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Section 1 Project Summary

1.1. Project | \NGLE—DC
Title

. ANGLE-DC aims to demonstrate a novel network reinforcement
1.2. Project

Explanation

technique by converting an existing 33kV AC circuit to DC operation.
The technique can be used by DNOs as an efficient solution to create
network capacity headroom and facilitate GB’s objective for the shift
towards a low carbon economy.

1.3. Funding | 5p pmanweb Plc
licensee:
1.4. Project Problems: The existing distribution network is increasingly strained

description:

due to growing demand and a high penetration of distributed
generation. The conventional AC network has limited controllability
and flexibility, two fundamental attributes required as the network
evolves and becomes increasingly complex.

Methods: ANGLE-DC will utilise an existing 33kV AC circuit
comprising cable and overhead line sections to establish a DC link.
One AC/DC converter station will be installed at each end of the
circuit and the condition of AC assets under DC stress will be
monitored in real time.

Solutions: The DC link will enable improved power flow and
voltage control. Converting AC assets to DC operation will enhance
the thermal capability of the circuit in a timely manner. The Anglesey
example, while complicated, is representative of many of the
challenges all DNOs are facing in the transition to a low carbon
economy. This pilot scheme will incorporate a novel technology as
part of the toolbox of solutions for network reinforcement and
renewable connections. The solution could be deployed to
interconnect two distribution networks which would otherwise
be operated split due to fault level and thermal limits.

Benefits: ANGLE-DC will provide capital and operational benefits to
the distribution systems in Anglesey and North Wales by securing a
power corridor between the island and mainland, while also
providing ancillary benefits to the AC distribution network by
controlling power flows and regulating the voltage at both ends of
the circuit. Total savings of £18.67m could be gained from the
ANGLE-DC trial, in addition to the CO, emission reduction. The
savings would be in the form of:
e Net capital investment saving associated with the
incremental capacity of 30.5MW;
e £7.57m for wide area loss reduction by the end of 2030
and £15.77m by the end of 2050.

If successful, the roll-out of the ANGLE-DC solution at GB level
could bring a total saving of £69.2m by 2030 and £396.0m by
2050. Important learning will be also generated for future DC
projects.
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1.5. Funding
1.5.1 NIC | 13,121 1.5.2 1,484
Funding Network
Request (£k) Licensee
Compulsory
Contributio
n (£k)
1.5.3 Network { O 1.54 0
Licensee Extra External
Contribution Funding -
(EK) excluding
from NICs
(£K):
1.5.5. Total | 14,839
Project Costs
(EK)
. Project Partners
1'6'_ List of During the preparation of this proposal, SP Energy Networks has
Project engaged with the main suppliers of MVDC technology and those who
Partners, may provide engineering and consultancy support for the delivery of
External the project. In order to provide the best value for money, no project
Funders and | partner has been selected at this stage, project partners will be
Project selected through a competitive tendering process upon funding award.
Supporters
Academic Partners
Extensive engagement has been carried out between SP Energy
Networks and academic institutes and consortiums. Appropriate
academic partners will be identified within three months of project
start.
Project Supporters
Welsh Government, Isle of Anglesey County Council, Western Power
Distribution (WPD), Scottish Hydro Electric Power Distribution
(SHEPD), WSP | Parsons Brinckerhoff, Anglesey Enterprise Zone,
Menter Mon (tidal), Offshore Renewable Energy (ORE) Catapult,
Energy Island, The National HVDC Centre (MTTE), Flexible Elektrische
Netze (FEN) GmbH, Electric Power Research Institute (EPRI), Energy
Networks Association (ENA), Power Electronic Society.
1.7. Timescale
1.7.1. Project | January 2016 1.7.2. Project | April 2020
Start Date End Date
1.8. Project Manager Contact Details
1.8.1. Contact | Mikel 1.8.2. Email & | murizarbarrena@

Name & Job Title

Urizarbarrena | Telephone Number spenergynetworks.co.uk

Engineer 0141-614-2626

1.8.3.
Address

Contact

Future Networks

Ochil House

10 Technology Avenue

Hamilton International Technology Park
Blantyre

G72 OHT
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Section 2 Project Description

2.1. Aims and objectives

ANGLE-DC is an innovative project which aims to demonstrate a smart and flexible
method for reinforcing distribution networks by converting Alternating Current (AC)
assets for Direct Current (DC) operation. ANGLE-DC will adapt existing power electronic
technologies to build a medium voltage DC (MVDC) link which could be an effective
solution to facilitate the integration of renewable resources and accommodate
future demand growth. ANGLE-DC aims to build the confidence in deploying MVDC
technologies by other UK Distribution Network Operators (DNOs) and also trigger the
medium voltage DC supply chain. ANGLE-DC has the following objectives:

e Trial the first flexible MVDC link in the Great Britain (GB) distribution system;

e Trial conversion of an AC circuit to DC operation to enhance circuit capacity;

e Trial real-time holistic circuit condition monitoring of a DC circuit converted
from AC to provide the evidence and confidence for DNOs;

e Provide real-life data on MVDC converter operation under various loading
conditions;

e Provide real-life data on cable ageing mechanism;

e Develop technical guidance, recommendations and policy documents for
planning, procurement, operation and control strategy of MVDC converters and
MVDC links;

e Create a supply chain and stimulate a competitive MVDC market;

e To bridge the gap between transmission network and low voltage distribution
DC technologies;

e Explore the feasibility of MVDC technology as an enabler for the Distribution
System Operator model;

e Provide wider benefits to other industries such as shipping and railway.

2.1.1. The Problems which need to be resolved

Increasing demand growth and uptake of distributed energy resources place
pressure on the distribution network. Electricity distribution networks need to adapt
for the future energy scenarios which aim to reduce CO, emissions in the power sector to
near zero by 2050. The UK Carbon Plan promotes the electrification of heating and
transport and the use of renewable energy sources, which will mainly be connected to
distribution networks. Consequently, DNOs face a challenge to accommodate a
significant demand growth and Distributed Generation (DG) capacity which is predicted
to nearly double with approximately 21.8 GW in the GB by 2035. Thus, extensive and
prohibitively expensive reinforcement of the distribution networks is required to maintain
networks within thermal, voltage and fault level constraints and comply with the
electricity industry standards.

The creation of new way-leaves for additional distribution circuits and
substations is difficult in the UK. Conventional reinforcements typically involve
significant costs and additional land requirements. Obtaining way-leave agreements or
easements could directly affect the lead time of distribution network expansion schemes.
Consequently, this may result in lengthy lead times for renewable connections and a
slowing down in the move towards UK Carbon Plan targets. Solutions for future
distribution networks need to make the most efficient use of existing assets, this
potentially defers or avoids the need for new network reinforcements.

A passive distribution network does not satisfy future network requirements.
Renewable resources are intermittent and their export does not necessarily coincide with
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local demand requirements. This along with the inherent uncertainty of future generation
and demand requires distribution networks to be flexible and controllable. The operation
of conventional AC distribution networks is mostly passive and is not able to provide the
necessary control of power flow magnitude and direction.

Power exchange between two distribution networks is mostly only possible
through primary grids. Most GB distribution systems are traditionally operated
radially; neighbouring networks are not operated with interconnection as coupling
distribution systems may result in thermal ratings, fault level limits and permissible
voltage levels being exceeded. However, a direct and controlled power exchange
between distribution systems allows the transfer of the excessive power generated by
DGs to other load centres. A reliable and controlled interconnection between distribution
systems could potentially reduce network losses, enhance the reliability of the system as
a whole, and reduce customer interruptions by increasing the power supply paths.

2.1.2. The Method being trialled to solve the Problem

ANGLE-DC aims to address the aforementioned problems by building on earlier projects
and demonstrating additional benefits from the deployment of MVDC converters at both
ends of an existing circuit (rather than a “back to back” (BtB) application). The
proposed method can enable power and voltage control over a wider area of
influence and increase the capacity of an existing circuit. The following three
principles will be trialled in the ANGLE-DC project:

1- Insertion of a flexible MVDC link in a GB distribution system;
2- Conversion of an AC circuit to DC operation;
3- Holistic circuit condition monitoring of a DC circuit converted from AC.

The first principle is to use MVDC converters at both ends of a distribution network
interconnector, to control the power through the link and voltage at both distribution
systems. This solution will develop a building block for active rather than passive power
control between two distribution networks which cannot be operated coupled by an AC
circuit due to uncontrolled circulating power and fault levels. This will be the first GB trial
of a MVDC link (to our best knowledge the first in Europe).

The second principle is to convert existing AC medium voltage (MV) distribution circuits
to DC operation. This solution is anticipated to unlock capacity from the existing circuits
which can be used to facilitate integration of renewable resources. This will be the first
trial of the method on GB distribution networks.

The third principle demonstrates that AC assets can be used for DC operation by real-
time condition monitoring of assets in pre and post DC conversion. Real-time partial
discharge (PD) monitoring equipment will be deployed at both ends of the link to assess
the performance of AC assets in different loading and DC stress conditions in real-time.
To our best knowledge, PD monitoring of DC circuits at medium voltage has not been
trialled before in the UK.

2.1.3. The Development or Demonstration being undertaken

An existing 33kV AC circuit between North Wales and Anglesey has been identified as a
suitable location for a trial to demonstrate the application of a flexible MVDC link using
existing circuits. This circuit connects Bangor (mainland) to Llanfair PG (Anglesey) 33kV
substations and comprises both cable sections and overhead line sections.
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In the Anglesey area, the volume of renewable generation and the demand for electricity
are increasing significantly. The demand growth forecast for this area is around 11%
during the RIIO-ED1 period. The connected and contracted renewable generation
connections have reached around 160 MW. Consequently, voltage and thermal rating
issues in several locations in Anglesey and North Wales need to be addressed. Additional
headroom derived from increased capacity of circuits operating using DC will bring
benefits to the wider area and reasonable provision for uncertain future developments.

Furthermore, it is necessary to control power flow on the 33kV circuits between Anglesey
and the mainland connecting the two different distribution systems, as the existing 33kV
network creates a parallel power flow path with the existing 400kV transmission
network. Uncontrolled power flow may exceed the thermal rating of the 33kV Bangor-
Llanfair PG circuit, as illustrated in Figure 2-1. Therefore, this circuit represents an
appropriate location to demonstrate the viability of an attractive alternative
reinforcement technique.

2.1.4. The Solutions which will be enabled by solving the Problem

The project aims to prove the viability of converting existing AC circuits to DC operation,
by demonstrating that it is practically possible to realise improvements in the control of
power flow, voltage profile and increased capacity for a real circuit. Furthermore,
practical experience will be acquired (and shared) by way of a prudent approach to
design; requirements for testing the existing equipment; proof of the equipment
reliability and scheme availability; and improvements obtained in the wider distribution
network. By the end of the ANGLE-DC trial, it is anticipated that the MVDC reinforcement
solution will be significantly de-risked for future applications.

The solution will provide operational benefits to the distribution system on
Anglesey by providing an up-rated power corridor to the mainland, while also
providing ancillary benefits to the AC distribution network by controlling power
flow and regulating voltage at both ends of the circuit. This will potentially allow
further connection of low carbon renewable energy sources on the island; and defer the
need for further medium voltage AC reinforcements on the island or mainland. It is
expected that because the MVDC technology is able to improve the voltage control in the
wider area of the distribution network, operating losses will decrease. Energy losses
represent an economic cost to system operation and the savings will reduce the ultimate
cost that is borne by the consumers of electricity.

2.2. Technical description of Project

2.2.5. AC networks vs DC networks

AC technology has been in use for over 100 years to connect generation sources to
consumer loads. Although this is a well-developed technology, easily adaptable for new
connections, it is somewhat difficult to control the flow of power through a network. This
can make it difficult to control the voltage profile across the network and thus minimise
operating losses.

With the re-emergence of High Voltage Direct Current (HVDC) transmission since the
1960’s and recent developments in AC to DC converter technology, the use of DC for
distribution applications is being considered. Unlike AC distribution, with DC the power
flow is fully controllable.
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2.2.6. Benefits of using DC networks

DC technology is now widely used for high voltage power transmission (HVDC) and there
are a few examples of stations operating at medium voltage levels (<76.5kV).
Additionally, there are some distribution applications (up to 138kV) of DC which are
mainly BtB topologies or niche power supplies to off-shore oil and gas installations, see
Appendix M. To date there are no known applications for MVDC links in distribution
networks. The use of DC technology will bring a number of benefits to the operation of
the distribution network and hence to the consumer as outlined in the following:

Enhanced power flow through an existing circuit;

More precise control of the flow of power in the distribution circuit;

No possibility of overload of the circuit;

Control of voltage at either end of the distribution circuit;

Control of reactive power® flow at both ends of the distribution circuit;

Lower losses in the wider distribution network due to the improved voltage
control;

Rapid support to the system voltage during faults;

e Fault level decoupling between distribution systems;

e Facilitating accelerated access to the network for renewable connections.

2.2.7. Technical Overview

ANGLE-DC aims to demonstrate the application of MVDC technology by converting an
existing 33kV AC circuit between Llanfair PG substation on Anglesey and Bangor
substation in North Wales to a symmetrical monopole DC circuit, with each AC circuit
becoming one pole, operating at +27 kVdc?. The existing circuit consists of underground
cables and an overhead line section on Anglesey, cables on the Britannia Bridge over the
Menai Strait, and underground cables in North Wales. The total circuit length is
approximately 3km. Figure 2-1 shows the 33kV circuit (OHL + cable sections) route
between Bangor and Llanfair PG substations. As discussed earlier, condition monitoring
of the cables, when operating under DC stress, is a critical aspect of this project.

2.3. MVDC Converters

At each end of the DC link, a Voltage Source Converter (VSC) with an interface
transformer will be used to convert 50Hz AC to DC, and back again at the opposite end
of the link. The existing circuit would be re-terminated at the DC connection of the new
converters. An overview of the technical details of the MVDC converters is given in
Appendix H.

The notional power rating of the scheme is 30MW with a working assumption that the
scheme may operate continuously at this power level with a power factor of lead/lag 0.9,
i.e. a scheme rated capacity of 33MVA. This power rating will be confirmed by detailed
evaluation early in the project execution phase. Bi-directional power transfer capability is
required, i.e. the rated power is required in both directions. Minimum power transfer
level of the scheme will be around 1% of the rated capacity. A high level functional
specification of the converters is given in Appendix I.

! Reactive power is an inherent feature of AC networks. It cannot provide useful “work” such as heating,
lighting, motion, etc., but it must be controlled and compensated in order to operate the AC network.

2 This is a notional voltage and the exact DC voltage will be determined in the design phase of ANGLE-DC
project. We have conducted a DC voltage withstand test during proposal preparation phase and confirmed that
this circuit is capable of DC operation at 27kVdc.
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The scheme will be able to operate in voltage control mode, such that the operator may
select a target AC bus voltage and the converter will automatically adjust converter
reactive power absorption or generation to achieve the desired voltage. Alternatively the
operator may select reactive power control mode to influence the voltage profile in the
wider network.

In the event that the DC circuit is unavailable each converter station should be capable
of operating as a static synchronous compensator (STATCOM) to support voltage on local
networks.

Llanfair PG Substation e celon _@_
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—(D/j— — 33KV
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Figure 2-1: Existing 33kV circuit route and schematic diagram between Bangor and Llanfair PG

2.3.1. Connection arrangement

It is proposed that the three conductors of one existing AC circuit are parallel connected
to form one DC pole conductor and the same for the other circuit. Cable failures are rare
and so it may be decided that it is possible to tolerate the repair time on an infrequent
basis in order to benefit from significantly increased capacity during normal operation.
Mechanical isolators will be provided to enable any faulted phase of the cable to be
removed from operation to undergo repair and reinstate the link with less capacity
(approximately two-thirds of the full capacity for a fault on one phase) after a short
interruption.

A simplified circuit diagram is shown in Figure 2-2 to indicate the additional equipment
that is proposed, namely: two interface transformers and two power electronic
converters.
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Figure 2-2: Existing and ANGLE-DC networks schematic diagram

2.3.2. Technology choices: MVDC Converters

In considering the choice of technology for an MVDC demonstration project, two
approaches were considered:

Option 1: Using the prevailing HVDC technology, called Modular Multi-level
Converter (MMC), and scaling the solution (typically 1000MW at +320kV) down to
30MW and £27kV.

Option 2: Using existing industrial or distribution level technology that is used for
power supplies or reactive power control and adapting it for MVDC power flow for a
rated power of 30 MVA and £27kV DC operating voltage.

It should be noted that Option 1 will be associated with concerns and uncertainties about
the potential high cost base implicit in this technology. An optimised and fit for purpose
design needs to be defined to ensure that technology innovation is also value for money
for electricity customers. SP Energy Networks is planning to develop a detailed technical
specification of the MVDC converters in the design phase of this project. The final and
definite choice of technology will be the outcome of a competitive tender process, which
will stimulate the supply chain and deliver a best value solution for the
customer for future MVDC applications.

2.3.3. ANGLE-DC will unlock 30.5 MW of the existing network
The capacity unlocked in the Anglesey area consists of two elements: i) DC allows the

coupling of two distribution systems and ii) DC makes better use of the conductor than
AC.

DC allows the coupling of two distribution systems: In order to avoid exceeding
thermal limits in the Bangor-Llanfair PG circuit due to uncontrolled power flow, this
circuit is kept open in normal conditions. Deploying the DC solution offered by ANGLE-
DC, however, allows this circuit to be closed and making efficient use of stranded assets
by power flow control in this corridor. This will add 24.8MVA capacity to the network.
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DC makes better use of the conductor than AC: DC allows more current to flow and
hence greater power transfer. DC current does not suffer from “skin effects” (discussed
in Appendix J), therefore the complete cross sectional area of the conductor can be used,
providing a higher current capability in a DC circuit. ANGLE-DC will enhance the thermal
rating of the circuit by around 23%b from 24.8MVA (operating in AC at 65°C) to
30.5MVA (operating in DC at 50°C) by conversion to DC operation. A potentially
higher capacity release could be achieved because the capacity increase of 23% has
been calculated based on the conservative assumption that the maximum operating
temperature of the cable circuits when operating in DC is 50°C, whereas the cables are
currently operated at a maximum temperature of 65°C, see Figure 2-3. The details of
the capacity released calculation are given in Appendix K.

188 A 219 A
(50°C) (65°C)

l«—— +27 kV DC

DC
Operation

+27 kV DC

AC

Operation BRYAS

Figure 2-3: Capacity increase in Bangor-Llanfair PG corridor by converting AC to DC

2.3.4. ANGLE-DC is an innovation project

This project will trial the first Voltage Source Converters (VSC) for operation of
a DC circuit in the GB distribution system. DC technology has been used to some
degree at MV for industrial and BtB distribution applications, but it has not been widely
used and exploited for commercial maturity. This project aims to develop a fit for
purpose specification and encourage suppliers to offer an appropriate, cost effective and
easily repeatable solution for future applications.

The re-use of existing AC assets represents a significant innovative step in the
use of MVDC technology. The agreement of new easements/way-leaves for additional
distribution circuits can be difficult in the UK, as in most developed countries, due to the
extensive and prolonged planning and negotiation processes involved. Avoidance of the
need for new circuits, resulting from the enhancement of the capacity of existing circuits
when they are operated using DC, will accelerate access to the network for low carbon
renewable generators because construction of converter stations is expected to be
quicker than construction of a new circuit.

The project has key differentiating factors with existing or planned BtB projects
(such as WPD’s “Equilibrium’). In a BtB design the optimisation is to minimise the
DC voltage and maximise the DC current, within the limits of the semi-conductors. For
this project we maximise the DC voltage, within the cable insulation limit, and minimise
the DC current, and hence losses in the circuit. A BtB station is at one location, whereas
this project will prove the flexibility of operating in two electrical and physical
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environments and prove the communication needs between the stations. A BtB solution
requires a specific location, typically a Normally Open (NO) point on the network,
whereas this project will demonstrate the more general application, which could be a NO
point or a Normally Closed (NC) circuit. By its nature a BtB installation does not impact
on the wider environmental aspects of the distribution network.

This project will provide unique learning for the UK DNOs and other
stakeholders to facilitate cutting edge research into the DC operation of
existing AC circuits. The opportunity to measure the performance of MVDC converters
in different conditions in terms of losses and availability can provide a valuable
experience and also help evaluate the impact on network operation and maintenance
requirements. A key output of the demonstration project will be operational data to
help determine the true cost-benefit of MVDC network reinforcement, including
running costs and the avoidance of future reinforcements.

Learning
for UK
DNOs

ower

flow
control

Increase
network
capacity

ANGLE-DC

Improve
voltage
profile

Renewable

CO2 Emission i
connections

Network Losses

Figure 2-4: Angle-DC concept and benefits

2.3.5. ANGLE-DC Work packages

The ANGLE-DC project has been broken down into six work packages (WPs), see Figure
2-5, these enable the ANGLE-DC solution and provide valuable learning to the UK
electricity industry. An overview of each WP and the innovation offered by them is
described in the following:

WP1
Detailed design

WP2
MVDC link

WP4
WP3 Holistic WP5 WP6
AC system condition Data Analysis Dissemination
monitoring

Figure 2-5: Overview of the WPs which will be carried out in the Angle-DC project

WP 1: Detailed design

A detailed system study, sample tests, a fresh review of MVDC technologies and supplier
engagement will be undertaken in this WP. The main objective of this WP is to develop a
technical specification for the MVDC link, including MVDC converters, interface
transformers, control systems, etc. The functional specification must deliver a solution
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that is adequately future-proofed in order to deal with uncertainty in the precise nature
of the development of the distribution systems. It will not presuppose choices of
particular technologies or suppliers.

One of the main enhancements offered by the MVDC link is the power flow and voltage
controllability feature. A thorough desktop study will be carried out to develop an
optimised power flow control strategy and set points of the MVDC converters under
different generation and demand scenarios.

A protection scheme for the complete MVDC link will be developed. The existing AC
network protection system will be integrated into the MVDC link protection system. The
protection concept is based on a series of overlapping protection zones from the existing
AC networks through to the DC network.

Appropriate design consideration will be given to electromagnetic coupling (EMC) to
inform future design requirements.

The real-time PD monitoring of a DC circuit has not previously been trialled in the UK.
Initial market research which was undertaken through a Network Innovation Allowance
(NIA) funded project showed that there are several companies claiming that they can
provide the technology and methodology for PD monitoring of DC circuits. SP Energy
Networks will develop a detailed technical specification which is fit for use on present and
future MVDC links. This system needs to operate in real-time and be capable of sending
valid alarms to the operators via communication systems.

WP 2: MVDC link

This WP includes all the activities required for manufacturing the MVDC link equipment,
site preparation, installation and commissioning the MVDC link. Based on a market
research and technical specification developed for the MVDC converters in WP 1, SP
Energy Networks will select a capable supplier through a competitive tendering process.
It is expected that a capable supplier, who believes in future market demand for the
MVDC converters, can contribute extensively in this project. A summary of work which
will be carried out in the WP is listed below:

MVDC equipment procurement;
MVDC manufacturing and product optimisation during factory acceptance test
process;

e Developing installation method statements;

e Site preparation at both Bangor and Llanfair PG substations including civil works,
wirings, protection etc;

e Shipment of the equipment to the sites;

e Installation of the equipment, site acceptance tests and commissioning;

e EMC measurement study.

There is not any similar previous experience about procurement and installation of MVDC
converters in the UK, therefore it is expected that this WP will provide significant
learning for future MVDC applications.

WP 3: AC system

It is also proposed that a new 33kV AC cable circuit will be installed in parallel with the
DC link to enable outage and testing of the DC link under commissioning and different
power flow control circumstances. The cost of this AC circuit has been included in the
cost of the ANGLE-DC project. This will allow the MVDC VSC converter technology to be
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tested for a range of network and environmental operating conditions, whilst not
adversely affecting the security of the network. SP Energy Networks plans to commission
this circuit before energisation of the MVDC link described in WP2. SP Energy Networks
will also develop a reliable and cost effective operational scheme for connecting the AC
circuit.

WP 4: Holistic circuit condition monitoring

The circuit condition monitoring will form an important learning outcome of this
demonstrator project. The project will demonstrate on-line PD monitoring systems.
These will be used to give an indication of PD based degradation and trend in time with
other operating stresses which can influence PD including voltage ramp up/down, over
voltages and ripple from power converters. The system will also trend electromagnetic
interference detected from the converters. Data will be analysed and benchmarked to
inform SP Energy Networks and other DNOs about the way in which distribution circuits
age. Pre and post-DC operation monitoring will allow for validation of theories about how
DC impacts on cable ageing.

WP 5: Data analysis and enhanced learning

It is imperative to monitor, record and analyse the performance of the MVDC link for at
least a 6 month period. This WP is designed to build confidence in the MVDC technology
used in this project and capture the learning for operation of the MVDC link. SP Energy
Networks will carry out several live tests on the performance of the MVDC link, including
control of power flow and voltage. The withstand temperature of the cable circuits will be
also assessed by a gradual increase in power through the cable circuit and monitoring
their condition at the same time. SP Energy Networks is also planning to prepare the
technical installation guidance and policy documents for MVDC design and operation.
These documents can be used for preparation of the business case for the future and
support “business as usual” MVDC applications.

WP 6: Knowledge dissemination

Significant learning is expected to be captured from the ANGLE-DC trial due to the
innovative nature of the project. SP Energy Networks have consulted wider stakeholders
to ensure the timing, innovative nature and value for money of the ANGLE DC proposal.
We will continue to deploy various methods of communicating the lessons learnt to other
UK DNOs and the project’s stakeholders during the project delivery phase and beyond.
The MVDC link will be retained and dissemination will continue by making the data
continuously available to interested parties. SP Energy Networks will share the data at
the 2020 and 2021 LCNI conferences. Due to the importance of the knowledge sharing
and dissemination, we have considered a separate WP for dissemination activities.
Section 5 of this proposal describes in detail the strategy that will be used in this project
for capturing and disseminating the knowledge and lessons learnt.

2.4. Changes since Initial Screening Process (1SP)

There have been no substantive changes to the scale of the project since the ISP was
submitted. No partners have been selected at this stage, however a number of
collaborators have been engaged in the gestation and validation of the concepts
proposed. These are:

e Local government and policy makers;

e GB professional bodies including Energy Network Association (ENA), Power
Electronic Society and British Approvals Service for Cables (BASEC);
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International professional institutes, such as EPRI (USA), ENTSO-E (EU) and
E.ON Energy Research Center (Germany);

e GB DNO Companies;

e Previous existing innovation project teams (Low Carbon Hub, Equilibrium,
MTTE);

e International DC component suppliers;

¢ Academic Institutes and Consortium;

e Professional Consulting Companies: e.g. TNEI, EA Technology, WSP | Parsons
Brinckerhoff.
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Section 3 Project business case

3.1. Overview

Distribution networks need to adapt for future energy scenarios. The system will need to
accommodate higher volumes of renewable generation and deliver more power in
response to a rising demand for electrified heat and transport.

In this context passive network operation will no longer be the optimum approach to
operate the system. A new mode of actively managing the network is required to
face the challenges of maintaining the network within operational limits under
unpredictable generation and demand variations. In this transition towards the
smart-grid model DC solutions have been identified as an enabler for the active control
of power flows whilst also maximising the utilisation of existing assets.

ANGLE-DC aims to demonstrate a novel DC network reinforcement technique to be used
by DNOs as an economic solution, with the objective of facilitating the shift towards a
low carbon economy. ANGLE-DC offers clear benefits in the following categories:

e Securing a 30.5 MW power transfer corridor interconnecting two distribution
systems which offers a net capital investment saving and enables the
transport of low-carbon generation between two distribution systems?;

e Enhancing voltage and reactive power controllability at both ends of an MVDC link
and subsequently reducing losses by around 20%, which is equivalent to a £630k
saving per annum;

e If successful in the roll-out phase replicating the ANGLE-DC solution at GB level
will potentially result in total savings of £396.0m by 2050;

e An independent study? revealed that the MVDC solution can be considered in
collector arrays and connections of renewables to the grid. This application can
potentially reduce capital costs required for offshore electrical
infrastructure by up to £1.7bn.

3.2. ANGLE-DC is in line with GB and European innovation strategy
roadmaps to satisfy customers’ expectations

The ANGLE-DC proposal is deploying power electronic technologies in distribution
networks. This application has been identified as an enabler for future smart grid in
European® and GB* innovation roadmaps. Based on these roadmaps and extensive
stakeholder consultation, the SP Energy Networks’ Innovation Strategy® was established
this also considered Medium-Voltage DC (MVDC) systems as a particular area of interest.
DC solutions have also been identified as an enabler for facilitating the integration of
renewables through better use of system assets. In addition, MVDC networks have the
potential to complement a number of other innovation activities planned in SP Energy
Networks’ Innovation Strategy roadmap, as listed below:

1 A 17% factor is assumed based on the generation load factors published by DECC on renewable resources
and the generation portfolio on Anglesey.

2 TNEI, MVDC Technology Study — Market Opportunities and Economic Impact, February 2015

3 Consolidated View of the ETP SG, April 2015.

4 A Smart Grid Routemap, Electricity Networks Strategy Group, February 2010.

5 http://www.spenergynetworks.co.uk/userfiles/file/201403_SPEN_ InnovationStrategy MH.pdf
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3.3.

Active Network Management: MVDC links as a technology enabler for more
active distribution network control to form part of distribution system operator
role.

Monitoring and managing fault levels: MVDC links maintaining the fault levels
within circuit breaker capabilities by de-coupling different areas of the network.

ANGLE-DC’s innovation nature warrants NIC funding

ANGLE-DC falls into a category of what should be funded through the NIC funding
mechanism given the following reasons:

3.4.

It fits into the unproven category but has significant potential benefits and can
reasonably be expected to be considered among viable reinforcement options in
the near future;

It builds on the learning generated by previous NIA projects e.g. HVDC Cable
Condition Monitoring System and Investigation into the Development of a MVDC
Demonstration Project;

It complements existing LCNF projects to deliver enhanced benefits e.g. Low
Carbon Hub and Network Equilibrium.

ANGLE-DC

Conversion Holistic
MVDC .
of AC assets circuit
converter . .
to DC monitoring
. NIA project
HVPD cable
withstand test
. LCNF project
HVDC Cable
Pre proposal Low carbon Condition

Monitoring

Network Hub
System

studies

proposatl. CCl cable rating
preparation o
analysis MVDC Technology

Study

Figure 3-1: Knowledge gained from other projects to support ANGLE-DC innovation aspects

MVDC links Benefits

The simplicity of AC equipment has always made AC the preferred choice for distribution
networks. Nevertheless the recent cost reduction experienced in the field of power
electronics together with major advances in semiconductor technologies are, for the first
time, enabling the advantages of AC systems and DC systems to be combined. Using
both AC and DC technologies could bring significant benefits to consumers, renewable
generators, electricity licensees and the wider society as outlined below:

MVDC technology allows for full controllability of power flows and improved
voltage regulation capability thus reducing network losses in the wide area.
Over the lifetime of the assets, this reduction in network losses is significant, and
will help network operators deliver power to end customers as efficiently as
possible;

The use of AC circuits at DC could increase the thermal capability allowing for
more power to flow across the circuit. This additional headroom would be
released without any new circuits, and therefore at a reduced environmental
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impact. The headroom could be used to connect more generation from
renewable sources leading to reduced carbon emissions;

e An AC to DC conversion scheme could be delivered faster than a conventional
reinforcement where way-leaves are likely to be an issue. MVDC technology could
expedite the connection of renewable generation;

e The degree of controllability offered by DC solutions could enable network
normally-open points to be closed in circumstances that would otherwise lead to
unacceptable thermal overloads or fault levels. As a consequence reliability of
the network could be improved and network assets are used more
efficiently;

e The establishment of a DC link could in some situations avoid or defer the need
for wider distribution network reinforcement;

e Establishing a controllable path between distribution systems provides an
alternative route for power to be transferred between neighbouring networks
without necessarily going through the transmission system. Thus, some
complexities in transmission network operation could be alleviated and
transmission reinforcements avoided or deferred.

3.5. The ANGLE-DC case

3.5.1. Anglesey Problem

The nature of the comprehensive challenges in the Anglesey area mirrors the issues of
the evolving GB distribution network. The Anglesey example, while complicated, is
representative of many of the challenges all DNOs will face in the transition to a low
carbon economy.

The 33kV system on the Isle of Anglesey, North Wales (within the licensed area of SP
Manweb) is currently approaching both thermal and voltage limits. The demand in
Anglesey is anticipated to increase significantly over the next 10 years due to various
regeneration and development projects by the Welsh Government and the Horizon
Nuclear Power station development. The level of generation connection activity in the
area is extremely high and it is anticipated to increase during the RIIO-ED1 period.

A 33kV circuit connecting Anglesey (Llanfair PG) to other parts of the North Wales
distribution network (Bangor) has been identified where uncontrolled power flows are
forecast to exceed thermal limits. Additionally the circuit is located in an area where
voltage management is becoming increasingly difficult. In order to partly avoid these
issues, the Bangor-Llanfair PG link would be operated in open circuit in normal
conditions. The network issues in the Anglesey area are discussed in further detail in
Appendix C.

3.5.2. ANGLE-DC solution for Anglesey

ANGLE-DC proposes to convert the Bangor-Llanfair PG circuit to DC by installing two
converters at both ends of the circuit. This technique allows better utilisation of existing
assets. Network capacity can also be unlocked by keeping this link connected
(rather than normally open) and performing optimised power flow and voltage
control. Figure 3-2 shows a theoretical conventional method to deliver 30.5MW of
generation capacity.

By using DC technology a 24.8MW corridor can stay connected between Bangor and
Llanfair PG. Additionally the conversion of an existing AC circuit to a DC circuit will
increase the power transfer capability of the existing assets by 5.7 MW. In other words,
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using the ANGLE-DC solution will increase the power transfer capability
between Bangor and Llanfair PG by 30.5MW (24.8MW+5.7MW). This headroom
can be used to facilitate the integration of low carbon generation. Assuming only 17%*
of this capacity will be used by local renewable generators, 45.4GWh of green energy
can be transported across the link annually.

33kv

X 132kV @_X

(a)

33kv [AC +27kV dc 5C 7]33kV

DC 7RV dc AC

(b)

Figure 3-2: (a) Theoretical conventional base case and (b) ANGLE-DC method

3.5.3. Capital investment (CAPEX)

The investment costs required for ANGLE-DC have been estimated following a bottom-up
approach, using the estimated costs received from the manufacturers, SP Energy
Networks’ unit costs and required site works costs. Our market engagement in the
proposal preparation phase was used to inform the initial investment (CAPEX)
requirement for commissioning MVDC equipment including research and development
(R&D) activities undertaken during the course of the project. It is envisaged that the
MVDC solution will become more attractive in terms of CAPEX after successful
demonstration of the ANGLE-DC project. The expected CAPEX for the post ANGLE-DC
trial is discussed in Appendix D.

3.5.4. Capital investment saving

Deploying the ANGLE-DC solution would create a 30.5MW power transfer capability
between Bangor and Llanfair PG. Releasing the capacity by a theoretical conventional
alternative involves the installation of a new grid transformer, a 132kV circuit, 132kV
switchgear and 33kV switchgear. The ANGLE-DC trial represents a net avoided capital
investment when compared against the theoretical conventional option.

3.5.5. Operational and maintenance benefits

Traditional reinforcements do not offer any functionality for power flow and voltage
control. The reactive power controllability offered by the ANGLE-DC solution could
radically improve network voltage and reduce network losses. Savings from losses
reduction directly benefit the electricity customers through a reduction in Distribution
Use of System (DUo0S) charges. Calculations indicate that wider distribution network
losses could reduce by around 20% (MVDC converter losses are included) by using
the ANGLE-DC solution. The benefit gained from loss reduction is estimated to be £630k
annually.

1 The 17% factor is calculated based on the generation load factors published by DECC on renewable resources
and the generation portfolio in the Anglesey area.
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3.5.6. Financial analysis

The financial benefit of the ANGLE-DC solution is compared against a
theoretical conventional solution. This solution represents the industrial practice by
installing a new grid transformer at Anglesey and corresponding circuits (Figure 3-2a) to
release the same level of generation capacity. Financial analysis shows that ANGLE-DC
compared to the conventional alternative offers significant benefits to the Anglesey and
North Wales areas. Table 3-2 summarises the benefits gained from the ANGLE-DC
project.

Table 3-1: Benefits of ANGLE-DC

2030 2050
Total benefits £10.47m £18.67m

3.6. Rollout

AC to DC conversion of existing assets has already been considered for transmission
voltages and low-voltage network applications, these examples are shown in Appendix
M. A demonstration at 33kV will increase the maturity of MVDC technology and provide
an opportunity to realise benefits on medium-voltage networks. Based on our literature
survey and initial market engagement, we estimate that the technology readiness level
(TRL) of DC technology at medium voltage is 5-6 currently. ANGLE-DC aims to
increase the TRL of MVDC converters to 7-8 and make this solution ready for
commercial deployment. The ANGLE-DC solution will be an attractive solution for
future reinforcement applications because this project will:

e Provide a clear understanding about benefits (capital, operational, social,
etc.) of an MVDC solution, this can be used by GB DNOs for future cost benefit
analysis against conventional reinforcement;

e Provide significant learning in terms of the optimum design and operation of
MVDC technologies, this can be directly adopted by other GB DNOs with a
significantly reduced cost compared with that required for the R&D phase for
unproven technologies;

e Stimulate competition in the supply chain which will consequently reduce the
cost of MVDC technology;

e Provide a clear understanding about considerations required for the conversion of
existing AC assets to DC operation, this understanding will significantly reduce
implementation costs for GB DNOs and the end consumers.

The solution proposed in this project is envisaged to be deployed for two distinctive
applications in the future: i) As an alternative reinforcement in medium voltage

distribution networks and ii) As an application in offshore wind farms’ electrical
infrastructure.

3.6.1. Application by GB electricity licensees

Upon successful demonstration of the MVDC solution by 2020 in the ANGLE-DC project,
it is expected that this solution will compete with conventional reinforcement techniques.
For the post ANGLE-DC trial applications, the cost of power electronics is assumed to
decrease with time as per the cost curves described in the Work Stream 3 report
published by the Smart Grid Forum, see Appendix D for further details.

For the roll-out phase, we assume that the ANGLE-DC reinforcement solution could
release, on average, 30.5MW of capacity on the converted circuits, the same level of
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headroom as this trial. This additional capacity can be used for reducing total
emission costs. The average network loss reduction is also assumed to be 20%o,
similar to the ANGLE-DC case, given the enhanced voltage control capability MVDC
offers.

We estimate that potentially there can be at least one more site in SP Manweb and
approximately 25 sites (See Appendix D) within the GB where the ANGLE-DC method
could be replicated. By extrapolating the expected benefits to the 25 sites, we estimate
that a total benefit of £396.0m can be achieved by 2050 across GB. The level of
expected financial benefits is shown in Table 3-2.

Table 3-2: Expected Benefits (See Appendix D for rollout methodology)

2030 2050
Licensee scale £18.4m £39.2m
GB rollout scale £69.2m £396.0m

3.6.2. Application in offshore connections

The previous study commissioned by Scottish Enterprise suggested that MVDC solutions
can be considered in collector arrays and connections of renewables to the grid. A
significant volume of investment, around £3.3bn, will be spent in total on that electrical
infrastructure of Scottish offshore projects. Most of these projects use AC transmission
solutions; however if the MVDC technology is matured and de-risked, potentially through
the ANGLE-DC trial, DC may be used as an offshore transmission solution. If Scottish
offshore projects were to use direct to shore MVDC solutions, the reduction in capital
costs could be up to £1.7bn.

3.7. Projectrisks

In order to ensure successful delivery of expected benefits and learning objectives of the
ANGLE-DC project, we will proactively identify risks to the project and provide mitigation
plans. The risk register will be updated regularly during the course of the project. The
three major risks (commercial, technical and resourcing) are listed in Table 3-3, see
Appendix G for a complete lists identified in the proposal preparation stage.

Table 3-3: Three major risks in different categories

Probability Financial Reputation Overall

E:istl;gory Risk Description Impact Impact Risk
(1-5) (1-5) (1-3) (2-45)
Technical Existing cable may be 3 5 2 21
severely damaged when
operates in DC
Commercial Cost of MVDC equipment is 3 5 3 24
significantly  higher than
estimated
Resources Lack of experience of 2 5 3 16

project staff
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Section 4 Benefits, timeliness, and partners

4.1. Response to (a) Accelerates the development of a low carbon
energy sector and/or delivers environmental benefits whilst having the
potential to deliver net financial benefits to future and/or existing
Customers

4.1.1. Impact on the Carbon Plan

The Carbon Plan presents plans for the reduction of emissions from a range of sectors in
the UK. There is a common theme that reductions in emissions will be obtained through
the use of low carbon electricity for more purposes, including: shifting to heat pumps for
heating buildings; increasing the use of modes of transport that use electricity, including
the charging of batteries for electric vehicles; and electrification of a range of industrial
processes.

The Carbon Plan’s emphasis on low carbon electricity provides significant motivation for
ANGLE-DC’s proposal to make best use of existing distribution network assets. The
Carbon Plan recognises that increasingly variable demand profiles mean that “our
electricity system will need to become smarter at balancing demand and supply.”
Conversion of an existing AC circuit to MVDC will considerably enhance the ability to
control voltages and manage the flow of power between areas of generation and
demand, and the effect of the improvement will be felt across a diverse area.
Enhancement of the electricity network using MVDC as proposed in ANGLE-DC wiill
implicitly support electrification to facilitate emissions reductions in buildings,
transport and industry.

As well as an increasingly variable electrical demand profile, the magnitude of the
demand is predicted to increase, requiring additional generation capacity, as recognised
in the Carbon Plan’s statement: “we are likely to need 100 GW or more of new low
carbon generation capacity in 2050”. The economic justification for renewable generation
is inextricably linked with the ability of the distribution system to provide a route to
export low carbon electrical power at reasonable cost.

Conversion of existing circuits to MVDC will provide capacity increases as well as a
reduction of losses. The proposed technology is likely to unlock 30.5 MVA capacity on the
existing Llanfair PG to Bangor corridor. MVDC enhances the power flow controllability in
the network, this can be used to release additional capacity in a wider area.

A recent study commissioned by SP Energy Networks to investigate the potential for
MVDC as part of the preparation of this proposal indicates that it will be possible to
achieve greater capacity increases from subsequent deployment of the technology, and
that there are 25 circuits around the UK that would be suitable for the ANGLE-DC
solution.

The release of capacity is expected to be available earlier than a new circuit could be
constructed. Also, it is suggested that due to the uncertainty regarding the uptake of
electrification and distributed generation, the additional capacity available through the
application of MVDC is a suitable “stopgap” measure, appropriate for the resolution of
imminent issues, until the ultimate changes in demand become clearer and are realised.
Without conversion from AC to DC, the capacity of the existing network is conventionally
enhanced by the addition of new circuits with considerable effort and environmental
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impact. It is therefore believed that MVDC provides benefits for the connection of low
carbon electrical power.

4.1.2. Release of network capacity by the demonstration

The release of network capacity from deployment of the ANGLE-DC solution is around
30.5 MVA which comes from two elements: i) better use of stranded assets and ii)
better use of conductors.

e Better use of stranded assets or circuits which should be kept normally
open:
The controllability of the size and direction of power flows in AC networks is very
little. Conventionally, some circuits in AC networks need to be kept open because
closing them creates a path for uncontrolled power flows which may exceed the
thermal limits of the circuit. Examples for this condition can be those circuits
connecting two different distribution systems or distribution circuits creating
parallel paths with transmission networks. Using DC, however, provides full
control over power flow in a circuit as well as the wider network. Therefore,
normally open circuits can be closed and an efficient use of stranded assets can
be achieved. The ANGLE-DC solution will facilitate keeping the Bangor — Llanfair
PG circuit connected, consequently creating a 24.8MVA intact capacity on the
network.

e Better use of conductors:
DC current uses the complete cross sectional area of a conductor. This is an

improvement on AC which only uses the outer portion of the conductor due to
skin effects. The increase of the cross section available for carrying DC electricity
reduces the effective resistance of the conductor, in a DC circuit, and means that
it is capable of carrying more current with the same heating effect. Coupled with
the optimum choice of DC voltage, a higher power transfer can be achieved in DC
operation in comparison with that achieved in AC operation. A recent study
commissioned by SP Energy Networks confirms the theoretical advantage of
converting AC circuits to DC. In particular where two AC three-phase circuits are
available, because DC requires only two conductors (positive and negative), the
three conductors of each AC circuit can be connected in parallel to provide the DC
conductors. In the ANGLE-DC project, we estimate that at least 5.75 MVA of
Bangor - Llanfair PG can be released through better use of the conductors.

The 30.5MVA capacity release estimated in this project is based on prudent
assumptions for secure operation. Studies indicate that it will be theoretically possible
to achieve greater capacity increases from subsequent deployment of the technology,
but this depends on the learning from this project, information about the existing cables
to be converted and prudent decisions about how to operate them.

The recent study indicates that there are around 25 circuits in the UK that would be
suitable for conversion to MVDC over a 20 year period. Assuming that the capacity
released is the same as the 30.5MVA capacity release estimated for this trial, this
equates to a total of 762.5MW of unlocked capacity by using only the existing
assets in GB.

Enhancing network capacity by building new overhead or underground distribution
circuits requires the network licensee to go through a rigorous planning process and
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obtain easements/way-leaves prior to the commencement of construction. Thus, the
addition of extra capacity from conversion to MVDC, by adding equipment at each end of
an existing circuit resulting in diminished planning requirements by avoiding new lines,
should mitigate problems in the short-term and defer or avoid the need for other new
circuits. This proposal offers the opportunity to test the application of MVDC technology
to an existing distribution circuit for the first time, and the significant learning associated
with it.

4.1.3. Environmental benefits

In addition to the problem of network capacity for increasing demand and renewable
generation, there is also an opportunity to reduce losses in the distribution systems. The
connection of two areas of a network using an MVDC link to control the flow of power
and maintain electrical separation supports network voltages on both sides of it. The
effect of this support at each end of the link is to manage voltages at locations across a
wider area, minimise current through circuits and, therefore, network losses in the
affected area. For this demonstration project, the losses in Anglesey and North
Wales are anticipated to be reduced by approximately 13,030 MWh annually.

Over the lifetime of the assets, this reduction in network losses is significant. Reduction
of distribution losses reduces the amount of power that the generators and the
transmission system are required to deliver, potentially providing additional loss
reduction in the transmission network, enabling the network operators to deliver power
to customers more efficiently. According to a recent study, commissioned by SP Energy
Networks, the lifecycle cost of losses associated with the option to convert an existing
circuit to MVDC is in the region of £15.77m. By extrapolating this figure to the 25
sites in the GB, the ANGLE-DC solution offers £252.4m savings as a result of
loss reduction across GB by 2050.

The enhanced capacity of a circuit that is converted to operate with DC allows the
network to accommodate higher power flows without the need for an additional circuit to
be built, and the associated environmental impact and damage to nature.

4.1.4. Potential to deliver net financial benefits

The ANGLE-DC solution will deliver a significant financial benefit in the form of avoided
cost of network reinforcement and reduction in network losses. The benefit gained from
this project materialises in two elements:

)} Benefit to Anglesey and North Wales area only as a result of ANGLE-DC
trial will be £18.67m by 2050. ANGLE-DC is an enduring solution for
Anglesey that will provide network support beyond the ANGLE-DC project
completion;

i) Benefit to GB in the roll-out phase by deploying the ANGLE-DC solution at 25
sites in the GB distribution network will be £396.0m by 2050.

Figure 4-1 shows the total financial benefit is expected to be gained after ANGLE-DC trial
across GB.
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Figure 4-1 Total financial benefit in roll-out period of ANGLE-DC solution

4.2. Response to (b) Provides value for money to electricity
distribution customers

4.2.1. Potential direct impact on the network

The existing GB distribution network is expected to be under stress during the transition
to a low carbon economy. The voltage, thermal and stability issues associated with the
integration of low carbon technologies require a step change towards smart and flexible
reinforcement solutions. In line with this requirement, the ANGLE-DC solution provides a
direct positive impact on our network as below:

Impact on Anglesey network:

e The release of capacity in the Anglesey network is expected to facilitate the
connection of distributed generation and new demand in a shorter timescale;

e This reduction of the delay and cost of connection faced by renewable energy
schemes will help to ensure that already committed investment in low
carbon generation will be exploited at the earliest opportunity;

e In addition, the reduction of losses will also reduce the cost of operating the
distribution network, this is passed on to customers through the Distribution
Use-of-System (DUo0S) charges;

e Additional reactive and voltage support offered by MVDC technology will alleviate
the existing post-fault voltage step issues in the Anglesey area;

Impact on other GB networks:

ANGLE-DC will serve as a valid reference for other GB Electricity Licensees for areas with
similar network constraints. Planning of electricity systems has become more challenging
due to significant constraints on development, and decisions have to be made without
certain knowledge of generation and demands. This means that flexible solutions are
required in order to avoid investment in technologies that are unsuitable if unforeseen
changes occur. The MVDC technology that is proposed represents a flexible solution that
will not prejudice other developments. ANGLE-DC will provide valid data and operational
experience for network owner/operators and their stakeholders.
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4.2.2. Justification of the scale of the project
The following key criteria were considered when deciding the scale of the project:

e Needs of the Anglesey distribution network - Our planning studies showed
that due to increasing integration of renewables and load growth, there will be
various thermal and voltage issues in the 33kV network in Anglesey and North
Wales. We also expect Bangor-Llanfair PG to exceed its thermal limits in
contingency conditions due to uncontrolled power flowing between two different
groups Anglesey (Bangor) and North Wales (Llanfair PG). This project, ANGLE-
DC, is designed to enhance the performance of Anglesey (Bangor) and North
Wales distribution networks and alleviate the existing network issues.

e lLearning Objectives - The key learning objective of this project is to
demonstrate how converting existing AC assets to DC operation at medium
voltage can be an alternative solution to future reinforcement. In particular, this
application would be most viable when two neighbouring distribution systems
need to be connected in a controlled way. Bangor-Llanfair PG circuit provides the
exact condition where we can demonstrate our learning objectives of the project.
This circuit consists of both cable (with different cable types) and overhead line
conductor, thus allowing us to show the impact of DC conversion on different
asset types.

e Balance between Innovation and Risks — The trial of any unproven
technology is associated with various technical risks. We aim to demonstrate the
ANGLE-DC solution in a real-life system and not in a laboratory environment.

4.2.3. Justification of the cost of the project

Consultations were carried out during the proposal preparation to ensure that the cost
information is an accurate estimate and serves the interest of existing and future
electricity customers. The costs of different elements in the ANGLE-DC project are
detailed below:

e Cost of MVDC equipment was estimated based on consultation carried out with
major high voltage and industrial DC suppliers to understand available
technologies and identify suitable technology for medium voltage application. We
then developed a high level functional specification for the MVDC link and
requested manufacturers to informally provide cost estimates;

e For estimation of the site preparation activities a separate consultation was
carried out. The sites at Bangor and Llanfair PG were inspected and, based on the
estimated size of MVDC equipment, the amount of works required for civil works,
cabling works and electrical works were estimated;

e The cost of holistic monitoring equipment was also estimated based on the
existing available monitoring technologies, the engagement with one of the PD
monitoring suppliers, and our previous experience of the cost required for
integration of the monitoring system;

e The cost of the AC system was estimated based on the unit costs of typical
cable installations and also after specific site visits carried out between Bangor —
Llanfair PG to identify possible routes and way-leaves requirements;

e The cost of labour, consultation services and contractors for each WP was
also estimated based on our experience in previous projects. These costs were
internally reviewed by SP Energy Networks.

The total estimated project cost includes 8% contingency due to the innovative nature of
the project. A complete project breakdown cost is given in Appendix B.
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4.2.4. Provide the most economical solution

We will endeavour to ensure the project cost represents the best value for the customer
by considering the two following elements:

e Optimal design of the equipment — The use of DC technology at medium
voltage is not a mature technology. Nonetheless, there are many DC applications
at high voltage and industrial voltage levels. The initial engagement indicates the
consensus between the “pull” from the MVDC market and the “push” from
technology. HVDC is inherently an expensive technology with high project
engineering costs. The detailed design and specifications of the DC technologies
at medium voltage is not necessarily similar to the specification of high voltage or
industrial applications. In order to provide the best value for the customer, we
have considered a dedicated WP to provide the most optimum and reliable design
for MVDC application. In another words, we aim to avoid the costs associated
with some specifications that may only be required for HVDC applications while
not compromising the system reliability by selecting a pure industrial DC solution.

e Robust procurement process - SP Energy Networks uses a robust procurement
process to ensure that the best value for money is achieved for the equipment
and services required in the ANGLE-DC project. In addition to the work
undertaken in the proposal preparation phase, we will continue to carry out
extensive market research and due diligence to identify capable suppliers and
project partners. These activities will be carried out during the first year of the
project under WP 1 (Detailed design). The equipment and services will also be
purchased through a competitive tendering process at the lowest cost and highest
quality.

4.2.5. The proportion of benefits that accrue to the electricity network

ANGLE-DC is aiming to drive the innovation needed to deliver a sustainable
energy network at value for money to existing and future customers, including
providing fair access to the network to facilitate competition for distributed low
carbon generation. The principal benefits that arise from the conversion of an existing
circuit to MVDC have a direct impact on network investment, operational expenditure
and will contribute to future planning. These benefits are the network capacity released
and the reduction of wider network losses. Low carbon generation technology is likely to
be accommodated as a result of this proposed project, but will be charged for connection
in line with conventional reinforcement costs and without a burden for new technology in
the distribution network.

This project is an innovative demonstrator of MVDC technology in the GB and EU. It
will provide significant learning to other GB DNOs for DC operation of existing assets
including power electronic optimal design, enable functions in Active Network
Management and provide, technical feedback into professional bodies (such as CIGRE)
on MVDC standards. A criteria list and a decision flow chart with detailed guidance will
also be provided at the end of this project for electricity licensees and other stakeholders
to enable them to select and apply this novel technology in a simple, easy to understand
manner. WP 6 has been designed to ensure the relevant learning is captured and
disseminated in accordance with the knowledge dissemination strategy.

4.2.6. AC System

The cost has been included in the submission request to cover the costs of the AC circuit
that is proposed to be installed in parallel with the existing circuit to be converted to
MVDC. This is the principal measure for protection of customer supplies in the event that
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the existing cable is irrevocably damaged and the connection to Anglesey seriously
compromised. The function of this circuit is to:

e Provide circuit redundancy during the commissioning of ANGLE-DC;

e Enable the necessary testing on a DC Link and measurement during the ANGLE-
DC project life time;

¢ Provide an enduring arrangement for additional interconnector capability.

4.3. Response to (d) Is innovative (i.e. not business as usual) and has
an unproven business case where the innovation risk warrants a limited
Development or Demonstration Project to demonstrate its effectiveness
The extensive nature of power distribution systems and their proximity to population
centres means that simply installing a new circuit, whether AC or DC, will entail
significant planning and environmental difficulties. However, the complexity associated
with the changing nature of power generation, particularly from low carbon sources, and
changing demand patterns, which will result from electric vehicle charge/discharge and
domestic photo-voltaic generation, triggers the need for a flexible distribution network.
ANGLE-DC addresses these issues by introducing the following innovative aspects:

e To introduce for the first time an optimum designed DC technology at
medium voltage to achieve a power “up-lift” and allow active control of the
power flows and voltage profiles in the wider AC network;

e To re-use the existing AC asset in a more efficient DC manner, thus
avoiding the need for a new build of distribution circuits;

e To provide unique learning from real-time monitoring of DC operation of AC
assets and performance of the MVDC converter in different loading conditions.

In the implementation phase the scheme will be designed to maximise the availability of
the asset, but being mindful that the cost base of the technology is a critical factor in its
future acceptance as a viable solution. Hence, many of the design methodologies
common for HVDC projects may not be valid for MVDC.

Whereas the insertion of DC power flow controllers in distribution networks has been
demonstrated, this concept coupled with conversion of AC assets to DC operation to
release capacity on a circuit has not been achieved to date. Thus there is no body of
experience to draw upon and hence many aspects of the project implementation and
scheme operation must of necessity entail risks.

In the operation phase careful records will be kept, in line with the Cigre TB 590
protocol, to monitor and share details about the operational performance of the scheme
in relation to reliability and availability. A key aspect of the project will be condition
monitoring of the AC assets whilst they are operated under DC conditions. SP Energy
Networks will work with companies who specialise in such work to develop and install
systems which can give advanced warning of incipient damage to the assets. This
demonstration of the conversion of an existing circuit to MVDC is only possible
with NIC funding as a result of the various technical and commercial risks.
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4.4. Response to (e) Involvement of other partners and external
funding

4.4.1. Project partners

As described, SP Energy Networks has engaged with a number of suppliers of DC
converters and related equipment. In order to promote competitive tendering in the
implementation phase, for what will be the first project in a potentially attractive market,
no formal partnerships have been established. However, mutually beneficial dialogue
with several suppliers has resulted in testing of the functional specification and
consideration of the suitability of technologies for this application. We have developed
weighting factors for evaluating the future project partners for the services and
contributions they will provide in ANGLE-DC project, as outlined in Table 4-1.

Table 4-1: Weighting factors for evaluating ANGLE-DC project partners

Evaluation Criteria Category Weighting
Engineering and Technology 65%
Commercial 25%
In Kind Contribution and Innovation 10%

In addition to the large number of individual stakeholder engagements listed in Sections
2.4 and 6.1, various activities to engage internal and external stakeholders are being
undertaken by SP Energy Networks, including:

e Announcing the intention to prepare this 2015 NIC proposal to the industry and
interested parties in the 2014 LCNI conference in Aberdeen;

e Seeking feedback on this proposal at a stakeholder engagement event linked to
the Protection, Automation and Control conference in Glasgow in June 2015;

e Organising two internal stakeholders meetings to identify the business needs;

e SP Energy Networks further organised two internal R&D panels to shortlist the
NIC proposal among over ten proposals each of which has both technology push
and business pull.

Such a wide and in-depth stakeholder engagement and the consistent message
received convinced SP Energy Networks that this project will provide added value to
address the genuine challenges faced by distribution networks and their consumers.

The overwhelming support from those stakeholders has been valuable in
project scope evolvement, feasibility studies, benefits tracking and lessons
learnt intake.

Strong support has been received from the Welsh Government, equipment suppliers and
renewable developers among others. There is considerable enthusiasm to progress the
project to ensure that the network does not become a bottleneck to connect further
renewables and help to achieve the government’s carbon reduction targets. The letters
of support provided by different organisations are presented in Appendix N.

4.5. Response to (f) Relevance and timing

The ANGLE DC proposal is a direct result of on-going and recently concluded innovation
projects, strong customer demands and the in-depth understanding of future smart grid
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requirements. While this trial is designed for ANGLE DC, a criteria list and a decision flow
chart with detailed guidance will be available at the end of this project for electricity
licensees and other stakeholders to enable them to select and apply this novel
technology in a simple and easy to understand manner.

4.5.1. Need for the technology in the UK

Moving towards a zero carbon future in the UK drives a significant load growth and
integration of renewables into distribution networks. This increases the complexity of the
future networks and triggers considerable network investment. Conventional approaches
can no longer be the only solution to keep up with these rapid changes in our grid.
Instead, new solutions offering a better utilisation of the existing assets and increasing
flexibility of the network need to be deployed. ANGLE-DC will be a timely demonstrator
of an innovative solution addressing the UK distribution network issues because it:

¢ Enhances the controllability of network for both power flow and voltage;

o Facilitates the connection of the two distribution systems which should operate
split due to fault level and unwanted power flow issues;

¢ Reduces network losses in a wide area (not only in the DC link) by controlling the
active and reactive power.

Our initial studies showed that potentially the ANGLE-DC solution is applicable to up
25 circuits in the UK. We envisage that, if ANGLE-DC is successful, by creating a
competitive supply chain, the future MVDC equipment cost reduces and competes
with conventional approaches.

There is also a lack of technical guidance and policy documents on MVDC
applications in the UK. ANGLE-DC aims to partly fill this gap by developing
technical specifications, installation method statements and policy documents for design
and operation of the MVDC links.

4.5.2. Previous NIC, NIA and LCNF projects
Several innovation projects are working in areas that relate to MVDC, including:

e The WPD Network Equilibrium LCNF project that is due to install a MVDC back-to-
back system into their distribution network before the end of 2018. The system
will connect previously isolated parts of the WPD network, demonstrate control of
power flow in the network and avoid an unacceptable increase in short circuit
current;

e The SHE Transmission Multi-Terminal Test Environment (MTTE) for HVDC
Systems NIC project is developing a collaborative facility housing a real-time
simulator system;

e The WPD Low Carbon Hub LCNF project deployed a STATCOM Flexible AC
Transmission (FACT) device;

e The SP Energy Networks HVDC Cable Condition Monitoring System NIA project is
developing a prototype for a holistic online condition monitoring system.

As such, and with the addition of market research exercises under NIA, there is a body
of work that explores related issues and points to MVDC as a viable solution for
reinforcement. The next practical step is to test this on an actual circuit
embedded in the distribution network, having adopted all measures for prudent
operation. This is an opportune time to derive benefit from learning that is being
received shortly in advance of our project.
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4.5.3. State of market for MVDC Converters
The present market for MVDC schemes can be characterised as follows:

e A limited number of niche projects implemented on a “one off” basis;
e Solutions provided by a limited number of major HVDC suppliers;
e Technology derived from HVDC requirements and scaled down;

e Conventional mind set of distribution companies, when compared with the level of
activity from transmission companies;

e New suppliers have a strong will and ambition to enter the market.

There is limited experience of MVDC projects and very little is reported on their
operational performance, e.g. reliability and availability statistics and utilisation data.
Few owners of HVDC assets report on maintenance aspects (timescales, resources, etc)
or mention failures and repairs on their assets. Conversion of existing AC lines or cables
to DC operation has never been implemented for commercial operation, although there
is renewed interest in overhead line conversion, due to the difficulty of acquiring new
easements/wayleaves.

To encourage the DC technology suppliers to develop their product to an optimum MVDC
solution a number of outcomes need to be achieved to respond to converging market
needs and available technical solutions. It is now appropriate to bring together
these converging elements, and the proposed demonstration project strives to make
headway in all of these aspects:

e Successful demonstration of MVDC technology embedded in a distribution
system;

e Successful conversion of existing AC assets to DC operation;

e Entrance into the market of new suppliers to enhance competition and
innovation;

e Selection of optimum DC technology for MVDC application;
e Dissemination of the results of the operational experience of MVDC schemes;
e ldentification of future MVDC opportunities in the GB distribution networks.

The history of modern HVDC technology has shown a convergence of solutions to the
optimum design which achieves the required functionality with minimum capital costs
and operating losses. As MVDC is in its infancy the market will propose different
technology solutions, with different cost and loss bases. However, over time this may be
anticipated to converge to an optimised solution, driven by competition in the market
and innovation from the suppliers. So long as this commercially optimised solution can
be offered at competitive cost, then the adoption of MVDC will be attractive to network
licensees for inclusion in future business planning.
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Section 5 Knowledge dissemination

Knowledge dissemination and stakeholder engagement have been core activities in the
innovation projects which SP Energy Networks has conducted to date. Based on previous
experience, SP Energy Networks has set a robust knowledge management methodology
to capture and disseminate the knowledge created in the ANGLE-DC project in order to
ensure that all available learning is collected and made available to interested parties in
an appropriate format. Due to the importance of knowledge dissemination, a separate
WP has been proposed for knowledge sharing activities in the ANGLE-DC project.

5.1. Learning generated

It is recognised that the project must have a clearly defined procedure for capturing
generated knowledge in its entirety. A robust knowledge capture strategy will be
deployed in the ANGLE-DC project to ensure that all possible learning is captured,
analysed and documented. A designated Knowledge Coordinator (KC) role will be
included in the ANGLE-DC project team. The KC will support the project manager (PM) in
collating all learning points.

5.1.1. Methodology for Learning Capture

The knowledge, including learning, technical documents, issues and risks, created by
each WP will be captured in the first instance by WP leaders and will be reported to the
PM and KC. The KC will document and categorise the information in a knowledge
repository and communicate it within the delivery team.

In addition, learning from other relevant innovation projects will be reviewed at the
outset and pertinent conclusions recorded and shared to inform the delivery team. The
principal projects that are likely to provide relevant learning are:

e The WPD Network Equilibrium project is due to deploy two power electronic
devices in a back-to-back application;

e The SHE Transmission Multi-Terminal Test Environment (MTTE) for HVDC
Systems project is developing a collaborative facility housing a real-time
simulator system;

e The WPD Low Carbon Hub project deployed a STATCOM Flexible AC Transmission
system (FACT) device.

A summary of the knowledge capture methodology, which is shown in Figure 5-1, is as
follows:

e Include separate learning, issues and risk sections in the monthly progress
reports created by WP leaders;

¢ Maintain knowledge and lessons learnt in a knowledge repository with advanced
searching and information retrieval features;

e Establish regular communication between the project manager, project WP
leaders and knowledge coordinator to ensure that all of the planned and
unplanned learning points in each WP are captured;

e Categorise the learning points based on their usefulness to different interested
parties.
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Project Manager
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Figure 5-1: Methodology for learning capture

5.1.2. Learning Objectives

ANGLE-DC will generate new learning applicable for network operators and offshore
developers by demonstrating the first ever DC operation of a medium-voltage AC circuit.
The expected learning outcomes from the ANGLE-DC project have been divided into the
project WP categories for clarity. Table 5-1 outlines the expected learning from ANGLE-
DC.

Table 5-1: Expected learning in ANGLE-DC project

WP Learning objectives
Detailed ¢ Manufacturers’ capabilities in AC/DC converter technologies
Designed e Suitable MVDC technology for medium voltage applications

e Technical specification of the MVDC converters

¢ Investment cost and operating cost of the MVDC equipment

e Suppliers’ capabilities for monitoring condition of DC circuits

e Technical specification of a real-time condition monitoring
system for DC circuits

e Data from laboratory test of cable capability under extreme DC
voltage and cyclic loading

e Protection strategy for a MVDC circuit

e Optimised power flow control of a MVDC link under real AC
distribution network conditions

e \Voltage and reactive power control strategy of the MVDC link

MVDC Link ¢ Detailed site layout

¢ Method statement for factory acceptance test (FAT) of MVDC
link equipment

¢ Method statement for installation of the MVDC link

e Health and safety considerations when converting AC assets to
DC

¢ Method statement for site acceptance test (SAT) of MVDC link

AC System ¢ Method statement for installation of the medium voltage cable

e Operation strategy for switching in the AC system as a back-up

for MVDC link
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Table 5-1: Expected learning in ANGLE-DC project (continued)

WP Learning objectives
Holistic e Method statement for installation of a real-time holistic
circuit condition monitoring system
condition e AC assets performance under a DC voltage and the associated
monitoring stress
e Availability and ageing data for cable and OHL assets operated
at AC
e Availability and ageing data for cable and OHL assets operated
at DC
Data e Operational experience of the application of DC to AC cables and
analysis overhead lines
and e Unlocked network capacity and reduced losses across a wider
enhanced area
learning ¢ Impact of the MVDC link on transmission power control
¢ Availability data for MVDC converters in various operating
conditions

e Technical guidance and policy documents for day-to-day
operation of an MVDC link

5.2. Learning dissemination

Following the knowledge capture, the learning will be disseminated both externally and
internally. Learning will also be communicated within the delivery team to efficiently
progress the work. It is recognised that knowledge sharing is a separate and important
topic from knowledge capture and a separate strategy and methodology has been
devised to ensure that all captured knowledge will be shared to the fullest. It is also
acknowledged that internal learning is an important part of innovative projects, so any
discovered issues can be made known and, therefore, avoided in the future.

5.2.1. Methodology for Knowledge Dissemination

In order to achieve maximum dissemination, several techniques have been outlined
below. While some techniques may overlap in their target audience, each individual
method can provide a unique outlook and further information about the project to the
appropriate audience. SP Energy Networks will endeavour to collect feedback from the
relevant stakeholders during the course of the project through the various dissemination
events.

Regular Progress Reports — Every six months, SP Energy Networks will provide
updates to Ofgem which will document the project progress to date with a section
dedicated to outline the captured learning for that period. These reports will be available
through the ENA portal for anyone who has an interest to follow the project course.

Workshops — Several internal and external workshops will be organised during the
course of the project to update interested parties. These workshops will be focused on
both technical and non-technical learning aspects of the project. These events will also
be opportunities to receive feedback about the project and the disseminated material
from other interested parties e.g. network operators and universities, creating a path of
two-way communication.

Webinars — Webinars will be arranged over the course of the project to update those
who are unable to attend the aforementioned workshops. Webinars will also aim to
reduce the need for travelling which will contribute to total carbon footprint reduction.
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Webinars will also be recorded and published on the SP Energy Networks innovation
website for access by any interested party.

Low Carbon Network Innovation Conferences (LCNI) — LCNI conferences are held
every year and will provide opportunities to present ANGLE-DC project updates and the
latest learning to other LCNI attendees. The MVDC link will be retained after project
completion and data will continuously be made available to interested parties.
Additionally, SP Energy Networks will share the data at the 2020 and 2021 LCNI
conferences.

SP Energy Networks Innovation Website Update — The learning outcomes that will
be documented in the progress reports will also be available in a categorised format
through the SP Energy Networks Innovation website. This information will be available to
everyone and will provide an overview, rather than detailed technical content. Other
information such as webinar recordings will also be available through this website.

Close-down Report — The close-down report will be available after project completion.
This report will document all learning outcomes captured during the project, rendering a
complete detailed description of the project and what has been achieved. Like the
progress reports, this will be available through the ENA portal to be accessed by
interested parties.

5.2.2. Interested Parties

It is acknowledged that different groups will have different interests in the learning
outcomes generated from the project; different information will become available at
various points in time; and knowledge should be shared as it becomes available.
Furthermore, it is recognised that knowledge sharing is most effective when the data is
tailored to suit the interested parties’ background and requirements. The methods of
dissemination will focus on the following groups:

Network Operators — Distribution Network Operators (DNOs) are the primary focus for
learning from ANGLE-DC as they operate the present medium-voltage network and they
will undertake future MVDC projects. We have spoken with each GB DNO and identified
the general learning benefits. These learning outcomes will primarily aid DNOs in
understanding how a MVDC link operates as part of an AC network; what availability can
be achieved; and its impact on the cables, OHL, and the wider AC network. To facilitate
the future rollout of the technology, a MVDC Best Practice Guide will be developed,
including an evaluation criteria for DNOs to evaluate the suitability of the technology
prior to the detailed design phase. National Grid and transmission owners will also be
interested to learn the impact of power flow and voltage control from an MVDC link on
the transmission system. Learning about the design of MVDC converters will also
potentially influence future HVDC converter designs.

Offshore Developers - Preliminary market studies have foreseen applications of MVDC
technology within collector arrays in offshore renewable generation developments. These
will also be supported by the project learning outcomes.

Developers of Standards and Network Codes — The core of this proposal is to
operate existing assets with DC. This will deliver learning outcomes that may indicate
necessary changes to how the surrounding network is operated in future. Increasing
deployment of MVDC will mean that network codes need to be altered in order to
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accommodate this change. Therefore, the regular reports and close-down report will hold
some interest with these bodies.

General Public — Project developments will be of interest to stakeholders who perceive
some impact from the project, especially the Anglesey and North Wales communities in
close proximity to the link. Local authorities who have responsibility for planning
decisions, such as the Anglesey Council, and those who have interest in enabling the
connection of low carbon technologies, such as the Welsh Government will be kept
informed about project developments.

Academics — ANGLE-DC will provide valuable real-life data and results of laboratory
tests for further academic work in different areas such as cable ageing mechanisms and
operation of AC assets under DC stress.

WP3 — Holistic circuit
monitoring condition

WP2 — MVDC link WP4 — AC system

WP1 — Detailed
design

WP5 — Data analysis
and enhanced learning
Knowledge Capture Strategy

WP-6 Knowledge dissemination

Knowledge Share Strategy

____________________________________________________________‘

Progress reports and

/
LCNI Workshops W SPEN |nnovat|on
close down report websites

Interested Parties
DNOs TNOs Industrial Parties Academics Public Groups Offshore Developers
Developers of Network Codes & Standards

Figure 5-2: Knowledge Capture and Dissemination Methodology in ANGLE-DC

5.3. IPR

ANGLE-DC will conform to the default NIC IPR principles outlined by Ofgem. The project
is not expected to develop foreground IPR which will be outside of these default IPR
requirements.
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Section 6 Project Readiness

Requested Level of Protection against cost over-runs: 5%

Requested Level of Protection against unrealised Direct Benefits: n/a

6.1. Evidence of why the Project can start in a timely manner

We are confident that the ANGLE-DC project can start in a timely manner based on the
significant information and learning we have gathered and a strong project team we
have in place. The evidence that the project is ready to start after the required funding is
provided, is outlined below:

e Strong commitment from SP Energy Networks to deliver this innovative project;
e Effective engagement with interested parties;

¢ Knowledge and learning gained from other DNO’s NIA and NIC projects;

¢ Knowledge gained from independent studies carried out by various institutes;

e Sufficient engagement with suppliers market at international level;

e In-house project management capability to deliver large-scale innovation
projects;

e Comprehensive handover plan from proposal team to delivery team;
e Well-developed project plan, scope of work and risk register;

e Well-defined project structure and roles and responsibilities.

6.1.1. Strong commitment from SP Energy Networks to deliver this innovative project

The concept and benefits of ANGLE-DC have been discussed extensively at different
stages of the proposal preparation, with different (and relevant) managerial levels within
SP Energy Networks. There has been strong support within the senior management team
including the Director of Engineering Services to fully provide the required resources for
starting the ANGLE-DC project immediately after the project funding is secured.

6.1.2. Effective engagement with interested parties

While there is no formal partnership document signed, SP Energy Networks has been
mindful about the balance between novelty and risk. Formal consultation with important
stakeholders has been carried out and fed into the proposal, including:

e Visiting Nottingham University and understanding their on-going power electronic
research;

e Informing and consulting Top & Tail Consortium (EPSRC funded Higher Education
research project);

e Informing and consulting Professional bodies including Energy Network
Association (ENA), Power Electronic Society and British Approvals Service for
Cables (BASEC);

¢ Meeting with Western Power Distribution to clarify differences between ANGLE-DC
learning objectives and existing R&D activities such as Equilibrium

¢ Meeting with WPD, Scottish Hydro Electricity Power Distribution on potential roll-
out opportunities;

e Liaising with HVDC Multi Terminal Testing Facility (MTTE) team to consult on
project scope and future collaboration opportunity;

e Informing and consulting ENTSO-E member companies to identify the novelty of
ANGLE-DC and the alignment of the EU R&D routemap;
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Informing and consulting EPRI (USA) to confirm their feasibility studies on AC-DC
conversion;

e Visiting Isle of Anglesey County Council to clarify potential planning application;

e Delivery of presentation and a poster to the audience in the PAC World
Conference, held in Glasgow in June 2015;

e Liaising with local community including renewable developers to identify their
requirements.

Such a wide and in-depth stakeholder engagement and the consistent message received
convinced SP Energy Networks that this project will provide added value to address the
genuine challenges faced by distribution networks and their consumers. The
overwhelming support from those stakeholders is key to ensure an up-to-date scope,
implementation of risk mitigation measures and access to expertise.

6.1.3. Knowledge and learning gained from other DNOs NIA and NIC projects

An extensive review of existing and previous LCNF, NIC and NIA projects was carried out
to fully gather relevant lessons learnt, avoid duplication and ensure ANGLE-
DC’s learning objectives can be distinctively differentiated from previous
projects. Equilibrium (WPD Tier 2 LCNF), The Low Carbon Hub (WPD Tier 2 LCNF) and
Flexible Plug and Play (UKPN Tier 2 LCNF) projects were paid special attention, as in
these projects DC and power electronic applications were trialled.

6.1.4. Knowledge gained from independent studies carried out by various institutes

SP Energy Networks has commissioned various institutes and companies to provide
background and feasibility studies supporting the ANGLE-DC proposal. These studies
have been conducted before and during the proposal preparation phase:

Work carried out to support the NIC proposal preparation

v In February 2015 an MVDC Technology Study report, following six months of
preparation, was published as the result of work commissioned by Scottish
Enterprise in partnership with SP Energy Networks through the NIA. This high-
level study sought to identify the potential to build upon previous HVDC research
and development. It presented case studies to demonstrate the cost benefit
analysis of using MVDC technology for offshore renewable connections and
onshore network reinforcement, as well as consideration of the case for an MVDC
test and demonstration centre.

v" During the course of the NIC proposal development SP Energy Networks
conducted more in-depth analysis of the system for the onshore reinforcement
application of the technology. This resulted in a detailed business case and
indication of the potential scale of the opportunities for national roll-out.

v' Learning to ensure the timely start of the proposed ANGLE-DC project is being
delivered by another on-going SP Energy Networks NIA project, by HVPD and
other partners. It is developing a system for “holistic” condition monitoring of
critical subsea HVDC cable networks and will establish a system that is suitable
for implementation on onshore MVDC circuits that are converted from AC. The
system will provide information to indicate insulation defects and faults ahead of
failure, to facilitate preventative maintenance and mitigate technical risks
associated with the conversion of the cables to DC operation.

Page 37 of 101



ofgem RIIORS

Work carried out during NIC proposal preparation

The following activities were undertaken during the preparation of the ANGLE-DC bid to
facilitate the efficient transition from bid to delivery phases to ensure a timely start.

v' A study of the ‘Feasibility of Conversion of AC Cable Circuits for DC Operation was
commissioned and carried out by Cable Consulting International (CCl) to address
the potential risk of cable condition. This investigation considered the actual
cables that are proposed for conversion in this submission. Prudent voltage and
temperature limits were recommended to determine the cable’s appropriate
current rating and resultant power transmission capability. Additionally, this study
recommended selected testing of sample cables, joints and terminations, as
included in the ANGLE-DC proposal.

v' Specifically commissioned diagnostic and withstand tests of samples of the AC
cables to be used with DC were carried out by HVPD at the Bangor substation.
The tests gave valuable information that may be supplemented at a later date.
Short duration tests showed that both cables were able to withstand DC voltages
of at least 27kV, but they cannot indicate the long term effects of DC voltages.
Recommendations were made for additional tests of the cables at higher voltages
having made necessary preparations for repairs; and for prolonged ageing tests
or destructive testing on samples of service-aged cable.

v' SP Energy Networks has benefitted from cooperation from several suppliers of DC
converter technology who have been engaged during the proposal preparation
phase. While not having yet entered into any formal partnering relationships, the
suitability of a range of MVDC technologies has been considered in some detail.
Notwithstanding future contractual negotiations, it may be said that the thinking
of SP Energy Networks and several suppliers has evolved rapidly through steps
that realistically mirror the gestation of a genuine project.

6.1.5. Sufficient engagement with suppliers market at international level

During the development of the proposal SP Energy Networks has engaged with converter
suppliers to ensure that the technological solutions being considered are viable and that
there would be multiple suppliers able to deliver the necessary equipment. Initial
engagement with suppliers suggested that those working in the industrial or distribution
areas had solutions which could be easily adapted to MVDC application. The suppliers of
MV power electronic equipment are able to adapt their existing schemes to deliver an
MVDC solution of the required power and voltage level, without fundamental research
and development. Based on these considerations and to ensure timely start, the specific
technological solution described in this proposal is an up-scaling of an existing modular
solution, but it is not considered to be a unique solution and its functional requirements
are believed to be well within the capabilities of multiple suppliers. The up-scaling
approach means that the solution may not achieve the ideal level of functionality, but
cost and time are key factors in delivering the project and any significant R&D
requirements placed on the suppliers were not considered warranted in terms of the
gains which could be delivered. The modular nature of the converters is well adapted to
connections at different DC voltages, hence similar solutions could be considered for
other distribution systems, from 11kV to 132kV.

It is anticipated that other projects in the distribution networks will use similar suppliers,
e.g. for STATCOM projects. The proposed ANGLE-DC project is likely to benefit from the
suppliers experience gained in delivering MVDC to these other projects. By avoiding the
need for significant development, the supply chain should be ready to deliver the ANGLE
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DC project in the required timescales and take part in the future market for projects in
distribution networks using DC technologies.

One of the key features of the ANGLE-DC project is the condition monitoring of the
existing AC cables, which will be operated under DC stress. This is essential to ensure
that a valuable asset is not put at risk by its incorporation into this project. The specific
technique to be used is the monitoring of partial discharge® within the cable insulation,
which is considered to be a sensitive indication of incipient damage to the cable. The
inception of partial discharge and its potential increase over time can be indicative of a
potential major failure of the insulation of the cables. Engagement with several suppliers
indicates that an on-line monitoring system can be installed at both ends of the cables,
this can detect the presence of partial discharge and provide an indication of the location
of the problem. An initial “fingerprint” of the cable will be performed to act as a baseline
for assessment of future measurements of partial discharge.

6.1.6. In-house project management capability to deliver large scale innovation projects
SP Energy Networks is equipped with the knowledge, experience and resources to
successfully conduct large scale innovation projects such as ANGLE-DC. The ability to
succeed in such pioneering schemes is derived from previous achievements in similar
large scale innovation projects, some of these projects are listed below:

¢ Flexible networks for future low carbon future (FLEXNET): This project had a total
budget of £6.4m. In this project, we demonstrated our capability to deliver a
multi-vendor project which involved trials of different innovative methods
at different parts of distribution networks located in both Scottish Power Manweb
and Scottish Power Distribution areas;

e Accelerating Renewable Connections (ARC): This project had a total budget of
£8.0m. We demonstrated our capability to trial a real-time active network
management system which required a reliable communication architecture
and control strategy to adjust the outputs of generators. We developed
several technical guidance and policy documents which will be used for full
business adoption;

¢ Visualisation of Real Time System Dynamics using Enhanced Monitoring (VISOR):
This is a NIC project with a total budget of £7.37m and it involves complicated
real-time modelling and analysis of transmission network dynamic conditions.

The above examples are evidence that we have managed a delivery team from a
variety of backgrounds, including consultants and suppliers, and set-up a strong
communication structure to ensure successful management, delivery and
knowledge dissemination. These strengths will be passed onto ANGLE-DC and will
enable us to deliver ANGLE-DC successfully, as well as generate and capture all learning
outcomes within the estimated time and budget.

6.1.7. Comprehensive handover plan between bid preparation team and delivery team
We have considered a comprehensive handover plan for an efficient, effective and
smooth knowledge transfer between bid preparation team and delivery team. We will

1 The term “partial discharge” refers to a small localised electrical breakdown within the insulation material,
but which does not bridge the full insulation structure from the central medium voltage core to the outer
grounded sheath of the cable. However, with time the level of discharge can increase and if not attended to
can ultimately lead to the end of life of the insulation.
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use the same Interim Team model previously used in our NIC VISOR project. ANGLE-DC
Interim Team will have the following main responsibilities for around a six month period
during which the handover process will be completed (see Figure 6-1):

e Ensure the continuity in the project progress and avoid any impact on the project
due to delay in availability of permanent resources;

e Transfer knowledge, project background and contacts created during the proposal
preparation phase to the ANGLE-DC permanent team;

e Provide recommendations and support for recruitment of the ANGLE-DC
permanent team in terms of knowledge, skills and responsibilities required;

e Provide recommendations on the project steering committee and project
management structure;

e Provide recommendations on project partners selection process;

e Liaise with the legal department to produce, review and approve collaboration
agreements.

Project starts Handover completed

|
ANGLE-DC W six months |
proposal team ! T T i
ANGLE-DC Interim management A !
team I
ANGLE-DC
delivery team

Figure 6-1 ANGLE-DC handover process to delivery team

6.1.8. Well-developed project plan, scope of work and risk register

We have developed a robust project plan and scope of work to ensure the
successful delivery of the project. The project will be run in six WPs each of which
provides distinctive learning to other DNOs and interested parties. The dependencies
between activities within WPs and between WPs have been also identified and are
reflected in our project programme. The complete project programme is given in
Appendix E.

Based on the information gathered from supplier engagement, our experience from
previous projects, and consultations undertaken with stakeholders we have identified
the potential risks to the project. Risks were categorised based on the relevance to
different aspects of the project (project management, equipment and procurement,
installation etc). The impact of each risk was also evaluated and mitigation plans were
identified. Appendix G shows a complete list of risks identified in the proposal
preparation phase. The risk register will be a live document in the course of the
ANGLE-DC project and we will endeavour to continue identifying risks and
mitigation plans. We have also planned a process to halt the project in the event that
high impact risks materialise and impact the overall delivery of the project within the
time and budget planned (see Section 6.6 for more details)

6.1.9. Well-defined project structure roles and responsibilities
Through extensive stakeholder engagement carried out during the proposal preparation
we developed a clear understanding about the distinctive workload and activities
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required for each of the WPs. Based on this information and experience from previous
projects we propose a project structure shown in Figure 6-2. The delivery team will
mainly consist of two technical teams, namely MVDC technical team and circuit condition
monitoring technical team. The roles and responsibilities of these two technical teams
are described in Appendix F. Although we have identified a number of potential academic
partners based on their core research specialities and laboratory facilities, the academic
partners will be selected within three months after project starts.

6.2.

Project Steering Committee
Director level representatives
Head of System Design
Future Networks Manager
Representatives of key Stakeholders

A

A

SP Manweb
Legal and commercial

Y

Project Manager 4—»‘

A

Project support and sp

knowledge coordinator i—> Manweb
A H&S

Delivery team

I Circuit |
MVDC link condition Academic SP
technical monitoring Manweb
team technical partners Policy
team

Figure 6-2: ANGLE-DC project structure
Evidence of how the costs and benefits have been estimated

A bottom-up approach was used to estimate the cost associated with the delivery
of each WP. The total estimated project cost includes 8% contingency due to the
innovative nature of the project. A complete project breakdown cost is provided
in Appendix B;

Cost of MVDC equipment was estimated based on a consultation carried out with
major high voltage and industrial DC technology suppliers after understanding
available technologies and identifying suitable technologies for medium voltage
application;

Site preparation costs were estimated based on specific site inspections in Bangor
and Llanfair PG and the estimated size of MVDC equipment;

Cost of holistic monitoring equipment was also estimated based on the
engagement with one of the PD monitoring suppliers, and our previous
experience of the cost required for integration of the monitoring system into the
corporate system;

The cost of the AC system was estimated based on the unit costs of typical cable
installations and also after specific site visits carried out between Bangor —
Llanfair PG to identify possible routes and way-leave requirements;

The cost of labour, consultation services and contractors for each WP was also
estimated based on our experience in previous projects. These costs were
internally reviewed by SP Energy Networks;

For the benefits associated with losses, load flow studies carried out at different
loading conditions in the Anglesey area with MVDC and without MVDC were used
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to calculate annual loss reduction. The benefit of loss reduction was calculated
assuming £48.42/MWh losses cost as per Ofgem CBA spreadsheet;

e For the benefit in the roll-out phase in the GB, load flow and voltage heat maps of
different distribution networks in the GB were taken into account. 25 sites were
identified as suitable for the ANGLE-DC solution replication. An extrapolation
technique was used to estimate the future GB benefits taking into account specific
benefits estimated in the ANGLE-DC case.

6.3. Evidence of the measures the Network Licensee will employ to
minimise the possibility of cost overruns or shortfalls in Direct Benefits

We will use robust methodologies throughout the lifetime of the project to ensure that
the risk of cost overruns is minimised. The methodologies we use are outlined as follows:

e Equipment cost estimation and optimisation: The greatest potential
uncertainty lies around the budget for the MVDC equipment, consequently to
reduce the risk of cost overruns we have actively engaged with the potential
MVDC suppliers during the proposal preparation phase to make a practical
estimation of the equipment cost and have allowed a contingency. We have
considered a separate WP (Detailed design) to continue market research,
technology review and supplier engagement in the first year of the project to
ensure an optimised design of the product will be specified by SP Energy
Networks to avoid any expensive but unnecessary specifications.

e Project breakdown into WPs: ANGLE-DC is a large-scale project and we will
split it into separate WPs with allocated budget and tolerances. A stage control
strategy will be used to define the activities in each WP by stages. In this way we
can monitor the cost of activities at each stage. Monthly project cost review and
cost at completion forecast will be also conducted for each WP to provide an
accurate picture of total project cost.

e Focus on SDRCs and learning objectives: Due to the innovative nature of the
project, there is always a temptation to trial new ideas and new methods which
are not in the main project objectives while the project is progressing. We
acknowledge that we need to stay focused on our learning objectives and SDRCs
as defined at the outset to avoid unplanned expenditures.

¢ Risk management process and mitigation plans: We recognise that
identifying risks and putting appropriate mitigation plans in place is an effective
methodology to avoid possible overspent on the project. We have already
identified risks in ANGLE-DC especially those which will have a financial impact on
the project. We will continue to actively update the risk register and mitigation
plans during the course of the project.

6.4. A verification of all information included in the proposal (the
processes a Network Licensee has in place to ensure the accuracy of
information can be detailed in the appendices)

The following process was undertaken to ensure that the information included in this
proposal and associated appendices, prepared by an experienced technical team led by a
full-time dedicated proposal manager, is up-to-date and reflects the best knowledge:

e Supplier engagement to ensure the MVDC cost estimated for the financial
analysis and the lead time considered in the project plan are close to the
expected reality.

e External consultants, TNEI, CCI, HVPD and WSP | Parsons Brinckerhoff,
experts in the various associated technical fields were engaged during the
development of this proposal to verify the proposed design concept, the technical
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assumptions, the project risks, the project delivery programme and the costs,
both CAPEX and OPEX, used in the Cost Benefit Analysis.

e A thorough quality control and independent peer-review of the proposal was
carried out by different technical experts outside of the proposal preparation
team. The proposal is subject to the SP Energy Networks data assurance policy
and has been reviewed before submission.

e As part of stakeholder engagement activities, various consultations were
organised to confirm the innovation aspects and feasibility of the ANGLE-DC
projects.

6.5. How the Project plan would still deliver learning in the event that
the take up of low carbon technologies and renewable energy in the trial
area is lower than anticipated in the Full Submission

ANGLE-DC will still deliver its learning objectives in the unlikely event of a low uptake of
renewables and low carbon technologies in the area affected by the trial (Anglesey and
North Wales). Although the ANGLE-DC solution will offer significant benefits in terms of
facilitating the integration of renewables, the focus of learning objectives will be mainly
around the trial of new methods and new technologies. The conversion of the existing AC
assets for DC operation and the application of voltage source converters in both ends of
a medium voltage circuit to create a MVDC link are the main sources of the learning
objectives in this project. We will demonstrate whether the conversion of AC to DC is
possible and what technical and safety aspects should be considered. We will also
develop a Best Practice Guide for technical design and specification of a MVDC link.
These learning points do not rely on the level of uptake of renewables.

We will also monitor the performance of the MVDC link in different loading conditions.
The peak electricity demand in the Anglesey island is already high enough to allow us to
test the MVDC link under high load conditions e.g. up to the rating of the MVDC link. The
learning from day-to-day operation of the MVDC link would not rely on the rate
of progress of low carbon technology developments on Anglesey. The same is
the case with the learning from the ageing mechanism of AC cables after
conversion to DC.

The expected learning from this project is explained in detail in Section 5 and none of
this would be dependent on low carbon technology developments in the Anglesey and
North Wales areas.

6.6. The processes in place to identify circumstances where the most
appropriate course of action will be to suspend the Project, pending
permission from Ofgem that it can be halted

We will set and continuously monitor the key performance indicator (KPIs) of the ANGLE-
DC project to evaluate how well we perform in delivering the Successful Delivery Reward
Criteria (SDRCs). The following process will be in place to identify circumstances where
the project should be halted:

ANGLE-DC is a large-scale project. In order to effectively monitor the KPls, we will
define stages in each WP and will evaluate the project performance at the end of each
stage. This methodology will enable us to evaluate the project progress in a controlled
manner to ensure that we deliver SDRCs within the time and budget as planned in this
proposal.
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For each WP we will set tolerances in terms of budget, time and quality. If a stage
evaluation shows that the WP will exceed its tolerances an issue report will be submitted
to the project manager by the WP leader. Depending on the impact on the project as a
whole the project manager may escalate the issues to the steering committee by
submitting an exception report. The exception report will contain the information for the
project board to decide if the project should be stopped or remedial actions are required.
The steering committee will issue a formal report to Ofgem to request permission to
discontinue or delay the project, detailing the issues, meeting minutes and
recommendations. Figure 6-3 shows the process to identify situations where the most
appropriate course of action is to halt the project. This process will comply with the NIC
Governances and will be delivered in the best interests of customers.

Pending
permission
request
|
- ' Steering Committee
A
report
A Cost Time
SDRCs
KPIs . .
Project Manager ‘ Quality
A A Cost  Time

Cost  Time

Work package Leader 1 | | Work package Leaderé( Quality
Quality | |

Stage \| Stage\ Stage\ _ Stage \| Stage\ Stage\ _
1 2 3 1 2 3

Figure 6-3: Process in place to identify if project should be halted
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Section 7 Regulatory issues
The ANGLE-DC project is within the scope of the regulation.

7.1. Derogations
No derogations have been identified to be required for the project.

7.2. Licence Consents
No license consents have been identified to be required for the project.

7.3. Licence Exemptions

No license exemptions have been identified to be required for the project.

7.4. Changes to Regulatory Arrangements

No changes to regulatory arrangements have been identified to be required for the

project.
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Section 8 Customer Impact

8.1. The Project

ANGLE-DC proposes to convert existing AC assets for DC operation thus making more
efficient use of the existing infrastructure. The method represents a significant
innovative step which, if successfully demonstrated, could avoid or defer significant
network reinforcements and their subsequent impact on customers in the near future.

8.2. Minimising Customer Impact

ANGLE-DC represents a novel solution and as such all mitigation measures will be put in
place to ensure the project can be delivered whilst minimising the risk to the customers.

Where new equipment has to be installed SP Energy Networks’ procedures will be
followed. The operation of the network will not be affected by the project.

8.2.1. Permanent Monitoring

Initial testing completed on the proposed circuit has demonstrated the cables are able to
withstand a DC voltage of 27kV for a short duration. Nevertheless the long term effect of
DC stress on AC cables is not yet well understood and constitutes one of the key learning
outcomes from the project. For this purpose permanent condition monitoring devices will
be installed at each end of the circuit.

Besides the long term trending of deterioration data the devices will also provide
instantaneous partial discharge readings which could be used to identify weak points in
the insulation in advance of fault occurrence. The data could be used to identify the fault
location and minimise recovery time.

8.2.2. AC system

Additionally, customer’s risk exposure is minimised with the establishment of a new
33kV AC circuit between sites. The circuit will form an integrated part of the project to
enable:

1- DC circuit outage during commissioning and testing;
2- Optimal power flow control between AC and DC.

In the project design phase, the optimum strategy for the operation of the AC link will be
considered with the aim of ensuring a reliable power transfer corridor between the
mainland and island. By establishing an operating plan for the AC link, the installed
system will be able to provide the minimum number of possible interruptions to the
customers and will result in no overload to the circuits, after switching to AC.

The project programme detailed in Appendix E has been built to ensure the AC circuit is
installed before the conversion work commences on the DC link. This is illustrated in
Figure 8-1:
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Figure 8-1: The sequence of energisation

The sequence for energisation is detailed as follows:

(1) Existing AC circuit in operation;

(2) Construction of AC circuit while the existing circuit is in operation. Condition
monitoring equipment is installed to monitor the AC cable status. The equipment
will be placed at either end of the cable;

(3) The AC circuit will be in service while the existing AC circuit is converted for DC
operation;

(4) The normal running arrangement will have the DC circuit in service and the AC
circuit will be normally open.

8.2.3. Power Quality

Power electronic devices are likely to introduce harmonic distortion in their operation.
The level of harmonic distortion will not exceed the levels indicated in Engineering
Recommendation G5/4 as per the distribution code. No adverse impact on customers is
anticipated.

8.2.4. Electromagnetic Fields

A key aspect of the project will be the impact of electromagnetic fields (EMF) and
potential concerns about public safety. Relevant epidemiological and biological studies
have been reviewed in reports by the independent Advisory Group on Non-ionising
Radiation (AGNIR, 2001a,b, 2003). These conclude that there is no firm evidence of such
adverse health effects at the levels of EMFs to which people are normally exposed. In the
light of ongoing research, and major health risk assessments being carried out by the
World Health Organization (WHO), the ANGLE-DC Team will continuously review the
guidelines on limiting exposure to EMFs and recognises the need to adopt a cautious
approach in the interpretation of scientific knowledge and the benefits of common
international guidelines. The ANGLE-DC team wiill:

1) Adopt a cautious approach in the interpretation of scientific knowledge;
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2) Make full use of the benefits of common international guidelines;

3) Take on the overall responsibility of controlling the risk due to EMF for customers
and third parties, and takes into account the international efforts in the following
documents: IEC: 61000-1-2, IEC: 61582.

HSE will be an integral part of our stakeholder engagement plan, and we will ensure HSE
is well informed and proactively consulted by the work on going.

8.3. Planned Interruptions

The extension of the switchboards to accommodate new circuit breakers for the AC
circuit requires taking planned interruptions on the busbars at each end. SP Energy
Networks’ standard procedure will be followed for scheduling outages to ensure the risk
to customers is minimised.

8.4. Unplanned Interruptions
No unplanned interruptions are anticipated.

8.5. Engagement with Customers
Customers will not be affected by the project and no formal engagement is anticipated.

8.6. Interaction with Customer’s Premises
There is currently no intention to interact with customer’s premises.

8.7. Protection from Incentive Penalties
No protection from incentive penalties is required.
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Section 9 Successful Delivery Reward Criteria (SDRCs)

We have set out eight SMART! SDRCs in line with the outputs that will be expected to be
delivered through the ANGLE-DC project. Figure 9-1 shows an overview of the delivery
time of SDRCs and the link between SDRCs and work packages.

SDRC1 - Technical Specification of SDRC4 - Factory Acceptance SDRC6 - Circuit condition data
Holistic Monitoring System Test of MVDC converters report
| | |
SDRC2 — Technical Specification of SDRCS5 — Installation of MVDC }
MVDC converters link |
|

SDRC7 — MVDC performance
data report

SDRC3 — Commissioning of holistic
monitoring system

SDRC8 - Successful knowledge
dissemination

WP5- Data Analysis and enhanced learning

2016____ 1 __ . ___207v__________,_ ___208 ___________ 1\ 209 ___,_ _________2020 v+ _ _______________
{_Jan T Way T Sep | Pan T May | Sep | Jan T May T Sep [ Jan | May T Sep ! Jan T May T Sep ]

rY ry | ] | | ]

WP1- Detailed design ! | ! P

) . | |

WP2— MVDC ink -

| | |

|

WP3- AC system i !

| |

WP4-— Holistic Lo

condition monitoring ! ;

s |

|

¢

WP6— Knowledge dissemination

Figure 9-1: Overview of the SDRCs and their delivery time

9.1. Criterion 1

Specific: Development of the Technical Specification for Holistic Circuit Condition
Monitoring systems.

Measurable: The Technical Specification will be published in the form of a document
which will include a description of the Scope and Objectives, Functionality, Architecture
and Design of the system.

Achievable: Initial scoping and preliminary market research has been conducted in
parallel with the development of the NIC proposal to identify suppliers which can provide
equipment for monitoring the circuit condition both in DC and AC voltage. The outcomes
of a previous NIA project — HVDC Cable Condition Monitoring Systems — will inform the
requirements on the Technical Specification.

Relevant: One of the key learning lessons from the project is the understanding of the
ageing mechanism of AC cables under DC stress. It is important to ensure the
monitoring equipment is adequately specified to capture and store the data, which will
allow logging, benchmarking and trending the insulation condition. This technical
specification is an essential requirement for starting WP 4.

Time-bounded: The Technical Specification will be completed by the 17" June 2016.

Evidence: Share the Technical Specification for the Holistic Circuit Condition Monitoring
systems with other project stakeholders, principally other DNOs.

1 SMART = Specific, Measurable, Achievable, Relevant and Time Bound
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9.2. Criterion 2
Specific: Development of the Technical Specification for MVDC Converter Stations.

Measurable: The Technical Specification will be published in the form of a document
which will include a description of the scope and objectives, electrical specifications,
control strategy and site installation requirements. This will also include the operating
parameters for the scheme, which will be the subject to commercial guarantees.

Achievable: Initial scoping and preliminary supplier engagement has been conducted to
understand the challenges of MVDC converter stations. A high level Functional
Specification for the converters has already been developed — see Appendix I— and will
be developed further, to include specific requirements as informed by the studies
undertaken at the Detail Design phase (WP1).

Relevant: MVDC converter stations constitute the main hardware deliverables to be
installed as part of the project. It is fundamental that the converter stations are specified
in detail to ensure the desired functionality can be achieved. This technical specification
is an essential requirement for starting WP3.

Time-bounded: The Technical Specification will be published by the 24" February 2017.

Evidence: Share the Technical Specification for MVDC converters with other project
stakeholders, principally other DNOs.

9.3. Criterion 3
Specific: Commissioning of the Holistic Circuit Condition Monitoring Systems.

Measurable: A report will be published in the form of a document describing the
characteristics of the equipment installed, including the functionality and architecture
and its integration in to the SP Energy Networks monitoring systems. Photos of the
devices at the sites will be provided as well as evidence of the data being recorded and
the trend information being stored.

Achievable: Upon successful development of the Technical Specification for the Holistic
Circuit Condition Monitoring systems, a formal procurement exercise will be conducted.
The chosen vendor will be required to install and commission the equipment, before
handing over to SP Energy Networks.

Relevant: Timely commissioning of the permanent circuit condition monitoring systems
is fundamental to allow for sufficient time to understand the condition of the existing AC
circuit, as a “benchmark” before being converted to DC.

This is the main output from WPA4.

Time-bounded: The permanent circuit condition monitoring systems will be
commissioned by 15" November 2017.

Evidence: Publish report demonstrating the on-site installation of the monitoring
systems has been completed including photos of the devices at the sites and evidence
that data is being recorded. Formal service support contract will be also signed with the
supplier for analysis of the data.
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9.4. Criterion 4
Specific: Factory Acceptance Test of MVDC converters.

Measurable: A report will be produced describing the testing procedure as well as
findings from the testing.

Achievable: Upon development of the Technical Specification for the MVDC converters,
a formal procurement exercise will be conducted. The chosen vendor will be required to
develop a programme to enable the Factory Acceptance Test being completed within the
given timescales.

Relevant: Conducting the Factory Acceptance Test of MVDC converters on time is a
major milestone to ensure the project will successfully be delivered on time.

Time-bounded: The Factory Acceptance Test will be completed by 30™ November 2018.

Evidence: Share report describing the testing procedure and highlighting the key
findings during the Factory Acceptance Test.

9.5. Criterion 5
Specific: Installation of the MVDC circuit.

Measurable: A report will be produced and published in the form of a document
describing the on-site installation of the MVDC converter stations process. The report will
incorporate photos of the installed equipment and a description of the installation
procedure.

Achievable: Initial market engagement has been carried out as part of the development
of the NIC proposal to define the timescales for the supply and installation of the MVDC
converters.

Relevant: The MVDC link will be the first UK demonstration of a combined medium-
voltage overhead and underground AC circuit conversion to DC. This is the main output
of WP2.

Time-bounded: The MVDC circuit will be installed by 12" April 2019.

Evidence: Share report demonstrating the on-site installation of the DC circuit has been
completed, including photos of the sites.

Share design of how the converters have been installed and key considerations for the
future installations of MVDC converters.

9.6. Criterion 6
Specific: Publication of circuit condition data report.

Measurable: A report will be published on the project website summarising the data
collected by the Holistic Circuit Condition Monitoring systems. The report will describe
the condition of the circuit while in AC operation and how the condition changed, if at all,
after conversion to DC. Data trending and conclusions will be presented.

Achievable: The publication of the circuit condition data follows the commissioning of
the Holistic Circuit Condition Monitoring systems.
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Relevant: Analysis of the effect of DC voltages on AC cables is one of the main learning
lessons from the project. The data will be published to ensure access to the learning for
all interested parties. This is one of the main outputs from WP5.

Time-bounded: The data will be published by 23™ January 2020.

Evidence: Share report documenting the data gathered by the Holistic Circuit Condition
Monitoring Systems. All incidences in the circuit since Holistic Cable Condition Monitoring
system installation will be described, including the severity and mitigation measures.

9.7. Criterion 7
Specific: Publication of operational performance of MVDC converter stations.

Measurable: A report will be published on the project website summarising the MVDC
performance. The report will target the availability and reliability of the system. Outages
rates and energy availability figures will be provided. A differentiation will be made
between forced and planned outages. The report will include information on the
maintenance regime, in terms of time and resources required.

Achievable: The systems in place will record the performance of the converters.

Relevant: Previous analysis has identified the lack of delivery and operational track-
record as one of the challenges for adopting MVDC technology. The project offers the
opportunity to measure the performance of MVDC converters in different conditions
which can provide a valuable experience and help evaluate the impact on the network
operation and maintenance requirements. This is one of the main outputs from WP 5.

Time-bounded: The MVDC performance data will be published by 23™ January 2020.

Evidence: Share the report documenting the performance of the system. The report will
summarise the reliability and availability of the converters after the initial adjustment
period. The report will differentiate between the forced outage rate (FOR), scheduled
energy unavailability (SEU), forced energy unavailability (FEU) and energy availability
(EA).

9.8. Criterion 8
Specific: Successful dissemination of knowledge generated.

Measurable: The knowledge and lessons learnt will be maintained in a knowledge
repository where all learning points will be categorised based on their usefulness to
different interested parties.

Achievable: SP Energy Networks has experience in disseminating the knowledge from
previous LCNF/NIC innovation projects. Knowledge dissemination constitutes a separate
WP in the project. Necessary resources will be allocated to ensure access to the learning
is facilitated to all interested parties.

Relevant: This is the main outcome from WP6.

Time-bounded: Knowledge dissemination will be completed by 16" April 2020.

Evidence:
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Timely delivery of project progress reports;

Bi-annual knowledge dissemination workshops;

Presentations at annual innovation conferences;

Establishment and up-to-date maintenance of online project portal;
Publication of the close-down report.
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Appendix A Benefit Tables
Method Method name
Method 1 Medium — Voltage DC (MVDC)
A.1  Electricity NIC — financial benefits
Financial benefit (Em)
Scale Method Method Base Benefit Notes Cross-
Cost Case 2020 2030 2050 references
Cost

Post-trial solution MVDC - - 0.0 9.98 20.1 It is assumed that first post-trial | Appendix D,
(individual application will take place in 2021 with | page 63
deployment) a cost reduction of %6 on power

electronic equipment. Cost variations

of both DC and conventional elements

are according to technology cost

curves published by Work Stream 3

Smart Grid forum.

The theoretical conventional base case

assumes the installation of one new

grid transformer with the

corresponding 132kV circuit, 132kV

and 33kV switchgear.
Licensee scale MVDC - - 4.2 18.4 39.2 One further site has been assumed | Appendix D,
If applicable, within the licensee area by 2025. page 63
indicate the number
of relevant sites on
the Licensees’
network.
GB rollout scale MVDC - - 4.2 69.2 396.0 | A total of 25 MVDC projects have been | Appendix D,
If applicable, assumed by 2040. page 63
indicate the number
of relevant sites on
the GB network.
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A.2 Electricity NIC — carbon and/or environmental benefits

Environmental benefit (GWh)

Scale Method Method Base 2020 2030 2050 Notes Cross-
Cost Case references
Cost
Post-trial MVDC - - 0 45.4 45.4 It is assumed that both the base | Appendix D
solution case and the method will deliver
(individual the same capacity. The method is
deployment) expected to deliver the capacity
at least one year earlier.
Licensee scale MVDC - - 45.4 90.8 90.8 It is assumed that both the base | Appendix D
If applicable, case and the method will deliver
indicate the the same capacity. The method is
number of expected to deliver the capacity
relevant sites on at least one year earlier.
the Licensees’
network.
GB rollout scale MVDC - - 45.4 454.2 1135.5 It is assumed that both the base | Appendix D
If applicable, case and the method will deliver
indicate the the same capacity. The method is
number of expected to deliver the capacity

relevant sites on
the GB network.

at least one year earlier.
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Appendix B Project cost
- A [ 8 I [3 [ D ] E [ F [ G [ H I 1 ] [ x 1 o
| 1 |NIC Funding Request
[ 2] _ 2015/16 2016/17 2017/18 2018/19 2018/20 2020/21  Total
| 3 |cost From Profect Cost Surmmary sheet
[ 4] Labour 163,870.01 553,740.51 564,877 .65 252,258.37 280,020.42 - 1,614,766.95
[ 5 | Egquipment = 210,000.00 3,135,084.57 2,625,000.00 10:0,000.00 = 6,074, 0684.97
& | Contractors 5,256.11 592,766.11 3,884,267.66 144,593.61 738,767.50 = 5,365,651.20
7 m - - - - - - -
ER IPR Costs - - - - - - -
[ ] Travel & Expanses 21,444.63 115,368.90 75,757.97 75,453.40 56,620.19 - 342,645.08
| 10 |Payments to users & Contigancy 9,670.36 72,364.71 543,046.72 416,136.20 57,639.52 - 1,199,757.50
| 11 Decammissianing - - - - - - -
[12] Other 4,800.00 8,800.00 8,800.00 B,800.00 8,B00.00 - 40,000.00
[13] Total 205,041.11 1,553,040.22 [ B,316,735.17 | 3,522,241.57 | 1 241 B47.62 - 14,838,905.70
14
| |External
| 15 |funding Any funding that will be received from Pro Partners and/or External Funders - from Profect Cost Summary sheet
| 16 | Labour - - - - - - -
[17 | Equipment - - - - - - -
[ 18] Contractors - - - - - - -
[20] IPR Costs - - - - - - -
[ 21 | Travel & Expenses - - - - - - -
| 22 | Payments to users & Contigency - - - - - - -
[23] Decommissianing - - - - - - -
[[24] Other - - - - - - -
25 Total - - - - - - -
E
Licensee
extra
| 27 |contribution  Any funding from the L Cost 5
| 28 | Labour - - -
[29] Equipment - - - - - - -
[ 30 ] Contractors - - - - - - -
= 18 = = = = = = =
EH IPR Costs - - - - - - -
| 33 | Travel & Expenses = = = = = = =
[ 34 |Payments to users & Contigency - - - - - - -
[ 35 ] Decommissianing - - - - - - -
| 36 | Other - - - - - - -
[ 37| Total - - - - - - -
E
| 32 |Initial Net Funding Required calculated from the tables above
| 40| Labaur 163,870.01 553,740.51 564,877.65 352,258.37 280,020.42 - 1,614,766.95
[41] Equipment - 210,000.00 | 3,135,084.57 | 2,625,000.00 100,000.00 - 6,074,084.97
[42 ] Cantractors 5,256.11 502,766.11 3,884 267 .86 144,593.61 738,767.50 - 5,365,651.20
43 T - - - - - - -
24 IPR Costs - - - - - - -
[ 45 | Travel & Expanses 21,444.63 115,368.90 75,757.97 75,453.40 56,620.19 - 344,645.08
[ 46 |Payments to users & Contigency 9,670.36 72,364.71 543,046.72 416,136.20 57,639.52 - 1,199,757.50
[ 47 | Decommissioning - - - - - - - Check Total = to Initizl Net Funding request
[ 48 | Other 4,800.00 8,600.00 B,800.00 B,800.00 E,B00.00 - 40,000.00
[ 49| Total 205,041.11 1,553,040.22 [ B,316,735.17 | 3,522,241.57 | 1 241 B47.62 - 14,638,905.70
50
| 51 | pirect Benefit: from Direct Benefits sheet
| 52 | Totzl - - - - - - -
53]
5]
=
| 56 |Licenses compulsory Contribution / Direct Banefits from Ao Cost Summary shaat
[ 57| Labour 16,367.00 55,374.05 56,487.76 35 335.64 25,002.04 - 1B1,476.70
[ 58 | Equipment - 21,000.00 313,008.50 262,500.00 10,000.00 - 607,408.50
[ 59 | Contractors 535.61 59,276.61 38E,426.79 14,459 .36 73,876.75 - 536,565.12
60 ing - - - - - - -
61| IPR Costs - - - - - - -
[ 62 ] Travel & Expenses 2,144.46 11,536.89 7,575.50 7,545.34 5,662.02 - 34,464.51
[ 63 |Payments to users & Contigency 967.04 7,236.47 64,394.67 41, 613.62 5763.55 - 119,975.75
|64 | Decommissloning - - - - - - - of Total Initial Net Funding Required
= Other 380.00 BB0.00 880.00 880.00 B80.00 - 2 W'm(_|
[ 66 | Total 20,504.11 155,304.02 831,673.52 352,224.16 124,184.76 - 1,483,890.57 |Check that Total is = or > than
| 67 | Total Direct Benefits
es | [Ta—
| 69 |outstanding Funding required colculated from the tables above
[ 70 ] Labour 147,483.01 498,366.46 508,389 .68 227,032.53 252 018.38 - 1,633,290.26
[71] Equipment - 189,000.00 | 2,825176.47 | 2,362,500.00 90,000.00 - 5,466,676.47
[ 72 ] Contractors 4,730.50 533,489.50 | 3,495,841.08 130,134.25 6i64,630.75 - 4,629,086.08
73 T - - - - - - -
(74| IPR Costs - - - - - - -
[75 ] Travel & Expenses 15,300.17 103,832.01 68, 182.17 67,908.06 50,958.17 - 310,180.57
| 76 | Payments to users & Contigency 8,703.32 65128.23 579,552.05 374,522.58 51,B75.56 - 1,079,761.75
| 77 | Decommissianing = = = = = = = Check that Total Is =to
| 78 | Other 4,320.00 7,520.00 7,920.00 7,920.00 7,920.00 = 36,000.00 | Total Qutstanding Funding required
| 79 | Total 164,537.00 1,397,736.20 7,485,061.66 3,170,017.42 1,117,662.86 = 13,355,015.13 | OK
]
| B1 |balance [ I A0 | 000  11,535,163.01 [ 4,177 404.35 0B5,969.77 | (5,376.22)] 26.75 13,121,436.21
[ B2 |Interast | 0.00] 123,303.00 | 76,582,854 | 26,316.67 | 5,402.57 | (25.7ﬁl 233,576.92
B3 1 13,355,015.13 | -]
| elick this buttes
B4 calculate the
B3 Bank of England Interest rate 0.5% NIC FUNDING REQUEST £ B
E Interest rate used In calculation 1.0%
|67 ] RPI adjustment[  2015/16 2016/17 2017/18 | 3018/19 2019/z0 | 202021 J=oziizz |20z2/2023 |z0z3i2024
| B8 | Index| 207.16) 275.9| 204.4] 283.2| 302.3] 311.7] 321.4| 331.3| 341.04
[ B9 | Annual inflation | 3107 3.10%| 3.10%) 3107 =.10%) 3.10%] 3107 3.10%]| 3.10%]|
80 |n.b the Second Tier Funding Request calculation should use the Bank of England Base rate plus 1.5% on 31 June of the year in which the Full Submission Is madie.
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Appendix C Anglesey Reinforcement

The 33kV system on the isle of Anglesey, North Wales, is currently approaching both
thermal and voltage limits. The Amlwch, Caergeilliog 33kV demand group on Anglesey is
supplied by two 132/33kV transformers. There are two 33kV circuits that run under the
Menai Strait and interconnect the group with the 33kV system on the mainland. The
schematic diagram of the Anglesey network is shown in Figure C-1.

o5

Wylfa
Caergeiliog K8\ K8\ Amlwch
Llangaffo Llanfair PG
L ad - -
L4 ‘.-o‘ -5._-.’ S
T

4OQkV

W/
Caernarfon R@ Bangor
— 132KV
_@j_ — 33kV

Figure C-1: Schematic network diagram

The demand in Anglesey is anticipated to increase significantly over the next 10 years
due to various regeneration and development projects. There is currently approximately
80MW of low carbon generation connected to the 33kV system on Anglesey with a
further 83MW that is currently contracted. The level of generation connection activity in
the area is extremely high and it is anticipated to increase significantly throughout the
RI1O- ED1 period. The coloured circles in Figure C-2 show the connection points of
renewables to the Anglesey network.

T

Figure C-2 : Anglesey Distributed Generation, 132kV and 33kV assets
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With the existing pressures on the network, the two grid transformers operate close to
thermal limits during outage conditions and will exceed thermal limits with forecast
demand growth during RIIO-ED1. A scheme to reinforce the demand group on Anglesey
was designed in 2011/12 and submitted as part of the RIIO-ED1 business plan. The
proposal was to establish a new grid transformer at Llanfair PG and a new 33kV circuit
on the island. The submitted scheme was expected to significantly increase the thermal
demand capacity on Anglesey and facilitate the separation of the Anglesey 33kV group
from the mainland. This would in turn maintain fault level limits and provide an
additional 132kV infeed to the island from the mainland that would improve operational
security.

Wylfa
Caergeiliog '@\ @ Amlwch

FAY
\W4

Llanfair PG

Llangaffo

P}

X Normally open
DC Circuit
400kV
132kv
33kV

Caernarfon

Figure C-3: Anglesey Distributed Generation, 132kV and 33kV assets

In recent years, this area of the network has undergone very high levels of generation
and demand connection activity. The requirement for reinforcement of the distribution
network on Anglesey has been re-assessed in order to satisfy the existing demand and
generation requirements and accommodate future load growth. As a result Caergeiliog
has been identified as the optimum location for the proposed grid transformer where
most of the activity has been concentrating in recent years.

With the generation growth in Anglesey together with the potential for imposed 400kV
parallel flows, the power flows between the island and mainland are forecast to exceed
the capability of the existing circuits. For this reason, options still need to be considered
to separate the 33kV electrical network on the Isle of Anglesey from the mainland.
Additionally voltage problems are expected in Bangor towards the end of the regulatory
period.

Among the different options including phase-shifting transformers, STATCOMs, DC etc.
the ANGLE-DC method was identified as a viable solution which maintains the link
between Bangor and Llanfair PG in service and at the same time provides an upgraded
power corridor between Anglesey and the North Wales mainland. Figure C-4 shows the
proposed network arrangement with DC link established between Anglesey and
mainland. In addition to the MVDC link the wider Anglesey reinforcement works include
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the addition of a new grid transformer at Caergeiliog and a 33kV circuit between
Caergeiliog and Llanfair PG substations.

1055

Wylfa
Caergeiliog 8\ 8 Amlwch
/A
ﬁ

Llangaffo

o= -
(4 e L PY

X  Normally open
DC Circuit
400kV
132kV
33kVv

Caernarfon

-

Figure C-4: Proposed DC link

The method will provide an efficient and enduring reinforcement solution to meet the
long term energy needs of the island.
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Appendix D Financial Analysis

Significant load growth and integration of renewable resources have increased the
network complexity and put stress on distribution networks. These issues can be tackled
by the ANGLE-DC solution which offers an innovative approach to enhance the flexibility
of the network and unlock the full capacity of the existing assets. A 33kV circuit
connecting Anglesey (Llanfair PG) to other parts of the North Wales distribution network
(Bangor) has been identified where uncontrolled power flows are forecast to exceed
thermal limits. Additionally the circuit is located in an area where voltage management is
becoming increasingly difficult. As a consequence the link between Bangor-Llanfair PG
would be operated in open circuit during normal conditions.

ANGLE-DC will convert the Bangor-Llanfair PG AC circuit to DC by installing MVDC
converters at both ends of the existing circuit. This Appendix provides details of the cost
benefit analysis for the ANGLE-DC case. The expected benefits after rolling out the
solution across GB are also presented.

D.1 Methodology

For the purposes of the capital expenditure assessment we have compared the ANGLE-
DC method with a theoretical conventional method of releasing network capacity by
installing a collector station in Anglesey (see figure D-2).

1008

Wylfa

Caergeiliog @ @\ Amlwch
O
J

Llangaffo Llanfair PG

o -
e® cedec T« _UHe="="".

X Normally open

Caernarfon K8\ Bangor
= 400kV
1053 —_— 132kV
- 33kV

Figure D-1: Existing running arrangement;
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Figure D-2: Left: MVDC option;

Right: Theoretical conventional solution providing the same generation capacity (by creating a new

132kV collecting hub for renewable generation in Anglesey)

All the benefits and investments are calculated by the end of 2030 and 2050. For the GB
roll-out phase and ANGLE-DC post-trial replications we have assumed the MVDC
technology cost will reduce but the same benefit as ANGLE-DC project would be
achieved.

D.2

Business case options

Option 1 (Base case): Installation of a new grid transformer

The theoretical alternative conventional method to deliver 30.5MW of generation
capacity involves the installation of a new grid transformer with the associated
132kV circuit, 132kV switchgear and 33kV switchgear.

Option 2: MVDC link

This option represents the ANGLE-DC solution which will convert the Bangor-
Llanfair PG AC circuit to DC by using MVDC converters at both ends. As there is
no market for MVDC at this time, the technology solutions proposed by different
suppliers can be anticipated to be quite different in detail design and
consequently cost. The initial supplier engagement was utilised to inform the cost
of the MVDC link including the two converters, interface transformers and
associated elements We have also considered civil works, site preparation and
resources. It should be noted that the cost estimation reflects the trial
cost and MVDC technology will become cheaper when it is proven
successful.
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D.3 Benefits
The following benefits are expected to be gained by deploying the ANGLE-DC (Option2)
solution:

¢ Increase the network capacity by around 30.5MW;
e Achieve capex saving compared with the theoretical conventional base case;

e Reduction of losses by around 20% in North Wales and Anglesey area which is
equal to a saving of £630k annually.

Capital benefit

As described in section 2.3.3, the ANGLE-DC solution will use DC technologies to secure
a link between Bangor and Llanfair PG whereby 30.5MW of network will be released. A
theoretical alternative conventional means to release 30.5MW of generation capacity
involves the installation of a new grid transformer. The ANGLE-DC method results in a
net capital saving when the two options are compared.

Losses reduction

SP Energy Networks have commissioned a desktop study comparing the network losses
for two cases:

1-Network with conventional reinforcement in Anglesey which does not offer any
power flow and voltage controllability;

2-Network with ANGLE-DC solution.

The results showed that the network losses can be reduced for different loading
conditions and in total a reduction of 20% is expected in losses on the North Wales area.
Table D-1 shows a summary of the results of losses calculated for the two
aforementioned cases.

Table D-1: Reduction in losses

Conventional 30MVA MVDC link
Network condition Real Power Losses Real Power Losses
(MWh/year) (MWh/year)

Winter Max 2473 1633
Winter Min 10347 11823
Summer Max 28730 17767
Summer Min 24153 16545
Converter losses - 4905
Total 65703 52673

The unit cost for losses is assumed to be £48.42/MWh as given in the Ofgem CBA
spreadsheet. The annual savings associated with loss reduction are estimated to be
£630K.

CO, Emission reduction

Additionally both options will create headroom that can be used to transport renewable
generation between Anglesey and North Wales. The ANGLE-DC solution can be used to
transport up to 45.4GWh of renewable generation across the link annually. This value
has not been monetised for the purposes of the financial analysis.
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D.4 Financial analysis

For the purpose of the financial benefit analysis, as explained in the methodology, we
have compared the MVDC solution (Option2) against Optionl. Our financial analysis
showed that Option 2 will be more attractive. Table D-2 shows the benefits and
investment compared with the Base Case by 2030 and 2050 if the ANGLE-DC solution is
deployed.

Table D-2 : Financial benefits

2030 2050

Total benefits £10.47m £18.67m

D.5 Rollout across GB

In line with the spirit of NIC, if ANGLE-DC is proven successful, the benefits from ANGLE-
DC will not stop at this application but will add value to strategically unlock the potential
of existing network assets and facilitate competition in the supply chain of power
electronic converters. For future applications it is expected that MVDC will compete with
other conventional reinforcement schemes.

SP Energy Networks commissioned a study to estimate the number of sites in the UK
where the ANGLE-DC solution may be replicated in future. This study included an
assessment of the voltage profile and circuit loading heat maps on UK DNOs’ networks
and suggested that 20 to 25 sites could benefit from the enhanced benefits offered by
MVDC circuits across the UK by 2040. The number of UK replications is shown in Figure
D-3.

25
25 -
20 -
15

15 -
10

Number of replications in the GB

2020 2025 2030 2035 2040

Year

Figure D-3: Number of sites in the GB where ANGLE-DC solution will be replicated

The capital investment of MVDC for the trial will be reduced in post-trial phases:
i) R&D activities will be minimised due to learning, knowledge and optimum

design created in the ANGLE-DC trial;
i) The MVDC supply market will be more competitive after the ANGLE-DC trial;
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iii) The maturity of the technology will be enhanced and the power electronic
devices will be cheaper.

In order to model the cost reduction of MVDC, a type 3 cost reduction curve as per the
Work Stream 3 report — “Assessing the Impact of Low Carbon Technologies on Great
Britain’s Power Distribution Networks” — has been used for the power electronics
elements. Figure D-4 shows the cost reduction curves presented at the Work Stream 3
report.

The real benefit of the ANGLE-DC project can be revealed by comparing with the
conventional approach of installing additional transformers and circuits. The MVDC
solution could be installed at least one year faster than the base case alternative.

In order to model the cost variation of conventional solutions, a type 1 cost reduction
curve as per the Work Stream 3 report — “Assessing the Impact of Low Carbon
Technologies on Great Britain’s Power Distribution Networks” — has been used. Figure
D-4 shows the cost curves presented at the Work Stream 3 report

Cost Curves
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120% ,’/
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e

Cost Curve 1

80% - Cost Curve 2

" \ \
0% \

20%

Cost Curve 3

Cost Curve 4

Cost Curve 5

Ooﬂ

T T T
2015 2025 2035 2045

Figure D-4: Cost Curves

e Cost Curve 1 — conventional solutions with a high aluminium, steel or copper
content;

Cost Curve 2 — the default position, flat profile;

Cost Curve 3 — New solutions where volumes are expected to be low (EHV);

Cost Curve 4 — New solutions where volumes are expected to be moderate (HV, LV);
Cost Curve 5 — New solutions where volumes are expected to be high.

The financial benefits accruing to MVDC links including capital savings and reduction in
network losses are summarised in Table D-3.

Table D-3: Financial benefits of ANGLE-DC rollout
2020 2030 2050

Total benefits £4.2m £69.2m £396.0m

The same level of capacity release has been conservatively assumed for each future
replication of the ANGLE-DC project. This released capacity can be available at least one
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year faster than the conventional reinforcement approach. Table D-4 shows the total
estimated capacity released in the roll-out phase of ANGLE-DC*.

Table D-4: Carbon benefits of ANGLE-DC rollout

2020 2030 2050
GWh 45.4 454.2 1135.5

11 A 179% factor is calculated based on the generation load factors published by DECC on renewable resources
and the generation portfolio in the Anglesey area.
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Appendix E Project Plan
ID  [Task Name Duration Start Finish rtel2nd Quartd3rd Quartelith Quartefi st QuartePnd Quari&3rd
Dec| Jul [Feb|Sep[ Apr [Nov[Jun [Jan] Aug| Mar] Oct [May
1  |ANGLE-DC 1115 days Mon 11/01/16  Thu 16/04/20 =i v
2 Project setup 65 days Mon 11/01/16  Fri 08/04/16 ==
3 Project initiation document 15 days Mon 11/01/16  Fri 28/01/16
4 Formalise team structure: Project manager, Project board, Delivery team 50 days Mon 01/02/16  Fri 08/04/16 %
5 Identify project pariners I0days  Mon01/0216  Fri 11/03M16
[ Develop collahoration agreement with project pariners 20 days Mon 14/03/16 Fri 08/04/16 ¥
7 WP1 - Detailed design 255 days Mon 11/0416  Fri 31/03/17
8 Detailed system analysis 190 days Mon 11/04/16  Fri 30M12/16
9 Generation, demand scenarios analysis 150 days Maon 11/04/16 Fri 04/11/16
10 MNormal and fault conditions analysis 150 days Mon 11/04/16 Fri 04/11/16
11 Harmanic analysis 150 days Mon 11/04/16  Fri 04/11/16
12 Development of control strategy 150 days Maon 11/04/16 Fri 04/11/16
13 Development of protection strategy 150 days Mon 11/04/16]  Fri 04/11/1§
14 Q&A and approval 40 days Mon 07/11/16 Fri 30/12/16
15 Cable capability evaluation 180 days Mon 11/04/16  Fri 16/112/16
16 Development of test specification 30 days Mon 11/04/16  Fri 2000516
17 Procurement for cable test 30 days Mon 23/05/16)  Fri 01/07/16
18 Cable capability test 30 days Mon 26/09/16)  Fr 041116
19 Cable capability evaluation report 30 days Mon 071116 Fri 161216
20 MVDC market research update 20 days Mon 04/07/16)  Fri 29/07/16
21 Development of technical specifications 210 days Mon 09/05/16  Fri 24/02117
22 Develop holistic condition monitoring equipment technical specification 30 days Mon 09/05/16 Fri 17/06/16
23 Develop MVDC link technical specification 30 days Mon 16/0117 Fri 24/02/17
24 Develoment of invitation to tender documents 205 days Mon 20/06/16  Fri 31/03/17
25 Develop invitation to tender documents for holistic condition monitoring equipment 25 days Mon 20/06/16)  Fri 22/07/16
26 Develop invitation to tender documents for MYDC link 25 days Mon 2702117 Fri 3103017
27 SDRCs 180 days Fri 17/06/16  Fri 24/02/17
28 Publication of technical specification for monitoring system 0 days Fri 17706116 Fri 17/06/16
29 Publication of technical specification for the MVDC link 0 days Fri 24/02/17  Fri 24/02/17|
30 WP2 - MVDC Link 530 days Mon 03/04/17  Fri 12/04/19
M Procurement and vendor evaluation 60 days Mon 03/04/17|  Fri 23/06/17
32 Sign the confract 30 days Mon 26/06/17  Fri 04/08/17
33 Equipment production 250 days Mon 2110817 Fri 03/08/18
Task N Tytemal Milestone & Manual Summary RollUp c—
Split e Inactive Task I Manual Summary ——
Project ANGLE-DC Pmiect Plan Milestone & Inactive Milestone <> S'Lart—onw C
Date: Tue 201015 Summary PSSy Inactive Summary G ) Finish-only b |
Project Summary Py Manual Task Bl Progress —
External Tasks S Dwration-only Deadline O
Page 1
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Task Name | Duration ‘ Start Finish riePnd Quarté3rd Quariedth Quartefist QuartePnd Quartd3rd
Dec| Jul [Feb|Sep Apr [Nov[ Jun |Jan| Aug| Mar| Oct[May
34 Factory acceptance fest 40 days Mon 06/08/18 Fri 28/09/18
35 Site preparation, civil, communications and elecirical 120 days Mon 18/0917  Fri 16/03/18
36 Equipment delivery 45 days Mon 0171018 Fri 3001118
v Equipment installation 40 days Mon 03112118 Fri 2501719 'ﬁ'
38 Site acceptance test 15 days Mon 18/02M9  Fri D&/03/19 f
35 Commissioning 10 days Mon 01/04/19  Fri 12/04/19 t
40 SDRCs 0 days Fri 1204119 Fri 12/04/19 & 12/04
4 Installation of MVDC link 0 days Fri 120419 Fri 12/04/19 oo12.04
42 WP3 - AC System 455 days Mon 23/01117  Fri 19/10/18 —)
43 Detailed circuit design 30 days Mon 2370117 Fri D3/03717]
44 Procurement 15 days Mon 2710317 Fri 1404717
45 Wayleaves 60 days Mon 17/04/17  Fri O7/07/17|
46 Equipment delivery 20 days Mon 07/0BM7  Fri D1/09/17
47 Installation 260 days Mon 04/09/117  Fri 31/08/18 h
43 Protection settings 20 days Mon 03/0918  Fri 28/09/18 %
49 Commissioning 5days Mon 15/10M18 Fri 1910718 ]q'
50 WP4 - Holistic Condition Monitoring 240 days Mon 1711016  Fri 150917 r‘
51 Procurement and vendor evaluation 30 days Mon 1711016 Fri 25/11/16
52 Sign the confract 20 days Mon 2811716  Fri 2311216 v
53 Equipment production 80 days Mon 26/12M16 Fri 14/04/17|
54 Factory acceptance test 10 days Mon 060217 Fri 17/02M17|
55 Site preparation 40 days Mon 2310117 Fri 17/03117
56 Equipment delivery 10 days Mon 17/04/17 ) Fri 28/04/17|
a7 Equipment installation 20 days Mon 2270517 Fri 16/06717] 't
58 Communications 20 days Mon 19/0617  Fri 14/07117|
59 Site acceptance test 10 days Mon 0770817 Fri 18/08/17] ?
60 Commissioning 5 days Mon 110917 Fri 150917 \'
61 SDRCs 0 days Fri 15/09M17  Fri 15/09/17 & 1509
62 Commissioning of Holistic Condition Monitoring systems 0 days Fri 15/09M17  Fri 15/09/17 4»'1 5i09
63 WP 5 - Data Analysis 605 days Mon 0211017 Thu 23/01/20
64 Gather Holistic Condition Monitoring data 600 days Mon 02/10M7  Thu 16/01/20
65 MVDC system seiting adjustments 250 days Mon 04/02M19  Thu 16/01/20
66 Develop policy documents for MVDC applications 175 days Mon 15/0419  Thu 1212719
Task S Fytemal Milestone & Manual Summary Rolllp e ———
Split s oo Inactive Task L Manual Summary ey
Project ANGLE-DC Project Plan Milestone & Inactive Milestone [a Start-onky C
Date: Tue 2010115 Summary P——  Inactive Summary y: ) Finish-only o |
Project Summary == Manual Task Bl Progress ——
External Tasks e Duration-only Deadline &
Page 2
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ID  [Task Name | Duration Start Finish rtel2nd Quartdird Quartedth Quartefist QuartelPnd Quartd3rd
Dec| Jul [Feb[Sep[ Apr [Mov[ Jun | JanAug| Mar| Oct[May

67 Report writing 30 days Fri 131219 Thu 23/01/20
68 SDRCs 0 days Thu 23/01/20  Thu 23/01/20 3001
69 Publication of Holistic Condition Monitoring data 0 days Thu 23/01/20) Thu 23/01/20 &[23/01
70 Publication of operafion performance of MYVDC converters 0 days Thu 23/01/20)  Thu 23/01/20 &1/23/01
m WP & - Dissemination 1013 days Wed 01/06/16  Thu 16/04/20
T2 6 monthly progress report 921 days Mon 06/06/16  Fri 13/12/19 : -]
73 Report 1 10 days Mon 06/06/16  Fri 17/06/16 |
T4 Report 2 10 days Mon 051216 Fri 161216 |
75 Report 3 10 days Mon 05/06/17  Fri 16/06M17 ]
76 Report 4 10 days Mon 0412117 Fri 151217 I
7 Report 5 10 days Mon 04/06/18  Fri 15/06/18 |
78 Report 6 10 days Mon 0312718 Fri 141218 |
79 Report 7 10 days Mon 03/06/19  Fri 14/06/19 |
80 Report 8 10 days Mon 021219 Fri 131219 |
81 Workshops 783 days Mon 06/02/17  Tue 04/02/20 L ¥
82 MVDC Technical Design 2 days Mon 06/02117|  Tue 07/02M17| |
a3 Real-Time Circuit Condition Monitoring 2 days Mon 0502118 Tue D6/02/18) 1
84 MYDC Manufacturing and Site Preparation 2 days Mon 04/02119  Tue 050219 1
85 MVDC Link Performance Review 2 days Mon 03/02/200  Tue 04/02/20| 1
86 Webinars 836 days Mon 03/110/16  Fri 13112119 ¢ =l
ar MYDC technoloigy and Supplier Engagement 50 days Mon 031016 Fri 091216 -]
88 Real-Time Circuit Condition Monitoring systems for AC and DC applications 50 days Mon 021017, Fri 08M2M7 =]
89 MVDC manufacturing 50 days Mon 01/10/18  Fri 071218 -]
a0 Cable ageing mechanism in AC and DC conditions 50 days Mon 07TH0M18  Fri 1311219 =]
91 MVDC performance in reaHife and data analysis 50 days Mon 071019 Fri 131219 =]
92 LCNI conference 784 days Wed 23/11/16  Fri 2211119 Py
[k] LCNI 2016 3 days Wed 23/11/16 Fri 251116 1
a4 LCNI 2017 3 days Wed 22/1117  Fri 241117 1
95 LCNI 2018 3 days Wed 21/11/18  Fri 23/111/18 1
96 LCNI 2019 3 days Wed 2001118 Fri 22111119 1
a7 SPEN innovation website update 924 days Wed 01/06/16  Fri 13/112M19 P v
a8 6 monthly update 1 3 days Wed 01/06/116  Fri 03/06/16 |
99 6 monthly update 2 3days Wed 14112116 Fri 1611216 1

Task N Fxtemnal Milestone & Manual Summary Rolup c——

Split v INActve Task I Manual Summary e

Project ANGLE-DC Project Plan Milestone &> Inactive Milesione [e Start-only C
Date: Tue 20110/15 Summary P——  Inactive Summary e 7 Finish-anly 3
Project Summary ey Manual Task ESad  Progress L]
External Tasks s Dwration-only Deadline I
Page 3
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I [Task Name Duration ‘ Finish rtel2nd Quarte3rd Quarieldth Quarteflst QuartePnd Quarid3rd
Dec| Jul [Feb[Sep[ Apr [Nov[ Jun [Jan [ Aug] Mar[ Oct[May
100 & monthly update 3 3 da‘,!s Tue 30/05M17  Thu 01/06M17 I
101 6 monthly update 4 Jdays Thu 14M2M17 Mon 181217 1
102 & monthly update 5 3days Wed 30/05/18 Fri 01/06/18 1
103 6 monthly update 6 Jdays Wed 121218 Fri 14M12M18 1
104 6 monthly update 7 3 days Wed 29/05/19  Fri 31/05/19 1
105 & monthly update 8 Jdays Wed 1112119 Fri 1311219 1
106 Close-down report 120 days Fri01M1/19 Thu 16/04/20
107 First draft preparation 60 days Fri 01M1/19  Thu 23/01/20
108 Internal review 30 days Fri 24/01/20  Thu 05/03/20
109 Extermnal consultation 30 days Fri 24/01/20 Thu 05/03/20
110 Final submission 30 days Fri 06/03/20 Thu 16/04/20
11 SDRCs 0 days Thu 16/04/20 Thu 16/04/20 16/04
112 Effective Knowledge Dissemination 0 days Thu 16/04/20 Thu 16/04/20 16/04
Task S  Fxternal Milestone @ Manual Summary Rollup e
Split oo n INactive Task 1 Manual Summary P———
Project ANGLE-DC Project Plan Milestone > Inactive Milestone Lo Start-only C
Date: Tue 201015 Summary P——  |nactive Summary v 7 Finish-only |
Project Summary === Manual Task EESSSSSSSSdl  Progress e
External Tasks G Duration-only Deadline &
Page 4
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Appendix F Roles and Responsibilities

The ANGLE-DC project structure team was introduced in Section 6.1.9. The delivery
team mainly consists of two distinctive technical teams, namely the MVDC link technical
team and the Circuit condition monitoring technical team.

The MVDC link technical team will be comprised of SP Manweb Design Engineers,
consultant specialist in DC technology and MVDC equipment supplier. This team will be
responsible for:

Desktop modelling of the MVDC link performance under various network
conditions;

Developing detailed MVDC converters technical specifications;

Carrying out detailed site design at Bangor and Llanfair PG substations and
providing all drawings and documentation;

Conducting site preparation activities including civil works, electrical wirings
etc;

Providing protection settings in conjunction with MVDC link voltage and power
control strategy;

Liaise with SP Manweb Health and Safety (H&S) to ensure the compliance of
designs and installation procedures with approved policies;

Developing a detailed method statement for the MVDC link installation;

Carrying out factory acceptance test of MVDC equipment;

Conducting site acceptance test for MVDC link and commissioning;

Developing policy documents, technical guidance and recommendations for
planning, procurement and operation of the MVDC link;

Carrying out diagnostic or maintenance measures required on the MVDC link
after commissioning and during the life-time of the ANGLE-DC project;
Providing data analysis on the performance of the MVDC link at different loading
and network conditions;

Liaise with the ANGLE-DC Knowledge Coordinator to capture and disseminate
the lessons learned.

The Circuit condition monitoring technical team will be comprised of the SP Energy
Networks IT team, consultant specialist in assets DC operations and cable monitoring
systems and equipment supplier. This team will be responsible for:

Developing real-time holistic condition monitoring system architecture;
Developing specifications for monitoring equipment;

Developing a site specific method statement for the installation of the
monitoring equipment;

Conducting factory acceptance tests;

Installation of the monitoring equipment ;

Conducting site acceptance tests, end-to-end diagnostic tests and
commissioning;

Providing analysis on recorded partial discharge data under different loading ( or
conductor temperature) conditions;

Liaise with the ANGLE-DC Knowledge Coordinator to capture and disseminate
the lessons learned.
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additional cost to project to
improwve earthing arrangements.

il

o
G

Existing cables
integrity with DC

Cable fails on
first energisation

Project halted; delayed
reinforcement; additional costs
to move MVDC conwerters for
use elsewhere as converters or
STATCOMS.

1.

o
>

Existing OHL
integrity with DC

Suitability of existing OHL for DC
operation

Flashovers across the
insulators that provide structural
support between the
conductors and towers are
likely to necessitate switching
off the whole of the MVDC
scheme for a period of time.

i

o
5

Practical realisation
of capacity gain

Theoretical capacity gain with DC
cannot be achieved.

Anticipated further deployments
in the UK will be discouraged
by less attractive business
case.

1.

o
D

replication of
technology

Practical flexibility for|

Ambitious advancement of a
combination of technologies from TRL
in the region of 5 to TRL 7 cannot be
achieved to facilitate project
replications.

Anticipated further deployments
in the UK will be discouraged
by prohibitive cost to overcome
unproven aspects.

Summative Risk Scores

converter arrangement for this application to reduce the
level of earth return currents during normal and abnormal
operation.

1. Short time 27kV DC testing completed on the circuit
with no problems.

2. All cables to be fully discharged over an extended
period (at least 24 hours) before DC energisation.

Perform study of OHL insulation requirements for designed
DC wltage, visually inspect insulators on existing line and
replace if necessary.

Prior to decisions to proceed, pre-engineering studies will
be carried out for the identified circuit to determine
requirements for prudent operation and resulting
anticipated capacity release

Informal discussions have taken place with several
potential vendors to understand the range of technology
available for MVDC converters and constraints. A realistic
functional specification has been developed in the proposal
phase, and will be developed in the initial design phase to
produce a detailed technical specification for the
procurement process.

Inherent Risk Residual Risk
Risk Issue Risk Description Potential Impact Probability | Financial | Reputation Overall Control and Probability | Financial | Reputation [ Overall
Impact Impact Risk Contingency Impact Impact Risk
No. (1-5) (1-5) (1-3) (2-40) Measures (1-5) (1-5) (1-3) (2-40)
1. Technical risks
1.01 |Existing cables Cables are unsuitable for DC operation |Project halted; delayed 3 2 21 1. System operating DC woltage level kept at or below
integrity with DC at 27kV either due to age or type. reinforcement and no peak AC woltage level (27kV).
demonstration of conversion to 2. Conductor temperature limited to a maximum of 50°C
MVDC. for all cables.
3. Short time 27kV DC testing completed on the circuit
with no problems.
1.02 |Existing cable joints |Joints are unsuitable for DC operation |Project halted; delayed 3 2 18 1. System operating DC woltage level kept at or below
integrity with DC at 27kV due to age or type. reinforcement and no peak AC wltage level (27kV).
demonstration of conversion to 2. Conductor temperature limited to a maximum of 50°C
MVDC. for all cables types.
3. Short time 27kV DC testing completed on the circuit
with no problems
1.03 |Harmonic Superimposed high frequency Delay and additional cost to 3 18 Perform a study of VSC converter harmonics and
interference interference on MVDC in existing project in order to resolve determine likely interference on telecom and transport
cables couples with third party problems for third parties. signalling after a study of installed senices and harmonics
senvces. to be generated. VSC convwerter filters to be designed to be
adequate by converter supplier.
1.04|Earthing with DC High DC earth return currents. Discontinued operation and VSC converter study required to determine the best

2. Procurement, manufacturing and installation risks

2.01|Few suppliers of

MVDC equipment

Limited number of tender returns from
vendors for procurement of MVDC
converters.

Receipt of uncompetitive
tenders that are not in line with
principles of good value for
money for customers; decision
to halt innovation project.

Informal discussions have taken place with several
potential vendors and we are confident that we will receive
several tender returns through the conventional competitive
bid process. Efforts will continue to be made to ensure
that the specification requirements are reasonable and
realistic for commercial offerings to be received.
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Inherent Risk

Residual Risk

Probability |Financial [Reputation

access for installation of large plant
items

Risk Issue Risk Description Potential Impact
No.
2.02|Size of equipment Insufficient available space and/or site |Significant loss of investment in

large equipment that cannot be
installed; delays to
reinforcement.

2.03

Cost of installation of
AC system is
significantly higher
than estimated

Prohibitive cost of cable installation for
AC system. These costs are site-
specific and heavily dependent on
excavation costs (in this case
directional drilling costs), with a high
variance.

High cost of crucial mitigation
measure delays entire
innovative demonstration
project.

equipment

which is significantly higher than the
estimated cost in proposal stage.

2.04|Easements/ Inability to obtain a wayleave / Lack of wayleave / easement
wayleaves easement for the parallel subsea AC  |for crucial mitigation measure
standby circuit. delays entire innovative
demonstration project.
2.05|Cost of MVDC Prohibitive cost of MVDC equipment  [Project budget is not enough for|

delivery of the project objectives
and project should be halted

2.06

Damaged equipment

Equipment arrive on site are damaged
due to improper packaging and
shipment

Significant effect on delivery
time and project programme

converters

equipment

2.07 |Delay in Holistic monitoring equipment is not in [The impact of conversion from
commissioning of place before energisation of the MVDC [AC to DC, the stress on the
monitoring link cables and possible damaged
equipment to the cable circuits cannot be

monitored

2.08|Delay in delivery of |Delay in delivery of the MVDC The overall impact on timley

delivery of the SDRCs and work
in other work packages

Summative Risk Scores

Overall
Risk
2-40

Control and
Contingency
Measures

Probability| Financial

Preliminary assessments indicate that access is possible
for plant and space is available at both sites.

1. Perform thorough pre-engineering studies before defining
the detailed cable route.

2. Pause the project if there is no space available on the
bridge.

24

Perform thorough pre-engineering studies before defining
the detailed cable route and liaise closely with planning
authorities.

24

1. Develop an optimum design for MVDC equipment and
ensure unnecesary and expensive specifications will not
be part of final specifications

2. Carry out competetive tendering process to ensure the
best value for money

24

1- Ensure proper packaging and shipment with supplier

2- include appropriate penalties in terms and conditions to
protect the project againt damage or late delivery of the
products

21

1- Commissioning of the holistic monitoring system iis
planned to take place before commissioning of the MVDC
link (at least 6 month earlier)

2- Early IT engagement to ensure incorporating monitoring
system in SP Energy Networks infrastructure comply with
IT security requirements

1-Considering contigency time for production of the
conwerters

2- Effective monitoring of the manufacturing process and
define set dates for factory acceptance tests at time of
contract

3- include approperiate penalties in terms and conditions
to protect the project againt damage or late delivery of the
products

Reputation|Overall
Impact

3. Operational risks

scheme

MVDC conwerters

3.01|Landowners Opposition to the conversion of the AC |Discontinued operation and
cable to operate with DC. loss of significant investment.
3.02 |Reliability of the Inadequate reliability and availability of |Operation of the link is

compromised.

3.03

Maintenance
requirements

Complex system installed that is
impossible to maintain in reasonable
timescales.

Likely interruptions of supply to
customers; and increased
costs for additional resources in
maintenance teams.

Summative Risk Scores

Engage carefully and thoroughly with landowners to
explain the change of technology and safe operation of
cables under DC.

1. Efforts will continue to be made to ensure that the
specification requirements are reasonable and realistic for
commercial offerings.

2. An AC link between Anglesey and Bangor will be
commissioned.

Seek to work with the manufacturers to understand
maintenance requirements and the impact on the design
or selection of components; as well as ongoing training
and development of staff.
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Inherent Risk Residual Risk
Risk Issue Risk Description Potential Impact Probability [Financial [Reputation Overall Control and Probability| Financial [ Reputation [ Overall
Impact Impact Risk Contingency Impact Impact Risk
No. (1-5) (1-5) (1-3) (2-40) Measures (1-5) (1-5) (1-3) (2-40)
4. Project Management risks
4.01 |Higher costs Cost of scheme higher than anticipated |Exceedance of project budget; 1. FIDIC contract terms should be used, such that the 3

and risk of halting the
demonstration project.

contractor takes on the risk;

2. Commodity price to be hedged.

3. Contingency funding deemed to be reasonable and
sufficient.

4.02|Experience and HSE |Staff lack of experience and knowledge |Inefficient working and errors.

1. Support from competent resources in technical design
of new equipment

details and project management.

2. Careful selection of the competent staff through
inteniew process

3. Specialist tools and training required for maintenance
activity. Procedures to be developed.

4.01 |Resources Sufficient resources are not available in [Delay in delivery of the project
SP Energy Networks to deliver the and impact on quality of
project deliverables

1- Effective engagement with Director level in SP Manweb
to provide clear understanding about project size and
resource required

2- Use competent external resources where necessary

Summative Risk Scores|
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Appendix H MVDC Converter Technology

Discussions with technology providers have indicated that there are two alternatives to
design a MVDC solution: to scale up an existing medium voltage converter or scale down
an HVDC converter. The technology description below is known as a Voltage Source
Converter (VSC).

This VSC concept is known as a Modular Multi-level Converter (MMC), which is shown in
Figure H-1. The three-phase AC supply (at 33kV) is connected via a transformer to a
power electronic circuit which consists of multiple sub-modules. In each phase a series
connection of sub-modules (typically 30 - 35) connects the AC bus to the +V DC bus and
another series connection to the —V DC bus.

\% +V

:

2

o

HH}--{HH

T
&
¥
11

AHH--{HE
{HHI--1Hl

:

-V

= = sub-module

Figure H-1 : MVDC scheme topology

This VSC - MMC arrangement is also the one most widely used for HVYDC projects, having
completely displaced earlier variants, due to its low operating losses. Thus it is a
technology which is widely familiar to the supply chain.

Each sub-module consists of a DC capacitor and an arrangement of power electronic
switches, based on Insulated Gate Bi-polar Transistor (IGBT) technology. As simplified
sub-module arrangement is shown in Figure H-2 alongside the output voltage waveform
available. Each sub-module can only generate one polarity of voltage, either positive in
the upper part of the circuit or negative in the lower part. However, there is no
requirement to change the converter polarity, as reversing the power flow direction can
be achieved by reversing the current flow direction, leaving the voltage polarity
constant.

Sub-module Output voltage

DC Capacitor

1 U >

ES] |

Figure H-2: Sub-module arrangement (left), output voltage waveforms (right)
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At any instant one of the IGBT devices in the upper part of the circuit is switched on to
inject the positive voltage and in the lower part of the bridge one IGBT is switched on to
inject the negative voltage. If required a by-pass IGBT can be closed to give zero output
voltage. By controlling the switching pattern, both on and off, of the multiple sub-
modules a voltage sinewave can by synthesised as shown in Figure H-3.

r 3

NN

v

Figure H-3: Output AC voltage from the MMC

With enough sub-modules switched in and out in the correct sequence, an acceptable
fundamental frequency voltage sinewave can be produced. By controlling the phase
angle of this voltage waveform, with respect to the measured 33kV system voltage,
power flow through the MMC can be controlled as required. By controlling the amplitude
of this voltage waveform, with respect to the measured 33kV system voltage, reactive
power absorption and generation can be controlled as required. This gives the MVDC
converter a “4-quadrant” capability, as shown in Figure H-4.

+P(pu)

-Q (pu) +Q(pu)

-P(pu)

Figure H-4 : Active and Reactive Power Capability

In the ideal case the converter can operate anywhere within the constant MVA circle, but
in reality constraints imposed by the voltage and current stresses on the power
electronic equipment, limit the operation to the central shaded portion shown in Figure
H-4. However, the supplier will be able to adjust the design to achieve the power and
reactive power levels required by SP Energy Networks to meet the Distribution Grid
Code.
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The level of harmonic distortion present in the voltage, which is determined by the
number of small steps used to create the sinewave, should be suitable for direct
connection to the distribution network, without the need for additional harmonic filters.
However, this needs to be checked against the requirements of Engineering
Recommendation G5/4, or local SP Energy Networks limits.

As the switching frequency of the IGBTs is low, typically <150Hz, the operating loss is
low, approximately 1% per converter station.

The arrangement shown in Figure H-4 is known as a symmetrical monopole, which
requires only two conductors (positive and negative) and a single interface transformer
at each end of the link. This is the arrangement used in most HVDC schemes, which use
the MMC technology. This arrangement has the advantage of simplicity in both the
converter design and the transformer design, but during maintenance and any major
equipment fault, all power transfer is lost through the link.
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Appendix | High Level Functional Specification for MVDC
Distribution Link

1.1 Introduction

SP Energy Networks is proposing to convert an existing double circuit 33kV AC circuit to
operate at Medium Voltage Direct Current (MVDC). The scheme will link the existing
Llanfair PG sub-station on the island of Anglesey to the Bangor sub-station on the Welsh
mainland. Figure I-1 shows the location of the sub-stations and the route of the 33kV
circuits.

BATST 00 CE-8 ANGOR 33V,

o
VE/54T MIVE-PART

,;\/

Figure I-1: Proposed MVDC link

The project has a number of aims, including:

e Enhancing the power flow between Anglesey and North Wales;

e Providing more control of the power flow;

Providing control of reactive power flows, hence influencing wider area voltage
profile;

Reducing operating losses in the wider distribution area;

Providing additional ancillary services from the link;

Demonstrate the use of DC technology for distribution applications;

Demonstrate the conversion of existing AC assets to DC operation;

This specification provides the functional requirements of the MVDC scheme which will be
required to achieve the above aims. General electrical and environmental details for the
distribution system and location will be provided in separate documents as required.

1.2 Existing AC circuits

The route length between Llanfair PG and Bangor is approximately 3km, which consists
of a mix of land cables and short sections of overhead line. The schematic diagram in
Figure 1-2 illustrates the two AC circuits. Each circuit has multiple sections, with several
designs of cables (3-core, 1-core, copper, aluminium) being used. The cables were
originally installed in the 1960’s, although many, but not all, sections have been replaced
with more modern designs.
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Bangor Liantair PG

Cirpuit 1

deskon 1 i '] 4 i L I L] L] 1 n

Figure I-2: Existing 33kV AC circuits

Although both circuits are approximately the same length, the DC resistance of the two
circuits is not the same.

1.3 Conversion to DC operation

The MVDC scheme should operate as a symmetrical monopole, i.e. with one positive MV
terminal and one negative MV terminal, or as a bi-pole, with positive and negative MV
terminals and a neutral point. In the latter case a neutral connection between the
converter stations is not required, but the neutral at one station shall be grounded. The
supplier should indicate if and how they intend to provide a ground reference for a
symmetrical monopole scheme.

It is proposed that the three conductors of one existing AC circuit are parallel connected
to form one pole conductor and the same for the other circuit. Thus the scheme topology
would be as shown in Figure 1-3.

+ve /

-ve /

7
/
7
/
/
/

Figure I-3 : Conversion of three phases to two poles

The impact on this arrangement is an unbalance in the resistances of the pole
conductors.

The MVDC equipment supplier should comment on the impact the unbalance in the pole
conductor resistances would have on the operation of the scheme.

In the event of prolonged loss of one conductor, due to a cable fault, it is proposed that
a complimentary conductor on the other pole is taken out of service, by mechanical
isolation, to maintain, as close as possible the resistance balance between circuits. The
scheme would operate at approximately 67% of normal power under this condition.
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1.4 Power rating

The notional power rating of the scheme is 30MW. The supplier should assume that the
scheme may operate continuously at this power level with a power factor of lead/lag 0.9,
i.e. a scheme rated capacity of 33MVA.

This power rating will be confirmed by detailed evaluation early in the project execution
phase and the supplier is requested to comment on how higher power levels could be
achieved from their designs.

Bi-directional power transfer capability is required, i.e. the rated power is required in
both directions.

The target minimum power transfer level of the scheme shall be OMW. The supplier shall
comment on any difficulty in achieving this level and if not possible, the minimum
continuous power level which can be achieved.

Over-load rating of the scheme, i.e. operating at higher DC current, is not required.
However, the supplier should comment on which items of equipment in their supply
would be the limiting factor for short time overload.

1.5 DC voltage rating
The DC voltage is constrained by the insulation capability of the existing cables. The age
of the cables is also a factor in the consideration of the DC voltage.

The notional DC voltage for the scheme is £27kV.

This voltage rating will be confirmed by detailed evaluation early in the project execution
phase and the supplier is requested to comment on how higher voltage levels could be
achieved from their designs.

Due to the presence of overhead line sections and the proximity to the sea coast,
operation at reduced DC voltage (50 — 80%) may be a requirement under certain
climatic conditions. The supplier should comment on how this can be achieved from their
equipment.

1.6 Scheme operation
The scheme should be designed for un-manned operation, with remote control via a
SCADA system from SP Energy Networks operation centre.

SP Energy Networks operators should be able to dispatch power through the link, either
as,

e Pre-set power transfer levels, e.g. 100%, 80%, 60%, etc;
e Vernier control from full load to minimum power.

The power ramp rate shall be adjustable by design, but the operator would implement a
fixed rate anticipated to be 30MW/minute. This ramp rate would apply to steps between
pre-set power levels and to vernier control.

This ramp rate will be confirmed by detailed evaluation early in the project execution
phase and the supplier is requested to comment on what limits on ramp rate could be
achieved from their designs.
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1.7 Control Modes
a) Power

The primary control mode for the scheme will be power control, i.e. the scheme is able
to operate from minimum power to maximum power, transferring power in either
direction through the link. By operator selection, each terminal may function as a
rectifier (exporting power) or an inverter (importing power).

b) DC voltage

The inverter terminal should control the DC voltage and the rectifier terminal should
control the DC current and hence power flow.

c) Reactive power

The scheme should be able to control reactive power absorption and generation at each
terminal independently and also independent from the direction of power flow. Thus a
full “4 — quadrant” capability is required for real and reactive power, as illustrated in
Figure 5.

It is anticipated that the voltage or and/or current ratings of the equipment may
introduce a limitation on the full 4 — quadrant operation of the converter, as indicated by
the inner shape in Figure 1-4. The supplier is requested to confirm the converter
operating capability at the points indicated in Table I-1.

+P(pu)
B

C

f

J

-Q (pu) +Q(pu)
&

G
-P(pu)

Figure I-4: Real/reactive power capability diagram

In the following table operating points B, E, G and J are requested To Be Confirmed
(TBC) by the supplier. All other operating points are a mandatory requirement of this
specification.
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Table I-1 : Scheme operating points

Operating point Power (pu) Power factor (pu) Comment
A 1.0 -0.9 Required
B TBC 0 Requested
© 1.0 0 Required
D 1.0 0.9 Required
E 0 TBC Requested
F -1.0 0.9 Required
G TBC 0 Requested
H -1.0 0 Required
I -1.0 -0.9 Required
J 0 TBC Requested

d) AC bus voltage

The scheme should be able to operate in a voltage control mode, such that the operator
may select an AC bus voltage and the converter will automatically adjust converter
reactive power absorption or generation to achieve the desired voltage.

Normal operating range of the 33kV distribution system is +6%.
e) STATCOM operation

In the event that the DC circuit is unavailable, e.g. due to a major cable fault, each
converter station should be capable of operating as a STATCOM, i.e. providing reactive
power output at points E and J in Figure 1-4. This will require that any equipment
required for initial energisation, e.g. pre-insertion resistors, is installed at both terminals.

f) Power run-back

Under certain contingencies on the distribution system, e.g. the loss of a key circuit or
generator, there may be the need to instigate a power “run-back” from the present
operating power transfer level to a pre-defined operating level. Studies in the early
project execution phase will determine if this facility is required and to what levels power
run-back would be set. Note that “run-back” can imply power reduction and power
increase, the latter limited by the rating of the scheme.

g) Black start
Not required.

h) Power oscillation damping
Not required.

1.8 Reliability and Availability

As a single DC link will replace one existing AC link (the 2 circuits being connected in
parallel), the reliability of the scheme and the availability of energy are critical. The
following target performance figures are requested:

e Forced outage rate (FOR) <3 trips per annum
e Scheduled energy unavailability (SEU) <1%
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e Forced energy unavailability (FEU) <1%
e Energy availability (EA) >98%

The supplier shall indicate what reliability and availability can be achieved from their
design. Converter operation will be monitored for a period of 5 years after the start of
commercial service. It is a requirement that the above requirements are met in each of
the 5 years.

Outages of the converters as a result of failures on the cable and overhead line
distribution circuits are excluded from this evaluation, unless it is clear that such a
failure was a direct result of a mal-operation of the converters.

1.9 Operating losses

The following target operating losses are requested for each converter station and if not
considered to be achievable the supplier should confirm what level of operating losses
can be achieved.

No-load losses <0.2% of scheme rated power
Load losses <1.0% of scheme rated power

1.10 Harmonic distortion

The level of harmonic distortion created by the MVDC link at the Point of Common
Coupling at Llanfair PG and Bangor shall not exceed the levels indicated in Engineering
Recommendation G5/4.

1.11 Auxiliary power

The supplier shall confirm the maximum level of auxiliary power required to operate
each converter station. It is anticipated that the primary source of auxiliary power (at
415V) will be supplied by SP Energy Networks from the local distribution network. The
supplier shall indicate what back-up power supplies are provided to allow the MVDC
scheme to ride-through momentary disturbances to the auxiliary power supply.

1.12 Relocation

The complete MVDC installation should be capable of being re-located from the Llanfair
PG and Bangor sub-stations to other locations on the SP Energy Networks distribution
network. To achieve this it is anticipated that the power electronic converters, plus
cooling, control, protection and auxiliary power equipment will be housed in a series of
portable buildings. These, together with the transformers, should be capable of being
transported on normal freight vehicles, without the need for the special measures
required for an “exceptional load”. The cables between the converter stations at the
existing and new locations does not form part of this re-location requirement.
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Appendix J Skin Effect in Cables
MV electricity cables, whether for AC or DC application consist of three main
components, as shown in the cross-section drawings in Figure J-1. These are:

e A central metallic core, normally copper or aluminium, which carries the current;
e An insulation layer, either oil impregnated paper or extruded plastic;
e An outer sheath which is connected to ground potential.

Outer grounded

/ screen \
Insulation @
Conductor

Figure J-1 : AC cable (left) and DC cable (right)

For AC applications the alternating current creates an electromagnetic field, which has
the unwanted effect of forcing the current to flow in the outer layers of the conductor,
rather than equally across the complete cross-section. This causes the outer layer to
become hotter (red colour) than the inner layers (orange and yellow colours), which are
colder. This is known as the “skin effect” and effectively means that full use is not mad
of the conductor material and the magnitude of Ac current has to be limited to avoid
over-heating of the outer layer of conductor and hence of the insulation.

For DC applications, there is no alternating field and the skin effect does not apply. Thus
the full cross-section of the cable conductor material can be used, allowing more current
to be carried in the cable before the temperature of the outer layer reaches the critical
point for the insulation. This introduces the possibility of an up-lift of current in the link
and hence an up-lift in power flow in the existing cables.
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Appendix K Capacity Released Calculation for Bangor-Llanfair

PG Circuit
The Bangor to Llanfair PG 33kV circuit is comprised of a combination of underground and
overhead sections covering an approximate length of 3km. The underground section is
made up of a number of cables with different types of construction, insulation and age.

« Cable Type A — H Paper Oil Rosin Insulated Cable;
o Cable Type B — HSL Impregnated Paper Insulated Cable;
e« Cable Type C - XLPE Insulated Cable.

K.1 Cable Type A — H Paper Oil Rosin Insulated Cable

This type of cable contributes the longest length of the installed cable for each circuit. If
the circuits are to operate successfully at DC without significant cable replacement then
the withstand capability of this cable type, which is the oldest of the types installed will
be crucial to the success of the conversion project.

(D) Conductor

2) Conductor screen
) Insulation

4) Core screen

5) Laid-up cores
(6) Binder

(@) Radial clearance
(8) Lead sheath

(©)) Armour bedding
(10) Armour wires
(11) Binder

(12) Serving

Figure K-1: H Type A Impregnated Paper Cable Design

K.2 Cable Type B — HSL Impregnated Paper Insulated Cable

These cables form the second largest cable type installed on the double circuit
connection. Although the exact type of impregnant used is not known it is likely to be a
mass impregnated non-draining compound (paraffinic oil mixed with a microcrystalline
wax). The maximum AC operating conductor temperature for this cable design type is
65°C.

(1) Conductor

(2) Conductor screen
3) Insulation

4) Core screen

5) Radial clearance

(6) SL lead sheath
() SL taping

(8) Laid-up cores
(9) Binder

(10) Armour bedding
(11)  Armour wires
(12) Binder

(13) Serving

Figure K-2 : Impregnated Paper HSL Cable Design
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K.3 Cable Type C - XLPE Insulated Cable

XLPE insulated single core cables make up the smallest portion of each circuit. The
maximum allowable conductor temperature for most XLPE cables operating at an AC
voltage is 90°C.

XLPE insulation when subjected to a high DC voltage field has been proven to be affected
by the phenomenon of space charge. The 33kV XLPE cables and accessory materials are
likely to have a high propensity to develop space charge at stress levels above
10kV/mm. Nevertheless 33kV cables on AC systems are still being tested using a DC site
withstand test voltage and a high level of post-test energisation failures resulting from
such testing at this voltage level is not being reported. If the DC electric stress is less
than the threshold value of 10-12kV/mm then the effect is small and at the level of 5-
7kV/mm expected in the XLPE cable space charge would not be expected to limit the
cable system performance.

(1) Conductor

2) Conductor binder
3) Conductor screen
4) Insulation

5) Core screen

(6) Screen bedding
() Wire screen

(8) Equalisation tape
9) Screen binder
(10) Serving

Figure K-3 : XLPE Cable Design

K.4 Current rating

The maximum temperature limit on the cable conductor is set by the maximum
allowable temperature of the insulation. Mass impregnated paper insulation is still in
production for very long length subsea cable DC interconnectors and temperature limits
are set between 50°C and 55°C depending upon the manufacturer. This compares with
the AC voltage working temperatures on the 33kV cables being considered of 50°C to
65°C where the temperature limits are set by void formation leading to partial discharge
within the insulation.

It is considered reasonably conservative to operate the paper insulated cables at a
maximum conductor temperature of 50°C. As the XLPE cables have a lower electrical DC
resistance than the paper cables and a lower external thermal resistance, being single
core rather than 3-core cables, the XLPE cables will be operating at a significantly lower
operating temperature than 50°C when carrying the same load. This is significantly lower
than the 70°C applied to modern materials and is considered to be a prudent maximum
temperature.

Cable Type A will have the lowest rating of all cable types. This is due to its higher
conductor DC resistance and three core construction. The rating of the AC circuit when
operated at a maximum conductor temperature of 65°C is calculated at 217A.

For testing purposes, it is deemed prudent to limit the conductor temperature to 50°C
resulting in a current carrying capability of 188A. Studies demonstrated the maximum
DC rating for 65°C operation could be increased up to 219A.

Page 86 of 101



omem m O OMPETTION ‘
COMPETITION

K.5 System Voltage

There are several considerations with regard to determination of a practical DC working
voltage which might be applied to the 33kV cables. Factors concerning a lower risk
practical working voltage will be:

e The DC strength of the cable and joint insulation;
e The condition of the insulation.

The insulation thickness of the paper cable designs is expected to be between 6.8 and
7.1mm. The estimated maximum voltage for the Type A cable is lower than Type B
cables due to the use of shaped (oval) conductors.

Table K-1 : Estimated Maximum Geometric DC Voltage for existing paper cables

Cable Design Max DC Voltage
(kV)

Cable Type A 95

Cable Type B 129

Whilst the maximum estimated DC voltage is up to 95kV. The cables considered in this
study are not new. It is thus prudent to limit the maximum voltage to a level at which
there is a reasonable degree of certainty that the cables and accessories will withstand
the continuously applied DC voltage. The Cigre paper'? suggests that on the basis of
electric mean stress the cable insulation could withstand up to twice the AC voltage as
an applied DC voltage, i.e. 38kV.

The cables and accessories have been operating at an AC line voltage of 33kV and an
RMS phase to earth voltage of 19kV AC. The AC peak voltage which the insulation is
currently experiencing is thus 27kV which is proposed as a conservative operating
voltage at which all cable and accessory types would be expected to be comfortable to
operate at.

Initial testing completed on the circuit indicated the insulation is able to withstand a DC
voltage of 27kV but long term degradation effects were not considered.

K.6 Power Transfer Capability
The power rating of the circuit under AC voltage for the two circuits in parallel are
calculated as follows:

Sac (65°C) = 2 xV/3x33,000x 217 = 24.8MVA

The power rating of the circuit under DC voltage for the two circuits in parallel is
calculated as follows:

Ppc (50°C) = 2x3x 27,000 x 188 = 30.5MW

Assuming a power factor of 1.0 under AC operation the thermal capacity of the circuit is
increased by 5.75MVA i.e. 23% of the AC rating.

12 Cigre, “Upgrading and Uprating of Existing Cable Systems”, Section 5, Working Group B1.11, Paris, Jan 2015
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Appendix L NIA SPT 1307 — MVDC. Project Close Down

Summary
An NIA project was completed by SP Energy Networks during the last regulatory year.
This Appendix summarises the key conclusions from the project which identified
significant potential for MVDC technology in the following areas:

o Distribution network reinforcement to provide a comprehensive support on voltage
and power flow;

e Enabler role in DSO due to its transient controllability;

e Renewable Energy resource integration; and

e Other industries such as shipping and railway.

The existing research can be found at either transmission level (>132kV AC system) or
low voltage (i.e. households). Due to the continued performance improvement and cost
reduction of power electronics, MVDC should be considered and trialled to be part of the
tool box for DNOs. This project, when it was initialised, was to identify the need: both
commercially and technically and develop the roadmap to deployment towards Business
as Usual (BaU).

A low carbon network

*

Smart Grid Control

8
=
g
£
:
-
S

Tall: Last mile (Behind the Meter)

Renewable Gen Development

Policy Guidance

Figure L-1 : Facilitating the transition to a low carbon future
An MVDC project was consequently shaped with the following findings being still valid:

1. This technology is close to being commercially available and laboratory tests or
simulation will have limited contribution to improving the TRL;

2. The stakeholders and suppliers are keen to see a trial on the distribution network to
provide operational experience and serve as a valid example to provide market and user
confidence; and

3. The market potential of this technology can only be realised if the full operational
configuration is analysed where locations prohibit the installation of one back-to-back
convertor.
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Appendix M Existing Non-UK AC to DC Conversion Projects

Our literature survey shows that there have been a limited number of applications of DC
technology in distribution systems. None of the known examples in medium voltage
distribution networks have transmitted power over distance through an intervening
circuit, i.e. the back-to-back application which will be trialled in LCNF Equilibrium project
is a prevail application. The off-shore power supplies link the generation source to a
remote load and use new cable assets. To our best knowledge, to date there is no
known application which embeds a DC link within a medium distribution
network and re-uses existing network assets. Nonetheless, we have identified three
example projects which convert the existing AC assets for DC operations. These projects
have been implemented in high voltage (transmission), low voltage (distribution)
network and medium voltage offshore cable.

M.1 Conversion of AC assets for DC operation
Transmission example?
Amprion and TransnetBW, two of the four Transmission System Operators in Germany,

are planning to convert a 400kV AC circuit to i
* )

a DC connection on existing overhead line
(see Figure M-1). The rated power of the DC
circuit will be in the range of 2GW to 3GW,
depending on the environmental conditions.
In this way it is possible to increase the
transmission capacity over a long distance
without additional corridors for overhead
lines.

380 kV Grid

ACE SDC
VSC Canverter

Transformers
of the converter

Figure M-1: Concept of the Ultranet
Low-Voltage distribution example?

Tampere University in Finland has trialled a low voltage DC (£750V) distribution network
concept that challenges the traditional 400V
AC network applications (see Figure M-2). This
trial project developed a testing program to
study the main considerations of the DC
suitability of typical low-voltage AC cables.
Tested cables included a combination of
different cable types. DC withstand voltage of
all the tested cable types was concluded to be
high enough for the low-voltage DC system but
no long term ageing phenomena were covered.

1 “Control Concept Including Validation Strategy for an AC/DC Hybrid Link. Amprion.
2 Feasibility of Low Voltage Cables for Use at 1500V DC Distribution Networks. Tampere University
Low-voltage DC Electricity Distribution — On Technological and Economic Immaturities and Development

Needs. Nordac.
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Offshore example®

Rongxin Power Engineering Co. (RXPE) converted an existing AC cable supplying an
offshore drilling platform for DC operation. This project aimed to maintain the supply to
the offshore platform after one core out of the three cores of AC cable was damaged.
The remaining cables (two cores) were used to build an 8MVA +=15kV DC link between
shore and offshore platform.

M.2 Back-to-Back converters applications

Project Name: Eagle Pass | Location: USA-Mexico | Date: October 2011

Supplier: ABB

Description: interconnects two 138kV distribution systems, with a back-to-back
converter rated at 38MW and operating at £16kV

Additional information:
http://new.abb.com/systems/hvdc/references/eagle-pass
https://library.e.abb.com/public/aaf03e894d40146bc1256fda003b4d19/A02-
0174 Eagle%20Pass LR.pdf

Piedras Negras

i =
=t

Schematic diagram

1 www.rxpe.co.uk
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Project Name: Mackinac | Location: USA | Date: Ongoing

Supplier: ABB

Description: A back-to-back converter embedded in a 138kV distribution system to
control power flow and is rated at 200MW and operates at £71kV;

Additional information:

Project Name: Troll A | Location: Norway | Date: 2005

Supplier: ABB

Description: A power supply to an off-shore oil and gas installation rated at 88MW and
operated at £60kV

Additional information:

— —
Kolisnes Subsea Cable Troll A Platform
Existing AC grid HVDC Light
132 kY Cable
70 km
HVDG Light HVDG Light
p— Roctifer +60 WY sy Pre-Compressor
Transiormer VHV Motor Il Gear
D ~ + /e
= 40 MW
+ w
Lol
— Mot part of
EDS
e —_—
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Appendix N Letters of Support

Welsh Government
We have worked closely with SP Energy
Networks and the Anglesey Energy Island
Programme to develop a distribution network
that suits the increasing future demand and
generation needs.

The development of renewable energy and
establishing Anglesey as a world leader in
this technology is a crucial part of the long
term economic future for the Island...

m T MR E N TION ‘
COMPETITION

Menter Mén
Menter Mon on behalf of Crown Estate is
working hard to build a tidal stream industry
on the island as part of its contribution to
low carbon energy generation. Given its
attractive tidal resource and our work in
progressing grid capacity and consent
matters, we currently have twenty eight
developers from around the globe formally
expressing interest in locating in the
MORLAIS zone. Early conservative
indications are that the zone and its allied
sites will produce 160 MW of power by 2022.

We are fully committed to realising the true
economic potential of low carbon generation
on Anglesey and believe that the ANGLE-DC
project.

Adran yr Economi, Gwyddoniaeth a Thrafnidiaeth
Department for Economy, Science and Transport

Llywodraeth Cymru
Welsh Government

23 July 2015

Mikel Urizarbarrena

Future Networks

SP Energy Networks

Qchil House

10 Technology Avenue

Hamilton International Technology Park
Blantyre

G72 OHT

United Kingdom

Date
Ref: ANGLE-DC NIC Project
Dear Mr Urizarbarrena

Welsh Government are pleased to provide a letter of support for your application to
OFGEM Network Innovation Competition funding for the ANGLE-DC Project. We
have worked closely with SPEN and the Anglesey Energy Island Programme to
develop a distribution network that suits the increasing future demand and generation
needs.

Anglesey Is a key priority area for us and has been given Enterprise Zone status with
the aim to maximise the benefits of all the low carbon renewable projects that have
been altracted to the Island. There are a number of major strategic projects
presenting skills opportunities for local people, supply chain opportunities and inward
investment

The development of renewable energy and establishing Anglesey as a world leader
in this technology is a crucial part of the long term economic future for the Island and
| am pleased the SPEN is proposing to develop a project that will enable the
connection of increasing volumes of low carbon generation.

Yours sincerely

Gwenllian Roberts
Deputy Director Energy Wales Unit

Fign * Tel 03000 625218
Facs * Fax 03000 625103
‘Gwenllian. robertsgwales. gsi.gov. uk

{A Sarm Mynach,

Cyfforad Liandudns - Lisndudns Junction
sunDsNE ME FOm Y et
BVESTON X ML

Mikel Urizarbarrena

Future Networks

SP Energy Networks

Ochil House

10 Technology Avenue

Hamilton International Technology Park
Blantyre

G720HT

United Kingdom

24.07.2015

Ref: ANGLE-DC NIC Project
Dear Mikel,

1 wish to provide this letter of support on behalf of._Menter Mon for the ANGLE-DC project.
IMenter Mon, through its MORLAIS West Anglesey Demonstration Zone leasehold management
status an behalf of Crown Estate s working hard to build a tidal stream industry on theisland as part
of its contribution tolow carban energy generation. Given its attractive tidal resource and our work
in progressing grid capacity and consent matters, we currently have twenty sight developers from
around the globe formally expressing interest in locating in the MORLAIS zone,

Early conservative indications are that the zone and its alliedsites will produce 160 MW of pawer by
2022

We are fully committed to realising the true economic potential of low carbon generation on
Anglesey and believe that the ANGLE-DC project will allow up to 350MW of additional capacity. This
is critical to our plans for marine energy renewables growth.

We believe that the project will benefit the Isle of Anglesey and will enable the connection of
increasing volumes of low carbon generation.
Kind regards,

Gerallt Liewelyn Jones MD
IMenzer Mon Ltd and MORLAIS
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ISLE of Anglesey City Council, Director
of Sustainable Development

ISLE of Anglesey City Council, Energy
Island Programme Director

We are also fully aware that the true
renewable opportunities for Anglesey far
outweigh this with another 350MW of
generation connections in the immediate
pipeline ...

We, Isle of Anglesey County Council, believe
ANGLE-DC will directly benefit the electricity
customers and community, including local
generators and consumers.

...Anglesey Energy Island recognises that in
order to support low carbon energy
developments it is necessary to promote
the modernisation of and improvements to
local infrastructure...

ANGLE-DC is in line with the Energy Island
strategy and contributes Anglesey Energy
island by innovation we recognise the
value of the ANGLE—DC project...

Arthur Wyn Owen, Dip E P, MR.T.P.l.
CYNGOR SIR Cyfanwyddwr Dalblygu Cynaliadwy /
- YNYS MON Director of Sustainable Development

Adran Datblygu Cynaliadwy / Sustainable
Development Directorate

CYNGOR SIR YNYS MON

ISLE OF ANGLESEY COUNTY COUNCIL
Swyddfa'r Sir

LLANGEFNI

‘Ynys Mén - Anglesey

LL77 7TW

W= ISLE OF ANGLESEY
w COUNTY COUNCIL

Gofynnweh am

Mikel Urizarbarrena Ask for: Mr. Arthur Owen

Future Networks

SP Energy Networks

Ochil House

10 Technology Avenue

Hamilton International Technology Park
Blantyre

G72 0HT

Tel.: (01248) 752302
E-bost / E-mail: arthurowen@ynysmon.gov.uk

Ein Cyf. /Our Ref  AWO/MF/
Eich Cyf./Your Ref -

17 July 2015

Dear Mikel

Letter of support for ANGLE-DC NIC Project

| am pleased to provide this letter of support on behalf of Isle of Anglesey County Council
for the ANGLE-DC Project.

Isle of Anglesey County Council have worked closely with Welsh Government for a
number of years to develop low carbon and renewable opportunities that will regenerate
the area and provide crucial employment opportunities for our future generations.

Isle of Anglesey County Council have worked closely with SP Energy Networks to
develop a distribution network that suits the increasing future demand and generation
needs of the island and we are pleased that SP Energy Networks have significant
investment plans across Anglesey, which includes 132KV reinforcement works at
Caergeiliog Grid Substation. Whilst we recognize that there is currently 150MW of
generation that is connected or contracted to be connected on the island, we are also
fully aware that the true renewable opportunities for Anglesey far outweigh this with
another 350MW of generation connections in the immediate pipeline. Isle of Anglesey
County Council are committed to realising the true economic potential of low carbon
generation on Anglesey and we believe that developing new technologies to actualize
these opportunities is instrumental in securing the long term economic future for the Isle
of Anglesey.

We, Isle of Anglesey County Council, believe ANGLE-DC will directly benefit the
electricity customers and community, including local generators and consumers. Such a
technology, if proven successful, will accelerate the generation/demand connection in the
island, and facilitate a low carbon economy.

SWYDDOGOL J OFFICIAL

DR JOHM IDRIS JONES BSe, MCUMI, MinsP, CPHys
Cy ) Rhaglan — P Diractor

CYRGORSIE
YNYS MON
ISLE OF ANGLESEY TN
COUNTY COUNTIL !

CYNGOR SIR YNYS MON
I5LE OF ANGLESEY COUNTY COUNCIL
Canolfan Fusnes Mon * Anglesey Business Centre

Mikel Uri
el Urizarbarrena Parc Busnes Bryn Celfni » Bryn Cefni Business Pad

Future Networks LLANGEFNI
SP Energy Networks Wnys Man « Isle of Anglasey
LLT7 TXA

Ochil House

10 Technology Avanue

Hamilton Intemational Technology Park
Blantyre

G72 OHT

United Kingdom

fidn fal: (01248) 75243172435
facs / fae: (01248) 762102

Golynnweh am [ Please ask for Dr. John Idris Jone

E-bost / Email:  datecon@ynysmon gov.uk
econdevifianglesey, gov,uk

Ein Gyl / Our Ref.

Eich Gyl / Your Re.

Dycdiad / Date: 168" July 2015

Dear Mikel,
Ref: Letter of support for ANGLE-DC NIC Project

The Anglesey Energy Island Programme is a collective effort between several stakeholder
within the public and private sector working in partnership to put Anglesey at the forefront ¢
energy and production and servicing. Within the Enargy Islam
Programme, opporiunities offered by low carbon energy development are of critics
importance to the wider economic development and diversification of Anglesay and Norll
Wales. Anglesey Energy Island could confribute nearly £12billion to the Anglesey and Norll
Wales economy over the next 15 years. It undoubtedly offers a once in a generatio
opporiunity to give the economy a tremendous boost and this must be collectively grasped.

Anglesey Energy Island recegnises that in order to support low carbon energy development:
it is necessary to promote the moc ion of and imp to local ir Ltk
key to make full utilisation of the oppertunities offered by new technologies and investigah
innovative options to overcome the limil of the existing infi . The proposal ¢
ANGLE-DGC is in line with the Energy Island strategy and contributes Anglesey Energy Islan
by innovation: by geiting at least 20% increment from the existing circuit, the technology wi
have significant confribution to achieving the renewable generation aspirations for the Isle ¢
Anglesey. Hamessing a rich mix of energy at distribution level, including wind, tida
biomass and solar; together with associated servicing projecls provides major potential b
achieve economic, social and environmental gaine for Anglesey and the wider North Wale:

region.
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ISLE of Anglesey City Council, Director
of Sustainable Development (in Welsh)

ISLE of Anglesey City Council, Energy

Island Programme Director (in Welsh)

CYNGOR SIR "IFHWIMWE.F MATAI
. YNYS MON sy o Sunlaratre skt
ISLE OF ANGLESEY  Srmomeiomcoal

COUNTY COUNCIL VBLE OF AMGLESEY COUNTY COMMEL
Swnyridin's B
LLASMSEFHE
Wreye b - Anglasey
LT T
Mikal Urizartamana g
Fulure i b | e St e
5P Enangy Nobworks Tel: [DI248) PE2300
Cichil Housa Edyst 1E-mual ibasrcsseniBiyryurenn pov.uk
10 Tachnclogy Averie oyl MO foal AWM
Hamilion Inlernaticral Technakgy Fark B CylfosRed  +
Blariy
GT20HT
17 Gorffermaf 2018
Annwnyl Mkl

LLhytit o gefnogast | Giosiect ANGLE-DRG NG

Rwy'n faich o ddarparu’r Ilyihyr fwn o gefnogasth ar en Gyogor S Yogs SN 1T
Prosiect ANGLE-DC.

Ma= Cyngor Bir Yoys Man wed gweithio'n ages gyda Lipwodmeth Cymns am nifer o
Tyriyekdcedd | didaiblygu cyllonadd carbon s ac ynni adnewyddadwy o frdd yn adbwest
ardal ac yn darpant oyfisoadd oyficgarth hollbwysig | ganedietau'r dyfodal

Miza Gyngar Sir Yrys Min wedi pweilhic'n agos gyda 5P Energy Netweris | ddatohgu
rrarydvnith dosbarthu &' gweddu | anghemcn cyiyddel yr ynys o ran y gaw am ymni a
chiau ynni ya ¥ dyfcdal, &t rydvn yn fakh fod gan 57 Enargy Natworks gynuniau
Bikddacddi gylwaddol ar draws Ynys Mén, sy'n cynnwys gwaith atgyinerthu 132KV yn ls-
oreal ¥ Grid yng Mphaergeilog, Er sin bod yn oydnabod fod gwerm 150MW 0
gyrinyrchiant yoni ar hyn o brpd wed(i gysylllu neu dan gonlrac Tw gyayll &y ymys,
rychym hetyd yn prp-nmbud Fod y eyflecsdd post am ynn adnewsddadwy | Yrys
Tddn ym mherl 1u hwrl § by gyda gwerlh 3S0MW o gysyiliadan yonl padach ar y gweil
yn fuan igwr Mas Cyngor Sir Yrs Mon yn ymroddadip | wiedddt pobsnsisl
esancEaitd gaiionsddol sy'n deilia o gynhyrohu ynni carbon sel & Yrys Min 8
chvadhwn fod datbiygu technoiegas newydd | wineddu'r ofiecedd byn yn hanfodal ar
ey sicrhau dyfodol economaidd tymoe hir Yrrgs Béan

Bydym ni, Cyngor Sir Yoys Mdn yn cedy y bydd ANGLE-DG yn dod & buddion
unlongyrchol it cwsmeriaid trpdan a'r gymuned, gan gynosys ombycheyr @
phryrrayr Bieal. Bydd lechralag o fath, os prafic e fod yn vpddianous, yn Spflymu’r
cysyRtiao wng oymirwrchiant igadw ar yr ynys, ac yn bwylusa econami carbon isel,

EWYDDOGOL / OFFICIAL

cnicon
* vs Mo ﬁv
ISLE OF ANGLESEY e
Y o b,

DR JOHN IDRIS JONES #8e, MCMI, BinstP, CPHys
Cylarwyddwr Rivaglon — Programme Director

CYRGOR SIR YHYS MON

ISLE OF ANGLESEY COUNTY COUNCIL
Canalfan Fisnes Mén + Anplasoy Businoss Gentre
Parc l]unno Bryn Cedni + Brym L‘-Mnl Business Park

Mikel Urizarbarrena
Fulure Nelworks

i
SP Energy Networks = .
Ochil House Tl do0a~lite of Argrevey
10 Technology Avenue
Hamilton International Technelogy Park Hitn  tal: (OV248) 75243172435
Blantyre Hincs | fax: (01248) 762192
G72 OHT mnwch am ! Pleasa ask for Dy, John ldrs Jonos
E-bostf Emil: - datecon@iviysmon pov.uk
fcondevibanglesey.oov.uk
Ein Cyf { Our Ral:
Eich Cyf | Your Ref:
Dytidiad / Dato: 16 Gorffennal 2015
Annwyl Mikel
Liythyr o oth | Brosiect ANGLE-DC NIC

Maea'r Rhaglen Ynys Ynni M&n yn ymdrech ar y cyd rhwng llawer o gydranddeiliaid yn y
saeclor cyhoeddus a phreifat sy'n gweithio mewn partneriaeth i roi Ynys Mén ar flaen y gad
gydag ymehwil a datblygu ynni, a chynhyrchu a gwasanaethu. O fewn y Rhaglen Ynys
Ynni, mae cyllecedd sydd ar gael trwy ddalblygu ynni carben isel yn hollbwysig |
ddatblygiad ac amrywiaeth economaidd ehangach Ynys Mén a Gogledd Cymru. Gallai
Ynys Ynni Man gyfrannu bron i £12 biliwn | econemi Ynys Mén a Gogledd Cymru dres y 15
miynedd nesaf. Nid oes amheuaeth nad yw'n cynnig cyfle arbennig ac unigryw | rol hwb
anferthel i'r economi ac mae'n rhaid i ni fanteisio ar hyn gyda'n gitydd.

Mae Ynys Ynni Mén yn cydnabod er mwn eeinogl dalblygladau ynni oarbon isel, bod
rhaid hybu'r gwaith o gwu il I Mae'n ! elnbod)m
gwneud defnydd lawn o'r eyflecedd sy'n cael eu qrnnlg t:rwy dechnoiegw newydd a'n bod
yn ymehwilio | opsiynau arloesol i oresgyn Mae bwriad
y prosiect ANGLE-DC yn unol &'r slrmegaelh Ynys Ynn! ac yn cyfrannu at arloesedd
rhaglen Ynys Ynm Mén; Ilwy gael ychwanegiad o 20% o leiaf o' cylched presennal, bydd
¥ yn 'n dol at gyflawni'r d dau | greu yani ad; ddadwy ar
gyfer Ynys Mén. Trwy ddefnyddio cymysgedd gyfoethog o firydiau ynni ar ieiel dosbarihu
gan gynnwys ynni gwynt, llanw, biomas a solar;, ynghyd & phrosieclau gwasanaethu
cysylliedig, mae potensial mawr i gael enilion economaidd, cymdeithasol ac
amgylcheddol i Ynys Mon a rhanbarth Gogledd Cymru yn ehangach.

W YISy NNimen.co.uk § www.angleseyenergyistand.co.uk
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Western Power Distribution, UK
...these discussions have focussed on the
ANGLE DC project scope, as well as the key
differentiators and the sharing of learning
already generated from the Network

Equilibrium Flexible Power Link (MV
BZBVSC) section of the project...

We understand that the ANGLE DC project
would have specific requirements,
providing additional technical innovation on
the optimal design of MVDC converter, the
existing AC assets converted into DC
operation and the enduring DC system
monitoring.

WESTERN POWER%
DISTRIBUTION

Serving the Midlands, South West andd Wialrs

59 Energy Networks

Ochil House, 10 Technology Avenue,
Hamilton International Technology Park,
Blantyre,

Scotland

G72 OHT

Tuesday, 217 Juby 2015

Dear Mikel,
Re: ANGLE DC Propasal

I firm that during the of the ANGLE DC bid we have met and held open
discussions on 5P Energy Network's proposal several times, These discussions have focussed en
the ANGLE DC project seope, as well as the key differentiators and the sharing of learning
alreacy generated from the Netwark Eguilibriurn Flexible Power Link (MV B2BVSC) section of
the preject. We understand that the ANGLE DC project would have specific requirements,
previding additional techrical innovation on the optimal design of MVDC comwerter, the existing
AC assets converted into DC operation and the enduring DC system monitoring.

WPD remains confident that MV power electronics could play a significant role in the future
retwork relnforcement and the flexible operation of the distribution networks.

‘We would also welcome the opportunity to be invalved in the ANGLE DC project, intluding
accepting a role on the steering team. There, we would continue to mutually share our power
electronics and the knowledg froam the Network Equilibrium and ANGLE-
DC prajects.

Yours faithfully

GGk

Fhilip Bale
Netwark Equilibrium Project Manager

Wieshom P Diskbusion s Mlac pc. Wt P Dbt (sl Mbsland i
[T s Mo, 2

Atk Frac o B 152 678

m T MR E N TION
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Scottish and Southern Energy PD
..SSEPD’s view is that the ANGLE DC
project is interesting and innovative in
addressing the voltage and thermal
constraints within distribution networks,
and that ANGLE DC could facilitate the
transition to a low carbon economy whilst
enabling financial savings for consumers...

We look forward to sharing learning from
the project’'s outputs and we will
participate in ANGLE DC stakeholder
consultation and knowledge dissemination
activities... also confirm that 1 will
represent SSEPD in the Project Steering
Group.

y Scottish and Southeri
C Ener gy
Power Distribution
James Yu Stawart Reid
Future Networks Manager Head of Future Networks
SP Energy Networks Inveralmond House
Ochil House, 200 Dunkeld Road
Glasgow, Scoltand PERTH
GT20HT PH1 3A0

Our Reference: NIC/SPIANGLEDC/210T15
Date: 21 July 2015

Dear James,

Network ion C: ition = SP M

b- ANGLE DC

Thank you very much for your request of a letter of support for the ANGLE DC project. | am pleat
to confirm Scoltish and Southern Energy Power Distribution’s (SSEPD) position as project supporte

SSEPD's view is that the ANGLE DC project is interesting and innovative in addressing the volt:
and thermal constraints within distribution networks, and that ANGLE DC could fadilitate the transit
to a low carbon economy whilst enabling financial savings for consumers. We believe that ANGLE
warrants further development and demenstration with Metwork Innovation Compefition supp
Should the friale be succaseful, we would be interested in the possibility of using the project cutputs
assist with future distribution network planning.

We look forward 1o sharing kearming from the project’s outpuls and we will participale in ANGLE
won and i ination aclivilies. | also confirm thal | will repres
SSEPD in the Project Steering Group.

Overall, we parceive ANGLE DC o be a wordhwhile and beneficial project which could o
distribution natwork owners a suitable o i qgy. We look forward
collaborating with you as you develop the project in more deatail and wish you every success with
NIC funding request.

Yours faithfully

Stewart Reid
Future Networks and Innovation Manager
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The National HVDC Centre
...SP Energy Networks has engaged with the
MTTE Project/The National HVDC Centre to

inform us of their proposals and discuss
potential synergies ...

There is no overlap in the scopes of the
ANGLE-DC Project and the MTTE Project ...

There are opportunities for The National
HVDC Centre to undertake the study work to
support the ANGLE-DC Project ...

The ANGLE-DC Project is of interest to us,
and we keenly anticipate the outcomes.

# \) The National
HVDC Centre
The National HVDC Centre
Scottish Hydro Electric Transmission
Inveralmond House
200 Dunkeld Road
Perth, PH1 3AQ

g Telephone: 01738 516 588
17" July 2015 Email: simon.marshall@hvdccentre. com

James Yu

Future Networks Manager

SP Energy Networks

Ochil House, 10 Technology Avenue,
Hamilton International Technology Park,
Blantyre, G72 OHT

Dear James,

Based on the information in your Initial Screening Process proforma, and the presentation at your event on
30" June 2015 on your proposed ANGLE-DC Project, | confirm that

o Scottish Power has engaged with the MTTE Project/The National HYDC Centre to inform us of their
proposals and discuss potential synergies;

o Thereis no overlap in the scopes of the ANGLE-DC Project and the MTTE Project; and

> There are opportunities for The National HVDC Centre to undertake the study work to support the
ANGLE-DC Project, which we would be keen to explore.

The ANGLE-DC Project is of interest to us, and we keenly anticipate the outcomes. Please let me know if we
can be of further assistance

Yours sincerely,

Simon Marshall
The National HVDC Centre Project Manager

m T MR E N TION |
COMPETITION

WSP| Parsons Brinckerhoff
The key innovation is that they will
re-use the existing 33kV circuits and
operate them under DC voltage, by the
introduction of AC — DC converters at
either end of the link...

There are a number of examples
..including WPD’s “Equilibrium” project.
However, these operate in a back — to —
back mode, with no electrical circuit
between the two power converters...

WSP  Parsons Brinckerhoff  strongly
supports this initiative from SP Energy
networks...

BsWSP | B85 orr

Your Red:

Our Ref: 35141804

22 July 2018

CONFIDENTIAL

5P Energy Metworks Manchwsser Techaciogy G4

Qchil House Warcosser W1 7ED

10 technology Avenue Umuﬂﬂ;nu

Hamilton Intamational Technology Park

Blantyre G72 OHT For L8 121 2005001
e wEpgroun. com
o com

Dear Madam/Sir,

Subject: SP ENERGY NETWORKS - ANGLE DC PROPOSAL

WSP Parsons Brinckerhofl, as a world-wide consultancy, with a long history in the
power business, has been pleasad to work closaly with SP Energy Networks during the
development of this innovative proposal, the conversion of an existing Altemating
Current (AC) distribution asset to operate using Direct Current (DC). Wae have been
involved in High Vollage Direct Current (HVDC) transmission projects for many years,
covering projects from intial concepts and feasibility studies, through the design and
construction phases, to commissioning and on-going operation and maintenance
suppon. These many projecta have shown the benefits of using DC technology for the
efficient and controliable transmission of power over long distances, using overhead
lines, or over relatively short di using underg ar ine cables. As a
consultancy we have been closely involved in projects using the most recent
development ol DC technelogy, the Vollage Source Converter (VSC). The modular
nature of this VSC technology and its application in HVDC and aleo in industrial drives
and power control devices such as Static Synchronous Compensators (STATCOM),
has now opened up new possibiliies in the field of power distribution,

SP Energy Networks has i that DG can provide a controllable
and efficient solution to resolve issues on their network, where thermal and vollage
constraints limit the operaticnal facility on some existing drcuits.  Fov this Network
Innovation Competition proposal, they have identified a specific circuit in Norh Wales
which would be an ideal candidate for a demonstration of a DC knk embadded within
the distripution natwork. The key innovation is that they will re-use the existing 33kV
circuits and operate them under DG voltage. by the infraduction of AC - DC converters
at either end of the bnk. Although the concept of comversion of AC assets 1o DC
operation has bean discussed in the fisld of HVDC for many years, to the best of our
knowledge, this has not yet been implemented. There are a number of examples of
DC technology used for power flow control in distribution natworks, including WPD's
“Equilibrium” project.  However, these operate in a back — 10 — back mode, with no
elactrical circuit between the two power convertars,

The combination of the new VSC technology now becoming widely available from

multiple suppliers and the acknowledged difficulty of craating new rights of way for
power distribution networks makes this proposal very timely,
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Flexible Elektrische Netze, Aachen,

Offshore Renewable Energy Catapult

Germany
..we are supporting your plan to develop a | Medium Voltage DC technology (i.e. less
fit for purpose DC technology for | than 132kV ac voltage) has been noted as

distribution (11kv—132kV), by converting
a 33KV circuit into DC operation.

We believe that this is the first project of
its kind at EU level we are clear that
ANGLE DC comes with specific
requirements to provide additional
technical innovation aspects ...

a valid option for the connection of
renewable power generation ...

We would echo the step change you are
proposing and trust that such a project will
not only benefit the distribution network
owners, but will also benefit the electricity
customers and the general public by its
function in facilitating renewable power
connections.

4 Elektrische
Netre

Letzer of Suppert

Dear Or. Yu

letter we are supparting
by converting a 33

e plan o dev
KV clreuit into 0 of

urpase DC technelogy for distribution {11ke
vie believa that this s the fi et of its kind at

ration: SP Manweb h

Project Seope Condu & a transparent appraach during the proposal de-

Difference: we chear that ANGLE DC comes with specific requirements to provide additional tech-

tranic technology will have a signficant

Owners and Dis?
wherfwhather

no Necze FEN Gmish
57

ORE Catapuslt

National Renewable Energy Centre
Offshore House, Albert Street, Blyth
Northumberland, NEzq 112

catAPULT

Offshore Renewable Energy
+44 (0)1670 359555
[- +44 (01670 350666
info@are catapull.orguk

ore.catapult.org.uk
W ORECatapult
5P Energy Netwark
3rd Floor
Ochil House
10 Technology Avenue
Hamilton | ional T Park

Blantyre
GT2 OHT

11th June 2015

Letter of Support for the project “ANGLE-DC"
Dear Mikel,

We are writing to confirm our support to your propesed AMGLE- DC project under 2015 Electricty
NIC mechanism.

Offshore Renewable Calapult has a mlsgmn to drive down the cost of renawable Qenemrmn asa
whole, ameng which electri and power jon are the key
on the capital investment, reliability and operation/maintenance costs.

Medium Veoltage DC technology li.e. less than 132KV ac voltage) has been noted as a valid oplion
for the connection of renewable power generation. It can serve a niche marke! with right power
ratng and voltage. However, the industry as a whole is lacking the confidence due to the absence
of a lull syslem cemonstration at engineering level, which can address the needs

y and the existing R&D on this topic. Your ANGLE-DC proposal is
an ideal danonsuaucn to reflect the potential phenomena and performance, such as electrical
interface, AC/DC power flow optimisation and polential extension to transmission level bath
onshare and offshore, which might only be revealed in an enduring arrangement as you proposed.

Therefore, we would echo the step change you are proposing and trust that such a project will
not only benefit the distribution nel.work owners, but will also benefil the electricity customers and
the general public by its function in facili power

We are also of the view that the customers will benefit from a more transparent and competitive
power converter supply chain. Your proposal with futurs expansion feature will certainly contribute
o this aspect.

We look forward to working with you at different stages of your project, and will be keen to share
the learning to benefit to maximise the output of this novel project.

Yours faithfully,

Dr. Chog Mg, BEng{Haons), PhD, CEng, MIET
Research and Development Manager, Power Conversion
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Electric Power Research Institute

need is to increase the transmission and distribution capacity by converting AC circuits for DC
operation. EPRI studies on ac-to-dc line conversion provide a circumspect analysis of technical,

economic and operational incentives for conversion...

EPRI is currently looking for utilities who are interested to participate in field demonstration of

AC to DC line conversion. (EPRI) is committed to support the Proposed ANGLE-DC project

BECU Hrath
BTERICH TR

ErEl

July 3, 2015

Mikel Vrnzarharresa

BP Erergy Networks

Faturn heraorics

3 Floe, Ockil Houe

10 Technalegy Avense

Hamikiim hicrratioral Techeology Park
Blanoyes GTZ 0HT

Vit Birgern

REF: Propossd ANGLE- I project under 2015 GB Flectricity NIC Machanism
e Mikel:

Thin bamer ix m irdarme you i the Bhscric Power Resaad Iasinge (EFRI) B oonmined 1o
s e Propoosed ANGLE - DO praject wader 2015 (1 Eloctnicity MIC Mrchanam.

The Fleciric Power Resanrck bumiuis, Inc. condu resp! a deoisraton
(ROED} relating 12 the peremtion. delivery md u:al'docrn:l)' ar the henefe of i members
and it puilie MIWM meopeelil orgenizatien, we bring logcther scintists asd cagineens
s well a cxperis fom academia mnd $ie indusiny e belp pkims chalbmging issoes i ibe
dectricity indusry.

Elextrie wiliry trorevission ol disrdbation sesiemn is fasing sew challmges. reguising new lise
component design 3ad mamicaancs m well as saluiions for fes relsad io |.g|r-|ng s,
prinding. il live working. Resanch oo belp uilities addren these bsees By improving
dimgreatics, inepacion arel ssmemmont methad s, pnwlcllngln-ohm thhwm oan bead
i safer ik eavinuimests, mprovel i [p—

These s w growing nead for more tnsenision asd Sesietion capacity in the wiliey indesry bo
It udlnl.llllommwnim-nr -m—m sooornaodat: (his imod One way ur.dimmuummu]
i o nomes ke b capaciiy by AL cireudia for 160
operitioe EPRI sadies on e h.l-d‘."llrmlw proe l.lrl-:l:.ﬂqynl asalyas of lechonaad,
ecnapmic and aperational ncenirves: for comeersaon. 1 includes boh the seitvase (D Coorven
oo nevcvsry for proliminery aeesment of the de capahility of gecfc ac Ines ad m
eciuel sysien example showing Fansibility of cosversion. The work bes shown thit cerrvession w
de of an ac lise fai is ot of 2 panlid ac path, mery, in additos io s ovm bood in capabdlity,
s maine the allesable hding on thil oo palk.

The EPRI sidy [1] amisis rysiers plarmsers o awsemizg comeric feashiSiy af comenan, e
IrepERthIRS i 168 SUTUBSING 50 SVNTL, &4 il bel o fows and st e power demands. h
ek the spalern plasnes in idonlifying oppoclasitics wher e comvenion i3 most Hkely 0 Bbe

Tagatbes . . Shapiag the Futvrm of Elaciviciy

B A o
TR S g, P A, T P4 1100 W 0 308 Y & Cotrmas v BN 1774 = e i

Major Findings (1]
In addition to providing svstes: plansers with easy-io-use methods for assessing ihe impac of s
e 1, thie overnd | is rized i fllows:

*  Comersion from ac to bepolar do is simple end sakes sdvantage of comiless opemting
procedems. However, the semend ol ome phase pesition frivm astive power trssder weighal
heerwily agairet the bipole in sconomi shadies.

* N in pocedble o eonsinid el operale & monopole snd Bipoke comverion i parlle] such tha
the full thermal rting of all three phase positions of s ac line are wed for do, and o doso
Witk Fequiring & ground retum path or the wse of any uoproven ogulpmen

*  The de voltage supporiatde by an me Bee will gmeally be higher than the line-to-groend
opersing volisge. The do-to-ae cres volage, sormally lmbed by condusior geadient, will be
highet o the lower ransmision villapes.

»  Comverting an ac line s the tripobe condigeration resulrs in eopvemed ciroulis with a
caggabilicy 37% grenter than a kipole system el ma b of the s conduciors sctively,
andl the third as a metallic growd retum. The tipole cond geration favers te soonomdes of
echieving o high rtlo of esserpency o SOSlnLGU power iy,

= The reselting “tripok” terminal will be shost 84% redundar compared o $7% for the hipsle
ynlen usisg lhe wese thres comiducior amay,

*  Where the comveried line & par of o parallel s parh, sosversion s de will tend e ingnsase
{Pe-1 beonstrained s dispaich by ai least the o of the emergency capability of the de do the
emergency power assumed by the line i lis ac siate.

&+ D somversion was Fie mons clfadtive in vasing rnsfir them the insallaiion of a legs
ook of capacitive compersstion of mstellation of o phese-shafting ransfoemer.

Teasible, and cates a number of practical o ian issues, i of o man-
cisruptive approach 1o canversion,

iility of
EPRI studied the gain in MW transfer that might be expected from conversion of specific example
transmission lines ranging from 113 KV o 765 KV

The de voliage susiainable by o particular s circunt will be the lesser of:
* The wollage abave which conductor sarface gradient excesds an established

criteriom
*  The voltage above which the earth surface gradient exceeds an estnblished criterion

*  Thi vollage abave which imadequate insulation and clearance can be provided af
the kawer.

Figure , which r all de vodtage shows the boost in total path transfer schieved
by canversica, in pu of the criginal MW rating of circuit which was converied. [t shows extremely
‘high mudtiples schievahle where bath circuits of a dowhle circwit tower are convenied to die, though
the opportumities for such conversions may be quite rare in as much as many sach circuits have
imtermediale tups andior differemt destinations. However even for single cirouit limes, most
comversions showed an increase over 2:1 a 138 k' and over 1.5:1 at 230, 345 and even 300 kV.
Once again the actual maltiple will depend an the conductor, tower configuration, and fine length.

g
+ ]
§ BEE -
* =izl |
m + e vemcal |
= - |a Cobn |
w2 |3 s |
200 | - & % 1 1 Chidg 1
bl i H -
10 .
w0 |
m-'-——--——--———-—-.———___....__-.!
e e koM s Te o

Figure 1: Ratio of posi-conversion path loading fo pre-conversion loading

Though EFRI's AC i DC line comversion studies focused o far on transmission circuits, FPRI
thinks that the power eleetronie leehnology can be an acoderator for Modiem Valage Disirlbotion
Cireuits also 1o imegrate more Distributed Renewable Energy (DRE); an ensbler for Distribation
Syatem Operavar (D500 for its added contrallable dimensice, including:

. Hnugzmnlufﬁm:nlummqwm

«  Analysis of feeder operations with different levels and types of DER;

+  Funections] requiremenis and siandands development for DER interconnection, reliability
and safety;

+  Sirwieghes for mansging and insagrating customer-sived renewable generation;

The progxasal you ane prosenlimg is the first ol ils kind a1 demonsiration kevel and it wall have
significant contribution 1o the existing R&I) in this area

Hased an the existing expentize within EFR], EPRI will be shle to suppan yvou by providing
consuliing, puidinee, lestimg facilities, and software tools necessary 1o conduct vour project
suceessfully.

Please contact me i you need further information,

Simcerely,

K ambob., AL,

Dr. Ram.’ujma P.E., Fellow IE|
Ti Executive, HVIC & Power Electronics

& The inpule conliguration cm he adapied 1o gither LOC (Line C 1 ) ar
WEC [(Volinge Sowce Comveriers) bridges.
EFEI is cumremily kooking for willitles who are d 1o i in fleld & o of

AL 1a D ling conversion,

L
[1] 47 b I Porvsrr Tresmumpisrions & ing Comversion, EPRI, Palo Aba, ©4, md Bansevlle Power
Adesinisiration, Vencowser, WA: 2000, 10201 14,

Poveer Delivery & Liilzmisan

Elewtrie Power Reseanch Institune (EFRI
3420 Hilbview Ave

Palo Alio, CA 4304, 11854

raipaiepri com

41 5-806-361 3 {cell}

508553598 (aiTice)

6508552511 {fax)
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Anglesey Enterprise Zone Board
... we believe that the ANGLE-DC project
will facilitate the connection of the further
350MW of generation capacity that the
island of Anglesey is enriched with.

We believe that the project will benefit the
Isle of Anglesey and will enable the
connection of increasing volumes of low
carbon generation.

Mikel Urizarbarrena

Future Networks

SP Energy Networks

QOchil House

10 Technelogy Avenue

Hamilton International Technology Park
Blantyre

G72 OHT

United Kingdom

21 July 2015
Dear Mr Urizarbarrena
Ref: ANGLE-DC NIC Project

| am pleased to provide this letter of support on behalf of the Anglesey Enterprise Zone
Board for the ANGLE-DC project.

Anglesey has an established reputation for low carbon energy generation including
nuclear, wind and biomass. Given its natural resources (wind, solar and marine),
skilled workforce (especially nuclear related skills), supply chain and research and
development capability, the island already attracts major interest from the low carbon
energy sector.

Anglesey Enterprise Zone has a number of major strategic investment projects in the
pipeline, presenting exciting supply chain opportunities for local companies and future
companies locating to the Enterprise Zone, including the Skerries Tidal Generation
Project that is already in production and the new Menter Mon Tidal Development Zone
that plans to connect 160MW of tidal generation onto the local distribution network.

Anglesey Enterprise Zone Board is fully committed to realising the true economic
potential of low carbon generation on Anglesey and we believe that the ANGLE-DC
project will facilitate the connection of the further 350MW of generation capacity that
the island of Anglesey is enriched with

The development of renewable energy and establishing Anglesey as a world leader in
this technology is a crucial part of the long term economic future for the Isle of
Anglesey, having a direct benefit for the local communities and their economic
survival.

| am delighted that SP Energy Networks is proposing to develop a project for a
technology which has the potential to benefit the Isle of Anglesey and help us meet
the long term energy needs of the island.

We believe that the project will benefit the Isle of Anglesey and will enable the
connection of increasing volumes of low carbon generation.

Yours sincerely —~

Vo v

Neil Rowlands
Chairman of Anglesey Enterprise Zone

m T MR E N TION
COMPETITION

Cable Consulting International
... The operation of 33kV ... cables and
accessories ... at 27kv DC will give a
valuable insight and second life use to old
cables.

Following implementation we would be
pleased to see, or assist in preparing, an
international paper such that this
innovation may be more widely known to
the technical community at large.

www. cableconsulting.net

01 K0 RS (e K301 MAEST)
simon oy hiag a1

ccl Cable Consulting International Ltd

TR )

Phaser 0175

27 July 2015

Scottish Power Energy Networks 0] Boxﬂl.

Ochil House Sevennaks
IN14 TEN

10 Technology Ave

Hamilton International Technology Park
Blantyre

GT2ZOHT

United Kingdom

Dear Mr Urizarbarrena,
Ref: ANGLE-DC Project

We understand that Scostich Power Manweb Ple are submitting the ANGLE DC project to Ofgem
for the Electricity Metwork [nnovation Competition.

. ¥ ing il ' Joys six power cable engineers who have been involved in
:':‘ih::i;?\ﬂﬂlle_m'em l‘_“\mll o Ts‘ v.., i Iw"‘oi’th«: ypes mlé.‘ W cables which are prominent
on the 33KV circuits included in your project, Our engineers have power cable hcc_'hmwl papers
published by International bodies such as € GRE and JICABLE and we have a wnmbnu:d_ap;l are
present on 1 CIGRE Bl working grouj hilst we are aware of circuits that have been designed to
operate cither as an AC or as a DC system, to our knowledge there has not been a conversion o:_ng
existing MV AC circuit to DC operation. The operation of impregnated paper “Mfi' v»r ick
are in the order of 60 years old, as well as much younger XLPE cables and accessorics at 27kV DC
will give a valuable insight and second life use 1 old cables and reveal the potential of DC
operation on MV XLPE cables and aLcessories.

tion testing and inspection we fully expect the cables and
ACCessOries 1o Operate succe i s and developed :unhgn:m inspection
and testing strategy prior to implementation, we are pl -d_m suppert (h|§ pm,‘cc.\'; '|.'D|}U\l.\m|;
implementation we would be pleased 10 see, or asist in preparing, an |nlmm_(|a:|:|l technical paper
such that this innovation may be more widely known to the technical community at large.

Following successful pre

.

Simon Lioyd BTech MIET
Director

Cabie Consalting laternationsl Lid

Keat, MELS 651, United Kingdom
caquiriescableeoesabing ael
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Appendix O Glossary of Terms

Term Definition

AC Alternating Current

BASEC British Approvals Service for Cables
BtB Back to Back

CAPEX Capital Expenditure

CBA Cost Benefit Analysis

CCl Cable Consulting International
DC Direct Current

DG Distributed Generation

DNOs Distribution Network Operators
DUoS Distribution Use of System

EA Energy Availability

ENA Energy Network Association

EU European Union

FACT Flexible AC Transmission

FAT Factory Acceptance Test

FEU Forced Energy Unavailability
FOR Forced Outage Rate

GB Great Britain

GHG Greenhouse gas

GW Giga-Watts

HVDC High Voltage Direct Current
HVPD High Voltage Partial Discharge Ltd
IFI Innovation Funding Incentive
IGBT Insulated Gate Bi-Polar Transistor
ISP Initial Screening Process

KC Knowledge Co-ordinator

km Kilometres

KPIs Key Performance Indicators

kv Kilo-Volts

kvdc Kilo-Volts as DC

LCNF Low Carbon Network Fund

LCNI Low Carbon Network Innovation

Page 100 of 101



ofgem
Term
LV
MMC
mt
MTTE
MV
MVDC
MVA
MW
NC
NIA
NIC
NO
NPV
OHL
OPEX
PD
PM
R&D
RIIO-ED1
SAT
SDRCs
SEU
STATCOM
TRL
UK
VSC
Wh
WP
WPD

m T MR E N TION
COMPETITION

Modular Multi-Level Convertor

Definition
Low Voltage

Metric tonnes

Multi-Terminal Test Environment
Medium Voltage

Medium Voltage DC

Mega-Volt Amps

Mega-Watts

Normally Closed Circuit

Network Innovation Allowance
Network Innovation Competition
Normally Open Circuit

Net Present Value

Overhead Line

Operational Expenditure

Partial Discharge

Project Manager

Research and Development
Electricity Distribution 1 Regulatory
Perind

Site Acceptance Test

Successful Reward Delivery Criteria
Scheduled Energy Unavailability
Static Synchronous Compensator
Technology Readiness Level
United Kingdom

Voltage Source Convertor
Watt-hour

Work Package

Western Power Distribution

Page 101 of 101



	Section 1 Project Summary
	1.1. Project Title
	1.2. Project Explanation
	1.3. Funding licensee:
	1.4. Project description:
	1.5. Funding
	1.5.1 NIC Funding Request (£k)
	1.5.2 Network Licensee Compulsory Contribution (£k)
	1.5.3 Network Licensee Extra Contribution (£k)
	1.5.4 External Funding – excluding from NICs (£k):
	1.5.5. Total Project Costs (£k)

	1.6. List of Project Partners, External Funders and Project Supporters
	1.7. Timescale
	1.7.1. Project Start Date
	1.7.2. Project End Date

	1.8. Project Manager Contact Details
	1.8.1. Contact Name & Job Title
	1.8.2. Email & Telephone Number
	1.8.3. Contact Address

	Section 2 Project Description
	2.1. Aims and objectives
	2.1.1. The Problems which need to be resolved
	2.1.2. The Method being trialled to solve the Problem
	2.1.3. The Development or Demonstration being undertaken
	2.1.4. The Solutions which will be enabled by solving the Problem

	2.2.  Technical description of Project
	2.2.5. AC networks vs DC networks
	2.2.6. Benefits of using DC networks
	2.2.7. Technical Overview

	2.3. MVDC Converters
	2.3.1. Connection arrangement
	2.3.2. Technology choices: MVDC Converters
	2.3.3. ANGLE-DC will unlock 30.5 MW of the existing network
	2.3.4. ANGLE-DC is an innovation project
	2.3.5. ANGLE-DC Work packages

	2.4. Changes since Initial Screening Process (ISP)

	Section 3 Project business case
	3.1. Overview
	3.2. ANGLE-DC is in line with GB and European innovation strategy roadmaps to satisfy customers’ expectations
	3.3. ANGLE-DC’s innovation nature warrants NIC funding
	3.4. MVDC links Benefits
	3.5. The ANGLE-DC case
	3.5.1. Anglesey Problem
	3.5.2. ANGLE-DC solution for Anglesey
	3.5.3. Capital investment (CAPEX)
	3.5.4.  Capital investment saving
	3.5.5. Operational and maintenance benefits
	3.5.6. Financial analysis

	3.6. Rollout
	3.6.1. Application by GB electricity licensees
	3.6.2. Application in offshore connections

	3.7. Project risks

	Section 4 Benefits, timeliness, and partners
	4.1. Response to (a) Accelerates the development of a low carbon energy sector and/or delivers environmental benefits whilst having the potential to deliver net financial benefits to future and/or existing Customers
	4.1.1. Impact on the Carbon Plan
	4.1.2. Release of network capacity by the demonstration
	4.1.3. Environmental benefits
	4.1.4. Potential to deliver net financial benefits

	4.2. Response to (b) Provides value for money to electricity distribution customers
	4.2.1. Potential direct impact on the network
	4.2.2. Justification of the scale of the project
	4.2.3. Justification of the cost of the project
	4.2.4. Provide the most economical solution
	4.2.5. The proportion of benefits that accrue to the electricity network
	4.2.6. AC System

	4.3. Response to (d) Is innovative (i.e. not business as usual) and has an unproven business case where the innovation risk warrants a limited Development or Demonstration Project to demonstrate its effectiveness
	4.4. Response to (e) Involvement of other partners and external funding
	4.4.1. Project partners

	4.5. Response to (f) Relevance and timing
	4.5.1. Need for the technology in the UK
	4.5.2. Previous NIC, NIA and LCNF projects
	4.5.3. State of market for MVDC Converters


	Section 5 Knowledge dissemination
	5.1. Learning generated
	5.1.1. Methodology for Learning Capture
	5.1.2. Learning Objectives

	5.2. Learning dissemination
	5.2.1. Methodology for Knowledge Dissemination
	5.2.2. Interested Parties

	5.3. IPR

	Section 6 Project Readiness
	6.1. Evidence of why the Project can start in a timely manner
	6.1.1. Strong commitment from SP Energy Networks to deliver this innovative project
	6.1.2. Effective engagement with interested parties
	6.1.3. Knowledge and learning gained from other DNOs NIA and NIC projects
	6.1.4. Knowledge gained from independent studies carried out by various institutes
	6.1.5. Sufficient engagement with suppliers market at international level
	6.1.6. In-house project management capability to deliver large scale innovation projects
	6.1.7. Comprehensive handover plan between bid preparation team and delivery team
	6.1.8. Well-developed project plan, scope of work and risk register
	6.1.9. Well-defined project structure roles and responsibilities

	6.2. Evidence of how the costs and benefits have been estimated
	6.3. Evidence of the measures the Network Licensee will employ to minimise the possibility of cost overruns or shortfalls in Direct Benefits
	6.4. A verification of all information included in the proposal (the processes a Network Licensee has in place to ensure the accuracy of information can be detailed in the appendices)
	6.5. How the Project plan would still deliver learning in the event that the take up of low carbon technologies and renewable energy in the trial area is lower than anticipated in the Full Submission
	6.6. The processes in place to identify circumstances where the most appropriate course of action will be to suspend the Project, pending permission from Ofgem that it can be halted

	Section 7 Regulatory issues
	7.1. Derogations
	7.2. Licence Consents
	7.3. Licence Exemptions
	7.4. Changes to Regulatory Arrangements

	Section 8 Customer Impact
	8.1. The Project
	8.2. Minimising Customer Impact
	8.2.1. Permanent Monitoring
	8.2.2. AC system
	8.2.3. Power Quality
	8.2.4. Electromagnetic Fields

	8.3. Planned Interruptions
	8.4. Unplanned Interruptions
	8.5. Engagement with Customers
	8.6. Interaction with Customer’s Premises
	8.7. Protection from Incentive Penalties

	Section 9 Successful Delivery Reward Criteria (SDRCs)
	9.1. Criterion 1
	9.2. Criterion 2
	9.3. Criterion 3
	9.4. Criterion 4
	9.5. Criterion 5
	9.6. Criterion 6
	9.7. Criterion 7
	9.8. Criterion 8

	Section 10  Appendices
	Appendix A Benefit Tables
	A.1 Electricity NIC – financial benefits
	A.2 Electricity NIC – carbon and/or environmental benefits

	Appendix B Project cost
	Appendix C Anglesey Reinforcement
	Appendix D Financial Analysis
	D.1 Methodology
	D.2 Business case options
	D.3 Benefits
	D.4 Financial analysis
	D.5 Rollout across GB

	Appendix E Project Plan
	Appendix F Roles and Responsibilities
	Appendix G Risk Register
	Appendix H MVDC Converter Technology
	Appendix I High Level Functional Specification for MVDC Distribution Link
	I.1 Introduction
	I.2 Existing AC circuits
	I.3 Conversion to DC operation
	I.4 Power rating
	I.5 DC voltage rating
	I.6 Scheme operation
	I.7 Control Modes
	I.8 Reliability and Availability
	I.9 Operating losses
	I.10 Harmonic distortion
	I.11 Auxiliary power
	I.12 Relocation

	Appendix J Skin Effect in Cables
	Appendix K Capacity Released Calculation for Bangor-Llanfair PG Circuit
	K.1 Cable Type A – H Paper Oil Rosin Insulated Cable
	K.2 Cable Type B – HSL Impregnated Paper Insulated Cable
	K.3 Cable Type C - XLPE Insulated Cable
	K.4 Current rating
	K.5 System Voltage
	K.6 Power Transfer Capability

	Appendix L NIA SPT 1307 – MVDC. Project Close Down Summary
	Appendix M Existing Non-UK AC to DC Conversion Projects
	M.1 Conversion of AC assets for DC operation
	M.2 Back-to-Back converters applications

	Appendix N Letters of Support
	Appendix O Glossary of Terms

	(1) Conductor
	(2) Conductor screen
	(3) Insulation
	(4) Core screen
	(5) Laid-up cores
	(6) Binder
	(7) Radial clearance
	(8) Lead sheath
	(9) Armour bedding
	(10) Armour wires
	(11) Binder
	(12) Serving
	(1) Conductor
	(2) Conductor screen
	(3) Insulation
	(4) Core screen
	(5) Radial clearance
	(6) SL lead sheath
	(7) SL taping
	(8) Laid-up cores
	(9) Binder
	(10) Armour bedding
	(11) Armour wires
	(12) Binder
	(13) Serving
	(1) Conductor
	(2) Conductor binder
	(3) Conductor screen
	(4) Insulation
	(5) Core screen
	(6) Screen bedding
	(7) Wire screen
	(8) Equalisation tape
	(9) Screen binder
	(10) Serving

