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This learning report examines the impact of new transport and heating loads on Distribution Network demand profiles. 

With the anticipated growth and proliferation of Electric Vehicles (EVs) and Heat Pumps (HPs), previous assessments carried 
out by the Distribution Network Operators (DNOs) community and academics in the UK have identified the likelihood that 
the additional load from EV charging and the HP operation will require capital investment in the network. Significantly, 
these studies modelled networks which were reasonable representations of the networks in GB and have used estimated 
profiles of both HPs and EVs in their base assumptions. Low Carbon London (LCL) on the other hand has taken empirical 
data, derived by monitoring a substantial number of residential and domestic vehicles and HPs as part of the Project’s 
trials and examined the impact on actual networks in London. The Project has been able to:

 � Replace the representative networks and estimated load profiles used in previous work with a real network in South 
London and measure load profiles representing actual customer usage patterns; and

 �  Examine the impact of these new loads on power quality and provide evidence to support the previous  
anecdotal conclusions. 

The report provides guidance on the impact of EV and HP loads on a distribution network and provides recommendations 
as to how to incorporate these into the forecasting, connections, planning and demand monitoring processes.

It also includes a Cost Benefit Analysis (CBA) on the impact that a high uptake of EVs to the reinforcement spend required 
across the distribution network.



Key findings 

Electric vehicles

The typical demographic profile 
of early adopters of EVs is well-
educated and affluent

 �  Most individuals find the home to be the most convenient location to recharge;

 �  Almost two thirds of participants use a 3kW charge point to recharge their EV at home;

 �  Most people charge their battery before it is less than half full;

 �  Most EV users are between 46 and 65 years of age;

 �  Most individuals have either a Graduate or Post-graduate level of education; and

 �  Most EV users are either full time employed or self-employed.

EVs represent an additional 0.3kW 
contribution to residential peak 
demand per household

The measured load profile from EVs represents an additional 0.3kW contribution to 
residential peak demand per household, once averaged over 50+ households. This 
represents a significant increase on the current diversified residential peak load. 
EVs which are not for personal use, i.e. commercial vehicles have widely varying 
demand patterns depending on their purpose.

Trial data validates previously 
modelled load profiles

The profiles derived from the trial, using empirical data, were observed to be similar 
to the modelled profiles currently used in UK Power Networks planning tools. 
This validates the modelled profiles and has the effect of only minor dissimilarity 
between the load growth projections using the new set of derived profiles.

Trial data shows a minor effect on 
load growth forecasts

The impact on London Power Networks’ (LPN) load growth, across the distribution 
licence area, as a result of EV uptake (based on the UK Power Networks 
“accelerate” scenario) and applying the new LCL profiles, was shown to be minor 
in comparison to the effect of background load growth; with the contribution from 
EVs by 2050 to be 0.7% of the overall LPN load growth.

The most significant impact is on the 
LV network

As EV uptake rises, there is an increase in the number of voltage violations with 
the additional EV load. However, it is anticipated that the majority of these will 
be fixed through local LV reconfiguration works, with only a handful of events 
triggering any investment works. Of the investment-triggering events, these would 
have occurred due to the background load growth and will need to be brought 
forward by 1 to 2 years due to the additional EV load.

EV charge point installation 
notification should be mandatory

The EV charge point installation notification form developed by the Institution of 
Engineering and Technology (IET), or an equivalent, should be made mandatory  
to ensure that the DNO has visibility of where charge points are connected to the 
LV network.

With regard to power quality, 
modelling tools are recommended to 
examine LV networks with clustered 
charge-point installation

The trial showed that EV charging may cause a high harmonic current to flow on 
the network. This might be a consideration in the future when there is high uptake 
of EVs, particularly at clustered locations, with the effect of many EVs charging on 
the same feeder being manifest as distortions in the local supply network.
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Indicative load profiles were derived 
for HPs

 
Heat pumps
These new trial-derived profiles have a noticeably different pattern to that 
previously employed in UK Power Networks load growth modelling, particularly 
the overnight demand profile. The result is a flatter distribution of load over the 
day and a generally more uniform, less peaky aspect to its profile shape. This 
aligns more closely with anecdotal evidence from other trials that point to a more 
regular, load-flattened profile demand from HPs. 

Trial data shows a minor effect on 
load growth forecasts

The anticipated impact of HP loads on the network was found to be minor; 
however, it was still significant and twice the expected contribution from  
EV charging.

Trial data shows HPs have more of a 
contribution to load growth forecasts

The contribution from HPs by 2050 is 3.6% of the LPN load growth, with  
non-domestic HPs being 2.4% and domestic HPs being 1.2% of load growth. 

HPs were found to contribute various 
levels of power quality disturbance

HPs were found to contribute various levels of power quality disturbance, 
with different units having differing impacts. Using real network data, it was 
demonstrated that from the trial sample of HPs, a cluster of the “best performing” 
HPs showed no harmonic voltage distortions; however, the converse is true for 
the “worst performing” HPs. Further examination showed that an accumulation of 
HPs drawing significant harmonic current on local networks could lead to harmonic 
voltage distortion exceeding planning standard G5/4-1. 

DNO visibility of HP installations  
is essential

Initiatives such as the ENA-developed HP installation notification forms should 
be mandatory to ensure that the DNO has visibility of where these units are 
connected to the LV network.

There is a significant impact on the 
LV network reinforcement spend in a 
high EV uptake scenario

Cost benefit analysis
The CBA conducted in this report suggests that high EV uptake could lead to 
LV reinforcement spend increasing by a factor of four, relative to the current LV 
reinforcement spend of c. £1-2m p.a. across LPN. 

There is a marginal net impact on the 
primary network reinforcement spend 
in a high EV uptake scenario

The analysis presented indicates that over time a high uptake of EVs could 
accelerate certain reinforcement investments, by increasing the peak load at 
primary substations. It is estimated that the NPV of the change in Totex resulting 
from the high uptake scenario presented in this report is £11,974k across LPN.
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Overall Conclusion
The trial outputs have validated UK Power Networks’ load forecasting projection processes and associated future planning 
activities. The same to apply to other DNOs.

Both EV and HP loads are seen to have a minor impact on the overall network peak load for LPN and will impact the 
network at an LV feeder level. Of these two Low Carbon Technologies (LCTs), EVs are seen to be significantly less of an 
impact than HPs.

The effects on power quality from EVs and HPs could be pronounced where there is clustering of the load types. The 
identified significant contribution to low order harmonics could lead to high neutral currents, which would subsequently 
impact and influence LV network planning. 

The new profiles developed for both EV and HP loads are considered to be an improvement on the existing modelled profiles 
used in load forecasting. It would be valuable to re-confirm the EV and HP load profiles with data from other Low Carbon 
Networks Fund (LCNF) projects, but both profiles should become part of the industry’s standard tools and represents an 
advance on previous estimated or assumed profiles. It would also be progressive to ensure these profiles are updated 
with further modelling and trial results from the wider LCNF community.
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 Introduction

1

1.1 Background
This report describes the Low Carbon London (LCL) Electric Vehicle (EV) and Heat Pump (HP) trials, and details the learning from 
these trials in terms relevant to Distribution Network Operators (DNOs). It addresses questions such as: 

 � Where is investment likely to be required due to Low Carbon Technologies (LCTs)? 

 � When is this investment likely to be required? 

 � What proactive approaches can mitigate / defer these investments?

The existing consensus is that EVs will not have adverse system-level impacts in the near-term but will have localised impacts 
where clustering of EV charging loads occur. In particular, EV impacts to the local distribution system are expected primarily at 
the feeder and distribution-transformer level.

The relative size of new EV loads and the uncertainty of how this new market will develop add additional complexity to the 
issue of load growth management.

1.2 Scope
This document has been written for the individuals in a (DNO’s) organisation with responsibility to plan the development of the 
network. It provides guidance on the impact of EV and HP loads on a network and indicates how to incorporate these into the 
planning process. 

It also provides guidance on specific tipping points that may indicate a step change in the planning assumptions for EV and HP.

Whilst this report will list different measures that may affect the way in which EV and HP loads are managed by both the 
customers and the DNO (e.g. Active Network Management) it will not provide any significant detail regarding how such 
systems may be implemented. For greater detail regarding interventions see: Report B5.
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It is also outside the scope of this report to provide detailed technical information on the different types of EVs and HP 
equipment however definition of EV and HP loads used in this report for the analysis and development of proposals can be 
found in the subsequent chapters.

1.2.1 Electric Vehicles
For the purpose of this study, EVs are defined as vehicles that have the possibility to recharge their battery from the distribution 
network. These include Battery Electric Vehicles (BEVs), Plug-In-Hybrid Electric Vehicles (PHEVs) or Extended-Range Electric 
Vehicles (E-REVs).

Furthermore, this report will be concentrating on those types of connections which may present an unconstrained and un-
notified load growth in the network. At present the “Distribution Code” provides the requirements for connection, and the 
responsibilities incumbent on customers regarding notification to the DNO of “significant change to the connection, electric 
lines or electrical equipment or require alterations to the connection”. There is also an important qualitative difference between 
the roll-out of commercial charge points in concentrated locations (analogous to charging point “petrol stations”), and the roll-
out of individual charge points scattered over a wide area. The former represent a significant new concentrated load, whereas 
the latter represent an equivalent increase in load, but scattered over a wider area of the entire distribution network. It is worth 
noting the difference as any single new connection that includes a significant amount of charge points will trigger a connection 
application providing visibility to the DNO and will therefore be included in the planning process.

The challenge is that connection processes capture those who need a new connection (e.g. a charge post in a new location) or 
an increased load to an existing supply that exceeds the installed capacity for example a fleet depot (e.g. a fleet depot which is 
replacing its fleet with electric vehicles) rather than a kW limit. As with other reinforcement, localised areas of greater and less 
capacity mean that individual schemes can vary. The LCL project is designed to help us identify and deliver the minimum cost 
scheme to connecting customers by:

 � Recognising sectors within EV usage, and which may require different planning assumptions;

 � Planning with real, robust, measured profiles; and

 � Considering controlled charging where necessary.

1.2.2 Heat Pumps
For the purpose of this study, HPs are defined as domestic units that include both air-source and ground-source units. 

Similar to EVs, this report will be concentrating on connections which may present an unconstrained load growth in the 
network. This report will provide information on how the uptake of these units will impact the distribution network. Further 
information on the types of HPs can be found in the project background report: LCL - Report 9 - EV and HP background 
information v1.25.
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1.3 Problem or Opportunity Statement
This report has been developed to answer one key question about the implementation of Low Carbon Technologies (LCTs) on 
the Distribution Network:

How should the DNO account for the anticipated increase in Electric Vehicle and Heat Pump utilisation and the affect it will have on its 
network regarding power quality and load profiles? 

To provide a robust response to this question, a number of more focused questions need to be answered. These questions are 
listed below:

 � What types of locations and participants were involved in the LCL trial sample, and how representative are they of the rest of 
the network?

 � What are the regulations and standards that govern the connection and operation of EVs?

 � What are the observed demand profiles for residential, business and public EV charging connections?

 � To what extent can business, home and public EV charging patterns be characterised?

 � To what extent will localised uptake of EVs impact network harmonic’s performance?

 � What was the observed harmonic content for the monitored EV charging devices and the associated distribution network?

 � To what extent will residential EV charging overload the distribution network, if charging is unconstrained?

 � What were the observed voltage profiles for the monitored EV charging devices and the associated distribution network?

 � To what extent will localised uptake of EVs impact network voltage performance?

  |  7Introduction
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Current DNO Activities

Current DNO Activities
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This chapter discusses the current framework of codes, 
standards, and regulations with which UK Power Networks 
is obliged to conform, and describes which parts of this 
framework could be impacted by EVs and HPs. 

The load forecasting and network planning activities 
undertaken by UK Power Networks are also described, 
including a discussion of how EVs and HPs are currently 
accounted for in the load forecasting process. UK Power 
Networks’ existing methodology for connections, planning, 
and monitoring is presented, for both the High Voltage (HV) 
and the Low Voltage (LV) network. HV refers to UK Power 
Networks’ distribution network between 22k and 400V. LV is 
defined as all voltages at 230 V / 400 V.

The current status of EVs and HPs within this methodology is 
discussed. Finally, a brief comment on existing provisions for 
Demand Side Response and flexible connections is presented.

It will provide a baseline for the proposals or 
recommendations that emerge from the analysis of the trial 
data and case studies.

2.1 The Framework
It is important for the reader to understand the framework 
within which UK Power Networks operates, so that 
the context of the recommendations of this report is 
understood. It will demonstrate that the majority of focus 
in the industry so far has been on ensuring the EVs and 
heat pumps connect to domestic wiring and the distribution 
networks safely, forecasting uptake at the macro-economic 
level, and ensuring that early adopters notify the DNO. This 
report updates the macro-economic assumptions and also 
provides a major contribution to understanding effects at 
the local level on example LV network.

The DNO operates the public electricity distribution network 
generally in the voltage range 132 kV to 430 Volt, 3phase, 
50Hz, in compliance with their operator’s Distribution 
Licence, as standardise by the agreement with the Regulator 
(Ofgem) within the Distribution Code.

Within GB each DNO and TNO shall comply with the 
Electricity Act (1989) and the requirements for compliance 
for the transmission, distribution, generation and use of 
the electricity networks are stated in the Grid Code. The 
Distribution Code enables the DNO to comply with the Grid 
Code and provides for its interface to the TNO, generators 
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and to Users of the network. Amendments and clarifications 
to the Distribution Code and the Grid Code are managed by 
a Review Panel which is convened and co-ordinated by the 
Energy Networks Association.

The requirements for the safe and reliable installation and 
operation of all electrical systems, networks and circuits 
are given under Health and Safety at Work etc. Act 1974 
regulations and in particular:

 � The Electricity Safety, Quality and Continuity Regulations 
2002 (31st January 2003) 
 
This gives the provisions for a safe and reliable supply to 
a consumer.

 � The Building Act 1984 
 
This gives the responsibilities of the consumer to 
provide a safe and reliable electrical supply system 
within their property.

With regard specifically to electrical installation within 
buildings; generally compliance with the British Standard 
BS7671 Requirements for Electrical Installations, is sufficient 
for planning regulation compliance. A Code of Practice for 
Electric Vehicle Charging Equipment Installation is provided. 
This Code of Practice aims to provide expert guidance on 
EV charging equipment installation, where this topic is not 
covered in detail by the current edition of BS 7671 or the 
Institution of Engineering Technology Guidance Notes. It 
is aimed at electrical technicians; it covers the specialised 
installation requirements of electric vehicle charging 
equipment in public, private and commercial locations. The 
Code of Practice provides detailed on-site guidance and 
recommendations on all aspects of the installation from the 
origin of the electrical supply.

The quality with regard to safety, performance and general 
suitability for use are measured against the standards 
and specifications published by British Standards and 
International Standards (IEC and IEEE). Generally, for 
products to be sold for use within the European Community, 
compliance is assured where the product includes a “CE” 
mark and certificate of compliance with a specific standard. 
The certificate indicates the (type) testing that has been 
successfully completed.

Each DNO has to monitor and forecast the demand within 
the network at Grid, Primary and Secondary bus-bars. On 
an annual basis, the Distribution Code requires the DNO 
to report to the Regulator on system utilisation and to 
forecast, for the current Price Review Period, the future 

utilisation. Prediction of future demand is a key element, 
and the applications for connection to the DNO are a key 
source of information. For system planning and to assess 
the suitability of the network to support a connection each 
application should be submitted with sufficient information. 
The Distribution Code Clause (DPC) 5.2.2.1 (Standard 
Planning Data) states the data to be provided for all new 
and modified applications. The DNO response to the user 
states the requirements for each connection for practical 
connection and ongoing use of that connection.

Electricity network planning is essentially divided between 
Grid to Primary bus-bars (Infrastructure) and Primary to 
Secondary bus-bars (Distribution) including low voltage 
Mains circuits. Where Grid bus-bars include groups of 
Primary bus-bars and Primary bus-bars include further 
groups of Secondary bus-bars. 

Connections to the DNO system can be made at all voltages. 
The assessment of a new connection is principally the same 
but the required capacity will dictate if further more detailed 
evaluation is required.

The following Energy Networks Association documents may 
be used for any assessment to ensure the User’s connection 
will be compliant with the Distribution Code and will not 
interfere with or cause an unsafe disturbance within the 
public supply. These Engineering Recommendations are 
detailed in Section 2.1.3 – Engineering Standards:

 � Engineering Recommendation G5/4-1: Planning levels for 
harmonic voltage distortion and connection of non-linear 
equipment to transmission and distribution networks 
in GB;

 � Engineering Recommendation P2/6: Security of Supply;

 � Engineering Recommendation P17: Current rating guide for 
Distribution Cables;

 � Engineering Recommendation P28: Planning limits for 
voltage fluctuations caused by Industrial, Commercial and 
Domestic equipment in the United Kingdom; and

 � Engineering Recommendation P29: Planning limits for 
voltage unbalance in the United Kingdom for 132 kV 
and below.

Further documents, provided by the Energy Networks 
Association and the Institution of Engineering and 
Technology (IET), assist with identifying to the DNO 
specifically those connections which are to supply either 
HPs or are for EV charging.

Current DNO Activities
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 � Heat Pump Installation Notification; and

 � Electric Vehicle Notification.

In addition the forms remind the User as they complete the form of the specific standards which their installation shall comply e.g.

 � BS7671 Requirements for Electrical Installations; and

 � IEC61000 Electromagnetic Compatibility.

As noted above, any new connection application direct to the DNO should already include this information. The forms identified 
above will assist with specific data collection and where there is only a change to the connection (i.e. not significant) and not 
necessarily requiring a modification to the DNO asset. They will also be required to support any report on the take up of EV 
charging and HPs.

UK Power Networks manages network planning with further Company specific policy documents and standards:

 � Engineering Design Standard (EDS) 08-0115 Loading of Secondary Distribution Transformers; and

 � Engineering Instruction (EI) 08-0109 Distribution Planning Network Design Policy.

These documents are to assist with network asset management in line with the company business plan and to comply with 
their Distribution Licence obligations.

2.1.1 Statutory Regulations
This section describes the major statutory regulations relevant to EVs and HPs. It is broken down into sub-sections, each of 
which describes the statutory regulations coming from particular pieces of primary legislation. A short summary of each of the 
statutory regulations is presented and the relevance of that regulation to EVs and HPs is discussed.

Table 1

Name Description Relevance to EVs

The Electricity Safety, Quality 
and Continuity Regulations 
(ESQCR)

 � Derived from the Electricity  
Act 1989

 � Provisions for the general 
adequacy of electrical supply 
and distribution equipment

UK Power Networks must still seek to conform to 
these regulations despite the effects of any EV and HP 
installation. EVs and HPs are not specifically mentioned 
in the ESQCR.

Planning Regulations (Part P)  � Derived from the Building  
Act 1984

 � Concerns the design and 
installation of electrical 
installations in order to protect 
persons operating, maintaining 
or altering the installations 
from fire or injury

EVs and HPs are not specifically mentioned in Part P of 
the regulations. They are still relevant because any EV 
and HP installation must conform to these regulations.

Current DNO Activities
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Name Description Relevance to EVs

National Terms of 
Connection (NToC)

 � Derived from Electricity Act 
1989

 � the terms and conditions 
that the DNO requires the 
consumer to accept in return 
for maintaining the connection 
of the premises to the network

 � 2011 Ofgem upgraded the NToC 
from commercially binding to 
statutory binding, making it a 
legal requirement

While EVs and HPs are not specifically mentioned in 
the NToC, they are still relevant because Section 2 of 
the NToC requires whole current metered customers1 to 
inform the appropriate DNO of any significant change 
to their connection or to the electric lines or electrical 
equipment at their premises, or if the customer proposes 
to do anything else that could affect the distribution 
network, such as significant changes in their electricity 
consumption (such as might result from the installation 
of an EV charging point). Similar obligations existing in 
Section 3 of the NToC that apply to current transformer 
metered customers.

Electricity Distribution 
Licence Agreement

 � UK Power Networks’ 
distribution licence sets out its 
obligations under the Electricity 
Act 1989 in more detail.

It is part of the legal framework within which UK 
Power Networks operates and is presented here for 
completeness.

2.1.2 The Distribution Code
As a requirement of condition 21 of its distribution licence agreement, UK Power Networks – like all DNOs – is obliged to comply 
with the Distribution Code detailing the technical parameters and considerations relating to connection to, and use of, their 
systems. This code is the same for all DNOs in GB, and is maintained by the Distribution Code Review Panel. All changes to 
the Distribution Code must be approved by Ofgem. The Distribution Code is developed in conjunction with the system operator 
(which in GB is National Grid Plc). The system operator produces a Grid Code. The Distribution Code is the equivalent document 
for distribution networks.

As part of the requirement of the Distribution Code is to incorporate Grid Code requirements, the following has been specified:

The DNO will co-ordinate all demand forecast information for each Grid Supply Point to meet the requirements of the Grid 
Code. The DNO will aggregate forecast information provided by users, where appropriate, and provide forecast information to 
National Grid where the demand, or change in demand, is equal or greater than the Demand Control Notification Level at any 
DNO connection point.

It should be noted that only customers with a demand of greater than 5 MW are required to supply their demand forecast 
information to the DNO to undertake load forecasting. This is relevant to EVs and HPs because EVs and HPs may result in 
increases of loads of this magnitude, but these load increases may not be attributable to any one individual customer. It 
is conceivable that a large charge point infrastructure manager or energy trader may have access and authorisation over a 
number of units which could then result in one customer having a distributed demand greater than the 5 MW.

2.1.3 Engineering Standards 
This section describes the major engineering standards relevant to EVs and HPs, which is broken down into sub-sections, each 
of which describes the standards coming from a particular standardising organisation. A short summary 
of each standard is presented and the relevance of that standard to EVs and HPs is discussed.

2.1.3.1 British Standards
The British Standards Institution (BSI) is GB’s national standards body. As part of their role as national standards body they work 
with different industries, businesses, governments and consumers to develop British, European, and international standards. 
The most relevant of these standards to EVs and HPs is BS 7671, which is the standard laying out the requirements for LV 
electrical installations. 

1 Electricity meters are one of two types, either whole current or current transformer. A whole current meter is where the electricity supply passes through the 
meter itself, while a current transformer (in simple terms an electro-magnetic ring around the wire) or CT meter is where current transformers are used. Whole 
current meters are used in single phase supplies whereas CT meters are used for three phase supplies. A whole current meter is typically used for loads up 
to 100 amps and CT meters for larger loads. An exception to this is where small panel mounted electronic meters are installed that use CTs, regardless of the 
current flow.

Current DNO Activities
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Section 132.16 of the BS 7671 states:

No addition or alteration, temporary or permanent, shall 
be made to an existing installation, unless it has been 
ascertained that the rating and the condition of any 
existing equipment, including that of the distributor, will 
be adequate for the altered circumstances. 

This requirement would suggest that installation of an EV 
charging point or HP would require the person doing the 
installation to inform the appropriate DNO.

2.1.3.2 IET Codes of Practice
The IET is a professional body for engineers. It produces 
codes of practice to aid its members in their work. The IET 
has produced a code of practice for technical professionals 
involved in the installation of EV charge points. This code 
of practice includes the ENA EV charge point installation 
notification form, that the person installing an EV charge point 
must fill in and send to the appropriate DNO. This code of 
practice advises the person installing an EV charge point to:

 � Assess the adequacy of the supply capacity for the 
new electric vehicle load plus any existing load, before 
installation of the charging equipment;

 � Assess the adequacy of the earthing before installation of 
the charging equipment; and

 � Notify the appropriate DNO of dedicated electric vehicle 
charging equipment at sites with a supply capacity of 100 
amps or less, within one calendar month of installation.

2.1.3.3 ENA Standards
The ENA is the trade body that represents electricity and gas 
networks in GB. It maintains a large number of standards 
that are used by UK Power Networks and other DNOs. These 
Engineering Recommendations (ERs) are considered “best 
practice” within the electricity distribution industry. The ENA 
documents most relevant to EVs and HPs are listed below. 
A short summary of the contents of each of the individual 
documents is presented, along with their relevance to EV 
and HP:

 � ER G5/4-1: Planning levels for harmonic voltage distortion 
and connection of non-linear equipment to transmission 
and distribution networks in GB;

 � ER P2/6: Security of Supply;

 � ER P17: Current rating guide for Distribution Cables;

 � ER P28: Planning limits for voltage fluctuations caused by 
Industrial, Commercial and Domestic equipment in the 
United Kingdom; and

 � ER P29: Planning limits for voltage unbalance in the 
United Kingdom for 132 kV and below; and

 � HP Installation Notification.

2.1.3.3.1 Engineering Recommendation G5/4-1: Planning 
levels for harmonic voltage distortion and connection of 
non-linear equipment to transmission and distribution 
networks in the UK
ER G5/4-1 sets out the acceptable levels of harmonic 
distortion produced as a result of the connection of non-
linear loads to the distribution network. These Regulations 
seek to limit the voltage distortion present in distribution 
networks below the immunity levels at which equipment 
function and performance are likely to be impaired. Both 
EV charging points and HPs generate harmonics and as 
such the recommendations in G5/4-1 are relevant. The 
requirement of conforming with G5/4-1 when EV charging 
points and HPs are undergoing widespread uptake presents 
a substantial challenge to UK Power Networks and other 
DNOs. The levels of harmonics generated will be discussed 
in Chapter 3.

2.1.3.3.2 Engineering Recommendation P2/6:  
Security of Supply
ER P2/6 sets out the security of supply standard that DNOs 
are expected to adhere to. The security of supply is the 
capability of the distribution system to maintain supply 
to a particular level of demand under particular outage 
conditions. Outages can be caused by a fault, or deliberately 
planned by the DNO for the purposes of maintenance. The 
larger the groups of demand that have been taken out, the 
faster the DNO is expected to be able to bring customers 
back on line. If residential loads increase significantly as a 
result of EVs and HPs, this standard will become relevant to 
those technologies and may be required to be reviewed.

2.1.3.3.3 Engineering Recommendation P17:  
Current rating guide for Distribution Cables
This standard describes the current rating for distribution cables. 
If increased use of EVs and HPs results in higher residential 
load; this will place a greater stress on distribution cables. 

2.1.3.3.4 Engineering Recommendation P28: Planning 
limits for voltage fluctuations caused by Industrial, 
Commercial and Domestic equipment in the  
United Kingdom
ER P28 sets out the planning limits for voltage fluctuations 
caused by industrial, commercial, and domestic equipment 
in GB. The increased use of EVs and HPs may result in a 
greater tendency towards voltage fluctuations.

Current DNO Activities
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2.1.3.3.5 Engineering Recommendation P29: Planning 
limits for voltage unbalance in the United Kingdom for 132 
kV and below
ER P29 sets out the planning limits for voltage imbalance 
in GB. It is applied to the technical evaluation of the effects 
of new loads on the network, for the purposes of network 
planning. The increased use of EVs and HPs may result in a 
greater tendency towards voltage imbalance.

2.1.3.3.6 Heat Pump Installation Notification
The ENA have produced three notification forms for the 
installation of heat pumps. The three different forms relate 
to the equipment meeting the requirements of different 
British standards. They are intended to ensure customers 
conform to the relevant BS 7671 Wiring Regulations, the 
Distribution Code, and the National Terms of Connection 
and inform their DNO if they make any significant change 
that might affect the distribution network. These forms are 
required to be submitted to the customer’s local DNO before 
installation of the unit and are mandatory. The ENA are 
working to simplify these forms and integrate them into a 
single form.

2.1.3.3.7 Electric Vehicle Notification
The IET have produced a notification form which will 
enable the DNO to track the installation of charge points 
and identify where additional domestic load will be seen. 
This form is required to be submitted to the customer’s 
local DNO after installation of an EV charge point within 
the customer’s property. As with the heat pump notification 
forms described above, this form is intended to ensure 
the customers conform to the relevant BS 7671 Wiring 
Regulations, the Distribution Code, and the National Terms of 
Connection and inform their DNO if they make any significant 
change that might affect the distribution network.

2.1.3.4 UK Power Networks’ Policy Documents
UK Power Networks maintains a set of policy documents 
as part of its integrated business system. These policy 
documents are referred to variously as Engineering Design 
Standards (EDSs) and Engineering Instructions (EIs). The 
policy documents most relevant to EVs and HPs are listed 
below, along with their relevance to EV and HP;

 �  Engineering Design Standard (EDS) 08-0115 Loading of 
Secondary Distribution Transformers; and;

 �  Engineering Instruction (EI) 08-0109 Distribution Planning 
Network Design Policy; and

These UK Power Networks policy documents are discussed 
in the following sub-sections.

2.1.3.4.1 EDS 08-0115: Loading of Secondary  
Distribution Transformers
EDS 08-0115 lays out the loading standards for secondary 
distribution standards. It is relevant to EVs and HPs because 
of the importance of distribution transformers in the 11 kV 
and LV network. Because many EV charge-points connections 
are anticipated to be made directly into domestic electricity 
supplies, EV charge points may have a significant impact on 
the loading of distribution transformers and how UK Power 
Networks utilises, monitors, and maintains them.

2.1.3.4.2 EI 08-0109: Distribution Planning Network  
Design Policy
EI 08-0109 describes UK Power Networks’ distribution 
planning network design policy. It is relevant to EVs and HPs 
because of the effect EVs and HPs may have on distribution 
planning network designs. Increased load and changing 
load profiles may require changes in UK Power Networks 
distribution network design policy.

2.1.3.5 IEC Standards
The International Electrotechnical Commission (IEC) is 
a global organisation that publishes consensus-based 
international standards and manages conformity assessment 
systems for electric and electronic products, systems, and 
services, collectively known as electrotechnology. 

 � IEC 61000: Electromagnetic compatibility (EMC) 
This International Standard relates to the immunity 
requirements and test methods for electrical and electronic 
equipment subjected to static electricity discharges, from 
operators directly, and to adjacent objects. It additionally 
defines ranges of test levels which relate to different 
environmental and installation conditions and establishes 
test procedures. The object of this standard is to establish 
a common and reproducible basis for evaluating the 
performance of electrical and electronic equipment when 
subjected to electrostatic discharges. In addition, it includes 
electrostatic discharges which may occur from personnel to 
objects near vital equipment.

2.1.4 EVs and HPs under the Existing Framework
The focus has been on safely connecting EV and HP loads 
to the network, by providing wiring codes of practice. At 
present there is an obligation on customers to inform their 
DNO if they wish to install EV charge points or HPs in their 
property. This obligation is set out in the Distribution Planning 
and Connection Code 5 (DPC5). UK Power Networks and 
all other DNOs in GB need to be sure how many EV charge 
point installations or HP installations have been installed 
within customer’s homes. Enforcement may have to be 
more rigorously applied to ensure the necessary oversight as 
technology penetration is achieved.
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Minimum cost schemes offered to customers have been based on the full rating of chargers and little has been known of 
real usage patterns. There is now potential to develop more detailed best practice in the design of minimum cost schemes to 
connect EVs and HPs. In time these may eventually lead to consensus-based IEC standards, as has happened over the years 
with other network design aspects such as transformer loadings. This has the advantage of providing certainty and clarity to 
the global supply chain for network equipment, control equipment and EV charging infrastructure.

2.2 Load Forecasting
This section describes the load forecasting methodology used within UK Power Networks. The methodology and models 
described in this section were used in the development of UK Power Networks’ RIIO-ED1 business plan for the period 
2015-2023. The relevance of this load forecasting methodology to EVs and HPs is twofold. The forecasting used in the RIIO-
ED1 business plan and other DNOs’ business plans made certain assumptions about the uptake of EVs and HPs, as well as 
assumptions about the characteristics of EV and HP load profiles. This report will analyse these assumptions in light of the LCL 
trial data analysis described in Chapter 3. 

2.2.1 Overview of UK Power Networks’ Load Forecasting Methodology
The diagram in Figure 1 presents a high level overview of the network forecasting and investment planning methodology 
used by UK Power Networks. This planning methodology begins with load growth forecasting, and then moves on to network 
investment planning. The section of this planning methodology most relevant to load forecasting is highlighted in red. The 
two key steps within load forecasting are producing input assumptions, and load growth modelling. The network investment 
planning process begins by identifying network investment requirements through the application of load growth projections to 
existing infrastructure capacity.

The two models used in this part of the process are the Element Energy model and the Planning Load Estimates (PLE) model. The 
Element Energy model is used for load growth modelling, and the PLE model is used to identify network investment requirements. 
The purpose of the first three key steps is to project the load growth expected on the network until 2050 from secondary substation 
level up to the grid supply point, and then determine the enhancements required to meet this forecast load growth. 

Figure 1: Network forecasting and investment planning methodology used by UK Power Networks
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2.2.2 The Element Energy Model
UK Power Networks employed the energy consultancy Element Energy to develop a model to be used to forecast the loading 
on the network out to 2050. The Element Energy load growth model takes into account four main input variables:

 � Rate of housing stock growth;

 � Rate of economic growth;

 � Impact of Low Carbon Technologies (LCTs) and energy efficiency; and

 � Impact of electricity market reform.

For each of these variables there is a suite of scenario options available. These scenario inputs are informed by a combination 
of historical trends, government projections and other Element Energy models that define uptake of energy efficiency 
measures and LCTs. These models forecast the impact of differing assumptions regarding the financial incentive regimes, rate 
of technology cost and performance improvements along with energy costs on the rate of uptake. 

The Element Energy load growth model projects load growth by housing type (divided into ten archetypes based on domestic 
building characteristics) and industry type (divided into fourteen commercial and industrial sectors). Data from the consumer 
credit-rating agency Experian on domestic housing stock composition along with commercial and industrial sector distributions 
and company sizes (resolved to the postal sector level) enabled load growth under each of the scenarios to be modelled at the 
level of individual distribution substations. 

Among the various outputs produced by the Element Energy Load Model is a forecast of the peak demand day load profiles for 
each secondary substation. This is an estimate of the “worst case scenario” that the network will be required to tolerate. This 
peak demand day load profile is exported from the Element Energy Load Model and used as the input to the Planning Load 
Estimates (PLE) model discussed in Section 2.2.3.

2.2.2.1 Electric Vehicles
As part of the load growth forecast, the Element Energy model projects the impact of EV adoption on network loads based on 
predictions of vehicle sales, journey characteristics and different charging behaviours. Uptake of EVs (including battery electric 
vehicles, plug-in hybrid electric vehicles and range extended electric vehicles) is informed by Element Energy modelling of the 
GB passenger car stock, including analysis of vehicle availability, performance, and consumer behaviour preferences. Average 
driving distances and arrival times were generated from the Department for Transport’s National Travel Survey data which 
inform daily charging times and the extent of charge required in the Element Energy load growth model. 

The extent of data available at the time of development of this model means that charging profiles are constrained to 30 
minute resolution and an average daily profile. The modelling carried-out during this project used 15-minute and 10-minute 
data recording periods, as well as 30-minute resolution; however for uniformity of presentation the outputs were generally 
provided in 30-minute resolution. With increased volumes of data, it is also possible to distinguish adoption, driving and 
charging patterns for different consumer types, further increasing the resolution of EV impacts on the network. 

Within the Element Energy model the scenario options enable the selection of various charging preferences (varying between 
home charging, work charging and other charging sites). The shape of the profiles is derived from the trip statistics based 
on the frequency of vehicle trips and the timing at which they terminate at particular destinations (i.e. at home, at work, or 
elsewhere). There are options within the model to select between commencements of EV charging as soon as they reach their 
destination or to delay charging under demand side response scenarios. The profiles shown in Figure 2 below are the sum of 
the profile shapes built up from the domestic, work and other (i.e. retail and public) charging components for three particular 
years – 2014, 2020, and 2030. In the normalised cases shown, it is assumed that increasingly energy efficient vehicle charging 
commences immediately upon journey completion (i.e. with no EV demand side response), and gets increasingly efficient 
in time.
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Figure 2: Aggregate EV charging profiles for 
three particular years (2014, 2020, and 2030) 
as used in the Element Energy model

As can be seen in Figure 2, there are two distinct peaks 
within the 24 hour profile. Chapter 3 will provide a review 
of the trial data and the corresponding 24 hour EV demand 
profile with a comparison to these profiles. Case Study 1 will 
then analyse the outputs of the Element Energy model using 
a profile derived from the LCL trials and compare the results.

The total number of EVs in the LPN network over the 
modelling period was determined through the use of an 
accelerated uptake scenario developed by Element Energy 
based on earlier work for the Energy Technologies Institute 
and the Department for Transport [2920 Transport Report: 
An affordable transition to sustainable and secure energy for 
light vehicles in GB – Energy Technology Institute, June 2013.] 
The “UK Power Networks Accelerate” scenario in Figure 3 is 
based on a more stringent 25gCO2/km restriction contained 
within the Element Energy load growth model. DECC have 
produced three uptake scenarios (Low / Medium / High) 
and the impact of these on the Distribution Network will be 
analysed in Case Study 2.

Figure 3: The total number of EVs in the  
LPN network

It is worth noting that the different charging locations will 
have a different effect on the distribution network. The 
connections via work, public and retail outlets would most 
likely be accounted for via a connection application (though 
this may not necessarily be the case as a major customer 
may have spare capacity that could be utilised through 
charge point installations) whereas the domestic charging 
would not (this is discussed further in Section 2.3).

2.2.2.2 Heat Pumps
The domestic HP inputs to the Element Energy model 
were based on a separate Element Energy model that 
uses customer willingness-to-pay analysis and building 
suitability to determine the likelihood of different 
households to purchase an HP unit. This model used a 
housing classification composed of 10 house archetypes 
and takes into consideration the impact of building 
thermal improvements, technology performance and cost 
improvements and financial incentives.

In the Element Energy model, the annual electricity demand 
of the HP is scaled for different household sizes among the 
domestic customer archetypes, using a profile shape that 
was determined from Carbon Trust trial data, measuring the 
thermal demands of a variety of different UK house types. 

Current DNO Activities

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

00
:0

0
01

:0
0

02
:0

0
03

:0
0

04
:0

0
05

:0
0

06
:0

0
07

:0
0

08
:0

0
09

:0
0

10
:0

0
11

:0
0

12
:0

0
13

:0
0

14
:0

0
15

:0
0

16
:0

0
17

:0
0

18
:0

0
19

:0
0

20
:0

0
21

:0
0

22
:0

0
23

:0
0

De
m

an
d 

(k
W

)

2014 2020 2030

 200,000
 400,000
 600,000
 800,000

 1,000,000
 1,200,000
 1,400,000
 1,600,000
 1,800,000

20
14

20
16

20
18

20
20

20
22

20
24

20
26

20
28

20
30

20
32

20
34

20
36

20
38

20
40

20
42

20
44

20
46

20
48

20
50

EV
s 

de
pl

oy
ed

EV uptake scenarios

DECC Low DECC Medium DECC High UKPN Accelerate



  |  17  |  17

However, at the time of development of this model, there 
was limited real heat pump data available showing the 
different operational models used for various heat pump 
installations for example timer based diurnal operation 
modes versus continuous operation throughout the day. 

As with the EVs, the Department of Energy and Climate 
Change have produced three uptake scenarios (Low/Medium/
High) along with the RIIO-ED1 uptake scenario and the impact 
of these on the Distribution Network will be analysed in 
Case Study 2. The urban nature of the LPN building stock is 
less suited to the deployment of HPs, meaning that a more 
conservative model uptake scenario reflects the likely real 
uptake scenario to a greater degree.

Figure 4: Domestic HP uptake scenarios

The heat pump data obtained as part of LCL offers the 
opportunity to expand the model to encompass various 
operational regimes. The profile shapes in Figures 5, 6 and 
7 shown an average contribution of a single HP utilising a 
timer-based operational regime (as with the EV profiles, 
three particular years are identified for comparison: 2014, 
2020 and 2030). Until 2030 there is assumed to be an 
incentivised HP market, to encourage adoption of this 
relatively new technology. As a result the normalised 
consumption of an HP increases until 2030 – however 
the withdrawal of HP incentives is assumed to cease in 
2030, and over the next 15 years HP uptake actually falls, 
until 2045, when adoption is assumed uniform and the 
technology and market is assumed mature.

Figure 5: Estimated contribution of a single 
heat pump for LPN in 2014 (Element Energy 
load growth model)

Figure 6: Estimated contribution of a single 
heat pump in LPN in 2020 (Element Energy 
load growth model)
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Figure 7: Estimated contribution of a single heat pump in LPN in 2030  
(Element Energy load growth model)

As can be seen in the Figure 7, there are definite peaks visible in the morning and evening, with the demand for all seasons 
nearing zero in the early morning. This would suggest the use of a boiler replacement model rather than other forms such as 
under-floor heating which would show a more consistent profile.

2.2.2.3 Peak Network Load
With the determination of EV load and HP loads established, these are then applied to the model to establish the projected 
growth in maximum demand. Figure 8 shows the overall LPN peak load growth over time using the RIIO baseline, along with 
an indication of the impact of five key drivers.

Figure 8: Network peak load evolution over time
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Figure 9: Network peak load evolution over time (LCT only)

The key factors affecting the above are outlined in Table 2.

Table 2: Key factors affecting five main drivers of peak load

Type of Load Scenarios impacting load growth:

Domestic

 � Stock evolution rate

 � Stock demolition rate

 � Domestic energy efficiency scenarios

Industrial & Commercial
 � Economic growth rate

 �  I&C energy efficiency

Electric Vehicles

 � EV uptake

 � Car parc2 

 � Km driven per day 

Heat Pumps – Domestic  � HP uptake

Heat Pump – Non-domestic  � HP uptake

Figure 8 clearly shows that the impact of EV and HP loads on the peak network load is minor compared to the I&C demand and 
Domestic demand. This impact will be analysed further in Case Study 1 and Case Study 4 to establish how the change in either 
profile or uptake scenario will affect the network. 

2 Car parc refers to the number of cars and other vehicles in a region or market.
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2.2.3 Planning Load Estimates (PLE)
The PLE is a reconciliation process used by UK Power 
Networks to highlight and schedule network investment. 
The future load growth forecast derived from the 
Element Energy model described above is applied to the 
latest maximum demand readings taken at each of the 
substations, along with any known major connections 
or network developments. Finally, system utilisation is 
considered which requires the planning engineer to make a 
detailed on-going assessment of:

 � Capacity and Period at risk;

 � Annual (seasonal) period at risk;

 � Consecutive hours at risk at times of minimum plant margin;

 � Thermal inertia of critical plant (specifically transformers). 
Summer loaded sites need careful attention due to lower 
margin for error and risk of a prolonged hot spell;

 � Average Hot Spell (AHS) and Average Cold Spell (ACS) 
conditions need to be considered for summer loaded sites;

 � Period at risk if not at the time (in seasonal terms) of 
peak demand;

 � Capability to deal with temporary overload conditions;

 � Ambient temperature and “previous day” demand cycle; and

 � Available transfer capacity.

The output of this process is a list of all the primary 
substations and their firm capacities matched to anticipated 
load levels. 

The purpose of the PLE process is to ensure adequate 
management of network utilisation over coming years 
in order to comply with licence obligations, to calculate 
network performance, and evaluate which projects should 
be accelerated, deferred, or amended.

2.3 Connections / Planning / Monitoring
This section describes the activities undertaken by UK Power 
Networks at High Voltage (HV), and Low Voltage (LV) levels. 

HV is defined as all voltages between 400 V and up to but 
not including 22 kV. LV is defined as all voltages at 230 V / 
400 V and below. Extra High Voltage (EHV) starts at 22 kV to 
the highest EHV voltage UK Power Networks operates - 132 
kV. EHV refers to any voltage of 22 kV and above. Within 
UK Power Networks EHV is managed by the Infrastructure 
Planning Team, and HV and LV are managed by the 

Distribution Planning team. In UK Power Networks, both of 
these teams sit within the Asset Management directorate.

This report separately discusses the connections, planning, 
and monitoring process within each HV and LV separately. 
As such it will mainly discuss the activities of the 
Distribution Planning team. This distinction between HV and 
LV is made because of the substantially different nature of 
the connections, planning, and monitoring processes that 
take place at these different voltage levels. This is followed 
in each case by a discussion of the relevance of EVs and HPs 
to the connections, planning, and monitoring process. 

EHV is disregarded as being outside of the scope of this report.

2.3.1 Connections / Planning / Monitoring - HV
At HV there is a distinction between the task of managing 
connections, planning the network, and monitoring; 
however all these functions are interrelated and so are 
discussed together as part of a combined overview in 
the following subsection. Within UK Power Networks, 
connections, planning the network and monitoring at HV is 
performed by the Distribution Planning team.

2.3.1.1 HV Connections
Within UK Power Networks requests for connections to the 
network are handled by the Connections directorate. In the 
case of the London Power Network (LPN) the Connections 
directorate is divided into three teams, each responsible for 
a particular power level of connection. These three teams 
are described in the following list:

 � If the connection request is for less than 72 kVA or 3 phase 
100 amp, or an alteration to an existing such connection, 
and the cable is less than 43 metres from the main, and it 
is below a maximum of four individual connections, then 
the Small Services team will make the connection;

 � If the connection request is between 72 kVA and 5 MVA, 
or an upgrade to an existing connection, or a temporary 
building supply, then the Projects team will make the 
connection; or

 � If the connection request is for 5 MVA and above, involves 
generation, or is particularly complex, then the Major 
Connections team will make the connection. The Major 
Connections Team also handle all Independent Connection 
Provider (ICP) and Independent Distribution Network 
Operator (IDNO) connections, regardless of size.

As mentioned previously, there is a link between the 
connections and planning functions. If a customer requests 
a connection with a capacity greater than or equal to 140 
kVA, the Connections directorate will send a referral to the 
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Distribution Planning team. 140 kVA is equivalent to approx 35 
EVs charging simultaneously at 3.7 kW. 

The Distribution Planning team will then determine 
the appropriate point of connection and any associated 
reinforcement. The Connections team may also refer 
connection requests lower than the 140 kVA limit if they 
believe that the new load may cause an issue with the 
network. Given the findings on diversity, there will be few 
requests which reach this threshold. As such, the concern 
is that schemes lower than 140kVA are referred since we 
believe they will cause an asset to reach its limit, meaning 
that connection costs seen by the customer are variable in 
different areas of the network. This could potentially hold 
back the market.

Any new connection not referred to the Distribution 
Planning team will be connected to the passing LV main 
with minimal analysis by the connection designers or 
Distribution Planning.

The aim of this report is to improve the design process with 
greater knowledge of load profiles and the likelihood that it 
will have an impact on the network.

2.3.1.2 Planning
When the Distribution Planning team receives a referral from 
the Connections team they will analyse the present condition 
of the HV feeder group with which the proposed Point of 
Connection (POC) is associated. It may be the case that the 
associated HV feeder Group will have existing issues (or 
issues that will be exacerbated by a connection). This may 
require Distribution Planning to propose another POC within 
another feeder group, or require that reinforcement be in 
included in the price of connection at the initially proposed 
POC. Furthermore it may be the case that the local HV 
network is at capacity, in which case the Distribution Planning 
team may pass the referral on to the Infrastructure Planning 
team to arrange a POC on the EHV network.

If loading or other issues are found after analysis by the 
Distribution Planning team then the HV feeder group will 
then be placed on a “hot spot” list. This “hot spot” list 
consists of feeder groups that the Distribution Planning team 
believe require reinforcement. The Distribution Planning 
team will then design schemes for reinforcement on an 
agreed priority basis. In addition, EHV projects undertaken 
by the Infrastructure Planning team may require that the 
Distribution Planning team design reinforcement or load 
transfer schemes adjust the distribution network to changes 
at the EHV infrastructure level.

2.3.1.3 Monitoring
UK Power Networks uses a SCADA (Supervisory Control and 
Data Acquisition) system to monitor the behaviour of the 
HV network in the London area. This SCADA system enables 
real-time visibility and remote control of the network. The 
key components of the SCADA system are listed as follows:

 � Remote Terminal Units (RTUs);

 � Communication links between RTUs and control; and

 � Distribution management software.

RTUs are placed at all primary substations and around 60% 
of secondary substations in the LPN network. RTUs measure 
variables including transformer loading, bus-bar voltages, 
and feeder loading. RTUs can also be used to open and close 
switches remotely, at the instruction of control engineers.

The data from RTUs are sent back and is displayed to control 
engineers in real time through the PowerOn distribution 
management software. PowerOn provides control engineers 
with a real-time visual representation of the network. It also 
allows control engineers to remotely open and close switches.

The data from the RTUs is archived and used by the 
Distribution Planning team as their primary source of 
information on network loading.

UK Power Networks has power quality monitoring 
equipment that can be installed where the customers report 
concerns with the quality of their power. There are currently 
no processes that specifically relate to the monitoring of 
power quality in relation to EV or HP loads.

2.3.1.4 Connections/Planning and Monitoring of EV’s and 
HP’s at HV
At present there is no specific consideration given to EVs and 
HPs within the current connections, planning, and monitoring 
process at HV. This is because individual EV and HP loads 
are connected at LV. However, through the application of 
connection for a set of EV charge points, the connections, 
planning, and monitoring process would be enacted.

2.3.2 Connections / Planning / Monitoring - LV
Connection at LV can be either within a customer’s property 
or at the LV feeder directly. 

As discussed above in Section 2.3.1, only connections, above 
140 kVA or otherwise problematic connections are referred 
to Distribution Planning. Furthermore as discussed above in 
Section 2.1.4, the various regulations that require customers 
to inform their DNO of increases in their electricity usage, or 
changes to their LV connections, are effectively unenforced 
and unenforceable. As such, most LV connections, planning 
and monitoring is reactive, as described below.

Current DNO Activities
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2.3.2.1 Overview
This section gives an overview of the LV connections, 
planning, and monitoring activities performed by the 
Distribution Planning team. 

Because UK Power Networks does not necessarily have 
visibility over additional residential loads being added to 
the network, the LV network is not “planned” as such. Any 
management of the LV network that does take place is 
necessarily reactive, responding to instances of excessive 
load or power quality issues as and when the Distribution 
Planning team becomes aware of them. This means that 
at LV there is no clear boundary between the connections 
process, the planning process, and the monitoring process. 
All processes are required to work interdependently. As 
a result of the LCL trials and load profile modelling it has 
been possible to gain a greater insight into the cumulative 
effects of real-world EVs and HPs in operation. The planned 
deployment of smart metering will improve this network 
visibility further.

The lack of visibility at LV also means that, at present, UK 
Power Networks is limited in the kind of pro-active planning 
it can undertake for the LV network.

The connections, planning, and monitoring process on the 
LV network consists of the following list of stages:

 � Network Operations operatives notice a high frequency 
of fuse failures in a particular area of the LV network or 
customers complain about low voltage;

 � Network Operations operatives check the maximum 
demand indicators placed on distribution transformers;

 � If the field engineer believes that the LV network is being 
run at greater than the rated capacity laid out in the 
standards they will submit a system redesign request to 
the Distribution Planning Team;

 � An attempt is made to reduce the excessive loading by 
relinking the LV network;

 � If the LV network is still running at over its rated capacity 
the Distribution Planning Team will develop a document 
which will contain proposals for network reinforcement, 
which can include any combination of the following;

 — New cables to replace existing cables and service 
transfers if necessary;

 — New LV circuits or link boxes, extension or replacement 
of LV boards, and transformer upgrades;

 — Full equip an existing “LV only” substation; and

 — The addition of a new transformer, either in an existing 
substation that has sufficient space, or in a newly 
established site.

This process has been efficient up to now but this model 
and process will come under greater pressure as the uptake 
of EVs and heat pumps increases.

It is worth noting that UK Power Networks’ policy with 
regard to the operation of distribution transformers (i.e. 11 
kV to 400/230 V) is laid out in Engineering Design Standard 
(EDS) 080115. This document is in turn based on IEC 60354, 
which provides guidance on the loading of oil-immersed 
power transformers.

As per EDS 080115, distribution transformers are generally 
run up to 80% of their nameplate capacity on the LPN 
interconnected network and up to 100% of their nameplate 
capacity on other radial networks elsewhere in LPN. Upon 
reaching those target levels, the connections, planning, and 
monitoring process listed above would be followed (from 
stage 3 onwards).

As with loading monitoring, Power Quality monitoring is 
reactive and only put in place when customers complain 
about low levels of voltage.

In the case of new connections, Distribution Planning will 
not necessarily be informed of the purpose of any new 
load. As such they assume a diversity factor of 80% of the 
capacity of the connection the customer has requested and 
add this to the maximum demand measured at the relevant 
section of the network. If the new load tips that section 
of the network over its rated capacity, then Distribution 
Planning will move to implement network reinforcement.

It should be emphasised that Distribution Planning will not 
have any visibility of a load profile to work with in their 
planning process, and as such, the assumed load is added 
to the maximum demand, even though the two peaks may 
not occur in practice.

2.3.2.2 EVs and Heat Pumps in connections, planning,   
and monitoring at LV
At present EV and HP connections are not considered 
differently to other types of load. This is mainly because 
Distribution Planning is not necessarily aware of the type 
of load that is being connected or the assumed profile of 
the load itself. This process could change in the future if 
the Distribution Planning team had more information about 
typical EV or HP load profiles. 

Current DNO Activities
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This chapter summarises the trials of EVs and HPs undertaken as part of the LCL project, and the analysis undertaken 
by Imperial College London (ICL) on the outputs of those trials. The first two subsections of this Chapter (3.1 and 3.2) are 
summaries of the contents of three reports written by ICL. These reports are listed as follows:

 � Report B1;

 � Report B3; and

 � Report B4.

The final subsection presents the analysis of these trials and describes how they will be applied to the Case Studies.

3.1 Description of Trials
This section describes the EV and HP trials undertaken as part of the LCL project. 

3.1.1 Electric Vehicles
The residential EV data was derived from a sample of 72 participants. These fell into two categories: 47 of them were existing 
EV users with an EV before the trial began and 25 users who had an EV leased to them on a 1 year basis. The commercial 
EV data was derived from a sample of 54 participants. Similarly the commercial participants fell into several categories: 
participants who used passenger vehicles predominantly as a pool car, small business operators using EVs as company cars, 
and fleet operators that used vans or freight EVs on a high duty-cycle.

A mix of EV models was present across all datasets. The 25 new residential users were leased Nissan Leafs. The remaining EVs 
were a mix of Nissan, Smart, Chevrolet, Toyota, Citroen, Mitsubishi, and Reva models. Meters were installed on these vehicles 
to measure reading date and time, active and reactive power, and voltage and current at the charge point. Some of the 
residential vehicles were also fitted with vehicle loggers that measured trip distances, charging event timing, and parking time.

  |  23



The installation of the meters was undertaken between the 
last months of 2012 and the first quarter of 2013. The trial 
started on the 2 April 2013. 

Charging event data was also derived from Source London, 
a new city wide electric vehicle charging network of public 
charging points. Of Source Londons 1,408 charge points, 491 
of them provided data from 22,350 events, involving 1,656 
unique EVs.

The participants in the trial were surveyed on their socio-
economic status and driving habits. The results of these 
surveys formed another dataset, which was linked with the 
residential EV dataset.

In summary, the output of the EV trial consists of four datasets, 
each of which is derived from the following five sources:

 � Meter monitoring data from dedicated charging points at 
10 minute resolution;

 � Vehicle logger data on driving, charging, and parking;

 � Charging events data collected from Source London public 
charging points;

 � Power quality data from EV charge points to monitor 
harmonics; and

 � Trial participant data.

3.1.1.1 Vehicle Logger Data
A subset of the EVs involved in the trial described in Section 
3.1.1 were, fitted with journey data loggers. These data 
loggers recorded when the EVs were Driving (D), Parking (P), 
and Charging (C). The data produced by the data loggers also 
includes the following non-exhaustive list of characteristics:

 � Vehicle ID;

 � Start and end times;

 � Start and end address;

 � Distance travelled;

 � Average and maximum speed;

 � Start and end battery State of Charge (SoC);

 � Energy transferred during charge segment; and

 � A number of other parameters: state of heating/AC, time 
spent in different gears etc.

3.1.1.2 Power Quality Data
EDF Energy and UK Power Networks commissioned a trial 
during the Olympic Games to study the voltage quality 
of charging EVs. This trial took place from 10 July 2012 to 
17 October 2012. The EV charge points were located at six 
different sites. The details of the charging sites and the 
parameters recorded by the Power Quality Meters (PQMs) 
are summarised in Table 3 below. 

Table 3: Details of charging sites, recording 
dates, and measurement parameters

Charging Site Dates Measured

ExCel London 20th July 
2012 until 18 
October 2012

 � Voltage RMS;

 � Current RMS;

TC L6024 20th July until 
18th October 
2012

 � 3 Phase Unbalance;

 � Real Power;

 � Reactive Power;

TC L6024 
Olympics 
Village

10 July 2012 
until 08th 
October 2012

 � Apparent Power;

 � Power Factor;

Westfield M1 19th July 2012 
until 17th 
October 2012

 � Current Unbalance;

 � Flicker;

Westfield M5 19th July 2012 
until 17th 
October 2012

 � THD;

 � Voltage Harmonics 1-50; 
and

 � Current Harmonics 1-50;

Furthermore, ICL created a breakout box to connect in-
between the AC charging station and an EV. During this 
phase of the trial, two vehicles were utilised: Nissan Leaf 
and Peugeot iOn. 
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3.1.2 Heat Pumps
This section describes the HP trials undertaken as part of the 
LCL project.

As part of the trial two companies were contracted to 
measure individual HP loads. These were the Energy Savings 
Trust (EST) and Passiv Systems. The period of measurement 
was specified to capture data over the coldest period of the 
winter, between the end of January 2014 until the beginning 
of March 2014, so as to capture data over a period when 
there is high demand from the HP due to low external 
temperatures. The trial population consisted of 10 EST sites 
and 8 Passiv sites.

The electrical information that was measured is listed as follows:

 � Voltage (RMS);

 � Current (RMS);

 � Power factor;

 � Apparent power (VA);

 � Active power (W);

 � Reactive power (VAr);

 � THD of voltage;

 � THD of current;

 � RMS of the odd voltage and current harmonics from 1st 
to 49th;

 � Phase of the harmonics measured; and

 � Frequency (Hz).

Furthermore, HP operational data was collected using 
internal or external sensors. The HP information that was 
measured is listed as follows:

 � Inlet and outlet water temperature of the heat pump;

 � Outside and inside air temperature of the property;

 � Heat pump mode (off, standby, on, defrost cycle, 
compressor on); and

 � Flow rate of the pumps.

Finally, the following metadata was collected for the houses 
in which the HPs were to be installed:

 � Number and location of radiators included any under-
floor heating;

 � Designed water temperature of the heating/hot water 
systems;

 � Property area and volume;

 � Approximate year of construction;

 � Insulation installed;

 � Percentage of windows and walls; and

 � Type of windows (single or double glassed).

It should be noted that metadata was not provided for the 
EST sites.

3.2 Trial Conclusions
This section presents a summary of ICL’s conclusions based 
on the EV and HP trials.

3.2.1 Electric Vehicles
ICL’s analysis focused on identifying the energy requirement 
for EV charging, temporal variations in charging demand, 
and statistical diversity of charging demand as a function of 
the number of EVs. This section is split into four subsections 
detailing ICL’s conclusions concerning residential charging 
demand, commercial charging demand, and the use of 
public charging points and harmonic analysis.

Low Carbon London Trials   |  25 |  25



3.2.1.1 Residential Charging Demand
ICL concluded that most vehicles in the residential EV dataset charged at 3.7 kW (i.e. 16 amps), although both higher (up to 7.4 
kW) and lower (1.7 kW) maximum charging powers were found. A typical complete set of charging events for an individual 
vehicle over the trial period is shown in Figure 10 below. 

Figure 10: Charging events for a single residential EV during the trial period

A typical charging event lasted for a few hours. An example residential charging event is shown in Figure 11 below.

Figure 11: Demand profile for a typical residential charging event, with battery charged to 
maximum capacity
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The average profile for all the residential EVs on the trial over each 144, 10-minute interval during the day is shown in Figure 12 below.

Figure 12: Average charging profiles per EV for different days of the week

Notable conclusions about these average profiles are:

 � The average contribution from EVs to residential peak demand is an additional 0.3kW per household, for a residential network 
with more than 50 EV users;

 � Peak demand for residential EV charging occurs around 9pm in the evening;

 � The bulk of charging energy requirements is generally supplied between 6pm and midnight;

 � The charging demand on workdays is higher than during weekends;

 � Average daily requirement is 3.68 kWh for workdays and 3.09 kWh for the weekend;

 � Evening demand for charging is higher on Sunday than on Saturday, presumably due to the users charging to prepare for the 
start of the working week;

 � The charging demand over the working week is higher than for weekends in the morning between about 5am and 11am; the 
situation then reverses between 11am and 5pm, which is when the weekend demand exceeds that of a working day; and

 � Users are at home for longer and start their activities later during the weekends;

In order to design a robust network, planners are typically most interested in the “worst case scenario”, i.e. the maximum 
aggregate EV demand that can be expected. To determine this worst case scenario ICL determined the maximum value of 
charging demand per EV across the trial period for each of the 144 10-minute intervals of the day.
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To determine the statistical variation in residential EV demand, ICL determined the following profiles:

 � 95th percentile for all observations in each interval;

 � 99th percentile for all observations in each interval;

 � Sum of average charging profile and 2 standard deviations in each interval; and

 � Sum of average charging profile and 3 standard deviations in each interval.

These values are shown in Figure 13 below.

Figure 13: Maximum expected charging profiles per EV for different probability levels.

For further analysis in Case Study 1 and 2, the average charging power curve was used. For Case Study 3, a selection of 
individual 24 hour EV charging profiles were used. These profiles were selected based on their average matching the overall 
average curve shown in Figure 13. Further information on this can be found in Section 3.3.1. Notable conclusions about these 
statistical profiles are presented in the following from the Report B1:

 � Distribution of observations in each interval is generally not normal;

 � The profiles reflect fairly well the expected probability levels for normally distributed variables;

 � The profiles corresponding to the 95th percentile and average value plus 2 standard deviations are very similar, with the peak 
of around 0.6 kW;

 � The profile for the 99th percentile has a peak of 0.76 kW, as it does not include the most extreme values recorded in the 
maximum demand profile that form the tails of the distribution of observations; 

 � The average profile plus 3 standard deviations, which would exceed about 99.9% of observations in a normal distribution, 
generally exceeds even the maximum demand profile per EV, resulting in the highest diversified peak demand of 1.07 kW; and

 � This would still imply a diversity factor of around 30% as relevant for the residential EV sample of this size.

ICL identify a clear trend towards increasing maximum peak demand for smaller sample sizes. The diversity factor ICL have 
determined for the number of EVs in the different sample sizes is shown in Figure 14 below. For each subsample size the 
mean, maximum, and minimum values of diversity factor are depicted across all 10 random draws.
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Figure 14: Diversity factor for different subsample sizes of the residential EV data

Underlying these curves are the charging behaviours and the average daily distances reported earlier in the report and 
analysed in more detail in the ICL report. We should not expect these load curves and diversity curves to change unless these 
behaviours changed. 

3.2.1.2 Commercial Charging Demand
ICL concluded that individual commercial vehicle charging profiles were similar to residential EVs. Charging levels were also 
similar, with most commercial vehicles charging at 3.7 kW (i.e. 16 A); although both higher (up to 7.3 kW) and lower (1.2 kW) 
maximum charging powers were also seen. 

ICL produced average charge profiles using all 26 commercial EVs with non-zero charging profiles. These average charge 
profiles for the single-phase commercial vehicles are shown in Figure 15 below.

Figure 15: Average charging profiles per EV for the single-phase commercial vehicles for 
different days of the week
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Figure 16: Maximum expected commercial EV charging profiles for different probability levels: 
single phase

ICL made the following in-depth comments on Figure 16:

 � Peak demand for commercial vehicles connected to single-phase meters occurred around 10am in the morning; 

 � The bulk of charging energy requirements is generally supplied between 8am and 8pm;

 � During workdays, secondary peaks in charging demand can be observed around 5pm; 

 � This is broadly consistent with the expected use of pool vehicles and company cars, where many of them are plugged in, in the 
morning around the start of business hours, while some are gradually connected during the day after they have been used; and 

 � Very few of these vehicles start charging after 6pm.

The average charge profiles for the 3-phase commercial vehicles are shown in Figure 17 below.

Figure 17: Average charging profiles per user among the 3-phase commercial participants 
(delivery vans) for different days of the week
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Figure 18: Maximum expected commercial EV charging profiles for different probability levels: 
3-phase

ICL made the following in-depth comment on this chart:

 � The energy requirements and the peak demand are an order of magnitude higher than in the first subgroup; 

 � This is not surprising given the higher mileage driven by delivery vans and their higher specific consumption per kilometre; 

 � Rapid increase of charging demand on weekday afternoons; 

 � Charging power per meter increases from virtually zero to about 2 kW between 3pm and 6pm; it remains at a fairly high level 
afterwards, until charging finishes overnight; 

 � Days from Monday to Thursday have very similar charging profiles; 

 � Evening charging on Friday shows demands pick-up in late afternoon is followed by a drop towards 9pm, after which the 
demand increases again;

 � Demand on Sunday is virtually zero; and

 � Saturday there appears to be a steady decline from a rather high level, enabling a full charge of van batteries before the start 
of the next working week.

ICL conclude that the diversity factor for commercial EVs was about 29%. This is lower than the equivalent figure for a similarly 
sized residential sample, which would be about 50%. ICL attribute this to the lower overall charging demand for commercial EVs.

ICL did not produce subsamples of the commercial EVs in the same way as they for the domestic EVs, as they felt the sample 
size of 16 commercial EVs was too small. The statistically derived charging profiles for commercial EVs are shown in Figure 
17 and Figure 18. As with the residential sample, these profiles include the 95th and 99th percentiles, as well as the average 
charging profile along with 2 or 3 standard deviation lines.

ICL make the following comments on the chart shown in Figure 17 and Figure 18:

It is again possible to note the similarity between the 95th percentile profiles and the average plus 2 standard deviations. The 
maximum charging profiles contain outliers that are not captured by 3 standard deviations from the average, especially in the case 
of single-phase users where the 9am peak is not captured. The average plus 3 standard deviation profile peaks at 0.57 kW and 5.3 
kW for single- and 3-phase users, respectively. 
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3.2.1.3 Use of Public Charge Points
The analysis of charging events undertaken by ICL was derived from the Source London data collected between 1 October 2012 
and 6 February 2014. This data was based on 491 charge stations operated by four Charging Network Operations (CNOs). A total 
of 1656 EVs used the public charging infrastructure over 22,350 recorded events. The total energy delivered through the 491 CPs 
amounted to 82 MWh.

The key finding was that, at the time of rating both the penetration of EVs and the charging behaviour of EV owners is leading 
to a low level of usage of the current charge post infrastructure. Both domestic and commercial EV owners appear to be using 
public charge posts as an “insurance” policy and not regularly charging from them as part of their routine. It is unreasonable to 
be pricing up charge post connections based on their full rated demand; cables need to have the appropriate short-circuit and 
cyclic rating but we are many years away from a row of charge posts actually being fully occupied and showing its full rating to 
an upstream transformer. To avoid holding back the market, it might be appropriate to roll increasing utilisation of public charge 
posts into a general load growth estimate and carefully monitor the distribution and likelihood of transformer upgrades. 

Figure 19: Charging events per day on Public Charge Posts

3.2.1.4 Power Quality
To assess the impact of EV charging on power quality, data from field trials and data monitored during from the charging of EVs 
used during the London Olympic games 2012 was examined. 

From the Olympic data set, the following observations were made: 

Harmonic Current

 � There is a variation in the measured harmonic current from the 6 sites that were monitored. This could be due to existing 
background harmonics on the network or the use of active filters on some of the sites to mitigate the pollution from EV 
charging;

 � The most significant harmonic current contribution is the 3rd order harmonic;

 � There is a significant difference between the peak harmonic current and the mean harmonic current. This is expected because 
there will not always be cars connected to the charge points. However, the peak harmonic current may be more indicative of 
what to expect on a feeder when an EV is charging; and

 � The output harmonic current increases with the phase current. This implies that either the third harmonic current increases 
with the number of cars charging. Or that the third harmonic current increases as a function of individual EV charging current.
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Harmonic Voltage 

 � There is little evidence to show that the charging of EVs have had an impact on the harmonic voltage. The harmonic. A 
possible explanation for this is the effect of the active power filter at the EV charging station.

From the field trials data set:

 � It is not possible to provide a typical harmonic load of an EV. The data showed that there is a variation in the level of harmonic 
contribution from EV charging. The data suggests that the location of the EV charging affects the harmonic current of the EV; and

 � Similar to the Olympics data, the 3rd harmonic is also shown to have a significant impact though under some charging events 
the 5th and 7th order harmonics are also major contributors.

The maximum third order harmonic current to flow on the network current from EV charging was as high as 1.2 A for an EV 
charging at 13 A.

3.2.2 Heat Pumps
This section presents a summary of LCL’s results for the heat pump trials. These trials primarily focused on examining the 
power quality impact of HPs. In total, the assessment considered power quality data from 18 HPs. 

3.2.2.1 Harmonic Current
The harmonic outputs of the HPs were examined with the aim of characterising the harmonic output of an HP for use in 
network studies. The mean (averaged over time) harmonic current for the third, fifth, seventh, ninth, eleventh, and thirteenth 
harmonics is plotted in Figure 20 below. Each harmonic is represented by a different colour of bar.

Figure 20: Mean current magnitude for the third, fifth, seventh, ninth, eleventh, and 
thirteenth harmonics for all heat pumps in the trial
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Figure 20 shows that there is an appreciable variation in the harmonic content generated depending on the particular HP being 
considered, i.e. some brands of heat pump produce more harmonic pollution than others. However, there is a consistent and 
significant contribution of third and fifth order harmonic currents. The maximum current magnitude was also analysed and this 
is shown in Figure 21. 

Figure 21: Maximum recorded harmonic current for the HPs

While there is large variation in the maximum harmonic current between brands of HP, as was the case with the mean current 
magnitude, in general the third and fifth harmonics [purple and dark blue] were highest. The maximum harmonic current 
recorded in the trial was 7.5 amps, measured in the third harmonic. This suggests that regulating the specification of the HP 
could directly affect the power quality that manifests on the network as a result of HP operation. It is therefore recommended 
that these harmonic contributions are monitored. 

3.2.2.2 Harmonic Voltage
The trial data showed that the third harmonic voltage for the HPs was generally less than 3 V. The G5/4-1 planning limit is 4% 
of 230 V (i.e. 9.2 V).

In addition, it is typical that there would be a correlation between the harmonic current and the harmonic voltage for each 
HP. However, over half of the HPs showed a low correlation between the harmonic voltage and harmonic current. This implies 
that the HP was having a weak effect on the local voltage distortion because that distortion was largely due to other distorting 
loads in the area of the network being monitored.

That said, some HPs had caused an effect on the harmonic voltage however without further information on the other distorting 
loads in the neighbourhood, further analysis was not possible.

3.2.2.3 Voltage Flicker
Only 9 of the 18 power analysers used in the trial recorded voltage flicker and tests did not compare flicker before and after HP 
installation. ICL looked at the correlation between the measured voltage flicker and the HP output power. ICL reasoned that a 
strong correlation would suggest that flickering might be caused by HPs. No strong correlation was observed, suggesting HPs 
do not affect voltage flicker.
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3.2.2.4 Voltage Sags and Swells
The maximum, mean, and minimum voltage was recorded over the full duration of the trial, between the end of January and 
the beginning of March 2014. These figures are shown for each HP in Figure 22 below. The black dotted lines in the figure show 
the statutory GB voltage limits of 230 V plus 10% and -6% (i.e. 216 V and 253 V).

Figure 22: Maximum, mean, and minimum voltage observed at each HP site over the duration 
of the trial

As can be seen in Figure 22, the voltage remained within the limits for most of the HPs. Some low voltage events are 
observed with HPs number 15, 17, 19 and 20. It is thought that these were due to short duration events, which they feel are 
better-described as dips and sags and are likely the result of a fault and its clearance. HP number 2 recorded a low voltage 
event right at the statutory limit. It is not possible to determine if this voltage sag was caused by the load on the network or by 
a fault since substation loading data was not monitored simultaneously. 

Several recordings of voltages above the statutory maximum are observed, but these were attributable to other network 
events rather than the operation of the HPs.
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3.2.2.5 Reactive Power
The maximum, mean, and minimum reactive power for each HP was recorded. This data is shown in Figure 23 below. 

Figure 23: Maximum, mean, and minimum recorded reactive power

The majority of the reactive power consumption from the HPs was negative. Thus the HP can be considered a source of 
reactive power, and represents a capacitive load on the network, and a leading power factor can develop, where the current 
leads the voltage up to a maximum of 90° of phase (whilst a purely resistive circuit would have both current and voltage in 
phase, and a purely inductive circuit would have a lagging power factor, with current lagging voltage by 90° of phase.) With 
the harmonics study, there are substantial differences between different HP brands and therefore, without any regulation or 
agreed restriction regarding effects and performance (in terms of power quality impacts) of operating HPs, there is a chance 
that these distortions on the network could affect the wider consumer community through deterioration in the power quality 
that is experienced at feeder and phase level.

3.2.2.6 Heat Pump Modelling
Further to the examination and conclusion from the trial data, models were utilised in order to assess the wider network 
impact of HPs. 

In Report B3, by using a modelled network and the observed HP trial data the effect of clustering was examined and the large 
amount of low order harmonics caused the harmonic voltage drop to be outside of the planning standard G5/4-1. Assuming 
that the heat pumps studied in the trial were not connected to a feeder with many other heat pumps, connecting a single heat 
pump to the feeder does not impact on the power quality. However, while each heat pump may comply with the standard EN 
61000-3, a large number of heat pumps will be detrimental to the power quality.

Additionally, a model was produced to examine the effects of low voltage distributed energy resources on network utilisation, 
as described in Report B4. This modelling included both solar Photo-Voltaic (VP) and HP technologies. The modelling process 
for HP analysed the effect of varying levels of HP market penetration and varying levels of average temperature on the 
distribution network. In the case of the HPs, the output of this modelling was an estimate of additional peak load daily increase 
for each of the scenarios. The results of this modelling are shown in Table 4.
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Table 4: Heat pump daily load increase at different average temperatures

Scenario Percentage peak daily load increase over baseline at

5% penetration 10% penetration 15% penetration 20% penetration

Scenario 1  
(-4°C average)

19% 33% 48% 72%

Scenario 2  
(0°C average)

9% 18% 32% 39%

Scenario 3  
(4°C average)

9% 14% 18% 25%

Scenario 4  
(7°C average)

5% 7% 11% 15%

Figure 24: Heat pump daily load increase at different average temperatures

The application of these load profiles at the specified temperatures was applied to a particular distribution substation in the 
Merton EIZ LV network model and determined the patterns of loading on a secondary distribution transformer in the Merton 
EIZ. These patterns are shown in Figure 24 and Figure 25.

The Merton EIZ was also used in the Case Study 3 analysis though the application of heat pump loads was different to that 
devised for the ICL review. 
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Figure 25: Loading on distribution transformer for average temperature of -4 degrees

Figure 26: Loading on distribution transformer for average temperature of +7 degrees centigrade

 

3.3 Characteristic Profiles
This section presents the “typical” or “representative” demand profiles for EVs and HPs that were derived from the LCL trials. 
These demand profiles will be utilised in the development of the Case Studies, in Chapter 4 of this report.
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3.3.1 EV profile determination
The EV profile developed from the trial data differs from that used for the original RIIO-ED1 in that the original model used 
an assumed 40km standard daily use, linked to the end-of-journey charging location type (residential, commercial, or 
public charge point) with a standard charging duration assumption based on the energy efficiency of a suite of various EV 
performance specifications. 

From the trial data that was available, a new set of EV load profiles was developed by ICL. The data collected in the trials 
provided a means of deriving a diversity factor dependent upon the statistical variation of EV use, the number of units 
assumed as being operated during any specific period, and consumer habits. For the purpose of the Case Studies, diversity will 
not be directly applied as the final diversified, or average, profiles will be used.

The average load profiles developed by ICL use an energy consumption derived profile based on the trial data. A different 
profile was developed to represent the different charging events that are to be expected on the network – residential, 
commercial (both 1-phase and 3-phase), and public charge points. 

The average characteristic EV profiles that ICL developed are shown in comparison to the original Element Energy EV profiles 
below. As can be readily seen the revised profiles that resulted from the ICL trial data are significantly different in profile and 
magnitude when compared to the original profiles. 

Figure 27: Residential EV load profiles

 

Figure 28: Commercial EV load profiles
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Figure 29: Public charge points EV load profiles

3.3.2 HP profile determination
In the original process, the annual electricity demand of the HP is scaled for different household sizes among the domestic 
consumer archetypes using a profile shape that was determined from Carbon Trust trial data measuring the thermal demands 
of a variety of different UK house types. However, at the time of development of this model, there was limited real heat pump 
data available showing the different operational models used for various heat pump installations (e.g. timer based diurnal 
operation modes versus continuous operation throughout the day). The HP data obtained as part of LCL offers the opportunity 
to expand the model to encompass various operational regimes. 

The HP trial focused on 18 sites with HP monitoring equipment installed over the coldest period of the winter, between the end of 
January 2014 until the beginning of March 2014, so as to capture high demand from the HP when external temperatures were low.

Figure 30: Original normalised profile of a single heat pump 
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As can be seen in the normalised HP in Figure 30, there are definite peaks visible in the morning and evening, corresponding to 
periods of maximum thermal demand, with the demand for all seasons nearing zero in the early morning. It can be reasonably 
expected that heat pumps utilising a continuous operation profile during the colder months will have a flatter load profile.

The daily average daily profile for February was then determined, as shown in Figure 31. This profile was extrapolated over the 
entire year using the original heating load allocation monthly distribution as shown in Figure 30. The new normalised profile, 
shown in Figure 31 has a much flatter, more continuous profile than that originally used. 

Figure 31: Normalised ICL profile of a single heat pump

The trial derived a set of normalised profiles are thought to be more representative of real-world HP load profiles than the 
initial twin-peaked profiles that were used previously.
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4.1 Case Study 1
Key Question: What is the effect of new load profiles derived in LCL on current load growth forecasts?

The modelling in this Case Study places its emphasis on examining the effects of the new EV an HP load profiles derived from the 
LCL trial data on UK Power Networks load growth forecasts. As mentioned previously, historic load growth forecasts use modelled 
profiles – see Section 2.2. In Case Study 2, this examination is extended to consider the effects of different uptake scenarios. 

4.1.1 Background 
This Case Study uses the new load profiles derived from the empirical LCL trial data and applies them to the Element Energy 
load forecasting tool (a description of the EE tool can be seen in Section 2.2.2); with the objective to identify if the new data 
yields any substantially different forecasts. It also provides an overview of the impact of the difference in the outputs, in 
particular considering the changes in the projected reinforcement requirements.

Figure 32 and Figure 33, below, show the uptake assumptions for EVs and HPs used in the UK Power Networks RIIO-ED1 
business plan for the LPN licence area. Going forward, in the examination conducted in this Case Study the RIIO ED1 uptake 
scenario is used as the benchmark for analysis since this was the core scenario on which UK Power Networks RIIO-ED1 
business plan was based. 
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Figure 32: EV Uptake scenarios 2014-2050

 

Figure 33: Domestic HP uptake scenarios 2014-2050
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Using the RIIO ED1 uptake scenario and the previously modelled profiles in the EE tool – subsequently referred to as the “RIIO 
profiles” – the load growth projection for LPN, for the period examined, is shown in Figure 34. 

Figure 34: LPN RIIO SCENARIO load growth forecast

It highlights the relative contribution made by the various constituent loads that are considered in the EE tool. The contribution 
from EV and HP load that has been modelled would appear to have only a very limited effect on the overall load growth 
that is projected up to 2050. In order to more fully appreciate the contribution of LCTs to the overall load growth, their load 
growth contribution has been separated from the overall load growth and charted in Figure 35 below. This shows that the EV 
proportion of the LCT forecast load growth amounts to about 17% by 2050, with non-domestic HPs as 56%, and domestic HPs 
about 28%. And relative to the overall load growth for LPN in the same period, EVs account for less than 1% by 2050, with non-
domestic HPs as circa 2%, and domestic HPs about 1%. 

Figure 35: LPN RIIO SCENARIO load growth forecast – EVs and HPs
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4.1.2  Main Observations 
A summary of the various scenarios modelled is shown below in Table 5. 

Table 5: Case Study 1 - models 1 to 3

Model EV Uptake Scenario HP Uptake Scenario EV Profile HP Profile

1 RIIO RIIO RIIO RIIO

2 RIIO RIIO LCL LCL

3 0 0 0 0

Model 1: This model represents the outcome of the RIIO ED1 business plan core scenario. It is the model against which the other 
models will be assessed. The output of this model shows a minor effect on the LPN network as a result of the uptake of EVs 
using the RIIO profiles and RIIO uptake scenarios. By 2050 the peak load contribution of EVs is ~84MW relative to the LPN peak 
of 16,620MW. Similarly, the contribution of domestic HPs under the RIIO uptake scenario and RIIO load profile is approximately 
twice that of EVs under at ~151MW. This forecast form this model suggests that the following volume of network reinforcement 
will be required by the end of the period – 2050. Applying the primary substation firm capacity ratings against the forecast, it is 
estimated that by 2050 there will be 95 of 107 LPN primary substations and 5931 of 14334 LPN secondary substations requiring 
reinforcement. However, the data suggests that this will be primarily driven by organic load growth over the period. 

Model 2: In this model, the LCL EV and HP load profiles are used in place of the modelled profiles used in model 1 to draw a 
new forecast. The resulting forecast shows that the new profiles have a very marginal effect on the projected reinforcement 
requirements compared to the baseline of model 1. It shows a circa 1% decrease in the primary substation reinforcement 
requirements and a less than 1% decrease in secondary substation reinforcement requirements - over the period modelled. This 
is equivalent one less primary substation and circa 30 secondary substations, for which reinforcement is not required. In terms 
of the peak demand contribution, with using the EV and HP profiles derived from the LCL trials, the contribution of EVs and HPs 
to the LPN peak demand is 489MW in the year 2050, representing 3.0% of LPN load peak demand in that year. This outcome 
reinforces and validates the modelling that has been conducted to develop the UK Power Networks RIIO-ED1 business plan.

Model 3: In this model, no EV or HP loads are applied in order to quantify the effect of EV and HP loads on load forecasts. 
Comparing this model output to model 1 shows that the addition of the EV and HP loads to the distribution network has 
the effect of introducing a circa 1% increase in the primary substation reinforcement requirements and a 4 - 5% increase in 
secondary substation reinforcement requirements - over the period modelled. This is equivalent one less primary substation 
and circa 235 secondary substations, for which reinforcement is not required. This highlights an important conclusion that the 
low voltage network will bear most of the burden of EV and HP loads. 

The following charts are a comparison of the differences in the models highlighted above. 
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Figure 36: forecast reinforcement requirements – model 1 to 3
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In addition to examining the effects of the new profiles on the current load forecast benchmark, the impact of the new profiles 
was assessed individually using the models highlighted in Table 6 below: 

Table 6: Case Study 1- models 4 and 5

Model EV Uptake Scenario HP Uptake Scenario EV Profile HP Profile

4 RIIO RIIO LCL RIIO

5 RIIO RIIO RIIO LCL

Model 4: This model shows that the substituting the RIIO EV profile for the LCL EV profile makes no marked difference to the 
reinforcement requirements on the network, compared with model 1. This suggests that the application of LCL EV profiles alone 
has no additional impact on the RIIO reinforcement projections. With regards to peak load contribution in this model against 
model 1, the projection reflects a negligible 0.03% increase on the peak load demand at the end of the period. As mentioned 
previously, this slight change is attributed to the LCL and RIIO profiles being similar, in terms of peak load contribution. 

Model 5: Similarly, this model highlights the impact of just the new HP profile against model 1. We find a very minor reduction 
in the overall load growth of 57MW by 2050. This translates into a reduction in the reinforcement requirements by circa 1% for 
primary substations and less than 1% for secondary substations. While this result may seem surprising at first glance, it is due 
to the LCL HP profile having a flatter profile than the RIIO HP profile which, for the same heating energy demand over the day, 
results in lower peak energy demand on the network. The effect on the peak load demand in this model compared to model 1 
is a 0.3% decrease at the end of the period, which shows that although there is a drop it is only slight. 

The following charts are a comparison of the differences in the models highlighted above. 
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Figure 37: forecast reinforcement requirements – model 4 and 5

Case Studies

69

70

71

72

73

Model 3: 
Zero LCT uptake

Model 1: 
RIIO Scenario

Model 4: 
LCL EV profiles

Model 5: 
LCL HP profiles

Nu
m

be
r o

f S
ub

st
at

io
ns

re
qu

iri
ng

 re
in

fo
rc

em
en

t 

Scenario

Number of primary substations requiring 
reinforcement between 2015 - 2050 

Primary

1000

2000

3000

4000

5000

6000

7000

2015 2020 2025 2030 2035 2040 2045 2050

Cu
m

ul
at

iv
e 

nu
m

be
r o

f
su

bs
ta

tio
ns

 re
qu

iri
ng

 re
in

fo
rm

en
t 

Year

Secondary Substations requiring 
reinforcement between 2015 - 2050 

Model 1: RIIO Scenario
Model 3: Zero LCT uptake
Model 4: LCL EV profiles
Model 5: LCL HP profiles

4400

4450

4500

4550

4600

4650

4700

4750

4800

Nu
m

be
r o

f S
ub

st
at

io
ns

re
qu

iri
ng

 re
in

fo
rc

em
en

t 

Number of secondary substations requiring 
reinforcement between 2015 - 2050

Secondary

Model 3: 
Zero LCT uptake

Model 1: 
RIIO Scenario

Model 4: 
LCL EV profiles

Model 5: 
LCL HP profiles

Scenario

48  |  48  | 



The examination in this Case Study has reinforced and validated the modelling that has been conducted to develop the UK Power 
Networks RIIO-ED1 business plan. It has highlighted the impact of the LCL derived EV and HP profiles on UK Power Networks 
current RIIO ED1 load growth forecasts and reinforcement requirements. It is important however to note that this is based on 
one stage of the business plan development of reinforcement requirements. As mentioned in Section 4.2 there are several more 
considerations that are taken in a more rigorous and time consuming process to make the final assessment on the volumes that 
have gone into the business plan. The approach taken here is only indicative but considered suitable in the timescales available. 

Case Study 2, to follow, will examine the effect of variations in EV and HP penetration on these load growth forecasts and 
reinforcement requirements. 

4.2 Case Study 2
Key Question: what is the effect of different uptake scenarios using the new profiles?

This Case Study examines the impact on load growth forecasts for the different uptake scenarios, using the new 
derived LCL profiles. 

4.2.1 Main Observations
A summary of the various scenarios modelled, is shown in Table 7. 

Table 7: Case Study 2 – models 6 to 11

Model 
No.

EV Uptake Scenario HP Uptake Scenario EV Profile HP Profile

1 RIIO RIIO RIIO RIIO

6 DECC – Low RIIO LCL RIIO

7 DECC – Medium RIIO LCL RIIO

8 DECC – High RIIO LCL RIIO

9 RIIO DECC – Low RIIO LCL

10 RIIO DECC – Medium RIIO LCL

11 RIIO DECC – High RIIO LCL

In the models examined in this Case Study – models 6 to 11 highlighted above – the EV and HP load profiles were applied 
in a number of combinations to see the effect that each had on the load growth projections up to 2050. The load growth 
projections in model 1 are taken as the benchmark against which load forecast outcomes of the other models are compared to 
examine the effects of varying uptake on projected reinforcement requirements. 

Examining models 6 to 8, by varying the uptake of EVs and keeping all else fixed the LCL profile for EVs, the RIIO profile for 
HPs and the RIIO uptake for HPs, we observe no change in reinforcement required at primary substation level however a 
steady increase of additional reinforcement required at secondary substation level as EV uptake increases. With the maximum 
additional reinforcement of 181 secondary substations required for the DECC high EV (model 8) uptake scenario in comparison to 
the current RIIO scenario (model 1). 
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Figure 38: forecast reinforcement requirements – model 6 to 8

Examining models 9 to 11, by varying the uptake of HPs and keeping all else fixed, the LCL profile for HPs, the RIIO profile for EVs 
and the RIIO uptake for EVs, we observe limited difference between primary substation reinforcement requirements across the 
DECC HP uptake scenarios. Conversely the secondary substation reinforcement shows a decrease in reinforcement required when 
using DECC HP low (model 9) scenario compared to RIIO (model 1), however an increase in reinforcement requirements for DECC 
medium (model 10) and high (model 11) uptake scenarios. The greatest variance in reinforcement is between DECC low uptake 
scenario and DECC high uptake scenario which equates to an additional 263 secondary substations requiring reinforcement. From 
Figure 39, the observed drop in secondary substation reinforcement requirements from the RIIO scenario (model 1) to the DECC 
low scenario (model 7) is owing to similar projected volumes in the two models and the effect of the reduced contribution to peak 
demand in the LCL HP profile. As mentioned previously, the LCL HP profile having a flatter profile than the RIIO HP profile which, for 
the same heating energy demand over the day, results in a lower peak demand contribution. 
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Figure 39: forecast reinforcement requirements – model 9 to 11

The examination in this Case Study highlights that there are significant implications, from the variation of EV and HP penetration 
on distribution network assets, load growth forecasts and reinforcement requirements. This could adversely affect security of 
supply and the costs of maintaining the network. Therefore it is recommend that the uptake, the associated drivers and the 
indicators of uptake, for these low carbon technologies are monitored proactively in order to maintain appropriate load 
growth forecasts. 
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4.3 Case Study 3
Key Question: What voltage level do the new profiles suggest investment/monitoring efforts should be focused? 

4.3.1 Background
This Case Study is intended to examine the effect of residential EV uptake on a sample LV distribution network. It will also 
determine at what level the impact of new EV loads will be seen. This was achieved by creating a detailed model of part of 
the LV network using the D-Plan modelling software. The LV network modelled in this examination is the Merton Engineering 
Instrumentation Zone (EIZ). This EIZ consists of 13 distribution substations, 44 LV feeders, and 3313 Meter Point Administration 
Numbers (MPANs). These are all associated with the Merton primary substation in the LPN area.

As mentioned previously, DECC have produced forecasts of the uptake of EVs (Low / Medium / High). This Case Study will use 
these forecasts, scaled and applied to be representative of the LV network examined, with the LCL derived residential EV load 
profiles presented in Section 5.1.1. It will examine the most susceptible nodes on the LV network, to new EV load, in order to 
propose monitoring practice that can be adopted, as well as how this will influence investment plans.

In order to achieve this, EV load will be introduced to the modelled network over the period covering 2014 to 2031, and the 
volume of current and voltage violations, as well as the nodes on which they occur, will be analysed. Finally, it is important to 
note that varying EV load profiles were applied to the network progressively so that the effect of diversity as identified from 
the LCL trials is replicated. 

Figure 40 below illustrates the application of the DECC uptake scenarios to the Merton EIZ i.e. the volume of EVs on the network 
for each year modelled. And Figure 41 below shows the residential (non-EV) load growth applied.

Figure 40: DECC projected Electric Vehicles in the Merton EIZ
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Figure 41: Background load growth for Merton EIZ

Finally, the data used for the network demand in the model for year 0 (2014) was sourced from the actual substation data 
recorded from the Merton EIZ. The background load growth forecast was then applied to this to execute the model. The profile 
used for the residential loads that make up the demand in year 0 are derived from the LCL Smart Meter trial. 

4.3.2 Scenarios
The following is a description of the approach taken to define the scenarios examined, in terms of the distribution of EV loads 
on the model network; 

Table 8: Balanced vs unbalanced scenarios

 Balanced distribution Unbalanced distribution

Distribution 
Transformer

Even distribution of EVs throughout each 
transformer, allocated via ratio with MPANs

Individual transformers have a higher allocation of 
EV on their feeders than other transformers

(80% of all EVs to six transformers with three 
highest and three lowest number of MPANs)

Feeder Even distribution of EVs for every feeder, 
allocated via ratio with MPANs

Individual feeders have a higher allocation of EV 
than other feeders

(80% of feeders to feeder with most MPANs at 
that substation)

Phase Even allocation of phases to MPANs A high proportion of MPANs allocated to a 
particular phase 

(50% to A, 25% to B, and 25% to C)
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The combinations of scenarios examined in this Case Study are presented in Table 9 below.

Table 9: D-Plan Scenarios

DECC Uptake Scenario Balanced / Unbalance Asset Level to  
be Unbalanced

NB0 None (baseline). Balanced n/a

HB0 High Balanced n/a

MB0 Medium Balanced n/a

LB0 Low Balanced n/a

HUD High Unbalanced Distribution T/X 3

HUF High Unbalanced Feeder

NUP None (baseline) Unbalanced Phase

HUP High Unbalanced Phase

4.3.3 Definitions and Starting Assumptions
Outputs from the D-Plan modelling were reviewed in terms of voltage and current violations for the different load and uptake 
scenarios, from 2014 to 2031. These dates cover the first two RIIO price control periods. The conditions outlined below which 
define these violations were chosen to replicate conditions under which network reinforcement would be required. 

4.3.3.1 Voltage
Voltage violations analysed here are defined as any quarter-hourly instance in which the voltage is at or below 10% (90% 
of nominal voltage) at any of the 5,080 nodes modelled for the LV network. For example if the voltage at a node breaches 
the limit from 09:00 to 09:45, three violations will be recorded – one for each quarter-hour. While the regulatory lower limit 
for voltage is in fact -6% (94% of nominal voltage), a lower value was selected to represent “actionable” violations, i.e. 
violations between -6% and -10% would be rectified via local switching or load reallocation without the need for any network 
reinforcement works.

4.3.3.2 Current
The modelled network comprises 5,308 cable sections, each having a maximum current capacity based on construction and 
dimensions. For the purpose of this study, current violations are assessed via two specific techniques. In both cases the limiting 
values were selected in light of discussion with UK Power Networks Distribution Planning engineers.

 � Against the cable ratings of the individual feeder branches - Currents above 160% of this rating were deemed likely to 
necessitate remedial action;

 � Against a value that would result in probable fuse operations - Standard LV feeders were assumed to be fused at 400A so any 
excursion above this level was recorded as requiring action. In practice there will be protection settings associated with fuse 
operation, which mean it may not rupture immediately 400A current passes through, but the application of such analysis is 
outside the scope of this study; and

 � As with voltage violations, quarter-hourly readings were generated, meaning that consecutive periods of over-current are 
recorded as separate violations.
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4.3.4 Voltage Violations
Figure 42 and Figure 43 show total voltage violations as defined above, in absolute terms and relative to the zero-EV-uptake 
NB0 case. As expected, for each of DECC High, Medium, and Low EV uptake scenarios, under balanced distribution of EV loads, 
there is an increased level of violations in excess of what would occur in the case of generalised non-EV load growth (i.e. 
in NB0). EVs contribute in the range 12%, in the high balanced uptake (HB0) scenario, compared to the number of voltage 
violations in the non-EV load (NB0) scenario by 2031. The effect of an unbalanced distribution is a further 4% increase in the 
number of additional voltage violations.

Figure 42: Voltage violations per year for all scenarios
 

Figure 43: Voltage violations per year relative to NB0

Figure 44 shows the total volume of voltage violations over the modelled period, what this highlights is the effect of uptake 
on number of violations for the balanced scenario. And a more pronounced impact on these volumes in the cases where the 
distribution of load is unbalanced. Most notably the difference between NUP and HUP with significantly less violations in NUP 
highlights the level of impact that a high uptake of EVs can have on a phase unbalanced network. Finally, the data suggests 
that unbalance at the distribution transformer level, for this network, will be more of an issue than an unbalanced distribution 
on the feeders. 
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Figure 44: Total voltage violations in the period 2014 to 2031 for all Scenarios

 

4.3.5 Current Violations – Feeders and branches
When reviewing the number of current violations that exceed 160% of the rated cable rating, it can be seen in Figure 45 that 
the total number of violations for the different models are extremely similar over the period. However, the unbalanced phase 
models show a more pronounced increase in current violations from 2021. The remaining models have a consistent number of 
current violations until 2031 where the different models diverge. At the same date HUP can also be seen to have a significant 
increase in current violations. This indicates that the impact of EV load on the existing network is not substantial with 
background load growth the main factor for the steady increase in violations until a tipping point at 2031. 

Figure 45: Current violations per year for all scenarios (>160%)
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 Figure 46: Current violations per year relative to NB0 (>160%)

Figure 47 shows the total volume of current violations over the modelled period, what this highlights is the effect of uptake 
on number of violations for the balanced scenario. The chart shows that the total number of current violations observed of 
the period for the various scenarios are very similar for the four balanced scenarios, HUD and HUF. Conversely, the unbalanced 
phase scenarios, NUP and HUP, have significantly higher volumes of current violations. This conclusion is not surprising 
considering that cable phases are not designed to carry as much load relative to the cable as a whole and feeders. 

Figure 47: Total current violations in the period 2014 to 2031 for all Scenarios (>160%)

4.3.6 Current Violations – Fuse operations
As specified previously, the purpose of this analysis is to determine the possible occurrence of fuse impacting current 
violations, specified as any instance of current of 400A or above.
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The results in Figure 48 below show that all but the unbalanced phase models have similar numbers of current violations 
until 2026 when the difference in EV load starts to have an impact on the network. It can be inferred from this that the 
background load growth is the contributing factor to these violations until that point. The uneven phase models, NUP and HUP, 
have additional current violations from the outset with a steady increase from 2014 to 2026 followed by a similar increase in 
occurrences past 2026. This relationship between the different models can also be seen in Figure 49. This indicates a possible 
tipping point in year 2026 with regards to the impact of EVs on the modelled network.

Figure 48: Current violations per year for all scenarios (>400A)
 

Figure 49: Current violations per year relative to NB0 (>400A)
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Figure 50 shows that the two phase unbalanced models have significantly higher cumulative instances of current violations 
over the modelling period compared to the other models, with the relationship between NB0, LB0, MB0 and HB0 increasing as 
expected. There is no significant change in violations from the four balanced models with the introduction of imbalance in both 
the feeder or distribution transformer allocation. 

Figure 50: Total current violations in the period 2014 to 2031 for all Scenarios (greater than 400A)

The results in Figure 51 are not as clear but there are still some key observations that can be noted. Both NUP and HUP have 
additional Feeders with current violations at 2014 than the other models and an additional Feeder at 2018. This accounts for 
the first substantial peaks seen at 2022 for HUD and HUF and then at 2024 for the four balanced models. Finally, there is then a 
substantial number of Feeders with current violations at 2029 for NUP and HUP.

Figure 51: Additional feeders with current violations per year (>400A)
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4.3.7 Main Observations
The outputs of this Case Study have shown that:

 � EV uptake increases the forecast level of voltage and 
current violations that will occur in the network going 
forward, over and above that which would have 
otherwise occurred assuming there is no EV load growth;

 � Between the high, medium and low uptake scenarios, 
HB0, MB0, and LB0 respectively, additional actionable 
violations occur in the higher uptake levels, however, the 
data shows that the period in which they occur (therefore 
the impact on the timing of investment) does not change 
considerably; 

 � In the final year of our forecasts the total number of 
voltage violations exhibited by the DECC High EV uptake 
scenario (HB0) is around 12% higher than the level of 
voltage violations exhibited by the baseline non-EV load 
growth scenario;

 � In the final year of our forecasts the total number of 
current violations exhibited by the DECC High EV uptake 
scenario (HB0) is around 10% higher than the level of 
current violations exhibited by the baseline non-EV load 
growth scenario;

 � The volume of voltage violations is significantly much 
more than that of current violations;

 � The introduction of unbalance at the phase level provides 
the most significant change in current violations and will 
result in network reinforcement works brought forward 
compared to other scenarios. This observation could be 
used to provide additional support for ensuring that there 
is adequate balancing of loads across phases; and

 � There appears to be tipping points identified in the 
modelling work, as seen at 2026 for the current 
violations above 400A and at 2031 for the current and 
voltage violations above 160%. Before these points, the 
majority of the models are similar with NB0, indicating 
that the violations are due to background load growth 
whilst after those points, the different models diverge 
from each other, showing that a “critical mass” of EV 
loads was having an effect on the overall number of 
current violations.

In general, it is not clear from this modelling whether 
any substantial additional actions need to be taken with 
regards to monitoring EV loads on the LV distribution 
network. The evidence from this Case Study suggests that 
the effect of EVs on the LV network will be most prevalent 
at the distribution transformer, where there is a significant 

level of EV penetration and the diversity from EV charging 
identified from the LCL trials occurs. While between the 
uptake scenarios there isn’t a considerable shift in the 
timing of reinforcement requirements, there is a change in 
the expected total volume of violations depending on the 
uptake scenario. 

4.4 Case Study 4
Key Question: Can customer demographic information be 
used to suggest locations where investment/monitoring 
efforts should be focused?

This Case Study examines the learning points deriving 
from the survey that was sent to all participants of 
the EV residential trial to determine whether customer 
demographic information can be used by the DNO as a tool 
for investment and monitoring on specific locations of its 
network. As mentioned in a previous section of this report, 
41 participants responded to the questions of the survey, 21 
of which took part in the lease scheme. It should be noted 
that some of the participants who filled in the survey did 
not respond to all of its questions.

4.4.1 Charging Behaviour 
ICL’s Centre for Transport Studies undertook an analysis on 
the survey that was conducted among the participants on 
the residential EV trial in order to identify charging patterns 
and the indicators of charging behaviour. Three groups 
were identified:

 � Participants whose charging decisions are triggered by the 
range appraisal;

 � Participants whose charging decisions are triggered by the 
range appraisal & battery level appraisal; and

 � Participants whose charging decisions are triggered by the 
range appraisal & battery level appraisal as well as their 
driving habits.

Given the small size of the sample available, as only 41 
participants responded, the results in terms of identified 
groups should be considered as exploratory. It is hypothesised 
that the difference between the individuals considering only 
range as a trigger as to when to charge their EV from those 
who consider the battery level is related to the uncertainty 
surrounding their perception of the range of their EV.

An interesting observation is that the groups identified are 
not differentiated by the perceived costs to the driver. The 
hypothesised reason for this is that, currently, drivers are 
not exposed to electricity pricing, a factor which they are 
sensitive about. While trials and experiments throughout 
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the world, including those on the LCL programme, have 
demonstrated the effectiveness of Time of Use measures 
to promote off-peak charging, more research is required to 
identify optimal price levels.

Membership to either of the identified groups was however 
found to be a significant predictor of an observable metric 
of charging behaviour and the reported average charging 
frequency. Other measureable quantities were expectedly 
found to affect charging frequency: namely driving distance 
and electric vehicle type. 

This suggests that in order for the DNO to predict load 
growth based on charging behaviours, and or inform 
investment plans, information on drivers charging decisions, 
driving distance and EV type will be required. The DNO 
currently has no access to this information and it is not 
currently readily available. The cost benefits of pursing this 
course of action will need to be considered by the DNO. 

4.4.2 Survey overview
The survey was used to collate a number of data points 
regarding the drivers of the EVs. The demographic related 
questions in the survey captured information on:

 � Gender;

 � Age group;

 � Marital status;

 � Do you have children 16 years old or younger living with you?

 � How many individuals is your household made of?

 � Employment status;

 � Highest education level;

 � Total household income before tax; and

 � What is (was) your employment type?

The analysis on the survey data that was undertaken is 
based on the above mentioned demographic questions. 
These 11 questions were used as different categories under 
which the following survey questions related to EV usage 
were analysed in the form of charts:

 � Do you charge your EV at work?

 � On average what is the daily mileage you drive with your 
EV on a weekday?

 � On average what is the daily mileage you drive with your 
EV on a weekend day?

 � How do you recharge at home?

 � What is the usual remaining battery level just before 
you recharge?

 � What is the usual remaining range just before you recharge?

 � Please enter the make and model of your EV;

 � Do you use your EV to commute?

 � On a full charge, what is the maximum distance you 
would comfortably drive before recharging?

 � Where is it most convenient for you to recharge your EV?

 � Where is it cheapest for you to recharge your EV?
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4.4.3 Key Charts
From the selection of scenarios and survey data analysis, the following key charts were identified:

Figure 52: EV type of the survey participants

 

Figure 53: Survey participants charging at work
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Figure 54: Weekday mileage of the survey participants

Figure 55: Weekend day mileage of the survey participants
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Figure 56: Charging units used at home by the survey participants

 

Figure 57: Battery level before the survey participants recharge their EV
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Figure 58: Remaining range before the survey participants recharge their EV

 

Figure 59: Use of EV by the participants for commuting reasons
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Figure 60: Maximum distance that the survey participants feel comfortable to drive before 
recharging their EV

 

Figure 61: Most convenient location to recharge according to the survey participants
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Figure 62: Cheapest location to recharge according to the survey participants

 

Figure 63: Age group of the survey participants
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Figure 64: Highest education level of the survey participants

 

Figure 65: Employment status of the survey participants
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4.4.4 Key observations
As can be seen from the development of the scenarios in 
Section 4.4.1, there is a combination of metrics and customer 
demographic information that can be a useful indicator to EV 
users and their charging behaviours. This can in turn be used 
to inform locations where investment/monitoring efforts 
could be focused. 

The key observations from the survey on EV users are 
as follows:

 � Most individuals find the home to be the most convenient 
location to recharge;

 � Almost two thirds of participants use a 3kW charge point 
to recharge their EV at home;

 � Most journeys are less than 41 miles;

 � Most people charge their battery before it is less than 
half full;

 � Most EV users are between 46 and 65 years of age;

 � Most individuals have either a Graduate or Postgraduate 
level of education; and

 � Most EV users are either Full time employed or self-employed.

Furthermore, the survey identified that whilst some 
customers do indeed engage in “comfort” charging 
despite their battery being almost full, the vast majority 
only consider charging when their battery is 25% or 
more depleted. As such, there is little to gain from public 
engagement programmes seeking to educate EV users into 
less frequent, deep charges and avoiding “comfort charging” 
since their current behaviour is not unreasonable.

However, in order for the DNO benefit from this approach 
and predict load growth based on charging behaviours, to 
inform investment plans, information on drivers charging 
decisions, driving distance and EV type will be required. The 
DNO currently has no access to this information and it is not 
currently readily available. The cost benefits of pursing this 
course of action will need to be considered by the DNO. 

4.4.5 Recommendations 
While the amount of information currently obtained on EV 
and HP users by the DNO is limited at present, measures 
have been taken to improve this visibility. 

In April 2014, following stakeholder engagement, a series 
of forms were developed by the ENA and its members to 
act as a notification ahead of installations for HPs. With 

the particular objective of monitoring the standard of HPs 
being connected to the network in order to minimise the 
effects on power quality, which as discussed previously can 
vary from one HP to another. This notification process is 
obligatory, however, the forms do not include demographic 
and HP use data. 

Conversely, the Institution for Engineering and Technology 
(IET) recommend as part of a code of practice for installers of 
charge points, that the DNO is notified after the installation of 
a charge point. This is, however, currently not obligatory. 

Following the observations of this Case Study, we 
understand that there are EV user characteristics that could 
act as an indication to a DNO of EV usage and charging 
behaviour. And these can be used to anticipate the charging 
demand that can be expected from the network. Therefore, 
it is recommended that a similar approach taken with HPs 
be introduced to improve visibility of EVs on the network. 
Additionally the information that should be captured should 
include, but is not limited to, the following:

 � Customer Address;

 � MPAN;

 � Maximum current demand of the EV charge point;

 � Installer details;

 � Type of installation;

 � EV make and model;

 � EV battery capacity; and

 � Customer demographics

4.4.6 Benefit to the DNO
The full set of data listed above would provide the DNO 
with the visibility to better characterised LV models of the 
network, assess existing capacity levels and determine the 
impact of additional load growth to the network as well 
as assessing any power quality impacts. Furthermore, this 
would then allow the DNO to develop a strategy for asset 
maintenance and renewals based on more detailed loading 
information. However, this benefit needs to be considered 
against the outcomes of the previous case studies, which 
concluded that the contribution of EVs and HPs to load 
growth may not warrant specific monitoring requirements. 

That said, visibility of the potential load levels would 
provide the DNO with the data required to be able to 
assess the probability and impact of coincidental loading 
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and the possible benefit of implementing any Demand 
Side Response measures which could assist in offsetting 
network investments.

The DNO should consider gathering detailed information 
on their customers either directly from them or from other 
bodies, such as the Driver and Vehicle Licensing Agency 
(DVLA), micro-generation certification scheme, local 
authorities and or other relevant stakeholders. The DNO 
should work closely with these bodies to manage to obtain 
any useful information on customers these may have, 
such as, for instance, the type of their EV and the battery 
these use in the case of the DVLA and the ownership or 
not of residential off-street car parks in the case of local 
boroughs. This process may require possible amendments 
in the existing connection applications to incorporate this 
additional information in order to enable the DNO to obtain 
this valuable data.

As also fore-mentioned, the DNO would benefit by obtaining 
customer detailed information, such as customers’ age, their 
education level and employment status. This information 
could be proven as valuable tools in order to assess their 
driving and charging habits, by identifying specific clusters 
among them and apply them on Mosaic or another type of 
classification in order to determine the impact these could 
possibly have on the distribution network.

Case Studies70  |  



Case Studies   |  71Cost Benefit Analysis

5
  |  71

Cost Benefit Analysis
Building on the trials conducted on the LCL project, as highlighted in Chapter 3, a Cost Benefit Analysis (CBA) is performed. This 
CBA examines the impact that a high uptake of EVs is likely to have on the reinforcement spend required across the distribution 
network. Firstly considering the LV network, where the trials data suggest the impact of EVs is expected to be felt first, and 
secondly an analysis on reinforcement requirements across the primary network is considered.

It should be noted that all of the analysis presented is based upon the charging profiles derived using data collected through 
the LCL trials. This only takes into account a limited range of EV types. It does not, for example take into account the charging 
of plug-in hybrid vehicles, or of more fast-charging. Charging patterns could differ materially from those shown here, given that 
the technology is not mature.

5.1 The impact of EVs on low-voltage network reinforcement
This section builds on Case Study 3, Section 4.3, investigating the impact of a high EV uptake scenario across the Merton 
Engineering Instrumentation Zone (EIZ). 

5.1.1 Approach to modelling of Merton EIZ
The following analysis is centred on the LV network in the Merton EIZ, which covers a single HV feeder from the Merton 11 
kV primary substation. Measurements from the EIZ show that peak load on the HV feeder included in our analysis is c.4 MVA, 
versus c.56 MVA for the substation as a whole. The approach taken to analyse the impact on network reinforcement can be 
summarised as follows:
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 � Set up DPlan model of Merton EIZ – DPlan is a network 
analysis tool that can be used to model the detailed load 
flow across a network. A detailed model of the Merton 
EIZ was set up and calibrated against meter data from 
across this area. The model has a detailed representation 
of load across the network, with actual data being used 
to model the load of half-hourly customers, and average 
load profiles used for non-half-hourly customers. The 
load of non-half-hourly domestic customers is modelled 
using a set of domestic load profiles, derived from the 
LCL smart metering trials, and MPAN-specific Estimated 
Annual Consumption (EAC) values. Different profiles have 
been derived for different customer types (to account for 
households of varying affluence and occupancy) and the 
profiles used in DPlan have been selected based upon data 
on household affluence and occupancy in the Merton EIZ;

 � Model baseline scenario – A baseline model of the 
Merton EIZ was set up to be consistent with the UK 
Power Networks Base Case scenario, which was used in 
preparing the ED1 business plan;

 � Model high EV uptake scenario – EV charge points are then 
added to households within the Merton EIZ. Domestic 
MPANs are selected randomly and where an EV is added 
to the network it is assigned a new MPAN, adjacent to the 
selected household. A sample of 50 actual daily charging 
profiles was selected from the LCL trial data and used 
in modelling the charging behaviour of the EVs. Actual 
profiles were used to ensure that the model captures 
the volatile charging behaviour that might be expected 
to be evident at a very local (e.g. street) level. The 
statistical properties (e.g. mean charging profile, diversity 
properties) of the sample of 50 profiles was validated 
as consistent with the properties of the larger complete 
dataset collated during the trial;

 � Analyse voltage and current violations – The DPlan 
model was then used to investigate both voltage and 
current violations: 

 — Voltage violations – Voltage violations across the LV 
network are expected to increase as the number of EVs 
using the network for charging increases. DPlan was 
used to monitor violations where the voltage drops 
below 90% of its target level. The chosen threshold 
was 90% for the model rather than the 94% required 
by UK Power Networks’s licence, because in most 
cases smaller violations will be managed through 
network reconfigurations and switching activities, at 
very low cost. In contrast, more significant violations 
are assumed to require new secondary substations 
to be added to the network. These new substations 
will typically then tackle a large number of individual 
voltage violations (especially where those violations 
are clustered). Through discussion with UK Power 
Networks’s distribution planners it was decided that 
it would be reasonable to assume that 150 voltage 
violations below the 90% threshold in DPlan would be 
tackled by building a new secondary substation.

 — Current violations – Current violations might also be 
expected to increase as the load on the network 
increases as a result of EVs charging. DPlan was used 
to monitor violations when the current exceeds 160% 
of the cable rating, which is generally consistent 
with the emergency rating of cables. When a current 
violation is noted it is assumed that the length of cable 
in question needs to be replaced.

 � Calculate impact on reinforcement costs – The difference 
in violation frequencies between the UK Power Networks 
Base Case and high EV uptake scenario can be used to 
estimate the incremental reinforcement spend required as 
a result of the additional EVs connected to the network. 
Note that in the case of substation investments, which 
are driven by many voltage violations, the cost of 
reinforcement is smeared such that each incremental 
voltage violation results an investment equal to 1/150th 
of a new secondary substation. This assumption is made 
because it is not obvious which voltage violation in the 
model would have actually triggered investment in the 
new substation.

Cost Benefit Analysis
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5.1.2 Key assumptions
The main assumptions used in the CBA modelling are presented below, in Table 10.

Table 10: Key assumptions for DPlan modelling of LV reinforcement requirements

Assumption heading Assumption value How / where is assumption used in CBA analysis?

Electric vehicle assumptions

Number of EVs See Figure 66; note that the 
figure shows the number 
of EVs connected under the 
Merton primary substation, 
not just in the EIZ, as per UK 
Power Networks Base Case 
and DECC High EV uptake 
scenarios

The EV uptake scenario was based upon the DECC high EV 
uptake scenario developed through the Smart Grid Forum. 
The number of EVs assumed to be connected beneath the 
Merton primary substation in this scenario is shown in 
Figure 64. The number of EVs was then used to determine 
the number of additional EV connection points in the DPlan 
model. Each of these connection points has a representative 
charging profile associated with it.

Charging profile of EVs Sample of 50 profiles from 
LCL trials

A sample of 50 EV charging profiles was selected from the 
extensive LCL trial data and these charging profiles were 
used in the DPlan model to simulate the charging behaviour 
of the vehicles in that area. The use of multiple profiles 
means that the impact of diversity is reflected appropriately 
across the network. Note that in our main high EV uptake 
scenario these profiles are distributed randomly across 
all households, but the models included “unbalanced” 
scenarios, where the same number of EVs is instead 
distributed across a smaller number of LV feeders.

Reinforcement investment decisions

Threshold for voltage 
violations

90% DPlan was used to identify all instances where the voltage 
drops below 90% of the target value. Where the voltage 
drops below this level it was assumed that additional 
investment in new secondary substations is required. Voltage 
violations were noted for every node in the DPlan model.

Investment in response to 
voltage violations

£60,000 per 150 violations It was assumed that each new secondary substation can 
tackle 150 nodal voltage violations. The resulting investment 
requirement was then calculated and input to a Discounted 
Cash Flow (DCF) analysis. The cost of a new substation was 
smeared on a per violation basis as it is difficult to identify the 
specific violation that might have triggered the investment.

Threshold for current violations 160% DPlan was used to identify all instances where the current 
exceeds 160% of a cable’s rating, which is typically in line 
with the emergency rating of the cable. Violations were 
noted for each branch of circuit. Where the current exceeds 
this value it is assumed that the branch affected needs to 
be replaced.

Investment in response to 
current violations

£200/m per branch  
circuit length

Combined with the length of each branch of circuit, the cost 
assumption was used to convert the current violation outputs 
from the DPlan model into a string of expected investment 
cash flows. These were then input to a DCF analysis.

Cost Benefit Analysis
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Assumption heading Assumption value How / where is assumption used in CBA analysis?

Economic parameters

Discount rate 3.5% ( <= 20years)

3% ( > 20years)

Results presented in this report have been based on the 
discount rate adopted in UK Government and Ofgem CBAs. 
Note that the DNO will normally see a higher benefit 
because its cost of capital will normally be higher than this 
rate

Asset life (reinforcements) 45 years It is assumed that reinforcement spend is financed over a 
45 year period, in line with the economic life over which 
depreciation is charged under the RIIO price control 

Asset life (capex overheads) 15 years It is assumed that capex overheads, such as system 
upgrades and investment in new processes, are financed 
over a shorter period of 15 years

Figure 66:  Assumed number of EVs below Merton 11 kV substation

5.1.3 Findings for Merton and extrapolation to the wider LV network
The DPlan model was used to identify the first year in which a given violation occurs, i.e. the first year in which a voltage 
violation is noted at a given node, or the first year in which a current violation is noted on a given branch of a circuit. Figure 67 
shows the number of new voltage violations noted in DPlan in each year. This shows how, at least during the early 2020s, the 
number of violations is markedly higher in the high EV uptake scenario. The graph also shows an “unbalanced” version of the 
high EV uptake scenario, where the same overall EV uptake is focused on a subset of LV feeders. 

Figure 68 shows how this higher number of violations translates into higher substation reinforcement costs. As described 
previously, the figure shows substation costs on a per violation basis, as it is difficult to identify the specific violation that triggers 
a reinforcement requirement. As well as showing the incremental substation reinforcement costs for both the balanced and 
unbalanced high uptake scenarios, the graph also shows cumulative incremental spend (see the dotted lines). The lines on the 
graph show the difference in spend between the high uptake scenarios and the baseline, and so in some years this difference 
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can be negative (for example, if a given reinforcement requirement is accelerated there may be a positive difference in the year 
where spend is now required, but a negative difference in the year where spend was required under the Base case). 

The graph suggests that under the balanced high uptake scenario c. £110k extra is required to be spent on new secondary 
substations across the Merton EIZ in the period to 2030. In the unbalanced scenario, where EV charging is focused on 
specific LV feeders, spend initially accelerates more quickly (because of the greater impact on the affected feeders), but 
then the total additional spend identified in the period to 2030 is slightly lower, at c. £100k (as a result of the smaller 
number of affected feeders).

Figure 67:  New voltage violations in each year across Merton EIZ

Figure 68:  Additional costs incurred on new secondary substations with high EV uptake, Merton EIZ
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Figure 69 shows the number of voltage violations noted by DPlan that would be accelerated or delayed in the high uptake 
scenarios, when compared to the UK Power Networks Base Case. The figure shows that a large number of voltage violations 
have been accelerated in the high EV uptake scenario, albeit normally only by 1 or 2 years. The figure also shows violations that 
are new (i.e. there was not a corresponding violation in the baseline), or that have been removed (i.e. there was a violation in 
the baseline, but no corresponding violation in the relevant scenario). The only case where violations are “removed” is when 
moving from the high EV uptake scenario to the “unbalanced” version of this scenario.

Figure 69:  Acceleration of voltage-related reinforcement events, Merton EIZ

 

In addition to the voltage violation driven reinforcement events analysed above, there are also some additional accelerated 
reinforcement costs incurred in a high uptake scenario as a result of circuit current violations. The acceleration of these 
reinforcement events is shown in Figure 70. Note that there are only 2 small reinforcements that are accelerated across the 
EIZ; the total additional spend by the end of 2030 is c. £15k. We understand that the impact of current violations is small in LPN 
as a result of the same cable size generally being deployed across the full length of an LV feeder. By contrast, in a more rural 
network the cable size might decrease with distance from the substation. EVs, while less densely distributed, might therefore 
lead to a greater number of current violations outside of the urban areas that are the subject of this analysis.

Figure 70:  Acceleration of current-related reinforcement events (Merton EIZ)
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The analysis presented above can be used to populate a DCF model and calculate the NPV of the additional spend required 
across the Merton EIZ. The NPV of the additional spend (to address both voltage and current related violations) required under 
the balanced high EV uptake scenario is £79k (real 2012/13). This result, along with the allocation of cost between the DNO and 
consumers, is presented in Table 11.

Table 11:  NPV of accelerated LV reinforcement spend resulting from high EV uptake, Merton EIZ

Scenario High EV uptake High EV uptake, 
unbalanced

Net benefit (£k real 2012/13)

Network cost (79) (81)

Totex cash flows (£k real 2012/13)

Totex impact ED1 (16) (31)

Totex impact ED2 (109) (98)

The results for the balanced high EV uptake scenario for the Merton EIZ can be extrapolated across the wider LPN licence area 
as follows, although this clearly only gives a very rough indication of reinforcement requirements across the wider network:

 � Assuming that the additional reinforcement spend projected in the EIZ is replicated across the other HV feeders beneath the 
Merton primary substation we could expect the NPV of additional spend on LV reinforcement at Merton to be £1,106 k. This is 
calculated assuming that reinforcement spend would increase in proportion to maximum demand, which is 4 MVA for the HV 
feeder used in the analysis and 56 MVA for the Merton primary substation;

 � EVs are not distributed evenly across the licence area in the high uptake scenario. For example, in central locations the impact 
of EVs is lower (e.g. across the two Hyde Park 11 kV substations, where less than 4,000 EVs are added to peak load of c. 190 
MW) compared to more suburban areas (e.g. Winlaton Road substation, which has almost 8,000 EVs added to a peak load of 
63 MW); and

 � If we make the very basic assumption that the impact on LV reinforcement is proportional to the number of EVs added to the 
network then we can estimate the NPV of additional reinforcement across LPN to be £68m up to the end of RIIO-ED2 in 2031 
(an average of £5.2m per annum over the period 2019-31).

This extrapolated number is clearly only indicative as it is based upon a single bottom-up Case Study. As mentioned previously, 
the study also only considers the charging behaviour, evidenced through the trial; this might change in future, in particular if 
fast charging becomes prevalent or if new or disruptive vehicle or charging technologies are introduced. However, the number 
(for a high EV uptake scenario) can be put in context against current LV reinforcement spend of c. £1-2m p.a. across LPN. This 
suggests that high EV uptake could lead to LV reinforcement spend increasing by a factor of 4.

5.2  The impact of EVs on primary network reinforcement
In addition to the impact on LV reinforcement analysed above, a high uptake scenario such as that studied here could also 
accelerate the need for reinforcement of the primary network. In this section we present analysis of the potential need for 
additional reinforcement at higher voltage levels, through extrapolation of our Planning Load Estimates (PLEs).

5.2.1 Approach to analysis of reinforcement of the primary network
The approach taken to analyse the impact of a high EV uptake scenario on the primary network can be summarised as follows:

 � Analyse the impact of EV uptake on peak load at primary substations – Element Energy run their load growth model, which 
prepares load projections by primary substation, with updated diversified EV charging profiles based on the analysis prepared 
by Imperial College London, as highlighted in Case Study 1 and 2 – Sections 4.1 and 4.2 respectively. Note that in this case, 
fully diversified charging profiles are used, because of the focus on higher voltage, levels where we expect the aggregate 
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number of EVs to always be sufficient for this to be a reasonable assumption. The model is run both for the UK Power 
Networks Base case and for the DECC High EV uptake scenario again, so that the difference in peak load by primary 
substation could be analysed;

 � Infer the impact of increased peak load on the timing of reinforcement requirements – A tool was developed to understand 
the impacts of changes in substation peak load on the timing of reinforcement spend. The starting point for this analysis 
was UK Power Networks’s PLEs, which were used to help understand when projected maximum demand exceeds the firm 
capacity of a substation, either in winter or in summer. Adjustments were made to the firm capacity at each substation to 
take into account the post-fault transfer capacity, that is available at each substation, and the expected erosion of that capacity 
over time as load growth also takes place at the substation that load would be transferred to. This tool was used to infer the 
acceleration of reinforcement spend; additional EV uptake leads to increased peak demand, which accelerates the date at 
which maximum demand will exceed firm capacity; and

 � Calculate the cash flow impact and NPV of accelerated reinforcement – Building on the analysis of the time at which 
reinforcement spend takes place, an associated reinforcement cash flow was calculated. For the purpose of this analysis, a 
generic £/MVA spend assumption, and associated profiling of that spend, was adopted (see Section 5.2.2). The resulting cash 
flows were used as inputs to our NPV tool to calculate the NPV of the additional reinforcement costs incurred as a result of a 
high EV uptake.

5.2.2 Key assumptions
In addition to the assumptions presented previously in Section 5.1.2 there are a number of additional assumptions used in this 
analysis, relating to the cost of reinforcement at the primary network level, which are summarised in Table 12.

Table 12:  Additional assumptions used in our analysis of primary network reinforcement

Assumption heading Assumption value How / where is assumption used  
in CBA analysis?

Primary network reinforcement spend

Primary network  
reinforcement costs

£241/MVA Although reinforcement costs vary greatly across 
projects, for this analysis we used an average 
reinforcement cost, which is consistent with 
UK Power Networks’s ED1 business plan. This 
assumption was used so that the findings of this 
report are not distorted by any unrepresentative 
reinforcement projects expected over the next 
regulatory price control period. The assumption 
was used to generate the reinforcement cash flow 
expected under both the  Base Case and under 
the high EV uptake scenario.

Spend profile for primary 
reinforcement spend

Spend spread evenly over preceding 
three years

Similarly, the profiling of reinforcement cost spend 
will vary from project to project. However, an 
average profile was adopted here to prevent any 
distortion of this analysis. The assumption was 
again used in calculating the reinforcement cash 
flows used in the NPV analysis.

Sizing of reinforcement Reinforcement sized in 10 MVA blocks 
and to withstand 20 years of projected 
load growth

Again, the sizing of reinforcement projects will in 
reality vary by project, but we adopted a generic 
sizing assumption here. This assumption was 
again used in generating the reinforcement cash 
flows used in the NPV analysis.

Cost Benefit Analysis
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5.2.3 Findings on reinforcement required across the primary network
The Element Energy model was populated with the diversified EV domestic charging profiles derived from the LCL trials, to 
model the increase in peak load by substation under a high EV uptake scenario. Figure 71 shows the impact of a high EV uptake 
scenario on peak load by primary substation across the LPN licence area. Even under this aggressive high uptake scenario, the 
impact on peak load at each substation by 2030 ranges between 0-2%.

Figure 71:  Impact of a high EV uptake scenario on peak load at LPN primary substations, 2029/30

 

The impact on peak load can be used to infer an impact on the timing of reinforcement expenditure required at each primary 
substation. Figure 72 shows the extent to which reinforcement investment at different primary substations is accelerated in a 
high EV uptake scenario over the period to 2031 (i.e. to the end of ED2). Of the 107 primary substations under study, 7% see 
their reinforcement brought forward by one year. Only a handful of substations have their reinforcement accelerated by more 
than a year. This acceleration in reinforcement can then be used to infer the net additional totex spend over the modelled 
period, shown in Figure 73. The cumulative additional totex cash flow in a high EV uptake scenario reaches £13.7m in the period 
to 2035 (2035 is chosen to take into account the cash flows associated with all reinforcement projects that start before the end 
of ED2). Note that there are negative incremental cash flows in some years where the originally scheduled spend is accelerated 
to be incurred in earlier years.
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Figure 72:  Acceleration of reinforcement requirements at LPN primary substations with a high 
EV uptake

 

Figure 73:  Incremental reinforcement cash flow across LPN under a high EV uptake scenario
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The NPV of the increased reinforcement spend shown in Figure 73 is £11,974k. This result is presented in Table 13.

Table 13:  NPV of additional primary network reinforcement spend resulting from high EV uptake

Scenario High EV uptake

Net benefit (£k real 2012/13)

Network cost (11,974)

Totex cash flows (£k real 2012/13)

Totex impact ED1 (6,427)

Totex impact ED2 (7,230)

Cost Benefit Analysis



Conclusion and 
Recommendations

6.1 Conclusion
A diversified profile was determined for domestic, commercial and public EV charging along with a monthly HP loading profile. 

Using the trial results, varying uptake scenarios (RIIO-ED1 baseline to DECC Low/Medium/High), and existing models (Element 
energy tool and D-Plan) HPs and EVs have been shown to have a minor contribution to the LPN network peak load forecasts. 

The different scenarios show that a number of secondary transformers will either reach their transform rating limit earlier or 
later dependent on the particular scenario modelled. The variance from 2014 to 2050 compared to the RIIO-ED1 model is -310 / 
+220 (of 14334) secondary substations that will require reinforcement.

For the primary network, the maximum variance of sites reaching their transform rating limit either earlier or later for the 
different scenarios compared to the RIIO-ED1 model is -5/+3 (of 107). This shows that there will be limited impact at a primary 
level due to EV or HP loads.

The impact of these technologies is most notable on the LV networks through current and voltage violations. However, it 
should be noted that these violations would have occurred through background load growth and were brought forward 1 to 2 
years through the introduction of the additional load from EVs and HPs. Moreover, the introduction of imbalance at the phase 
level provides the most significant change in current violations and will result in network reinforcement works brought forward. 
This observation suggests that additional support for ensuring that there is adequate balancing of loads across phases should 
be considered.
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From the EV trial survey information, characteristics were 
observed about the individuals who were included in 
the trial which could be used to typify their EV charging 
behaviour. This could in turn be extrapolated to inform 
network studies on the effect of uptake in network clusters, 
provided that these characteristics were identified for these 
clusters. It is important to note however, that the sample 
size for the survey was quite small, and therefore the 
conclusions of the examination are indicative at best. 

The impact on the distribution network seems to be smaller 
than forecast by the industry’s Transform Model, and the 
industry should seek to update Transform to reconcile with 
these results.

6.2 Key findings from CBA
A high EV uptake scenario could lead to voltage issues 
across the LV network, requiring increased investment in 
secondary substations. Note that costs below assume no 
mitigating intervention in response to the increased load 
from EVs. The benefits of such interventions are considered 
further in Report B5.

Our analysis of the impact of a large number of EVs in the 
Merton EIZ suggests that a high EV uptake could materially 
increase the number of voltage violations (i.e. instances 
where the voltage drops below the target level) across 
the LV network. In our analysis we have estimated that 
this could lead to additional spend on reinforcement at 
secondary substations in the Merton EIZ with an NPV of 
£49k by 2030 (assuming that uptake of EVs is spread evenly 
across the network). Extrapolated across LPN this might lead 
to additional reinforcement spend with an NPV of £42m. 
A less even spread in uptake of EVs across the network 
could lead to an acceleration in the need to reinforce the LV 
network, but might reduce the total spend required. In our 
analysis, the NPV of accelerated reinforcement spend is c. 
25% lower when the uptake of EVs is focused on a subset of 
LV feeders. 

However, these estimates are based upon extrapolating 
results from one sample network area and this analysis 
would benefit from similar studies on a wider range of 
network types.

EVs are likely to have less of an impact, at least within urban 
areas, on current violations.

The DPlan modelling of the Merton EIZ also suggests 
that a high EV uptake has a much more modest impact 
on additional reinforcement required as a result of cable 
ratings being breached. This is because, within an urban 
area such as London, the LV feeder cables tend to be sized 

generously, compared to rural LV feeders where the rating 
would generally decrease downstream of the secondary 
substation. It is estimated that cable replacements resulting 
from violating cable ratings in the Merton EIZ would lead to 
additional investment of £5k by 2030 (when added to the 
£49k above, this matches the £54k network costs shown in 
Table 12), and additional spend with an NPV of £4m across 
LPN as a whole (when added to the £42m above, this 
matches the £46m quoted towards the end of Section 5.1.3).

However, it is possible that the cost of needing to replace 
and reinforce LV cable could be more material in more rural 
network areas under a high EV uptake scenario.

A high EV uptake could also accelerate the need to reinforce 
the primary network.

The analysis presented also indicates that over time a 
high uptake of EVs could accelerate certain reinforcement 
investments by increasing the peak load at primary 
substations. It is estimated that the NPV of the change in 
totex resulting from the high uptake scenario presented in 
this report is £11,974k across LPN.

6.3 Recommendations for the Framework
It was previously identified that while it is the responsibility 
of the customer to inform the DNO of any change to 
load that represents a significant change, there are no 
enforceable measures to ensure that the DNO is made 
aware of a domestic charge point installation.

It is recommended that the proposals from the ENA 
for the use of heat pump and charge point installation 
notification processes be formally supported to aid in 
wider implementation.

6.4 Recommendations for Load 
Forecasting

It was evident from the studies undertaken that the majority 
of the impact of EV loads will be on the LV network. At 
present UK Power Networks does not undertake any load 
forecasting at the LV level and it is recommended that such 
modelling is undertaken in the near future.

This load forecasting would allow the DNO to have the 
visibility of the level of loading on the different parts of 
the LV network to help target areas for early adoption 
of monitoring equipment. To assist this forecasting, 
demographic information should be used to provide an 
indication of areas of anticipated EV uptake.
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6.5 Recommendations for Connections/
Planning/Monitoring

With the full implementation of the heat pump and charge 
point notification process, the DNO would then have visibility 
of the location of new loads throughout the LV network. 

With the development of an LV modelling tool, these loads 
should be then added to the model, which will then be 
used to determine the impact on the LV network, with 
identification of any sections of the network with a current 
or voltage violation. The trial identified a diversity factor 
from the results. Following this finding, a diversity factor 
could then be applied to the charge point loads that are 
added to the network, matched to the number of units that 
are present on an individual feeder.

Based on the identification of sections affected, LV 
monitoring should then be installed to verify the modelling 
and provide evidence of network loading levels that will 
result in investment being required.

6.6 Recommendations for Demand Control
Even though the anticipated impact of EV and HP loads 
are minor, there is opportunity to influence the charging 
profile of EVs which will then reduce the peak loads and 
result in reduced network investments being required. It 
is recommended that these demand control processes be 
investigated by the DNO to establish the issues surrounding 
such a process (i.e. commercial agreements). Through 
modelling and selective LV monitoring, the identification of 
the benefit of demand control could be determined from 
the LV network and secondary substation level. This would 
provide the evidence required to pursue the implementation 
of demand control in certain areas.
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Appendices

Appendices

Appendix 1 – Other Relevant Literature

Other Relevant Literature
This section presents an overview of the existing literature 
on EVs and HPs. 

1. Imperial College: SMART metering benefits summary 
 
http://www.energynetworks.org/modx/assets/files/
news/publications/Smart_Metering_Benerfits_Summary_
ENASEDGImperial_100409.pdf

2. EA Technology report: Assessing the Impact of Low 
Carbon Technologies on Great Britain’s Power Distribution 
Networks (31 July 2012) 
 
This report, delivered as part of the combined DECC-
Ofgem Smart Grids Forum, and prepared by Element 
Energy and other project partners, identifies several key 
challenges surrounding the uptake of LCTs (including 
EVs and HPs). These challenges include the tendency 
towards local clustering of LCTs in the early years of their 
implementation, the non-uniformity of the existing electricity 
network in Great Britain and consequent differences in 
“headroom” available for LCT implementation, and identifying 
appropriate “smart grid” solutions.

3. Integration of Electric Vehicles into Distribution Networks 
(Panagiotis Papadopoulos) 
 
This PhD thesis investigates the impact of EV charging 
on grid demand at a national level and the steady state 
parameters of distribution networks. The impact on grid 
demand peak increases at the national level in GB was 
evaluated using low and high EV uptake levels of 7% and 
48.5% of the car fleet for the year 2030. The impact from 
residential EV battery charging on the distribution network 
was studied using a deterministic and probabilistic 
method. It was found that low and medium uptake 
levels of EV of 12.5% and 33% per residential area of 
384 customers in 2030 could be safely accommodated 
by reinforcing the existing distribution network. Smart 
network management methods would be required for a 
high uptake of 71%.

4. Code of Practice for Electric Vehicle Charging Equipment 
Installation (IET) 
 
This code of practice was developed by the IET to provide 
expert guidance on the installation of EV charge points. 
It is aimed at professional electricians interested in 
understanding the range of EV charge point systems 
available. It details the requirements for the installation 
of EV charge points in public, private, and commercial 
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locations; particularly with regards to the installation of 
the charge point system itself, the cable between the 
charge point and the EV inlet socket, and issues of site 
layout, planning, testing, certification, and maintenance of 
EV charge point installations.

5. Effects of Optimised Plug-in Hybrid Vehicle Charging 
Strategies on Electric Distribution Network Losses 
(Salvador Acha, Tim C. Green, Nilay Shah) 
 
This paper describes the development of a tool that 
DNOs can use to exploit the potential that EV and 
on-load transformer tap changers have for improving 
the performance of the distribution network. The tool 
presented in the paper is called a time coordinated 
optimal power flow (TCOPF) formulation. If EV batteries 
are to be used as sources of distributed electricity storage 
in the distribution network, this tool describes how the 
DNO should manage their use so as to reduce energy 
losses and increase efficiency in the distribution network.

6. The Dynamic Impacts of Electric Vehicle Integration on the 
Electricity Distribution Grid (Rui Shi) 
 
This thesis investigates the dynamic effects of EV charge 
points on the distribution network. It presents a transient 
model of a fast-charging EV charging point. It also looks 
at the interaction between such fast-charging EV charge 
points and wind turbines in the distribution network. 
The transient model is used to develop various case 
studies investigating the effect of EV charging points and 
connected EV batteries on the fault condition behaviour of 
the distribution network.

7. The impact of plug-in hybrid electric vehicles on 
distribution networks: A review and outlook (Robert C. 
Green II, Lingfeng Wang, Mansoor Alam) 
 
This paper presents an overview of the state of the art in 
measuring and modelling the impact that PHEVs will have 
on the distribution grid. These impacts are built through a 
combination of driving patterns, charging characteristics, 
charge timing, and vehicle penetration. At this time, 
while progress has been made, there is much more left 
to accomplish. We believe that a very hopeful option 
for furthering the analysis of these areas will be the 
combination of MATSim and power simulation systems. 
While all of these areas will continue to add valuable 
information and study to this field, one important step 
that must be made is the modelling and calculation of 
reliability indices with PHEVs in place. This means that 
future studies must begin calculating newly developed 
metrics in order to give an accurate measure of what 

impact PHEVs will truly have on the distribution grid as 
reliability is one of the most important aspects of the 
electrical grid.

8. Harmonic Distortion caused by EV battery chargers in 
the distribution systems network and its remedy (P 
Papadopoulos, L M Cipcigan, N Jenkins, I Grau) 
 
An effective way to minimise harmonic pollution in power 
systems is by careful design of the equipment connected 
to them. It is important for designers of equipment 
associated with emerging technologies to be aware of the 
potential impact of their designs on power system quality. 
One such upcoming technology is Electric Vehicle (EV) 
battery charging which may contribute to high harmonic 
distortion in the power system during the charging period. 
The literature notes total harmonic distortion of up to 
50%. This fact has been the impetus behind the present 
paper in which the design of a fast battery charger 
with inherent power quality control is presented. 
The novel design suggests low cost modification 
of existing topologies, where by enhanced quality 
of charger input current could be ensured. The 
design and control technique has been supported by 
extensive simulation, which establishes the superior 
performance of the new design. 

9. Electric vehicles’ impact on British distribution networks 
(P Papadopoulos, S Skarvelis-Kazakos, I Grau, L M 
Cipcigan, N Jenkins)

Socio-economic, environmental, technical and political 
factors are driving a transition of the transportation sector 
towards low carbon vehicles. It is estimated that 23% of 
the European Union’s (EUs) CO2 emissions come from road 
transport. The EU has set targets with respect to the levels 
of CO2 emission from vehicles for the years 2015 and 2020. 
These targets together with the actual average of CO2 
emissions per vehicle for 2008 and 2009 are shown. A high 
electric vehicle (EV) uptake may contribute to the reduction 
of the average CO2 emissions per car but it is anticipated 
that it will present distribution network operators (DNOs) 
with a number of technical challenges. A control approach 
that uses spot market price signals and aims to satisfy EV 
owner preferences within distribution network constraints 
is the further research focus of the authors. This system has 
been designed and is developed based on the technology of 
multi-agents. An analysis of the control system’s operation 
with preliminary experimental results that were acquired 
in the micro-grid laboratory facilities of the research 
institute Tecnalia, is reported. Further work will focus on the 
elaboration of the multi-agent control system and the use 
of real-world data of EV usage made publicly available from 
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pilot projects. From such data, probability density functions 
may be extracted to model the connection time and 
duration of EVs, and be integrated in the probabilistic tool.

10. Impact of Electric Vehicles on Power Distribution 
Networks (G A Putrus, P Suwanapingkarl, D Johnston, E C 
Bentley, M Narayana) 
 
This paper presents the results of an analysis of the 
impact of EVs on the existing electricity distribution 
network. Issues such as the effect of EVs on matching 
supply and demand, power quality, and imbalance are 
analysed. A distribution network model is presented, 
and the effect of applying scheduled and un-scheduled 
EV charging to this model network is investigated. The 
paper investigates the effect of different scheduling 
regimes on typical winter and summer daily load 
profiles. The paper also investigates the effect of EVs on 
voltages and phase imbalance. 

11. Initial findings from the ultra-low carbon vehicle 
demonstrator - Oxford Brookes  
 
This document presents the preliminary data collected 
from drivers of the demonstrator cars being tested in 
the nationwide Ultra Low Carbon Vehicle Demonstrator 
Programme. The Technology Strategy Board, which 
is running the programme, commissioned the 
data collection from Oxford Brookes University. The 
demonstration trial involves 340 vehicles, which range 
from high performance vehicles to small city cars, being 
tested on everyday journeys by real-life users. This 
analysis provides a valuable initial insight into the first 
three-month “adaptation phase” of low carbon vehicle 
usage. The initial usage data, collected from on-board 
computers in the vehicles, covers 19,782 charging events 
and 110,389 individual journeys covering 677,209 miles. In 
addition the report document assesses pre-trial and three-
month user perception surveys for both private drivers 
and fleet drivers. The trials began at the end of 2009 and 
continued until mid-2012.

12. Assessing Energy requirements for electric cars and their 
impact on electric power distribution systems (M Tao, R 
Sarfi, L Gemoets) 
 
Assuming the availability of a high energy and power 
density battery of 100 Wh/lb and 100 W/lb by the 1980’s, 
the energy consumption and efficiency of electric and 
heat engine cars are compared on an equal basis. This is 
achieved by considering a reference electric car of 3150-lb 
weight similar in body construction, aerodynamics, and 
rolling resistance to a conventional heat engine car of 

equal weight, and comparing the performance of the two 
cars over the same driving modes. The reference electric 
car is then used as a baseline to evaluate the possible 
improvements in future electric cars.

13. Assessing the potential impacts of electric vehicles 
on the electricity distribution network (Anna Cain, Iain 
MacGill, Anna Bruce) 
 
This paper investigates the ability of the distribution 
network in Australia to cope with increased EV demand. It 
focuses on the impact of EV adoption on network loading 
and the potential to coordinate charging to best use 
existing network infrastructure. In particular, it models the 
deployment of EVs within a novel distribution network 
simulation package. The results highlight the importance 
of charging coordination to minimise adverse effects on 
the distribution network.

14. Technical Challenges of Plug-in Hybrid Electric Vehicles 
and Impacts to the US Power System: Distribution 
System Analysis (C Gerkensmeyer, MCW Kintner-Meyer, JG 
DeStesse) 
 
This report presents the work undertaken by the Pacific 
Northwest National Laboratory for the Department of 
Energy to address the following three questions:

 — How many vehicles could the existing power delivery 
system support in the near future?

 — What time of day would PHEVs be charged?

 — Where would the vehicles be charged?

 The profile developed for home charging showed a 
definite peak around 17:00 to 18:00. 120V 15A charging 
was assumed with the conclusion that this would have 
little effect on new parts of the network. However, it was 
noted that any increase in the charging power would have 
more of an impact on the distribution system.
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ACS Average Cold Spell HV High Voltage

AHS Average Hot Spell I&C Industrial and Commercial

ANM Active Network Management ICL Imperial College London

BAU Business As Usual ICP Independent Connection Provider 

BEV Battery Electric Vehicle IDNO Independent Distribution Network Operator 

BSI British Standards Institution IEC International Electrotechnical Commission 

CBA Cost Benefit Analysis IET Institution for Engineering and Technology 

CNO Charging Network Operation LCL Low Carbon London

CPM Connections / Planning / Monitoring LCNF Low Carbon Networks Fund

DCF Discounted Cash Flow LCT Low Carbon Technology

DECC Department of Energy and Climate Change LPN London Power Network

DNO Distribution Network Operator LV Low Voltage

DPC5 Distribution Planning and Connection Code 5 MCS Micro-generation Certification Scheme

DR Demand Side Response MPAN Meter Point Administration Number

DVLA Driver and Vehicle Licensing Agency NToC National Terms of Connection

EAC Estimated Annual Consumption NPV Net Present Value

EE Element Energy ODS Operational Data Store

EDS Engineering Design Standard Ofgem Office of Gas and Electricity Markets

EHV Extra High Voltage OLEV Office for Low Emission Vehicles
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EI Engineering Instruction PAIF Project Authorisation Information Form

EIZ Engineering Instrumentation Zone PHEV Plug-in Hybrid Electric Vehicle

EMC Electromagnetic compatibility PLE Planning Load Estimate

ENA Energy Network Association POC Point of Connection

ER Engineering Recommendations PQM Power Quality Meter

E-REV Extended-Range Electric Vehicle RIIO-ED1 Revenue = Incentives + Innovation + 
Outputs-Electricity Distribution

ESQCR Electricity Safety, Quality and Continuity 
Regulations 

RMS Root Mean Square

EST Energy Savings Trust RTU Remote Terminal Unit

EV Electric Vehicle SAP Standard Assessment Procedure

GSM Global System for Mobile Communications, 
originally Groupe Spécial Mobile

SCADA Supervisory Control and Data Acquisition

HP Heat Pump SMMT Society of Motor Manufacturers and Traders

SoC State of Charge SoC State of Charge 

SSE Scottish and Southern Energy SSEG Small Scale Embedded Generation

TCOPF Time Coordinated Optimal Power Flow 
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Instrumenting  
a Smart Grid Electrification of heat

ANM/network operation Electrification  
of transport

Dynamic Time  
of Use tariff Energy efficiency

Demand Side  
Response – demand

Demand Side  
Response – generation

Smart meter Network planning

Distributed Generation
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Project Overview
Low Carbon London, UK Power Networks’ pioneering learning programme funded by Ofgem’s Low Carbon Networks Fund, has 
used London as a test bed to develop a smarter electricity network that can manage the demands of a low carbon economy 
and deliver reliable, sustainable electricity to businesses, residents and communities. 

The trials undertaken as part of LCL comprise a set of separate but inter-related activities, approaches and experiments. They 
have explored how best to deliver and manage a sustainable, cost-effective electricity network as we move towards a low 
carbon future. The project established a learning laboratory, based at Imperial College London, to analyse the data from the 
trials which has informed a comprehensive portfolio of learning reports that integrate LCL’s findings. 

The structure of these learning reports is shown below:

A1 Residential Demand Side Response for outage management and as an alternative  
to network reinforcement 

A2 Residential consumer attitudes to time varying pricing
A3 Residential consumer responsiveness to time varying pricing
A4 Industrial and Commercial Demand Side Response for outage management  

and as an alternative to network reinforcement
A5 Conflicts and synergies of Demand Side Response
A6 Network impacts of supply-following Demand Side Response report
A7 Distributed Generation and Demand Side Response services for smart Distribution Networks
A8 Distributed Generation addressing security of supply and network reinforcement requirements
A9 Facilitating Distributed Generation connections
A10 Smart appliances for residential demand response

Distributed 
Generation and 

Demand Side 
Response

Network Planning  
and Operation

C1 Use of smart meter information for network planning and operation
C2 Impact of energy efficient appliances on network utilisation
C3 Network impacts of energy efficiency at scale
C4 Network state estimation and optimal sensor placement
C5 Accessibility and validity of smart meter data

Electrification of  
Heat and Transport

B1 Impact and opportunities for wide-scale Electric Vehicle deployment
B2 Impact of Electric Vehicles and Heat Pump loads on network demand profiles
B3 Impact of Low Voltage – connected low carbon technologies on Power Quality
B4 Impact of Low Voltage – connected low carbon technologies on network utilisation
B5 Opportunities for smart optimisation of new heat and transport loads

Future Distribution 
System Operator

D1 Development of new network design and operation practices
D2 DNO Tools and Systems Learning
D3 Design and real-time control of smart distribution networks
D4 Resilience performance of smart distribution networks
D5 Novel commercial arrangements for smart distribution networks 
D6 Carbon impact of smart distribution networks

Summary SR DNO Guide to Future Smart Management of Distribution Networks 
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