is 14 (£113 thousand to £7.9 thousand). This finding is 

consistent between all security levels and flexibility scenarios, where relative impact of the 

flexibility is higher in a lower reliable network. 
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Figure 4.22: Expected reduction in annual interruption costs for different maximum allowable deferrals in 

High reliable network  

 

 
Figure 4.23: Expected reduction in annual interruption costs for different maximum allowable deferrals in 

Medium reliable network 
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Figure 4.24: Expected reduction in annual interruption costs for different maximum allowable deferrals in 

Low reliable network  

Incremental planning: 

The minimum VoLL required to agree to a specific reinforcement indicates the level of that 

network resilience towards failures. This means a network with low reliability scenario or 

security level should be reinforced for a lower VoLL in respect with one with a higher 

reliability.  

The minimum VoLL for both substation and feeder for High, Medium and Low reliable 

networks are presented in Figure 4.25 to 4.27, respectively. For any reliability scenario, for 

both substation and feeders, the difference in minimum VoLL between maximum delay 

scenarios increases as the security increases. In another word, extending the operation deadline 

of cycles has more effect on minimum VoLL when the security level is high. For example, in 

High reliable network and N-0.75 level, 10h scenario offers the minimum value of £429/kWh 

for the feeders, while 2h scenario delivers £233/kWh. This change is considerable compared 

to N-0 level, where the difference between 2h and 10h cases are negligible. This happens due 

to the high relative impact of the extra flexibility in high security levels, where it can reduce 

the cost relatively significant, whereas in low security scenarios, introduction of more 

flexibility has an insignificant relative effect on the total interruption costs. This implies that 

reinforcements should be carried out in low VoLL regardless of the customers’ flexibility level 

when the security level is low. 
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Figure 4.25: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

maximum allowable deferrals in High reliable network 

 

 
Figure 4.26: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

maximum allowable deferrals in Medium reliable network 
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Figure 4.27: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

maximum allowable deferrals in Low reliable network 

To assess if the network upgrades are required in a scenario when VoLL is equal to the 

benchmark value of £16.94, this value is compared with the minimum VoLL of the scenario; 

if it is higher, the network should then be reinforced. The upgrade decisions under all scenarios 

are provided in Table 4.7, where need of a reinforcement is identified by a dark red cell. 

Since deferrable WAs only account for 8% of the peak demand, their impact on the investment 

decision is not extensive. This is evident in Table 4.7, where only in few cases, the decisions 

are altered when more flexibility offered by customers. For example, when 8h and 10h 

scenarios are applied in Low reliable network, it leads to postponing both network upgrades in 

N-0.75 level. Although the impact of the flexibility in planning decision is minimal, it could 

still offers reduction in the network expenditure, as depicted in Figure 4.28. Only for those 

scenarios that at least one investment decision is postponed, there is difference in expenditure, 

mostly high security levels. For those other scenarios that both substation and feeders are 

reinforced, the total expenditure equals to the investment cost, since the interruption cost is 

zero. For these scenarios, thus, the introduction of more flexibility does not change the 

expenditure. 
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Table 4.7: Reinforcement decisions for different maximum allowable deferrals (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

0h 2h 4h 6h 8h 10h 

High 

N-0 S F S F S F S F S F S F 

N-0.25 S F S F S F S F S F S F 

N-0.5 S F S F S F S F S F S F 

N-0.75 S F S F S F S F S F S F 

Medium 

N-0 S F S F S F S F S F S F 

N-0.25 S F S F S F S F S F S F 

N-0.5 S F S F S F S F S F S F 

N-0.75 S F S F S F S F S F S F 

Low 

N-0 S F S F S F S F S F S F 

N-0.25 S F S F S F S F S F S F 

N-0.5 S F S F S F S F S F S F 

N-0.75 S F S F S F S F S F S F 

 

 
Figure 4.28: Annual network expenditure for different maximum allowable deferrals when 

VoLL=£16.94/kWh 

Greenfield planning: 

Figure 4.29 shows the total network cost when optimal security level is planned for each 

reliability scenario. The total cost decreases moderately when the maximum deferral increases 
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in High and Medium reliable networks, whereas in Low reliable one, it drops sharply with the 

potential of £60 thousand saving in 10h scenario with respect to the benchmark practice of 0h. 

 
Figure 4.29: Total network cost at the optimal security level for different maximum allowable deferrals 

4.8.3 Case study 3: shifting cost 

As discussed in Section 4.4, each customer might experience different level of discomfort when 

a cycle is postponed. This level can be reflected by the shifting cost, defined by that customer. 

This cost can also express the sensitivity of a user in respect to the delay in initiation of a cycle. 

These differences are highlighted by four candidates for shifting cost in Section 4.4 and Figure 

4.1. In this case study, these candidates are applied in order to investigate their impact on 

different aspect of planning and operation in the examined network. These representations are 

identified as Inflexible, Concave, Linear and Convex shifting costs. 

For all examined scenarios, the maximum allowable delay of 6 hours and penetration level of 

50% for deferrable cycles are considered. It is also worth mentioning that the inflexible 

scenario is the same case as the benchmark, where deferring a cycle is considered as a lost load. 

Existing network: 

The impact of different deferral cost on the annual interruption cost of the network under 

different scenarios is shown in Figure 4.30. The results indicate a significant reduction in cost 

in scenarios with low reliability or security levels. Low reliable network and N-0 security is a 

good illustration of this point, where Convex case provides £100 thousand saving in the 

network cost, whereas Concave function offers £25 thousand. On the other hand, in High 
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reliable network and N-0.75 level, Convex case offers only £6 thousand, while Concave one 

decreases the cost by less than £2 thousand. 

 
Figure 4.30: Expected reduction in annual interruption costs for different shifting costs 

Incremental Planning: 

The minimum VoLL that can justifies the reinforcements is presented in Figures 4.31 to 4.33, 

for different shifting cost representations. The minimum VoLL is achieved when the 

interruption costs caused by failures on a specific asset, calculated based on that VoLL, 

coincides with the investment costs of upgrading that asset. Because of this, a lower shifting 

cost leads to a considerable increase in minimum VoLL only when it offers relatively high 

reduction of the interruption cost. Since in high security levels, shifting cost accounts for a 

noticeable portion of the total interruption cost (ranged from 35% to 45 %), its change has 

substantial effect on the entire costs, and consequently on the minimum calculated VoLL. This 

could be observed from the variation of minimum VoLL between different shiftability 

representations in N-0.75 level of all reliability scenarios. In contrast, in other security levels, 

deferral cost only forms a slight share of the total cost. Therefore, change of shifting function 

does not offer significant relative reduction in the total costs and the minimum VoLL.  
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Figure 4.31: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

shifting costs in High reliable network  

 

 
Figure 4.32: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

shifting costs in Medium reliable network 
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Figure 4.33: Minimum VoLL to justify reinforcement of the substation and feeder sections for different 

shifting costs in Low reliable network 

The required reinforcement decisions when VoLL is £16.94/kWh is presented in Table 4.8. 

Since deferrable WAs only account for 8% of the peak, their impact on planning decisions is 

not significant. However, there are some case such as N-0.5 level in Medium reliable and N-

0.75 in Low reliable networks, where applying Convex cost has postponed network upgrades. 

The network expenditure with these reinforcements are shown in Figure 4.34. As expected, a 

lower shifting cost decreases the total network spending.  

Table 4.8: Reinforcement decisions for different shifting costs (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

Inflexible Concave Linear Convex 

High 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Medium 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 

Low 

N-0 S F S F S F S F 

N-0.25 S F S F S F S F 

N-0.5 S F S F S F S F 

N-0.75 S F S F S F S F 
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Figure 4.34: Annual network expenditure for different shifting costs when VoLL=£16.94/kWh 

Greenfield planning: 

The trend of total network expenditure in Greenfield planning is shown in Figure 4.35, where 

different shifting costs are applied. The optimal security level of each network remains 

unchanged when the shitability of WAs increases. This is due to the relatively small share of 

WAs in total demand. The optimal security of Low, Medium and High reliable networks are 

N-0.75, N-0.75 and N-0.5, respectively. 

Despite this, additional flexibility, i.e., lower shifting cost, can still reduce the total network 

expenditure. The trend for Medium and High reliable scenarios are modest. However, in Low 

reliable network, the reduction can increase up to £70 thousand in Convex case. 
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Figure 4.35: Total network cost at the optimal security level for different shifting costs 

 

4.9 Conclusions 

This chapter has quantified the impact of employing the flexibility of WAs in distribution 

network operation and design. This flexibility is comprised of the extent of deferring the cycles 

as well as the shifting cost experienced by users. The latter indicates customers’ discomfort in 

delaying WAs. Four different candidates for this cost are proposed in this chapter. 

To assess impact of these flexibilities, different scenarios related to the penetration level of the 

deferrable appliances, maximum delay and shifting costs have been investigated. Results have 

shown promising reductions in network expenditure in most scenarios, if deferability of WAs 

are taken into account. Moreover, for few cases, additional flexibility has affected the network 

planning decisions. This is remarkable since WAs only accounts for 16% of the peak demand. 
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Chapter 5  

Integrating Smart Charging Electric Vehicles  

 

 

 

5.1 Introduction 

As described in Chapter 1, electrification of the transportation sector is one the main tools to 

tackle climate change and energy security concerns. This envisions a considerable emergence 

of EVs in the near future in order to replace traditional ICE based cars. EVs as time coupling 

technology can thus play a major role in the distribution network planning, if their flexibility is 

exploited.  

In light of this, the aim of this chapter is to assess the impact of EV deployment in operation 

and design of the distribution network. To that end, in the following section, the application of 

EVs in power systems and context of this chapter are presented. EV modelling including both 

technical characteristics and operation formulation are then discussed in Section 5.3. 

Assumptions related to case studies are then presented in Section 5.4. To quantify the impact, 

four case studies regarding EV flexibility penetration level, charging power, battery size and 

efficiency are finally investigated in Section 5.5.   

 

5.2 Related work 

Deployment of EVs in order to replace vehicles driven by ICE is one of the chief solutions to 

address concerns over fossil fuel scarcity, climate change and air pollution. Moreover, recent 

advances in technologies related to electric vehicles promise a better performance and economy 

compared to ICE cars. These advantages have encouraged governments to facilitate EV 

deployment by providing incentives for manufacturers and customers. 
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EVs’ market size has experienced a substantial growth in recent years consequently; in the UK, 

for example, it has increased from 500 in 2014 to 3100 vehicles per month in 2016 [74]. 

Although there is still considerable uncertainty regarding the EV penetration level in the future, 

the general consensus indicates a considerably high number of connecting EVs to power 

networks [75]. For example, based on the medium penetration scenario in [75], EVs market 

share is estimated to be around 30% and 50% for years 2020 and 2030, respectively. This raises 

various implications for operation and planning of power networks, which have been addressed 

numerously in the literature. These implications consist of increase in energy loss, peak load, 

network contingencies, investment costs, voltage deviation and reliability reduction [37], [39] 

and [76]–[79]. However, in this chapter, the focus is on benefits obtained by smart control of 

EVs during network failures. Therefore, it is assumed that necessary infrastructure and 

managements are in place to supply available EVs in normal operational conditions. 

EVs are parked and idle more than 90% of the time [32] and [76]–[77], while the energy 

requirement of their journeys can be provided in only a few hours, depending on the charging 

power. This makes EVs a suitable choice for demand response applications, where their 

consumption pattern could be optimised based on an objective defined by the system operator 

or customers. For example, in [80] , EV demand is scheduled to minimise the charging cost, 

while in [81]–[82], the objectives are energy cost, voltage deviations and power losses.  

EVs can provide further flexibility if the capability to act as a storage device is also taken into 

account [37], [76] and [83]–[84]. This feature, which is known as V2G enables a battery to 

discharge the stored energy to the grid in order to support the network in normal and critical 

conditions. It is worth noting that frequent use of an EV battery leads to its degradation which 

reduces the lifetime [84]–[85]. Hence, batteries should only be used in conditions that have 

considerable economic benefits. Moreover, bidirectional flow of batteries is possible if required 

safety and protection measurement, metering and two-way communications are provided [86]–

[87]. 

There has been a substantial number of studies where different objectives based on this 

capability are examined in normal operational condition of the network, such as reducing 

generation costs [88], peak shaving [4] and [83], and reducing network losses [40]. Other 

studies have focused on applications in critical conditions, such as participation in ancillary 

services including spinning reserve and frequency regulation [76] and [89]–[96]. EVs with 
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bidirectional flow can also support the network to facilitate integration of renewable energy 

sources in order to mitigate impact of their intermittent characteristics [90]–[91] and [95]–[99]. 

EV flexibility can also be employed to support the distribution network during outage events 

[52], [54]–[56] and [96]–[97]. This has minimal effect on battery lifetime, since failure events 

occur barely in the network. Vehicle-to-building concept is introduced to utilised EVs to 

provide backup power for a building [52] and [102]. The objective in these researches is to 

minimise the generation cost in outages, where only outages with 30 minute period are 

considered. Additionally, in [54]–[55] and [103], the impact of EV flexibility on reliability 

measurements of System Average Interruption Duration Index (SAIDI) and EENS are assessed. 

In [54], EVs are used as storage devices to support wind generation during network failures in 

distribution networks. The study also considers the randomness of wind generation and outages 

by applying Monte Carlo simulations. Although [54] exploits EVs’ flexibility to reduce the 

interruption costs in the network, the impacts on total network costs and investment decisions 

has not been discussed. 

In this chapter, the effects of EV deployment in operation and investment costs in the 

distribution network are quantified. To exercise that, different scenarios regarding EV 

flexibility penetration, charging power, battery size and efficiency are investigated. 

It is worth noting that in contrast to wet appliances, rescheduling EVs’ charging pattern does 

not necessarily cause any discomfort to customers, if it does not affect their journeys. This is 

ensured in this work by employing user constraints in the optimisation problem and the fact 

that travel energy requirements are relatively small with respect to the battery capacity. 

However, in reality, the travel requirement might be affected, requiring a utility function to 

reflect the impact. Since accurate modelling of this function needs extensive surveys and data 

collections, it has not focused on in this work. 

 

5.3 EV modelling 

5.3.1 Journey profile 

To model EV flexibility and demand profile, data related to journeys are required. This includes 

number of journeys per day, their timing and required energy. To capture the data related to 

journeys taken by the UK EV fleets, we have adapted procedures presented in [73]. First, it is 
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assumed that electrification of the transportation sector does not affect the driving pattern of 

the UK drivers. This means that users do not alter their travel timing and distance if they use 

an EV instead of an ICE vehicle. The traveling patterns provided by department of transport in 

the UK are considered [104], where the total number of 67.4 million journeys per day carried 

out by light to medium sized vehicles are reported. Considering the total number of 34.2 million 

registered light to medium sized vehicles in the UK [105] , each vehicle on average takes two 

journeys per day. These driving patterns are then grouped in 103 vehicle types, each reflecting 

a specific combination of start time, end time and travel distance of each of the two daily 

journeys. One of this vehicle types is provided in Table 5.1, while the complete version of the 

table involving all types of vehicles are presented in Appendix B; the share in the network 

indicates what portion of EVs are belonged to a specific vehicle type. 

Table 5.1: Illustration of one vehicle type 

1st Journey 2nd Journey 
Share in the 
network (%) 

Start time 
(h) 

End time 
(h) 

Travel 
distance 

(km) 

Start time 
(h) 

End time 
(h) 

Travel 
distance 

(km) 

9 9 14.90 11 11 14.36 1.4 

To quantify the energy requirement of each journey taken by an EV, the rate of energy 

consumption for each unit of distance needs to be determined. The range of 0.15 to 0.25 

kWh/km is reported for different types of vehicles [4], [76], and [84]. In this work, value of 

0.15 kWh/km is applied, which also includes on board energy requirements, such as air 

conditioning and lighting [4]. Taking this value into the account, energy requirement of each 

journey is then obtained, as presented in Appendix B. 

5.3.2 Formulation 

The network operation and planning formulation is provided in Section 2.3, where all network 

and demand constraints are presented. Constraint (2.12) is representing local constraints that 

describe shiftable loads. This section presents constraints that express the operation of flexible 

EVs. 

A flexible EV can be rescheduled to alleviate implications of failures in the network. Moreover, 

an EV battery can be exploited as a storage to supply other types of loads. Considering these 

features, a flexible EV can be modelled as 
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𝑡 𝑠𝑑 𝑡−1 𝑐ℎ 𝑡
𝑐ℎ,𝑒𝑣 1

𝜂𝑑𝑐 𝑡
𝑑𝑐,𝑒𝑣

𝑡
𝑡𝑟 𝑡𝑟

𝑠 	 (5.1) 

𝑚𝑎𝑥 𝑐𝑎𝑝
𝑡

𝑚𝑎𝑥 𝑐𝑎𝑝
𝑠 	 (5.2) 

𝑇𝑙 0 	 (5.3) 

𝑡
𝑐ℎ,𝑒𝑣 𝑐ℎ,𝑚𝑎𝑥 𝑔𝑟 	 (5.4) 

𝑡
𝑑𝑐,𝑒𝑣 𝑑𝑐,𝑚𝑎𝑥 𝑔𝑟 	 (5.5) 

𝑡
𝑐ℎ,𝑒𝑣 𝑔𝑟 	 (5.6) 

𝑡
𝑑𝑐,𝑒𝑣 𝑔𝑟,	 (5.7) 

where different parameters and variables are defined as 

𝑡
𝑐ℎ,𝑒𝑣: electrical charging power of EV at time period ,  

𝑡
𝑑𝑐,𝑒𝑣: electrical discharging power of EV at time period ,  

𝑐ℎ,𝑚𝑎𝑥: maximum charging power capacity of the battery, 

𝑑𝑐,𝑚𝑎𝑥: maximum discharging power capacity of the battery, 

𝑡: electrical energy stored in the battery at time period , 

𝑡𝑟: electrical energy required for daily travels, 

𝑐𝑎𝑝: electrical energy capacity of the battery, 

0: initial electrical energy stored in the battery,  

𝑚𝑎𝑥: maximum depth discharge of the battery,  

𝑚𝑎𝑥: maximum state of charge of the battery, 
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𝑠: time period covering the entire days affected by an outage (from the first hour of the first 

outage day to the last hour of the last outage day), 

𝑙: the last hour of the last outage day, 

𝑔𝑟: set of hours that an EV is connected to the grid, 

𝑡
𝑡𝑟: a binary parameter equal to one at the first hour of connection to the grid 

𝑠𝑑: battery self-discharging efficiency in hourly basis, 

𝑐ℎ: battery charging efficiency, 

𝑑𝑐  battery discharging efficiency. 

The battery energy balance is expressed by (5.1), which includes effects of charging, 

discharging and travel on battery. The last term accounts for travel energy requirement, which 

is deducted in the first hour after the second journey termination. Energy losses in the power 

electronic converter in both charging and discharging stages are also considered by appropriate 

efficiency coefficients. These losses guarantee that the battery is not charged and discharged at 

the same time, since doing so leads to a solution where costs are higher than optimal solution 

of the optimisation problem. 

Constraint (5.2) constitutes the energy limitation of the battery, where the maximum depth of 

the battery and maximum state of charge are respected. These two ratings are battery 

specifications and are different from one type to another. 

For normal daily operation of EVs, it is assumed that their electrical energy levels in the last 

hour of a day are equal to the initial energy level ( 0), i.e., daily charging pattern. This means 

that the net daily charged energy is equal to the daily travel requirement of the vehicle. 

However, during a failure, such a condition is relaxed to enable DNOs to exploit EVs’ 

flexibility according to the network requirements. After failure clearance, however, the battery 

should be charged to the level of the initial value by the end of the last outage day. This 

guarantees that the vehicle can return to its normal daily operation from the next day. 

The charging and discharging power of a battery are restricted by its power rating and charging 

infrastructure. These restrictions are reflected by (5.4) and (5.5). It is worth noting that when 
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the vehicle is not connected to the grid, it does not have any interaction with the network, as 

presented by (5.6) and (5.7). Considering these equations, the net demand of the EV from the 

grid is then given by 

𝑡
𝑛𝑒𝑡

𝑡
𝑐ℎ,𝑒𝑣

𝑡
𝑑𝑐,𝑒𝑣

𝑠	 (5.8) 

For those customers that do not offer flexibility, the charging process starts as they finish their 

second journey. This means that the battery is charged with the maximum possible charging 

power until it reaches the desired energy level. Furthermore, inflexible EVs only works with 

unidirectional flow. Considering these assumptions, an inflexible vehicle demand and energy 

level can be modelled by  

𝑡 𝑐ℎ
𝑡

𝜏=𝑇1
𝜏
𝑐ℎ,𝑒𝑣 	 (5.9) 

𝑡
𝑐ℎ,𝑒𝑣 𝑒𝑣,𝑚𝑎𝑥 𝐸𝑡𝑟−𝐸𝑡−1

𝜂𝑐ℎ×1ℎ
𝑔𝑟 	 (5.10) 

𝑡
𝑐ℎ,𝑒𝑣 𝑔𝑟 	 (5.11) 

where 1 states the first hour that an EV returns home from the second journey. 

For an inflexible vehicle, the aim is to charge the battery such that it has enough energy for the 

daily journeys. This means the energy stored in the battery, since the termination of the second 

journey until the start of the next one, meet the travel energy requirements. To this end, (5.9) 

expresses the electrical energy stored in the battery since the second trip. The EV demand is 

indicated by (5.10), assuming the battery is charged with the maximum possible power. 

Moreover, charging should be carried out when the vehicle is parked and connected to the grid. 

This is expressed by (5.10) and (5.11), where in the latter, the power is zero for those time 

periods that the EV is not connected to the grid. 

 

5.4 Implementation considerations 

For an EV, charging profile of the battery depends on its energy capacity, power rating and its 

efficiency in charging, discharging and self-discharging. The energy capacity of batteries could 

vary from 12 to 90 kWh, depending on the EV model [106] . In [107] , they are divided into 
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three main categories; light models with the energy capacity of 12-30 kWh, medium-large ones 

with 20-42 kWh and high-performers models with 60-90 kWh. Due to data availability and 

simplicity, light to medium categories are considered in this work to determine travel energy 

requirements.  

Furthermore, to increase the life cycle of the batteries, the entire available energy capacity 

might not be utilised [106]. This is indicated as a percentage of the whole battery capacity by a 

parameter called maximum state of the charge. This parameter for five different EV models are 

stated in [106], where it varies from 78% to 95%.  A similar restriction is also applied to the 

extent that a battery could be discharged, stated by Depth of Discharge (DoD) parameter. DoD 

depends on the type of the battery and it is usually ranged from 80% to 90% of the capacity 

[76] and [106]. To reflect these two limitations on the usable energy of the batteries in this 

chapter, it is assumed that the batteries can be charged thoroughly (100% maximum state of 

charge), but only 80% of their capacity can be discharged (DoD=80%). 

There are three main types of charging infrastructure available for EVs, namely, standard, fast 

and rapid charging. The first two are based on single phase supply, which can be available at 

household level, whereas the third one is only available at public stations by three phase or DC 

voltage interface. The standard charging can be accessed through the normal electricity outlet 

at home with the output power range of 1 to 4kW. The fast charging can also be installed at 

home with an extra charge, in which the output power is between 6 and 8 kWh, depending on 

the country and EV model. More detail description of these charging levels for different EV 

models are presented in [75] and [100]. 

Additional parameters describing the battery performance are efficiencies related to the power 

electronic converter and self-discharging of the battery. The latter is assumed 100% for the sake 

of simplicity, while the former is ranged from 85 to 95% [75]–[76]. 

In this work, home charging, in contrast with the public one, is considered as the likely scenario 

[39] and [77]. In this scenario, it is assumed that vehicles are connected to the grid and are 

available for charging after termination of the second journey and before the start of their first 

journey on the upcoming day. 

Different projections related to market share of electric vehicles in the timeframe of 2010-2050 

in [75] are presented. By considering the life cycle of each vehicle, the penetration level of EVs 

among all on road vehicles are then obtained based on these market share projections. For 
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example, for the medium penetration scenario, the share of EVs are 7%, 15% and 25% among 

all on road vehicles in 2020, 2025 and 2030, respectively. Furthermore, according to [108], car 

penetration level among the UK households has been increasing linearly since 1970s. With 1.2 

car per household in 2008, and approximate increase of 20% per decade [108], 1.7 vehicle per 

households is expected in 2030. Considering the EV share of 25% in all on road vehicles, this 

leads to a probable penetration level of 43% in households for EVs in 2030. To this end, for 

simplicity, we have assumed that half of households in the test network own an electric car. 

The network planning is formulated according to (2.3)-(2.12), while EVs are modelled with 

equations described in (5-1)-(5-11). The solution determines the scheduling profile of flexible 

EVs, the extent of demand curtailment in each hour of an outage period and optimal 

reinforcements of the network.  

Table 5.2: Technical characteristics of EVs in base case scenario 

Technical characteristics Values 

𝑃 𝑐ℎ,𝑚𝑎𝑥 3.3 kW 

𝑃 𝑑𝑐,𝑚𝑎𝑥 3.3 kW 

𝐸𝑐𝑎𝑝 15 kWh 

𝐸0 0.5ܧ௖௔௣ 

𝐷𝑜𝐷𝑚𝑎𝑥 80% 

𝑆𝑜𝐶𝑚𝑎𝑥 100% 

𝜂𝑠𝑑 100% 

𝜂𝑐ℎ 93% 

𝜂𝑑𝑐 93% 

Failures on substation and feeders section for 1000 years are simulated based on three reliability 

scenarios, based on the procedure explained in in Section 2.2. Due to multi-temporal constraints 

associated with battery charging pattern, the computation burden is substantial. To speed up 

the simulation time, therefore, voltage and reactive power constraints are relaxed in this 

chapter. The distribution network with 10,000 households, as expressed in Section 2.6, is used 

to examine different case studies. In addition, the network peak demand of 9.9 MW related to 

non-EV appliances is applied.  

In the base case scenario, all EVs are assumed inflexible with technical characteristics provided 

in Table 5.2. These characteristics are in line with the discussions presented in this section. 

Considering these parameters along with the equations describing inflexible operation of the 

vehicles lead to the demand profile of EVs in the network, presented in Figure 5.1. 
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Figure 5.1: Network demand 

 

5.5 Case studies 

As described in Section 5.3, EVs can be classified as inflexible, flexible, and flexible with V2G 

capability. To quantify impact of these options on network operational and planning costs, four 

different case studies are presented in this section. The first study investigates different 

penetration levels of flexible EVs. In the second, the impact of the battery capacity is examined. 

Different charging/ discharging power levels for EVs are considered in the third case. Finally, 

the fourth case study explores the impact of charging/ discharging efficiency on the network 

costs and expenditures. In all these studies, reinforcement decisions are made based on the 

investment cost provided in Table 2.3. 

Furthermore, similar to Chapters 3 and 4, case studies are carried out under four security 

profiles, namely, N-0, N-0.25 and N-0.5 and N-0.75. Each of these profiles indicates a specific 

capacity for the substation and feeders as shown in Table 5.3, where N-0 is the capacity small 

enough to accommodate the peak described in Figure 5.1.  

Table 5.3: Capacity of assets in security scenarios 

Security scenario Substation Feeder sections 

N-0 2 x 6.8 MW 6.8 MW 

N-0.25 2 x 8.5 MW 8.5 MW 

N-0.5 2 x 10.2 MW 10.2 MW 

N-0.75 2 x 11.9 MW 11.9 MW 
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In each case study, results are benchmarked against the base case scenario, in which all EVs 

are inflexible with technical specification described in Table 5.2. The annual interruption cost 

in the base case is depicted in Figure 5.2. As expected, the cost is higher in scenarios with lower 

reliability and security level.  

 
Figure 5.2: Annual interruption cost of the base case 

5.5.1 Case study 1: penetration level 

It is assumed that 50% of households have EV in the network. However, not all of these vehicles 

are flexible during outage events. To quantify the impact of different levels of flexibility, five 

scenarios for deployment of flexible EVs are considered. These scenarios are 0%, 25%, 50%, 

75% and 100% flexibility deployment, where zero percent indicates that all EVs are inflexible, 

charging up as they finish the second journey, whereas in 100% scenario, all EVs are willing 

to reschedule their demand.  

Existing network: 

The level of reduction in outage costs for all penetration levels are depicted in Figures 5.3 to 

5.5. As expected, the reduction is higher in lower reliability and security scenarios. The highest 

decline in cost is achieved in Low reliable network, as presented in Figure 5.3. This is due to 

more frequent and longer outage events that take place in this network. The reduction can be 

as high as over £900 thousand in Low reliable and N-0 level for 100% penetration scenario. 

Even in the High reliable network, this reduction is substantial, i.e., £80 thousand. These results 

highlights the possible effect of EV flexibility on network costs. 
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Figure 5.3: Expected reduction in annual interruption costs for different penetration levels in High reliable 

network  

The impact of the penetration level is more noticeable when security level is low. As security 

increases, there is less incentive to exploit the rescheduling ability of vehicles. As a result, the 

highest reduction is obtained in N-0 and the least in N-0.75 security level.  

 

 
Figure 5.4: Expected reduction in annual interruption costs for different penetration levels in Medium reliable 

network  

 

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

80,000

90,000

N-0 N-0.25 N-0.5 N-0.75A
nn

ua
l r

ed
uc

ti
on

 in
 in

te
rr

up
ti

on
 c

os
t (

£)

Security scenario

25% 50% 75% 100%

0

50,000

100,000

150,000

200,000

250,000

N-0 N-0.25 N-0.5 N-0.75A
nn

ua
l r

ed
uc

ti
on

 in
 in

te
rr

up
ti

on
 c

os
t (

£)

Security scenario

25% 50% 75% 100%



Integrating Smart Charging Electric Vehicles 136

 

 
Figure 5.5: Expected reduction in annual interruption costs for different penetration levels in Low reliable 

network  

Figure 5.6 to 5.8 show the annual reduction in interruption cost when flexible EVs can also 

give active power back to the grid. Similar to the unidirectional case, in V2G scenarios, the 

reduction is also higher when the reliability and security is lower. In addition, the increase in 

deployment of flexible vehicle has higher impact when the network reliability is low. 

 
Figure 5.6: Expected reduction in annual interruption costs for different penetration levels in High reliable 

network (with V2G option) 
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Figure 5.7: Expected reduction in annual interruption costs for different penetration levels in Medium reliable 

network (with V2G option) 

 

 
Figure 5.8: Expected reduction in annual interruption costs for different penetration levels in Low reliable 

network (with V2G option) 

Exploiting batteries to supply demand in outage events provides a substantial decrease in the 

network cost with respect to when they are only considered as unidirectional loads. Taking the 

extreme case of Low reliable network and N-0 level as an example, 100% deployment with 

V2G capability offers £1.14 million reduction, whereas, the same case without V2G provides 

£0.93 million.  

0

50,000

100,000

150,000

200,000

250,000

300,000

N-0 N-0.25 N-0.5 N-0.75A
nn

ua
l r

ed
uc

ti
on

 in
 in

te
rr

up
ti

on
 c

os
t (

£)

Security scenario

25% 50% 75% 100%

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

N-0 N-0.25 N-0.5 N-0.75A
nn

ua
l r

ed
uc

ti
on

 in
 in

te
rr

up
ti

on
 c

os
t (

£)

Security scenario

25% 50% 75% 100%



Integrating Smart Charging Electric Vehicles 138

 

Incremental planning: 

Table 5.4 shows if it is necessary to reinforce either the substation or feeders to avoid the 

network interruption costs. For High reliable network, all possible reinforcements can be 

prevented if at least 75% of EVs offer flexibility during network failures. For flexibility 

deployment of less than 75%, there is no change in planning decisions. For Medium reliable 

network, however, change in decisions appears from 25% level, where the feeder upgrade can 

be avoided in N-0.5. Levels of 50% and 75% provide further cuts on required upgrades. Despite 

these alterations, the amount of increase in penetration is not enough to prevent reinforcements 

required in N-0 security level. This is due to the low redundancy of the network in this level 

such that extra flexibility is not adequate to postpone the upgrades. 

In Low reliable network, both reinforcements should be carried out in N-0 and N-0.25 levels. 

Therefore, rise in the number of flexible EVs does not affect the network planning for those 

levels. However, in N-0.5 and N-0.75, higher penetration level could postpone the network 

upgrades. For N-0.5, this happens in 75% penetration level, while for N-0.75, it happens in 

25%. 

Table 5.4: Reinforcement decisions for different penetration levels when VoLL=£16.94/kWh (“S”=substation, 

“F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

0% 25% 50% 75% 100% 

High 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Medium 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Low 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Figure 5.9 illustrates annual network expenditure, including both costs of reinforcement and 

interruptions. The expenditure is equal to the investment costs if both network upgrades are 
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required. This happens when the network reliability and redundancy levels are considerably 

low. For some scenarios, the network reliability is low such that increase in the number of 

flexible EVs cannot make difference in planning decisions. Hence, for these cases, the total 

network expenditure remains equal to the investment costs under all penetration scenarios. 

Examples of that are Low reliable network in N-0 and N-0.25 levels, where all penetration 

levels share the same expenditure. Nevertheless, in most other scenarios, a higher penetration 

level leads to a decline in the annual network spending. The decline is more noticeable in Low 

reliable network compared to High and Medium ones. This is due to the higher frequency and 

longer duration of outages in Low reliable scenario, where flexibility can play a major role in 

reducing the network costs. The evidence of that can clearly be noticed in Low reliable network 

and N-0.5 and N-0.75, where the network expenditure is zero when all EVs are flexible. In N-

0.75 level, even 50% of penetration is enough to avoid any the network spending. This case 

provides £130 thousand saving for the network operators and customers.  

As network reliability increases, the saving offered by higher penetration levels decreases. For 

example, for High reliable network and N-0.75 level, when all EVs are flexible, the network 

expenditure is reduced by £13 thousand. This is 10 times less than what is achieved for the 

same security level in Low reliable network. 

 
Figure 5.9: Annual network expenditure for different penetration levels when VoLL=£16.94/kWh 

Apart from the ability to shift the demand in time, EV flexibility can also be interpreted as the 

capability to give back their stored energy to the grid, when there is an outage in the distribution 
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Table 5.5. Comparing these decisions to those in unidirectional case (see Table 5.4) indicates 

a significant improvement in postponing the network upgrades when V2G option is used. 

Penetration level of 50% in Low reliable network is a good indication of this improvement, 

where both reinforcements are deferred in N-0.25 level with bidirectional flow case. Another 

illustration is when all EVs are flexible, where only Low reliable network with N-0 security 

requires investments. 

Figure 5.10 shows the network annual spending when flexible EVs have V2G capability. There 

is only one scenario for V2G case, i.e., Low reliable network with N-0, where growth in the 

number of flexible vehicles does not offer any saving in the network expenditure. Excluding 

that, for all other scenarios, the DNO can reduce network spending by deploying more flexible 

EVs. The extent of the savings here are evidently more than those achieved in Figure 5.9. For 

instance, contrary to the G2V scenarios, in all security levels excluding N-0, the network 

expenditure can almost be entirely avoided by 100% penetration levels when V2G capability 

is used. 

Table 5.5: Reinforcement decisions for different penetration levels with V2G capability when 

VoLL=£16.94/kWh (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

0% 25% 50% 75% 100% 

High 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Medium 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 

Low 

N-0 S F S F S F S F S F 

N-0.25 S F S F S F S F S F 

N-0.5 S F S F S F S F S F 

N-0.75 S F S F S F S F S F 
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Figure 5.10: Annual network expenditure for different penetration levels with V2G capability when 

VoLL=£16.94/kWh 

Greenfield planning: 

Optimal security level of the network, for both substation and feeder sections, under all 

reliability scenarios is provided in Table 5.6. In all reliability scenarios, increase in the number 

of flexible EVs has changed the optimal level. In Low and High reliable networks, it is 

decreased from N-0.75 and N-0.5 to N-0.5 and N-0.25, respectively. Medium reliable network, 

however, has experienced more decline where the optimal level is changed from N-0.75 to N-

0.25. Similarly, the network expenditure is reduced when flexibility increases. The most 

reduction is achieved in Low reliable network, where 100% flexibility offers £170 thousand 

more saving than the inflexible case. The least reduction is in High reliable network, where £50 

thousand can be saved if all EVs become flexible. 

Table 5.6: Optimal security level and expected annual network expenditure for different penetration levels  

Reliability 

scenario 
 0% 25% 50% 75% 100% 

Low 
Optimal level (N-0.75) (N-0.75) (N-0.75) (N-0.5) (N-0.5) 

Expenditure (£) 3.9E+05 2.8E+05 2.5E+05 2.3E+05 2.2E+05 

Medium 
Optimal level (N-0.75) (N-0.75) (N-0.5) (N-0.5) (N-0.25) 

Expenditure (£) 2.8E+05 2.5E+05 2.4E+05 2.2E+05 2.1E+05 

High 
Optimal level (N-0.5) (N-0.5) (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.5E+05 2.4E+05 2.3E+05 2.1E+05 2.0E+05 
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Table 5.7 presents the result of Greenfield planning when EVs are considered as bidirectional 

loads. The impact of flexibility here is substantially more than the previous one (Table 5.6). 

This is exemplified in all three network by two level reduction of the optimal level when all 

EVs are flexible. 

5.5.2 Case study 2: battery capacity 

Increase in energy capacity of the batteries does not change the EV operation during outages if 

only unidirectional flow is allowed. This means as long as the capacity is relatively higher than 

the energy requirements of journeys, its increase does not offer any advantages. However, if 

V2G capability is considered, then an EV with higher stored energy could act as a bigger 

storage in the network, reducing the level of demand curtailment. To quantify this impact, three 

different battery sizes are considered including 15 kWh, 25 kWh and 35 kWh. The rest of the 

specifications are the same as Table 5.2. Moreover, it is assumed that 50% of the EVs are 

flexible with bidirectional flow, while the rest are inflexible. 

Table 5.7: Optimal security level and expected annual network expenditure for different penetration levels with 

V2G capability 

Reliability 

scenario 
 0% 25% 50% 75% 100% 

Low 
Optimal level (N-0.75) (N-0.5) (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 3.9E+05 2.3E+05 2.1E+05 1.9E+05 1.8E+05 

Medium 
Optimal level (N-0.75) (N-0.5) (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.8E+05 2.2E+05 2.0E+05 1.8E+05 1.8E+05 

High 
Optimal level (N-0.5) (N-0.25) (N-0.25) (N-0) (N-0) 

Expenditure (£) 2.5E+05 2.2E+05 1.9E+05 1.8E+05 1.7E+05 

Existing network: 

Figures 5.11 to 5.13 illustrate the reduction in the network interruption cost with respect to the 

base case when different battery sizes are considered. When the network redundancy level is 

high, there are more opportunities to charge the batteries. These opportunities are times where 

the demand is lower than the available network capacity. This obsoletes the need of batteries 

with more stored energy level. However, when the network redundancy level is low, there are 

less of those opportunities. Therefore, the batteries might need to be charged as much as 

possible, in order to support the network later on. As a result, increase in the size of batteries 
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decreases the network cost relatively high in scenarios with low security levels. As security 

increases, this contribution diminishes to the extent that there is a negligible difference between 

these battery sizes in N-0.75 level. This trend is evident in all reliability scenarios. 

 
Figure 5.11: Expected reduction in annual interruption costs for different battery capacities in High reliable 

network (with V2G option) 

 

 
Figure 5.12: Expected reduction in annual interruption costs in respect for different battery capacities in 

Medium reliable network (with V2G option) 
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Incremental planning: 

Table 5.8 provides planning decisions for different battery sizes. Since flexible EVs only 

accounts for 15% of the network peak, the change in battery size does not have massive impact 

on planning decisions, as it is evident by Table 5.8. The only change occurs in Medium reliable 

network and N-0 level, where one upgrade in 25 kWh, and both upgrades in 35kWh scenario 

can be postponed. 

The network expenditure when optimal reinforcements are undertaken is shown in Figure 5.14. 

The most reductions happen in scenarios with low security levels when reinforcements can be 

avoided, while in N-0.5 and N-0.75 levels, there is no difference between different battery sizes. 

In Low reliable network and N-0 level, since all cases need both network upgrades, they have 

the same expenditure. 

 
Figure 5.13: Expected reduction in annual interruption costs in respect for different battery capacities in Low 

reliable network (with V2G option) 
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Table 5.8: Reinforcement decisions for different battery capacity levels of flexible EVs 

with V2G capability when VoLL=£16.94/kWh (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

15 kWh 25 kWh 35 kWh 

High 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

Medium 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

Low 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

 

 
Figure 5.14: Annual network expenditure for different battery capacities with V2G capability when 

VoLL=£16.94/kWh 

Greenfield planning: 

The effect of the battery size on the optimal security level is minimal. As shown in Table 5.9, 

only in High reliable network, the optimal level is altered. A slight reduction in network 
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expenditure is also noticeable, where the maximum reduction is £30 thousand in Low reliable 

network, if the battery size increase from 15 to 35 kWh. 

Table 5.9: Optimal security level and expected annual network expenditure for 

different battery capacities with V2G capability 

Reliability 

scenario 
 15 kWh 25 kWh 35 kWh 

Low 
Optimal level (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.1E+05 1.9E+05 1.8E+05 

Medium 
Optimal level (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.0E+05 1.8E+05 1.8E+05 

High 
Optimal level (N-0.25) (N-0.25) (N-0) 

Expenditure (£) 1.9E+05 1.8E+05 1.7E+05 

 

5.5.3 Case study 3: maximum charging/discharging power 

As discussed in Section 5.4, there are three levels of charging available for most electric 

vehicles, which includes standard, fast and rapid charging. Both standard and fast charging are 

accessible at household level. To assess the impact of these levels, three different values of 2 

kW, 3.3 kW and 6.6 kW for maximum charging and discharging power are considered, where 

the first two can be classified as standard and the third as fast charging. Other specifications of 

EVs are the same as Table 5.2. Additionally, it is again assumed that only 50% of vehicles are 

flexible. 

Existing network: 

As an illustrative example, in Figure 5.15, the annual interruption cost under different 

maximum charging levels for Low reliable network is presented, where only unidirectional 

flow is considered. In contrast to expectation, a higher maximum charging power provides less 

cost reductions. This is due to the fact that 50% of EVs are inflexible, which means they start 

charging with maximum possible power as they connect to the grid. Therefore, a higher 

charging power leads to a higher network peak and consequently more demand curtailments. 

This effect eliminates the possible advantage of extra flexibility that is provided by higher 

charging capability. However, when V2G capability is exploited for Low reliable network, as 
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depicted in Figure 5.16, a slight improvement can be noticed when the rated power increases. 

For instance, in N-0 level, further £15 thousand cut in the network cost can be achieved if rated 

power increases from 2 to 6.6 kW. 

 
Figure 5.15: Expected reduction in annual interruption costs for different rated powers in Low reliable 

network  

 

 
Figure 5.16: Expected reduction in annual interruption costs for different rated powers in Low reliable 

network (with V2G option) 
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Table 5.10: Reinforcement decisions for different rated powers when 

VoLL=£16.94/kWh (“S”=substation, “F”=Feeder) 

Reliability 
scenario 

Security 
scenario 

2 kW 3.3 kW 6.6 kW 

High 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

Medium 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

Low 

N-0 S F S F S F 

N-0.25 S F S F S F 

N-0.5 S F S F S F 

N-0.75 S F S F S F 

Incremental planning: 

The effect of the charging rate on planning decisions is rather insignificant. Table 5.10 and 

Figure 5.17 show the reinforcement decisions and network expenditure when V2G capability 

is not considered, respectively. As indicated by Table 5.10, rated power has no effect on the 

planning decisions. However, it has a slight impact on the network expenditure, where it is 

increased when rated power improves. These unexpected results are stemmed from the fact that 

a higher rated power leads to a higher network peak and consequently higher interruption costs.  

Greenfield planning: 

Optimal security level for different power ratings are provided in Table 5.11. Similar to 

incremental planning, there is also negligible changes in network expenditure and optimal level 

in Greenfield planning. 
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Figure 5.17: Annual network expenditure for different rated powers when VoLL=£16.94/kWh 

 

Table 5.11: Optimal security level and expected annual network expenditure 

for different rated powers 

Reliability 

scenario 
 15 kWh 25 kWh 35 kWh 

Low 
Optimal level (N-0.75) (N-0.75) (N-0.75) 

Expenditure (£) 2.5E+05 2.5E+05 2.5E+05 

Medium 
Optimal level (N-0.5) (N-0.5) (N-0.5) 

Expenditure (£) 2.4E+05 2.4E+05 2.5E+05 

High 
Optimal level (N-0.25) (N-0.25) (N-0.25) 

Expenditure (£) 2.2E+05 2.3E+05 2.3E+05 

 

5.5.4 Case study 4: battery efficiency 

As stated in Section 5.4, the battery charging and discharging efficiency is mostly ranged from 

85% to 95%. To assess the impact of this parameter on unidirectional and bidirectional 

performance of the batteries, three scenarios with efficiency of 85%, 90% and 95% are 

proposed. Since this parameter is related to the efficiency of the power electronic converter, it 

is assumed that the charging and discharging efficiency is the same in scenarios with V2G 

capability. Other parameters are the same as Table 5.2 with 50% flexible EVs in the network. 
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In this section only planning studies with V2G capability are presented, as for these cases, the 

impact of efficiency level is more noticeable. 

Existing network: 

Figures 5.18 to 5.20 present the reduction in annual costs with respect to the base case for all 

reliability and security scenarios. In all three graphs, increasing the network security level 

lessens benefits of the higher efficient batteries. For example, when the security is low, e.g. N-

0, the impact is noticeable, while in high security level, e.g. N-0.75, the difference is negligible. 

The effect of efficiency on network costs should be observed from peak demand point of view 

rather than energy consumption, where higher efficiency decreases the peak as well as the 

energy consumption. When network redundancy is low, demand flexibility has less room to 

reduce the peak, while in high redundancy level, the demand can easily be shifted from peak to 

off peak hours. Hence, a lower peak stemmed from high efficiency of batteries has more impact 

in low security levels. The highest benefit in batteries with better efficiency is achieved in Low 

reliable network due to its longer and more frequent outages.  

 
Figure 5.18: Expected reduction in annual interruption costs for different efficiency levels in High reliable 

network  
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Figure 5.19: Expected reduction in annual interruption costs for different efficiency levels in Medium reliable 

network  

 

 
Figure 5.20: Expected reduction in annual interruption costs for different efficiency levels in Low reliable 

network  
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the network costs by £180 thousand. For the same reliability level but with other security levels, 

however, efficiency improvement does not offer additional gains. This happens because 

between those cases, the only difference is in energy consumption level, while the network 

peak and curtailment extents are almost the same. 

 
Figure 5.21: Expected reduction in annual interruption costs for different efficiency levels in High reliable 

network (with V2G option) 

 

 
Figure 5.22: Expected reduction in annual interruption costs for different efficiency levels in Medium reliable 

network (with V2G option) 
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Figure 5.23: Expected reduction in annual interruption costs for different efficiency levels in Low reliable 

network (with V2G option) 
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Incremental planning: 

Table 5.12 presents required network upgrades when bidirectional flow for EVs are considered. 

Based on these results, only in Low reliable network and N-0.25 level, efficiency improvement 

has been able to postpone a reinforcement. 

Figure 5.24 shows annual network expenditure when V2G capability is taken into account. 

Results indicate insignificant differences in network expenditure between these efficiency 

levels. 

 
Figure 5.24: Annual network expenditure for different efficiency levels with V2G capability when 

VoLL=£16.94/kWh 
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Greenfield planning 

Optimal security level and network expenditure under different efficiency levels are provided 

in Table 5.13. Increasing the efficiency has no impact on High reliable network, since this 

network is sufficiently reliable itself. Improving the efficiency from 85% to 90%, however, has 

changed the optimal level in both Low and Medium reliable networks. The network expenditure 

has also reduced for those two cases. This highlights the importance of the efficiency on 

Greenfield planning where it has the potential to change the optimal security level.  

 

5.6 Conclusions 

This chapter has focused on implications of EVs as suitable time-coupling technology on 

distribution network planning and operation. This means that EVs support the network through 

failures by rescheduling their consumption and/ or supplying active power. Therefore, DNOs 

are able to reduce the network operational costs, and consequently cut the network expenditure 

by avoiding costly investments. 

To investigate the extent of the EV implications thoroughly, four case studies have been 

explored. These studies have focused on quantifying the impact of different EV parameters on 

the examined distribution network. In each case, EVs are modelled both as unidirectional and 

bidirectional loads, where in the latter EVs can feed power back to the grid.  

In all case studies, an additional flexibility provided by EVs has offered more cost reduction in 

scenarios with a lower reliability and security level. However, in relatively reliable networks, 

there is less incentive to exploit the flexibility.  

Furthermore, in each case, considering the V2G potential has led to a substantial improvement 

in results. This is due to EVs’ ability to reduce loads curtailment massively by supplying power 

to the network. The impact of V2G capability is more noticeable in planning decisions, where 

most reinforcements can be postponed in the penetration level and battery capacity studies, if 

sufficient flexibility is exploited. 

It is also worth mentioning that the battery efficiency and rated power have moderate effect on 

the network, especially on planning decisions where impact is insignificant. Furthermore, 

improving the efficiency of batteries have more benefit if V2G capability is taken into account. 

This is due to involvement of this parameter in both charging and discharging processes.  



 

 

Chapter 6 

Conclusions and Further Work 

 

 

 

6.1 Conclusions and summary of the achievements 

In realisation of future power systems, the role of demand flexibility has been gaining 

significant interest. Planning and design of distribution networks is one of the aspects of power 

systems that could benefit from these flexibilities. In this context, the demand technologies 

associated with the ability of loads to be curtailed or rescheduled in time in response to the 

operation restrictions of network are the focus of this work. These technologies can be 

integrated in the network design by considering customers’ valuation of supply. This valuation 

accounts for customers’ costs in regard to curtailing or shifting loads. In the former, each user 

has an opportunity to reflect his own preferences, perceptions and energy requirements by 

declaring a specific marginal benefit function. This function shows how much each customer 

value each unit of supplied energy, providing differentiated reliability per customer and per 

energy unit in the distribution network. In the latter, however, time coupling technologies 

enable customers to redistribute the energy without losing the demand in network 

contingencies. These technologies can be modelled through technical constraints as well as the 

discomfort cost imposed on users. If such demand flexibilities are employed, it could 

potentially have substantial economic, technical and environmental impacts on the distribution 

networks. 

This research proposes, analyses and tests novel models describing customers’ differentiated 

supply valuation by reflecting costs imposed on them during network interruptions. First, a 

framework is provided to consider random nature of network failures by using SMC 

techniques. This framework also enables DNOs to lay out an equitable charging mechanism to 
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collect the entire allowed revenue. The customers’ differentiated reliability and time coupling 

technologies are employed in this framework to assess their impact on the distribution network 

planning and operation. 

To that end, the original contributions of this research are related to development, analysis and 

quantification of proposed models, methods and methodologies in the context of reliability 

planning of distribution networks. These contributions are  

 

-An optimisation problem based on SMC simulations is proposed to take into account the 

random nature of failures in the network. Failures on both substation and feeder section are 

modelled for 1000 years under three reliability scenarios. This optimisation also contains 

detailed models of customers’ preferences, technical and operation requirements of different 

appliances, and the network constraints. This problem facilitates quantifying the impact of 

proposed models and techniques on network operation and design, where both incremental and 

Greenfield planning are explored.  

-Modelling customers’ differentiated reliability in domestic sector. Current practice in 

distribution network planning assumes that all customers within a sector have the same fixed 

valuation measured by VoLL, which is an average value obtained through extensive surveys. 

This assumption ignores the individual user’s requirements, preferences and perceptions 

regarding energy use. To quantify the implications of integrating this differentiation between 

customers, five different classes of customers each characterised by a specific VoLL are 

proposed. Results indicate that the network expenditure and customer interruption costs are 

highly dependent on VoLL of customers with low reliability valuation. Therefore, if valuation 

of these classes decreases, the network expenditure also declines. The changes are also evident 

in planning decisions where more reinforcements can be postponed and lower redundancy 

levels are required when there is higher disparity between these classes. This differentiation is 

also reflected on customer charges, where those with lower reliability have contributed less in 

the network costs. 

-Modelling differentiated valuation of supply per unit of supplied energy. This modelling 

reflects the fact that customers do not value all units of supplied energy equally. This is in 

contrast to the traditional reliability valuation, where all loads are assumed to have the same 

value to customers. In reality, however, the first units of energy, serving critical loads such as 

lighting and heating, are valued more than additional units of energy serving non-critical loads, 
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the operation of which can be cancelled or postponed, such as washing machines and 

dishwashers. In this work, this differentiation has been reflected by customers’ marginal benefit 

function, where this function specifies distribution of loads within a household from the 

reliability point of view. Different candidates for the marginal benefit function are proposed 

based on a generic quadratic formulation, each reflecting a specific distribution of supply 

valuation over all units of energy. These functions are then employed in planning stage to 

evaluate their impact on network upgrade and investment decisions. Results reveal that 

customer interruption costs are reduced substantially compared to the traditional assumption 

of uniform supply valuation, since supply interruption of the non-critical part of customers’ 

demand is prioritised during network failures, particularly for the function with considerable 

level of low valued loads. Consequently, the need for capital-intensive network reinforcements 

is limited and the total network expenditure is decreased. Additionally, in Greenfield planning, 

it is shown that the flexibility provided by modelling differentiated reliability can replace 

network redundancy. 

-A charging scheme based on LMP is proposed in distribution networks such that the entire 

allowed revenue of DNOs could be collected. In addition, this structure provides an equitable 

treatment of users, where those with a higher reliability experience a better service at the 

expense of higher network charges. The LMP is acquired through the optimisation problem 

and is based on Lagrangian multipliers associated with power balance constraint at each node 

of the network. To achieve full recovery of network costs by this scheme, we have introduced 

a constant factor in network charges deployed during network failures. This factor increases/ 

decreases the actual price of each node in the network proportional to LMP obtained from the 

optimisation problem. The role of this factor is to ensure the full recovery of DNOs’ allowed 

revenue. Assuming there is no fixed term, the value is lower than one for under-investment and 

greater than one for over-investment conditions. Network charges for a case with only 

differentiated supply valuation between customers and a case with both between customers and 

units of supply energy are provided. In both cases, customers with higher reliability have 

contributed more in the network costs. However, disparity of charges between customer classes 

in the latter case is less than the former. This is due to the fact that in the case study with unit 

differentiation, loads with high valuation of supply from low reliable customer classes are 

prioritised over those with low valuation but from high reliable classes. This decreases the 

difference in the energy consumption and consequently charges of different user classes. 



Conclusions and Further Work 159

 

-Integrating specific operation of time-coupling technologies and their valuation of supply in 

network planning. These technologies provide the opportunity for DNOs to redistribute the 

energy in time instead of reducing the demand. In this thesis, customer discomfort is modelled 

as a cost based on timing and amount of shifted loads. To examine these time-coupling loads, 

WAs and EVs are considered due to their extent of use and projected high deployment, 

respectively. For WAs, different shifting costs are proposed to measure implications of 

different levels of customer flexibility. The shifting cost is defined based on maximum 

deferrable time that a user is willing to accept, where initiating the load after that time is 

equivalent to losing that load. To assess the impact of these flexibilities, different scenarios 

related to the penetration level of the deferrable appliances, maximum delay and shifting costs 

have been investigated. Results have shown promising reductions in network expenditure in 

most scenarios, if deferability of WAs are taken into account. Moreover, for few cases, 

additional flexibility has affected the network planning decisions. This is remarkable since 

WAs only account for 16% of the peak demand. 

For EVs, rescheduling the charging/ discharging pattern mostly does not affect customers’ 

experience, assuming there is sufficient stored energy for travel requirements. Since the battery 

capacity is considerably higher than the required journey energy, we have assumed that travel 

requirements are respected, guaranteed by employing necessary constraints in the optimisation 

problem.  

In all of these case studies, an additional flexibility provided by EVs has offered more cost 

reduction in scenarios with a lower reliability and security level. However, in relatively reliable 

networks, there is less incentive to exploit the flexibility. Furthermore, in each case, 

considering the V2G potential has led to a substantial improvement in results. This is due to 

EVs’ ability to reduce loads curtailment massively by supplying power to the network. The 

impact of V2G capability is more noticeable in planning decisions, where most reinforcements 

can be postponed in penetration level and battery capacity studies, if sufficient flexibility is 

exploited. 

It is also worth mentioning that the battery efficiency and rated power have moderate effect on 

the network, especially on planning decisions where the impact is insignificant. Furthermore, 

improving the efficiency of batteries have more benefit if V2G capability is taken into account. 

This is due to involvement of this parameter in both charging and discharging processes.  
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6.2 Further work 

6.2.1 Quantifying the impact of losses in the network design 

One of the objective in power system planning is to minimise the network losses. Losses 

impose additional costs to the system operators, which they pass on to customers through 

network charges. Since in this work, the optimisation problem accounts only network failures, 

it disregards large segment of losses that are associated with the normal operation conditions 

of the network.  

The impact of losses is more significant when demand flexibilities are involved in the network 

operation, where shifting loads to after failure periods generates several spikes in the demand. 

These spikes lead to a substantial increase in the network losses. Examples of this condition 

are provided in operation of wet appliances in Chapter 4, where there are several demand peaks 

after failure clearance in different case studies.  

To capture the impact of the entire network losses, a more generic formulation that constitutes 

all operation times (both normal and outages) are required for the optimisation problem. 

Furthermore, the network losses should be represented by a cost term in the objective function. 

This term could be defined based on the marginal generation cost (wholesale market price 

multiplied with the losses). Implementation of such an objective function also paved the way 

for deployment of demand flexibility to improve steady state operation of the network, where 

losses are reduced as a result. 

6.2.2 Developing a suitable utility function for EVs 

As discussed, rescheduling EVs does not have any consequences for the users if it does not 

affect their journeys. Since this work assumes that the users’ traveling arrangements are 

respected through constraints, there is always sufficient stored energy in the EV batteries to 

take those journeys. However, in reality, the travel requirement might be affected by the smart 

charging of EVs causing customers’ discomfort. This discomfort should be considered in the 

optimisation problem. One method to accomplish this is to define a utility function based on 

energy and timing requirements of the journeys, where individual user circumstances are taken 

into account. The impact of this function on the network operation and planning should then 

be quantified through extensive case studies. 
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6.2.3 Modelling customers’ valuation of heating appliances 

In this research, the customer valuation of wet appliances and EVs are modelled and their 

implications on distribution network planning are explored. Heat appliances such as electric 

heat pump will have a considerable share of demand in the future and they exhibit high potential 

flexibility behaviours as well. Firstly, EHP could have explicit heat storage (hot water tank), 

enabling them to store the energy in one time and consume it in another time. This kind of 

flexibility does not affect users’ comfort. Secondly, heat appliances operation is subject to a 

desired temperature set by the user. Instead of a specific value, this temperature can be set 

within a range, reflecting a consumer’s flexibility. Therefore, during an outage, the temperature 

can reach the maximum value when the demand is low to avoid extra charges later when the 

demand increases. This type of flexibility affect consumers’ comfort and it should be modelled 

by a suitable cost function that depend on the actual temperature and the user-defined range. 

The third type of flexibility is called preheating strategy, where the space is heated in advance 

when the user is not there to reach an acceptable temperature when the user returns. This 

flexibility can also be applied during network failures and its impact on consumers’ comfort 

should be investigated. Assuming a proper model is in place to reflect these flexibilities, 

appropriate case studies should then be carried out to measure the extent of their impact on 

distribution network planning and design. 

6.2.4 Impact of uncertainties on the network operation and planning 

As we discussed in this work, the operation and planning of distribution network relies on 

accurate modelling of uncertainties and random behaviours. In this work, however, only 

failures are modelled accordingly. In reality, demand level, VoLL, customers’ flexibility, 

proposed cost functions and EVs traveling requirements are all subject to some level of 

uncertainties, which can alter operation and planning of the network substantially. A more 

generic problem formulation and flexibility modelling that considers different possible 

scenarios are required to capture these uncertainties.
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Appendix A  

Tap Changer Modelling 

 

 

 

Assume ࡳ૙ and ࡮૙ are conductance and susceptance matrices of the network when the tap 

changer is at 1: 1 per unit position (ܴ௧௔௣ ൌ 1ሻ  and the substation is located between nodes 1 

and 2. The effect of tap changer on the network conductance and susceptance (ࡳ and࡮) at time 

period ݐ can then be formulated as: 
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Appendix B 

Data related to EVs’ Journeys 

 

 

 

Table B.1 indicates the travel schedule and energy requirements of each EV type. Energy 

requirements are derived from original travel distance data by assuming value of 0.15 kWh/km 

for the rate of energy consumption in EVs. Furthermore, the share of each type is first 

calculated based on the nationwide survey (original data), and then applied to the examined 

network (5,000 EVs in total). 

Table B.1: EVs’ type 

Vehicle 
Type 

1st Journey 2nd Journey 
Share in the 
network (%) 

Start time 
(h) 

End time 
(h) 

Energy 
requirement 

(kWh) 

Start time 
(h) 

End time 
(h) 

Energy 
requirement  

(kWh) 
1 8 8 2.24 9 9 2.15 1.0 

2 8 8 2.24 10 10 2.15 0.7 

3 8 8 2.24 11 11 2.15 0.7 

4 8 8 2.24 12 12 2.15 0.7 

5 8 8 2.24 13 13 2.15 0.7 

6 8 8 2.24 14 14 2.15 0.8 

7 8 8 2.24 15 15 2.15 0.7 

8 8 8 2.24 16 16 2.15 0.8 

9 8 8 2.24 17 17 2.15 0.9 

10 8 8 2.24 18 18 2.15 1.0 

11 8 8 2.24 19 19 2.15 0.7 

12 8 8 2.24 20 20 2.15 0.5 

13 8 9 2.24 16 16 2.15 0.6 

14 8 9 2.24 17 17 2.15 0.6 

15 8 9 2.24 18 18 2.15 0.7 

16 9 9 2.24 10 10 2.15 1.2 
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17 9 9 2.24 11 11 2.15 1.4 

18 9 9 2.24 12 12 2.15 1.4 

19 9 9 2.24 13 13 2.15 1.4 

20 9 9 2.24 14 14 2.15 1.4 

21 9 9 2.24 15 15 2.15 1.4 

22 9 9 2.24 16 16 2.15 1.6 

23 9 9 2.24 16 17 2.15 0.6 

24 9 9 2.24 17 17 2.15 1.7 

25 9 9 2.24 17 18 2.15 0.7 

26 9 9 2.24 18 18 2.15 1.9 

27 9 9 2.24 18 19 2.15 0.7 

28 9 9 2.24 19 19 2.15 1.3 

29 9 9 2.24 20 20 2.15 1.0 

30 9 9 2.24 21 21 2.15 0.7 

31 9 9 2.24 17 18 4.79 0.6 

32 9 9 2.24 18 19 4.79 0.6 

33 9 10 2.24 16 16 2.15 0.6 

34 9 10 2.24 17 17 2.15 0.6 

35 9 10 2.24 18 18 2.15 0.7 

36 10 10 2.24 11 11 2.15 0.9 

37 10 10 2.24 12 12 2.15 0.9 

38 10 10 2.24 13 13 2.15 0.9 

39 10 10 2.24 14 14 2.15 0.9 

40 10 10 2.24 15 15 2.15 0.9 

41 10 10 2.24 16 16 2.15 1.0 

42 10 10 2.24 17 17 2.15 1.1 

43 10 10 2.24 18 18 2.15 1.2 

44 10 10 2.24 19 19 2.15 0.9 

45 10 10 2.24 20 20 2.15 0.7 

46 11 11 2.24 12 12 2.15 1.0 

47 11 11 2.24 13 13 2.15 1.0 

48 11 11 2.24 14 14 2.15 1.0 

49 11 11 2.24 15 15 2.15 1.0 

50 11 11 2.24 16 16 2.15 1.1 

51 11 11 2.24 17 17 2.15 1.2 

52 11 11 2.24 18 18 2.15 1.3 

53 11 11 2.24 19 19 2.15 1.0 

54 11 11 2.24 20 20 2.15 0.7 

55 12 12 2.24 13 13 2.15 1.0 

56 12 12 2.24 14 14 2.15 1.1 

57 12 12 2.24 15 15 2.15 1.0 

58 12 12 2.24 16 16 2.15 1.2 

59 12 12 2.24 17 17 2.15 1.3 

60 12 12 2.24 18 18 2.15 1.4 

61 12 12 2.24 19 19 2.15 1.0 

62 12 12 2.24 20 20 2.15 0.8 

63 13 13 2.24 14 14 2.15 1.1 
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64 13 13 2.24 15 15 2.15 1.0 

65 13 13 2.24 16 16 2.15 1.2 

66 13 13 2.24 17 17 2.15 1.3 

67 13 13 2.24 18 18 2.15 1.4 

68 13 13 2.24 19 19 2.15 1.0 

69 13 13 2.24 20 20 2.15 0.8 

70 14 14 2.24 15 15 2.15 1.1 

71 14 14 2.24 16 16 2.15 1.2 

72 14 14 2.24 17 17 2.15 1.3 

73 14 14 2.24 18 18 2.15 1.4 

74 14 14 2.24 19 19 2.15 1.0 

75 14 14 2.24 20 20 2.15 0.8 

76 15 15 2.24 16 16 2.15 1.2 

77 15 15 2.24 17 17 2.15 1.3 

78 15 15 2.24 18 18 2.15 1.4 

79 15 15 2.24 19 19 2.15 1.0 

80 15 15 2.24 20 20 2.15 0.8 

81 15 16 2.24 18 18 2.15 0.5 

82 16 16 2.24 17 17 2.15 1.4 

83 16 16 2.24 17 18 2.15 0.6 

84 16 16 2.24 18 18 2.15 1.6 

85 16 16 2.24 18 19 2.15 0.5 

86 16 16 2.24 19 19 2.15 1.1 

87 16 16 2.24 20 20 2.15 0.9 

88 16 16 2.24 21 21 2.15 0.6 

89 16 17 2.24 18 18 2.15 0.6 

90 17 17 2.24 18 18 2.15 1.7 

91 17 17 2.24 18 19 2.15 0.6 

92 17 17 2.24 19 19 2.15 1.2 

93 17 17 2.24 20 20 2.15 1.0 

94 17 17 2.24 21 21 2.15 0.6 

95 17 17 2.24 18 19 4.79 0.5 

96 17 18 2.24 19 19 2.15 0.6 

97 18 18 2.24 19 19 2.15 1.4 

98 18 18 2.24 20 20 2.15 1.1 

99 18 18 2.24 21 21 2.15 0.7 

100 18 18 2.24 22 22 2.15 0.6 

101 19 19 2.24 20 20 2.15 0.7 

102 8 9 4.97 17 17 2.15 0.6 

103 8 9 4.97 18 18 2.15 0.6 

 


